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Alcohol’s influence on the human brain is profound, multifaceted, and endur-
ing, affecting neural development, function, and behavior across the lifespan. 
From prenatal exposure to the challenges faced in adulthood, the journey of 
alcohol’s impact on the brain is marked by a complex interplay of genetic, 
molecular, and environmental factors. This book, a comprehensive explora-
tion of the effects of alcohol on the brain, provides a wealth of knowledge, 
emphasizing critical developmental stages and employing insights from both 
clinical and preclinical studies.

The first seven chapters focus on ethanol exposure’s short- and long-term 
effects during early development. The chapter of Granato focuses on the fun-
damental role of excitatory pyramidal neurons and GABAergic interneurons 
in the neocortex, which are responsible for higher cognitive functions. It 
reviews experimental studies with animal models of fetal alcohol spectrum 
disorders (FASD), highlighting how prenatal alcohol exposure (PAE) dis-
rupts these crucial cortical circuits, leading to intellectual disabilities. The 
chapter emphasizes the complexity of alcohol’s impact on brain develop-
ment, including the timing of exposure and species differences, and discusses 
both primary alterations and compensatory mechanisms in neocortical 
neurons.

Vella et al. thoroughly examine how PAE affects neuroimmune function 
throughout life. This chapter traces the ontogeny of neuroimmune changes, 
from early life through adolescence to adulthood, using rodent models to 
provide detailed insights. It explores the potential mechanisms behind these 
changes, including the role of the gut microbiota, and underscores the signifi-
cance of understanding these processes for developing targeted 
interventions.

Clark et al. focus on the neurobiological underpinnings of learning and 
memory impairments in FASD, particularly emphasizing the hippocampus. 
The chapter reviews rodent model research and highlights how developmen-
tal alcohol exposure affects hippocampal circuitry and neural representations 
of learning and memory. The discussion extends to less-studied areas such as 
visual-spatial and object learning, proposing future research directions that 
promise to deepen our understanding of memory deficits in FASD.

Valenzuela and collaborators contribute to an in-depth analysis of the 
impact of PAE on the thalamus. Integrating findings from animal models and 
human studies, the chapter details how alcohol exposure across various devel-
opmental stages specifically alters thalamic structure and function. It 
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 emphasizes the significance of these alterations for cognitive functions and 
calls for advanced imaging techniques and further research to elucidate the 
thalamus’s role in FASD pathophysiology fully.

Cunningham et al. explore the concept of adult hippocampal neurogenesis 
as a therapeutic target for FASD. This chapter reviews the mechanisms of 
neurogenesis under normal conditions and its disruption by developmental 
alcohol exposure. It discusses potential therapeutic approaches, such as phar-
macological interventions and neurophysiological techniques, highlighting 
the need for preclinical and clinical studies to validate these strategies for 
FASD treatment.

The chapter of Licheri and Brigman addresses the often-overlooked issue 
of sleep disturbances in individuals with FASD. It reviews clinical findings 
on sleep issues, including short sleep duration, sleep fragmentation, and para-
somnias, and their correlation with cognitive impairments. It also examines 
the limited preclinical research on sleep physiology in FASD, advocating for 
more studies to uncover the molecular and physiological mechanisms under-
lying these disturbances.

The contribution of Pritha and collaborators shifts focus to the molecular 
level, discussing the role of non-coding RNAs (ncRNAs) in the neurodevel-
opmental deficits associated with FASD. The chapter reviews current knowl-
edge from preclinical studies on ncRNA-mediated mechanisms and their 
potential as biomarkers and therapeutic targets. It highlights the need for 
standardized protocols and further research to harness the full potential of 
ncRNAs in understanding and treating FASD-related CNS dysfunction.

The next two chapters address the neurobiological effects of alcohol dur-
ing adolescence, a critical developmental period associated with heightened 
vulnerability to alcohol exposure. Crowley and her colleagues provide a 
detailed synopsis of our current understanding of how adolescent alcohol 
exposure impacts the development of the prefrontal cortex (PFC). This brain 
region plays a critical role in the etiology of AUD and also undergoes major 
changes during adolescence. Their review focuses primarily on preclinical 
studies characterizing the impact of adolescent alcohol on developing 
GABAergic and peptidergic PFC circuitry and how these early life adapta-
tions contribute to negative outcomes later in life, with an emphasis on the 
sexually dimorphic nature of some of these changes.

The chapter by Vetreno and collaborators examines the impact of adoles-
cent alcohol exposure on the developing neuroimmune system. They review 
numerous studies noting that binge drinking is common in adolescence and 
that these risky drinking patterns can have profound effects on the maturation 
of glial cells and innate immune signaling cascades. They also highlight neu-
ral circuitry impacted by these maladaptive alterations, with a major focus on 
the basal forebrain cholinergic system and the hippocampal neurogenic niche, 
and present evidence that these changes may increase the risk of AUD and 
neurodegenerative diseases later in life. Finally, they draw attention to recent 
findings suggesting that some of the deleterious effects of alcohol on the ado-
lescent neuroimmune system may be reversible and that anti-inflammatory 
therapeutics may represent a promising treatment option to mitigate these 
adverse effects of alcohol.
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Finally, the last four chapters review the actions of ethanol during adult-
hood/aging. Maphis and her colleagues explore the impact of alcohol use on 
risk for Alzheimer’s Disease, with a focus on neurobiological mechanisms. 
Matthews and his colleagues explore the broad range of impacts aging has on 
neural function and behavior in the context of alcohol use in rodents. Deak 
and his colleagues detail the role of neuroinflammation in aging and alcohol 
use, discuss the consequences of alcohol-mediated thiamine deficiency, and 
address emerging evidence on the intersection of alcohol and dementia. 
Aguayo and his colleagues review our current understanding of the impact of 
age on synaptic transmission and neuronal excitability, focusing on altera-
tions to ion channels and their interactions with alcohol and emphasizing the 
need for additional studies evaluating the impact of alcohol in aged brains.

The chapters in this book collectively underscore the intricate and far- 
reaching effects of alcohol on the brain across the lifespan. By integrating 
insights from diverse approaches—including electrophysiological, biochemi-
cal, molecular biological, histological, neuroimaging, and behavioral stud-
ies—this book aims to summarize a large body of experimental evidence on 
alcohol’s impact on various brain cellular components. This comprehensive 
exploration not only advances our knowledge but also sets the stage for devel-
oping more effective interventions and support strategies for individuals 
affected by alcohol exposure. As we continue to unravel the complexities of 
alcohol’s influence on the brain, interdisciplinary collaboration and innova-
tive research will be crucial in mitigating its detrimental effects and improv-
ing outcomes for affected individuals.

Albuquerque, NM, USA C. Fernando Valenzuela  
Albuquerque, NM, USA  David N. Linsenbardt  
Winston-Salem, NC, USA  Jeffrey L. Weiner  
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1Defects of Cortical Microcircuits 
Following Early Exposure 
to Alcohol

Alberto Granato

Abstract

The interplay between excitatory pyramidal 
neurons and GABAergic interneurons is the 
basic building block of neocortical microcir-
cuits and plays a critical role in carrying out 
higher cognitive functions. Cortical circuits 
are deeply and permanently disrupted by 
exposure to alcohol during brain development, 
the main non-genetic cause of intellectual dis-
ability. Here, I review experimental studies of 
fetal alcohol spectrum disorders, dealing with 
permanent cellular and molecular alterations 
of neocortical neurons and their connections.

Keywords

Pyramidal neurons · Neocortex · Interneurons · 
Disinhibition · Canonical circuit · Dendrites · 
Fetal alcohol · Intellectual disability

Exposure to ethanol during development is a 
well-known cause of intellectual disability (ID) 
and represents a serious social and economic 
issue (Popova et  al. 2023). The multi-layered 
neocortical mantle of mammals is the key struc-
ture devoted to higher cognitive functions 

(Phillips 2023). Therefore, it is not surprising that 
all the clinical syndromes characterized by ID, 
including fetal alcohol spectrum disorders 
(FASD), feature widespread disruption of neo-
cortical neural circuits (Granato and Merighi 
2022; Granato et al. 2024). The present chapter is 
aimed at providing a summary of the main per-
manent alterations of cortical neurons and their 
connections, as demonstrated in studies based on 
experimental models of FASD.

1.1  Cortical Microcircuit

1.1.1  Pyramidal Neurons

Most neocortical cells are excitatory pyramidal 
neurons (PNs), located in layers (L) 2/3, 5, and 6. 
They display an extensive dendritic arbor with 
distinct basal and apical domains. The apical 
dendrite of most PNs ascends through more 
superficial cortical layers and, before reaching 
the pial surface, branches extensively to form an 
apical tuft in L1. Excitatory spiny stellate and star 
pyramidal neurons populate the granular layer 
(L4) and represent the main target of ascending 
sensory afferents from the thalamus. The long 
axons of PNs are the anatomical substrate of 
associative and callosal cortico-cortical connec-
tions, as well as of cortico-subcortical connec-
tions. The so-called “canonical cortical circuit” 
(reviewed in Lübke and Feldmeyer 2007) sus-
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tains local inter- and intralaminar connections 
and represents the stereotyped mainstream of 
information processing in cortical modules. 
Thalamo-cortical specific afferents synapse onto 
L4 neurons and directly on the basal dendrites of 
L5 PNs (Constantinople and Bruno 2013), while 
those from higher-order thalamic nuclei, such as 
the posterior complex, feed into L1 (Wimmer 
et al. 2010). Sensory information is then relayed 
to L2/3 and back to the infragranular layers 
(L5/6), which provide the main output from the 
neocortex.

Besides higher-order thalamic afferents, L1 
also receives axons from higher-order cortical 
areas (feedback or top-down cortico-cortical con-
nections; Cauller 1995). Due to its low cellular 
density, the role of L1  in cortical microcircuits 
has been long undervalued. Nevertheless, more 
recently, the simultaneous presence of apical 
tufts of PNs and top-down projections from other 
cortical areas revived the interest for L1 (Larkum 
2013a; Schuman et al. 2021). Top-down projec-
tions to the apical dendritic domain in L1 are 
thought to convey information related to predic-
tion, attention, context, and past experience 
(Larkum 2013b). Thus, PNs are ideally suited to 
integrate bottom-up sensory information (by 
means of their basal dendritic arbor) and contex-
tual cues (by means of the apical dendrite). 
Interestingly, some of the behavioral anomalies 
observed in FASD might involve these “apically 
modulated” functions, such as attention (Louth 
et  al. 2016) and figure-ground segregation 
(Castillo Castejón et al. 2019). Other anomalies 
might imply disorders of the bottom-up (basal) 
side of sensory processing (e.g., Carr et al. 2010).

The rich repertoire of receptors and ion chan-
nels of PNs, as well as the consequent electro-
physiological properties, reflect the complexity 
of the dendritic tree. Ion channels responsible for 
active conductances are distributed throughout 
the dendritic tree of PNs (reviewed in Migliore 
and Shepherd 2002). Voltage-gated sodium chan-
nels are involved in the backpropagation of action 
potentials (Stuart and Sakmann 1994), while 
potassium channels are thought to modulate the 
intrinsic excitability of PNs (e.g., Guan et  al. 
2007; Benhassine and Berger 2009). 

Hyperpolarization-activated (HCN) channels 
mediating the Ih current display higher density at 
distal locations along the apical dendrite and are 
crucial for the communication between the apical 
and basal compartment of PNs (reviewed in 
Phillips et al. 2016). HCN channels are develop-
mentally regulated, and their density increases 
dramatically during postnatal development 
(Atkinson and Williams 2009).

Both the basal dendrites and the apical tuft are 
endowed with NMDA receptors, while voltage- 
gated calcium channels (VGCC), responsible for 
the apical electrogenesis, are concentrated just 
beneath the tuft (Larkum et  al. 2009). NMDA 
receptors and VGCC play a critical role in differ-
ent types of dendritic synaptic plasticity (e.g., 
Verhoog et  al. 2013; Cichon and Gan 2015). 
Similarly to what is described above for HCN 
channels, other receptors and ion channels, such 
as glutamatergic AMPA receptors and potassium 
channels, are developmentally regulated and may 
represent a target of teratogenic agents (Kumar 
et al. 2002; Guan et al. 2011).

Finally, it is worth noting that the PNs occupy-
ing L2/3, L5, and L6 are not homogeneous, as 
they feature several distinctive electrophysiologi-
cal and anatomical properties (see Larkum et al. 
2007; Spruston 2008; Ledergerber and Larkum 
2010).

1.1.2  Interneurons

The interaction between excitatory PNs and 
inhibitory GABAergic interneurons (INs) plays a 
pivotal role for the cortical machinery. Although 
representing only about 10–15% of the cortical 
cells, INs display a great diversity of morpho- 
functional features and synaptic targets. For the 
purposes of the present review, they can be con-
veniently subdivided into three non-overlapping 
populations (Tremblay et al. 2016). Fast-spiking 
interneurons expressing parvalbumin (PV) syn-
apse onto the soma or axon initial segment of 
PNs. Dendrite-targeting INs express somatosta-
tin (SOM) and often the calcium-binding protein 
calbindin (CB; Wang et al. 2004; Ma et al. 2006). 
Finally, INs expressing vasoactive intestinal pep-
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tide (VIP), which often coexpress calretinin (CR; 
Cauli et  al. 2014), target other inhibitory INs. 
Therefore, their action results in a disinhibition 
of PNs. Such a disinhibitory mechanism has been 
postulated to be particularly relevant for the mod-
ulation of contextual information and of the api-
cal dendritic function operant in L1 (Pfeffer et al. 
2013; Karnani et al. 2014; Pfeffer 2014; see also 
Fig.  1.1). Furthermore, INs and IN-mediated 
 disinhibition play a central role in cortical devel-
opment and plasticity (Hensch 2005; Williams 
and Holtmaat 2019; Goff and Goldberg 2021; 
Liguz- Lecznar et al. 2022).

Unlike PNs, which are generated in the ven-
tricular zone and migrate towards the cortical 

plate following a radial route, IN precursors are 
located in the ganglionic eminence of the ventral 
telencephalon and, prior to their final radial 
migration, follow a tangential path (Parnavelas 
2000). Furthermore, while PV and SOM INs 
originate from the medial ganglionic eminence 
(MGE), most VIP/CR cells are generated later 
than other IN classes in the caudal ganglionic 
eminence (CGE; Xu et al. 2004; Butt et al. 2005). 
Interestingly, despite their different sites of origin 
and migration paths, both PNs and INs share the 
inside-out neurogenetic gradient. In fact, late- 
born PNs of supragranular layers migrate past 
early-born PNs residing in the deep layers. The 
same inside-out gradient also applies to MGE- 

Fig. 1.1 Summary diagram showing some features of 
cortical microcircuits and their anomalies after early post-
natal exposure to alcohol in rodents. Basal dendrites of 
pyramidal neurons (PNs) receive bottom-up input from 
the thalamus, while the apical tuft is the main recipient of 
feedback, top-down projections from higher cortical 
areas. After alcohol exposure, the density of infragranular 
pyramidal neurons (L5 PNs), parvalbumin interneurons 
(PV INs), and somatostatin/calbindin interneurons (SOM 

/ CB INs) is reduced. Conversely, VIP / calretinin inter-
neurons (VIP / CR INs), which disinhibit PNs, are 
increased. GABAergic transmission of PV INs is 
enhanced. The branching of PN basal dendrites and the 
spine density of the apical dendrites are reduced. Apical 
and basal compartments of PNs communicate through 
dendritic calcium spikes, which are decreased after alco-
hol exposure

1 Defects of Cortical Microcircuits Following Early Exposure to Alcohol
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derived INs (Miyoshi and Fishell 2011). 
Moreover, CGE-derived INs, which are gener-
ated later than MGE ones, are found chiefly in 
superficial layers. It is worth mentioning that the 
final layering of cortical INs is completed only 
during early postnatal life in rodents (Miyoshi 
and Fishell 2011).

1.2  Early Alcohol Exposure 
and Cortical Microcircuit

Any discussion about the effects of early alcohol 
exposure on cortical circuitry should take into 
account that ethanol triggers massive apoptosis in 
the developing cortical neurons. This phenome-
non is thought to be the consequence of the oppo-
site effects of ethanol on GABA and NMDA 
receptors (Olney 2014). According to Olney’s 
hypothesis, the positive modulation of GABA 
and the antagonistic effect of alcohol on NMDA 
receptors trigger apoptosis through the inhibition 
of neuronal activity (see also Bird et  al. 2020). 
The reduced network activity is responsible for a 
pro-apoptotic increase of the BAX/BCL-2 ratio. 
The anti-apoptotic effect of the sustained electri-
cal activity seems to be not directly related to a 
reduced caspase 3 level (Schroer et  al. 2023). 
Other mechanisms, such as the activation of 
astrocytes and/or microglia with release of pro- 
inflammatory cytokines, can contribute to the 
neurodegeneration observed after early exposure 
to alcohol (e.g., Topper et al. 2015).

The apoptotic neurodegeneration seems to be 
relatively more pronounced for neurons of the 
infragranular layers (Olney et  al. 2002; Toesca 
et  al. 2003; Granato et  al. 2003). Besides neu-
rons, glial cells can also undergo apoptotic death 
after developmental exposure to ethanol (Creeley 
et al. 2013).

Neurons that survive the apoptotic death 
undergo deep remodeling of their connections 
and functional properties, as some molecules 
involved in apoptosis, such as the p75 low- 
affinity neurotrophin receptor and caspase 3, can 
also mediate plastic, possibly maladaptive 
changes (reviewed in Granato and Dering 2018). 
The main alterations of cortical microcircuits fol-

lowing early postnatal exposure to alcohol in 
rodent models of FASD are described below and 
summarized in Fig. 1.1.

1.2.1  Altered Lamination 
and Afferent-Efferent 
Organization

The migration of neurons from the site of origin 
to their final destination is one of the key phe-
nomena of cortical development. As discussed in 
Sect. 1.1.2, excitatory PNs and GABAergic INs 
are generated in different forebrain regions and 
follow distinct migratory routes (Parnavelas 
2000). Prenatal exposure to alcohol interferes 
with the migratory process and results in mis-
placement of cortical neurons. In utero exposure 
to ethanol delays the radial migration of both 
early- and late-generated PNs (Miller 1986, 
1993; Delatour et al. 2019). Neurons destined to 
layer 2/3 can terminate their migration in infra-
granular layers (Miller 1993). Overall, the dis-
rupted and desynchronized migratory pattern 
may represent one of the leading mechanisms 
affecting the correct establishment of cortical 
circuitries.

The tangential migration of interneurons 
appears to be also affected by prenatal exposure 
to alcohol. Using a transgenic mouse line harbor-
ing tdTomato fluorescence in MGE-derived inter-
neurons, Skorput et  al. (2015) demonstrated an 
increased density of these neurons in the prefron-
tal cortex of alcohol-treated animals at E16. The 
anomaly of MGE-derived interneurons persisted 
into the adult life, as the same authors also 
observed an increased number of PV interneu-
rons in layer 5 of adult mice exposed to ethanol in 
utero (Skorput et al. 2015).

Multiple mechanisms might account for the 
alcohol-induced alteration of neuronal migration. 
Ethanol antagonizes NMDA receptors, whose 
role in the stimulation of cortical neuron migra-
tion is well established (Behar et  al. 1999; 
Reiprich et al. 2005). Another proposed mecha-
nism is the interference with the transforming 
growth factor (Siegenthaler and Miller 2004).

A. Granato
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The L4 zone recipient of thalamo-cortical ter-
minals is much narrower in rats prenatally 
exposed to alcohol than in controls (Granato 
et al. 1995). The number of neurons giving rise to 
cortico-cortical associative projections is strongly 
reduced in adult rats exposed to ethanol during 
the first week of postnatal life, corresponding to 
the third trimester of gestation in humans 
(Granato et al. 2003). Most associative neurons 
of alcohol-exposed animals are located in supra-
granular layers, an observation that can be due 
either to selective apoptosis of infragranular lay-
ers (see above) or to defective connection of sur-
viving L5/6 neurons (Granato et  al. 2003). 
Conversely, owing to a partial lack of naturally 
occurring developmental pruning, other project-
ing systems remain permanently exuberant fol-
lowing early exposure to ethanol. This is the case 
for neurons of origin of the cortico-spinal tract, 
which display increased density and a wider tan-
gential/laminar distribution in adult rats prena-
tally exposed to alcohol (Miller 1987). Altogether, 
these observations point to alcohol exposure dis-
rupting the general laminar and input-output 
organization of the neocortex.

1.2.2  Alterations of PNs

Dendritic alterations represent the main anatomi-
cal counterpart of ID (Kaufmann and Moser 
2000; Granato and Merighi 2022). In fact, anom-
alies of the extensive dendritic tree of PNs repre-
sent one of the main landmarks of 
FASD. Moreover, dendritic alterations observed 
in experimental FASD parallel the basal versus 
apical dualism described in physiological condi-
tions. Rats exposed to ethanol during early post-
natal life show a reduction of size and branching 
of basal dendrites, both in the somatosensory and 
in the prefrontal cortex, while the spine density is 
not affected (Granato et al. 2003, 2012; Granato 
and Van Pelt 2003; Hamilton et  al. 2010; De 
Giorgio and Granato 2015). A specular alteration 
is observed, following the same experimental 
protocol, in the apical dendrites, where normal 
metric and branching properties are associated to 
a reduced spine density (Whitcher and Klintsova 

2008; Granato et  al. 2012; De Giorgio and 
Granato 2015). Finally, using an experimental 
paradigm of combined pre- and early postnatal 
exposure to alcohol, Louth et al. (2018) observed 
layer-specific alterations of the dendritic tree of 
prefrontal PNs: supragranular and layer 6 PNs 
showed increased and decreased dendritic size, 
respectively, while layer 5 neurons were 
unaffected.

The electrophysiological properties of PNs are 
also modified by early exposure to ethanol. As the 
structure of the dendritic tree is a key determinant 
of firing properties (Mainen and Sejnowski 1996), 
the electrophysiological changes can represent 
the consequence of the alterations of the dendritic 
arbor. Furthermore, the altered trafficking and dis-
tribution of dendritic ion channels can account for 
the anomalous functional properties of PNs (e.g., 
Kim et al. 2007).

The Hermes Yeh’s group used a protocol 
based on prenatal exposure to demonstrate spec-
ular modifications of the balance between excita-
tion and inhibition in layer 5/6 PNs of different 
cortical areas. While the inhibitory transmission 
on PNs of the medial prefrontal cortex is favored 
(Skorput et al. 2015), the excitatory input on the 
same neurons of the somatosensory cortex is 
enhanced, as compared to the inhibitory input 
(Delatour et  al. 2020). These interareal differ-
ences can be partly explained by the aberrant tan-
gential migration of INs, resulting in the increased 
density of L5 PV cells in the prefrontal cortex 
(Skorput et al. 2015; see above, Sect 1.2.1). In L5 
PNs of adult rats exposed to ethanol during the 
third-trimester equivalent, we have demonstrated 
a shutdown of calcium electrogenesis at the level 
of the apical dendrite caused by an impairment of 
voltage-gated calcium channels (Granato et  al. 
2012). Apical calcium spikes are crucial for the 
communication between apical and basal com-
partments of PNs (Larkum et  al. 2009). As 
pointed out above, the Ih current sustained by 
HCN channels is also involved in the modulation 
of the interplay between basal and apical domains 
(Phillips et  al. 2016). However, to our knowl-
edge, there are no experimental FASD studies 
dealing with the distribution and function of 
HCN channels in the apical dendrite of PNs. 

1 Defects of Cortical Microcircuits Following Early Exposure to Alcohol
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However, Yao et al. (2023) observed an increased 
expression of HCN1 channels in synaptosomes 
from the prefrontal cortex of mice prenatally 
exposed to alcohol. Therefore, the effects of early 
exposure to alcohol on the Ih current in PNs 
deserve further investigation.

As described above, both the basal dendrites 
of PNs and the apical tuft feature NMDA gluta-
mate receptors. The effects of early exposure to 
ethanol on NMDA ligand-gated channels are 
reviewed in Costa et  al. (2000). Licheri et  al. 
(2021) demonstrated that prenatal exposure in 
mice leads to a sex-specific dysregulation of 
NMDA-mediated excitatory postsynaptic cur-
rents. Glutamate receptors of the AMPA type are 
also affected. Layer 6 neurons of the medial pre-
frontal cortex display an increased response to 
AMPA receptor stimulation after developmental 
ethanol exposure (Louth et al. 2016).

The alterations of PN dendrites and ion chan-
nels affect the communication between apical 
and basal compartments of the principal neocor-
tical cells, with deep functional and behavioral 
consequences. The presence of segregated basal 
and apical dendrites that can interact and inte-
grate bottom-up sensory information with top- 
down contextual cues offers a clear computational 
advantage for learning and memory (e.g., 
Guerguiev et  al. 2017; Capone et  al. 2023). 
Therefore, the dysregulated crosstalk between 
dendritic domains of PNs can explain the behav-
ioral defects observed in developmental learning 
disabilities (see, for review, Granato et al. 2024).

1.2.3  FASD and Cortical INs

Reports on the density and distribution of PV INs 
in experimental FASD are contrasting. They are 
not affected in the sensori-motor cortex of rats 
after early postnatal exposure (from postnatal 
day 2  - P2  - through P6; Granato 2006). The 
number of PV INs is strongly reduced throughout 
the rostro-caudal extent of the mouse cortex after 
alcohol exposure at P7 (Smiley et al. 2015). Their 
density is increased in the prefrontal cortex after 
in utero exposure (Skorput et al. 2015), while it is 
decreased in the same cortical areas after neona-

tal exposure (Hamilton et  al. 2017). To explain 
the contradictory findings of the last two studies, 
we can assume that alcohol interferes with differ-
ent mechanisms during different developmental 
stages (notably, leading to aberrant migration 
during prenatal life and to apoptosis during early 
postnatal life). Reduction of the number of PV 
INs has been observed in the posterior parietal 
cortex of mice exposed to alcohol in utero, even 
though compensatory mechanisms can be oper-
ant to reach normal levels of inhibitory input to 
PNs (Licheri et  al. 2023). An enhancement of 
GABAergic neurotransmission by PV INs has 
been demonstrated in the retrosplenial cortex of 
mice exposed during postnatal life (Bird et  al. 
2021). This effect can be partly due to a postsyn-
aptic mechanism mediated by the increased 
expression of GABA(A) receptor subunits 
observed in adult guinea pigs after prenatal expo-
sure (Bailey et al. 2001), whereas the fast-spiking 
properties of PV cells might be impaired due to 
the reduction of Kv3.4 potassium channels 
(Tavian et  al. 2011). PV INs were shown to be 
reduced also in the cingulate cortex of adult rats 
after prenatal exposure (Moore et al. 1998).

The density of INs expressing SOM and/or 
CB, supposed to target the dendrites of PNs, is 
reduced after P2-P6 exposure in rats (Granato 
2006) and after P7 exposure in mice as well 
(Smiley et al. 2019).

Conflicting results are reported for INs 
expressing CR and/or VIP, most of which target 
other INs, thus mediating PN disinhibition. The 
density of CR INs is increased following P2-P6 
exposure (Granato 2006) or moderate prenatal 
exposure (Kenton et  al. 2020). Interestingly, 
examining a human fetus exposed to alcohol, 
Léger et  al. (2020) observed the same aberrant 
radial distribution of CR neurons found in the 
study by Granato (2006). It is also worth men-
tioning that an increase of VIP INs has been 
described in experimental models of Down syn-
drome (e.g., Hernández et al. 2012). Conversely, 
a decrease of CR IN density has been observed 
after P7 alcohol exposure (Smiley et  al. 2015). 
VIP INs are also decreased in the fetal forebrain 
of sheep prenatally exposed to ethanol (Anderson 
et al. 2008).

A. Granato
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Inputs synapsing onto different dendritic com-
partments of PNs are modulated by different 
classes of GABAergic INs (see Sect. 1.1.2 and 
Tremblay et al. 2016, for review). The coopera-
tion between PNs and INs is critical for the func-
tions of the neocortex. Both VIP disinhibiting 
INs and SOM dendrite-targeting INs are involved 
in the induction of synaptic plasticity (Cichon 
and Gan 2015; Williams and Holtmaat 2019). 
Moreover, an elegant work carried out in  vivo 
demonstrated that VIP INs are recruited by rein-
forcement signals during an auditory discrimina-
tion task, increasing the gain of PNs through 
disinhibition (Pi et al. 2013). Similarly, Lee et al. 
(2013) have shown that VIP INs are activated 
during whisking by feedback projections from 
the motor cortex to the somatosensory cortex 
(Lee et  al. 2013). Therefore, the disruption of 
cortical circuits mediated by INs can strongly 
impair goal-oriented behavior. The deletion of 
the tyrosine kinase receptor ERBB4 specifically 
from VIP INs disrupts their function and results 
in altered sensory learning (Batista-Brito et  al. 
2017). On the other hand, the deletion of the Tsc1 
gene in a CGE-derived IN group leads to an 
increased density of VIP INs (Hu et  al. 2024). 
Tsc1 mutations are responsible for tuberous scle-
rosis, a clinical condition in which ID affects 
about 50% of individuals.

1.3  Concluding Remarks

Experimental models of precocious exposure to 
alcohol represent a convenient way to study the 
mechanisms leading to ID, as FASD and other 
neurodevelopmental disorders share several cor-
tical anomalies (Granato and Merighi 2022). 
Moreover, experimental models of FASD may 
prove useful to study what amount of ethanol is 
harmful to the developing brain, although a safe 
drinking level has not been established 
(Valenzuela et  al. 2012; Charness et  al. 2016). 
However, the detrimental effects of early experi-
mental exposure to alcohol on cortical circuits 
are a function of several variables, including time 
of exposure (prenatal vs. early postnatal), consid-
ered area, species under investigation, modes of 

administration, etc. A striking example is pro-
vided by the apparently conflicting results dis-
cussed in Sect. 1.2.3 regarding the number of PV 
INs. This is not necessarily a drawback, as the 
morpho-functional effects of exposure at differ-
ent developmental stages can be related to differ-
ent neurobehavioral consequences (e.g., Sadrian 
et al. 2014). However, owing to the complexity of 
the experimental protocols, that require long sur-
vival times, there are only a few systematic inves-
tigations dealing with permanent alterations 
following different paradigms of alcohol expo-
sure. Another critical point for the interpretation 
of experimental results is that any mechanistic 
explanation might be confounded by the lack of a 
clear distinction between primary alterations and 
those that result from compensatory homeostatic 
mechanisms. For instance, the increase of disin-
hibiting CR INs (Granato 2006) can represent an 
attempt to counterbalance the reduced excitabil-
ity of PN apical dendrites (Granato et al. 2012) or 
vice versa. However, there is now compelling 
evidence that PNs can no longer be considered 
integrate and fire point neurons, but their compu-
tational properties and cognitive functions are 
based on the communication between apical and 
basal dendritic compartments and on their modu-
lation by (dis)inhibiting interneurons (see, for 
review, Granato et al. 2024). Therefore, whatever 
the causative link, the disruption of cortical 
microcircuit can explain the behavioral sequelae 
observed in FASD.  Furthermore, despite their 
limitations, animal models of developmental 
alcohol exposure made it possible to achieve 
notable results and to provide valuable therapeu-
tic hints (see, for instance, Bird and Valenzuela 
2023, for the effects of positive allosteric modu-
lation of NMDA receptors).
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Abstract

This chapter reviews the enduring effects of 
prenatal alcohol exposure (PAE) on neuroim-
mune function across the lifespan, including 
discussion of associated neurobehavioral 
alterations. Alcohol has potent teratogenic 
effects, with a large body of work linking PAE 
to perturbations in neuroimmune function. 
These PAE-related neuroimmune disturbances 
may have downstream effects on neurobehav-
ioral function given the critical role of the neu-
roimmune system in central nervous system 
development. The neuroimmune system 
matures over time, playing distinct roles 
depending on the developmental processes 
occurring within that maturational stage. This 

chapter thus takes an ontogenetic approach to 
understanding how PAE induces unique neu-
roimmune changes across the lifespan, begin-
ning with a review of changes in early life 
before moving into adolescence and ending in 
adulthood. The focus will be on work utilizing 
rodent models, which allow for more tightly 
controlled conditions than are possible in 
human research. The chapter concludes with a 
discussion of possible mechanisms underlying 
the developmental changes in neuroimmune 
function following PAE, with a specific focus 
on the role of the gut microbiota.

Keywords

Prenatal alcohol exposure · Developmental 
alcohol exposure · Neuroimmune · Microglia · 
Cytokines · Preclinical models · Microbiota

2.1  Introduction

2.1.1  Overview of Prenatal Alcohol 
Exposure

Prenatal alcohol exposure (PAE) has been linked 
to widespread and long-term structural and func-
tional alterations to developing offspring (Connor 
et  al. 2000; Jones and Smith 1973; Lebel et  al. 
2011; Marquardt and Brigman 2016; Mattson 
et  al. 2019; Norman et  al. 2009). Fetal blood 
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alcohol levels rise to those of the pregnant indi-
vidual within two hours post-alcohol consump-
tion; however, reduced metabolic capacity, 
accumulation of ethanol within the amniotic 
fluid, and reabsorption/reuptake of this ethanol- 
laden amniotic fluid leave the fetus exposed to 
alcohol for a prolonged period (Burd et al. 2012). 
This exposure to alcohol can critically alter the 
developmental trajectory of the offspring, a phe-
nomenon first described in the late 1960s and 
early 1970s by two independent groups, one in 
France (Lemoine et  al. 2003—English transla-
tion of the original 1968 French paper) and 
another in the United States (Jones et al. 1973). 
While PAE can lead to wide-ranging perturba-
tions in the development of every bodily system 
within the fetus (Akison et al. 2019; Himmelreich 
et al. 2020; Reid et al. 2019; Young et al. 2022), 
the effects on the central nervous system (CNS) 
are especially pervasive (Caputo et  al. 2016; 
Valenzuela et  al. 2012). Past work has noted 
reductions in overall brain volume and agenesis 
of the corpus callosum among other structural 
abnormalities to regions including the cerebel-
lum, cerebral cortex, and various subcortical 
structures following PAE (Lebel et  al. 2011; 
Mattson et al. 2019; Norman et al. 2009; Sowell 
et al. 2008; Wozniak et al. 2017). These structural 
alterations may give rise to co-occurring func-
tional changes, including deficits in cognitive, 
sensory, motor, social, adaptive, and affective 
domains (Hellemans et  al. 2010; Hoyme et  al. 
2016; Kully-Martens et al. 2012; Mattson et al. 
2019; Rasmussen 2005). Given the particular 
vulnerability of the CNS to the teratogenic effects 
of PAE, it is crucial to better understand the 
mechanisms mediating these disturbances. The 
neuroimmune system may be a mechanistic link 
between PAE and associated neurobehavioral 
impairments, with a body of preclinical work 
demonstrating PAE-related alterations in neuro-
immune function (Drew and Kane 2014). Indeed, 
early-life immune perturbations have been linked 
to later neurological dysfunction, due in part to 
the important roles the immune system plays in 
both the development and continued homeostatic 
functioning of the CNS (See Fig. 2.1) (Bilbo and 
Schwarz 2009).

Importantly, various anti-inflammatory treat-
ments such as minocycline, pioglitazone, and 
ibuprofen have shown promise in attenuating the 
physiological and behavioral consequences of 
PAE-induced neuroimmune dysfunction 
(Chastain et  al. 2019; Drew et  al. 2015; 
Goodfellow et  al. 2018; Kane et  al. 2011; Ren 
et  al. 2019). Not only do these findings lend 
weight to the hypothesis that early neuroimmune 
disturbances may underlie many PAE-induced 
effects, but they also provide a promising avenue 
for future work to develop more effective and tar-
geted treatment strategies to ameliorate PAE- 
induced neurobehavioral deficits.

2.1.2  The Role of the Neuroimmune 
System in Typical and Atypical 
Development

The immune system is a complex conglomerate 
of diverse cells, proteins, and organs working in 
synchrony to defend the body against both endog-
enous and exogenous threats. However, the role 
of the immune system extends beyond that of 
surveillance and protection in times of threat, 
with bidirectional communication between the 
brain and immune system occurring throughout 
life to maintain a course of typical development 
and functioning (Bilbo and Schwarz 2009, 2012; 
Tian et  al. 2012). The neuroimmune system is 
comprised of a dedicated network of cells—such 
as glial cells—and centrally synthesized immune 
factors which function independently of classic 
immune activation to guide and support the ongo-
ing maturation of the CNS. Microglia, noted for 
their function as the resident immune cells of the 
CNS, are less appreciated for their role in CNS 
development (Bilimoria and Stevens 2015; Lenz 
and Nelson 2018). However, in part through their 
phagocytic capacity, microglia play important 
roles in synaptic pruning and refinement, as well 
as in clearing apoptotic neurons during develop-
mental cell death (Bilimoria and Stevens 2015; 
Lenz and Nelson 2018; Tay et al. 2017). Microglia 
are also crucial for other neurodevelopmental 
processes, including neurogenesis and neuronal 
survival, synapse formation, myelination, and 
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Fig. 2.1 Roles of the neuroimmune system and impact of 
PAE The neuroimmune system plays both ongoing and 
age-specific roles, which extend far beyond that of protec-
tion and surveillance, working under homeostatic condi-

tions to support the development and functioning of the 
CNS. PAE can disrupt many of these functions, leading to 
enduring physical/physiological and behavioral changes 
across the lifespan. Created with BioRender

oligodendrogenesis, accomplished in part via the 
production of signaling proteins called cytokines 
(Bilimoria and Stevens 2015; Lenz and Nelson 
2018; Tay et al. 2017; Turner et al. 2014).

Cytokines are pivotal to the coordinated 
mounting of immune responses, helping to 
 regulate immune cell activity both centrally and 
in the periphery (Deverman and Patterson 2009; 
Turner et al. 2014). As such, cytokines both act 
on and are released by various cell types, includ-
ing, but not limited to, neurons, microglia, and 

astrocytes (See Szelényi 2001 and Turner et  al. 
2014 for reviews of the sources, targets, and 
functions of specific cytokines). Cytokines are 
extensively involved in typical neurodevelop-
ment, with roles in neural induction, neurogene-
sis, neuronal migration, gliogenesis, and 
synaptogenesis among numerous other crucial 
roles (Reviewed in Deverman and Patterson 
2009). Beyond being critical for early CNS 
development, cytokines are also essential for typ-
ical neural function throughout life, playing 
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important roles in key cognitive processes such 
as learning and memory, as well as for emotion 
regulation and sickness behavior (Bilbo and 
Schwarz 2012). Cytokines are often broadly clas-
sified as being either pro- inflammatory (e.g., 
IL-1β, TNF-α, ΙFΝ  −  ɣ) or anti-inflammatory 
(e.g., IL- 10) (Turner et al. 2014). While this pro/
anti-inflammatory binary classification can over-
simplify the often situation- dependent roles cyto-
kines play, this generalization does provide a 
useful starting framework to understand how 
these proteins shape immune functioning (Turner 
et al. 2014).

Typical development relies on a balance 
between pro- and anti-inflammatory signaling, 
with a skew in either direction away from cyto-
kine homeostasis predisposing the offspring to 
later health challenges, including poor mental 
health outcomes (Bauer et al. 2007; Meyer et al. 
2008). In fact, there are many ‘cytokine theories 
of disease’, notably the cytokine theory of depres-
sion (Schiepers et  al. 2004) and the cytokine 
imbalance hypothesis of schizophrenia (Howard 
2013; Meyer et al. 2009) among others. Much of 
the research in schizophrenia and depression 
focuses on the deleterious effects of infection- 
triggered cytokine expression on offspring devel-
opment. However, alcohol consumption during 
pregnancy can also promote an increase in circu-
lating pro-inflammatory cytokines levels. Indeed, 
chronic maternal alcohol consumption during 
pregnancy has been shown to elevate cytokine 
levels, including IL-1β, TNF-α, and IL-6 
(Ahluwalia et al. 2000). The combination of pre-
natal exposure, not only to alcohol itself but also 
to heightened inflammatory signaling, can per-
turb later neuroimmune function in the offspring 
(See Fig.  2.1) (Han et  al. 2021; Shimizu et  al. 
2023). This may render the offspring uniquely 
vulnerable to later insults given the critical role of 
the neuroimmune system in development, with 
consequences not only for the neuroimmune 
function itself but for the unfolding of subsequent 
developmental processes in which this system 
plays a role (Bilbo and Schwarz 2012; Bodnar 
et al. 2022a; Noor et al. 2017; Raineki et al. 2017; 
Zhang et al. 2012). However, the manifestation of 

these disturbances is likely to vary as a function 
of multiple factors, including, but not limited to, 
the amount, type, timing, and frequency of alco-
hol exposure as well as other factors like mater-
nal diet, metabolism, and general health status 
(Maier and West 2001; May and Gossage 2011; 
O’Leary et al. 2010). While many pre- and post-
natal factors play a role in the complex neurobe-
havioral effects of PAE, this chapter will focus on 
how PAE impacts on the neuroimmune system 
manifest as a function of age, with the immune 
system continuously adapting to the shifting 
physiological and environmental landscape of 
the developing organism.

2.1.3  Focus of the Chapter: 
The Effects of PAE 
on the Neuroimmune System 
Across the Lifespan

We will review the effects of PAE on both the 
development and continued functioning of the 
neuroimmune system across the lifespan with a 
specific focus on preclinical rodent models and 
mainly innate immune changes. While past work 
has identified altered cytokine profiles in children 
exposed to PAE (Bodnar et  al. 2020), it can be 
challenging to directly assess neuroimmune 
functioning in humans, with clinical work often 
relying on peripheral markers of immune altera-
tions. Animal models represent powerful tools 
for investigating the effects of PAE under consis-
tent environmental conditions and controlling for 
confounding variables as well as allowing for 
direct access to brain tissue. While the time 
course of development differs between rodents 
and humans, rodents progress through similar 
developmental stages in terms of brain and 
immune maturation (for a comparison of brain 
and immune development across species, see 
Semple et al. 2013). Thus, rodents are appropri-
ate models for studying the effects of PAE on 
these systems, so long as the relative stage of 
development is considered. There is a multitude 
of animal models of PAE, with model choice 
relying largely on the desired amount of exposure 
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(low, moderate, high, or binge levels) and the 
desired duration of exposure (e.g., gestation or 
third-trimester model only). While there is com-
parably more work using binge-like PAE models, 
work using various rodent models has found that 
PAE can still lead to significant alterations 
throughout the body even at low to moderate 
doses (reviewed in Comasco et  al. 2018; Noor 
and Milligan 2018), including changes in both 
basal immune function and response to immune 
challenge (Barbaccia et  al. 2007; Bodnar et  al. 
2016; Pascual et  al. 2017; Sanchez et  al. 2017; 
Terasaki and Schwarz 2016; Terasaki and 
Schwarz 2017). We will focus on preclinical data 
which demonstrate the effects of PAE on neuro-
immune function across the lifespan, beginning 
in early life, before moving into adolescence, and 
then into adulthood. When evaluating the effects 
of PAE on neuroimmune function, it is important 
to consider the developmental context of the indi-
vidual. The immune system matures over time, 
with distinctions in both the makeup and function 
relative to the developmental stage of the indi-
vidual identified (Adkins et al. 2004; Dorshkind 
and Crooks 2023; Georgountzou and 
Papadopoulos 2017). For example, microglia are 
morphologically distinct in early life compared 
to adulthood, with differences in gene expression 
relative to developmental stage (Bennett et  al. 
2016; Lenz and Nelson 2018; Matcovitch-Natan 
et al. 2016). Given the shifting landscape of the 
neuroimmune system over time, it follows that 
the effects of PAE may present differently 
depending on the stage of maturation and devel-
opment. Indeed, the effects of PAE on immune 
function change across development, with differ-
ences in cytokine levels detected in PAE animals 
at specific timepoints and not others. For exam-
ple, it has been shown that female PAE rats had a 
pro-inflammatory bias at postnatal day (P) 8, 
which was no longer detected at P22 (Bodnar 
et  al. 2016). Finally, we will review possible 
mechanisms underlying the PAE-induced altera-
tions to immune system function, focusing spe-
cifically on alterations in gut microbiota 
composition and short-chain fatty acid 
production.

2.2  PAE-Induced Alterations 
in Neuroimmune Function 
in Early Life

Early development, including that which occurs 
in utero, is critical in establishing a trajectory of 
growth that follows a characteristic pattern toward 
maturity in typically developing individuals. A 
disruption in the unfolding of development pro-
cesses can have downstream effects on the attain-
ment of successive milestones, with early life 
development (~P0-P20 in rodents) providing the 
foundation for both neural and immune matura-
tion. The brain and immune system develop over 
time, beginning in utero and extending well into 
the adolescent period (Semple et  al. 2013). The 
rodent is born immunologically immature, as var-
ious postnatal experiences, including microbial 
colonization, help to educate and shape ongoing 
immune function (Adkins et al. 2004; Belkaid and 
Hand 2014; Georgountzou and Papadopoulos 
2017). In turn, the neuroimmune system is critical 
in shaping neural development, particularly dur-
ing the early postnatal period (Bilbo and Schwarz 
2009; Deverman and Patterson 2009; Morimoto 
and Nakajima 2019). Rodent brain development 
in the first 2 weeks of life is akin to that seen in the 
third trimester of human development and 
includes the brain growth spurt (Dobbing and 
Sands 1979; Zeiss 2021). This is a period of rapid 
growth, with a multitude of relevant developmen-
tal processes, including synaptogenesis, synaptic 
pruning, myelination, programed cell death, and 
neurogenesis (Zeiss 2021) unfolding via the 
action of coordinated neuroimmune activity 
(Bilbo and Schwarz 2009). As mentioned previ-
ously, microglia play a key role in all of these neu-
ral processes, in part, through their phagocytic 
activity as well as via the production of cytokines 
(Bilbo and Schwarz 2009; Bilimoria and Stevens 
2015; Lenz and Nelson 2018). For example, 
microglia phagocytize synapses, dead or dying 
neurons, and other debris (Bilimoria and Stevens 
2015; Lenz and Nelson 2018).

To model alcohol exposure during the human 
third trimester equivalent, many rodent models 
utilize a developmental alcohol exposure para-
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digm whereby pups are exposed to alcohol dur-
ing the first 1–2  weeks of life. Developmental 
alcohol exposure can lead to region-specific 
alterations in microglial morphology (Drew et al. 
2015; Kane et al. 2011; Topper et al. 2015), even 
when only a single dose of ethanol is adminis-
tered (Lowery et  al. 2021). For example, 
 developmental ethanol exposure (P4–9) resulted 
in altered microglial morphology in the hippo-
campal CA1 region, lobule V of the cerebellar 
cortex, and the parietal cerebral cortex, with 
somal hypertrophy and short, branched processes 
compared to microglia from control animals at 
P10 (Drew et  al. 2015). There was also a co-
occurring rise in the expression of pro- 
inflammatory cytokines, including IL-1β, TNF-α, 
and the chemokine CCL2  in the hippocampus 
and cerebellum and elevated IL-1β and TNF-α in 
the cerebral cortex of ethanol-treated rats com-
pared to vehicle- treated controls (Drew et  al. 
2015). This rise in cytokine/chemokine expres-
sion in combination with the noted changes in 
microglial morphology indicates a neuroinflam-
matory state; specifically, CCL2 acts as a che-
moattractant to facilitate the recruitment of 
microglia, as well as peripheral immune cells, to 
sites of inflammation (Selenica et  al. 2013; 
Semple et al. 2010), while both IL-1β and TNF-α 
are potent inflammatory mediators able to influ-
ence microglial activity as well as the synthesis 
and release of other inflammatory factors (Hewett 
et  al. 2012; Mendiola and Cardona 2018; 
Neniskyte et  al. 2014; Raffaele et  al. 2020). 
However, IL-1β and TNF-α also have important 
regulatory roles under physiological conditions, 
specifically for synaptic plasticity and hippocam-
pal-associated processes such as learning and 
memory (Albensi and Mattson 2000; Beattie 
et  al. 2002; Bourgognon and Cavanagh 2020; 
Prieto et  al. 2019; Schneider et  al. 1998). This 
makes the finding of increased PAE-related hip-
pocampal IL-1β and TNF-α particularly impor-
tant, as imbalanced expression of these key 
immune mediators could potentially impact criti-
cal cognitive processes, including learning and 
memory, both of which are commonly impacted 
in individuals exposed to PAE (Brady et al. 2011; 
Manji et  al. 2009; Schambra et  al. 2017). 

Interestingly, postnatal administration of piogli-
tazone (PPAR-γ agonist with anti- inflammatory 
effects) was able to prevent this rise in pro-
inflammatory cytokines and normalize the mor-
phological alterations in the microglia of 
developmental ethanol-exposed rats, as com-
pared to their no-drug counterparts (Drew et al. 
2015).

Beyond these morphological and cytokine- 
based microglial changes, other studies have 
found additional evidence for alcohol-induced 
microglial alterations, such as decreases in 
microglia territory (one indicator of an activated 
state) in the hippocampus of P10 rats following 
developmental alcohol exposure (Boschen et al. 
2016) and in the hippocampus, cerebellum, and 
parietal cortex of P10 mice (Drew et  al. 2015). 
Given the role of microglia in the ongoing devel-
opment of the CNS, it follows that alterations to 
the functioning of these cells, particularly in 
early life, could have lasting neurobehavioral 
consequences (Bilimoria and Stevens 2015; Lenz 
and Nelson 2018). This could be through PAE- 
related perturbations in the ability of microglia to 
maintain their typical physiological functions, 
such as synaptic pruning and clearance of cellu-
lar debris, or via exaggerated inflammatory 
responses to later challenges following this early 
life priming (Bilimoria and Stevens 2015; Lenz 
and Nelson 2018). Indeed, microglial dysfunc-
tion has been linked to neurodevelopmental dis-
orders such as autism spectrum disorder, as well 
as to psychiatric disorders commonly seen in 
individuals with PAE, including anxiety and 
depression (Bilimoria and Stevens 2015; 
O’Connor and Paley 2009). Early priming of 
microglia has also been implicated in the patho-
genesis of a number of neurodegenerative disor-
ders such as Alzheimer’s disease and multiple 
sclerosis (Distéfano-Gagné et al. 2023; Leng and 
Edison 2021; Perry and Holmes 2014). However, 
further work is needed to uncover whether 
microglia are the initiating source of neuroin-
flammation or reacting to, and then perpetuating, 
pre-existing inflammation.

While we have thus far focused on studies 
using developmental alcohol exposure paradigms 
that model exposure during the human third tri-
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mester, prenatal exposure to alcohol in rodents 
during the first two-trimester human equivalent 
has also demonstrated significant neuroimmune 
alterations in early life, including alterations to 
basal postnatal cytokine expression in various 
brain regions. Bodnar et al. (2016) identified an 
early-life pro-inflammatory bias in female rats 
following moderate PAE, with increased  cytokine 
levels in the prefrontal cortex, hippocampus, and 
serum at P8 compared to controls. The only 
change observed at P0 was a decrease in IFN-γ in 
the whole brain of PAE pups, though by P8, the 
PAE pups had higher serum TNF-α, higher hip-
pocampal IFN-γ, IL-4, IL-5, TNF-α, and IL-1β, 
and higher prefrontal cortex IL-5 and IL-6 
(Bodnar et al. 2016). They also found generally 
decreased cytokine expression in the hypothala-
mus and spleens of PAE animals at P8, with 
lower IL-2, TNF-α, and IL-1β in the hypothala-
mus and lower IL-13, IL-4, IL-5, IL-10, and 
IL-6 in the spleen (Bodnar et al. 2016). However, 
by weaning (P22), cytokine levels in the serum, 
prefrontal cortex, hippocampus, hypothalamus, 
and spleen had normalized in PAE animals 
(Bodnar et al. 2016). Data from our lab using the 
same model of PAE found similar results in 
males, with male PAE rats exhibiting widespread 
increases in basal cytokine levels in both the 
amygdala (IFN-γ, IL-10, IL-13, IL-1β, and IL-4) 
and hypothalamus (IFN-γ, IL-10, and IL-1β) at 
P8 compared to control males, indicative of an 
early life neuroinflammatory bias (Vella et  al. 
2023). Likewise, we also found that by P22 there 
was a reduction in the breadth of PAE-induced 
neuroimmune alterations, with the only differ-
ence being an increase in IL-10 in the hypothala-
mus of PAE compared to control animals, 
potentially as a remnant of the earlier inflamma-
tion within this region given the anti- inflammatory 
function of IL-10 (Moore et  al. 2001; Ouyang 
et  al. 2011). While the early-life PAE-induced 
pro-inflammatory bias appears to diminish with 
age in this rodent model, these results reflect 
basal neuroimmune activity, and it remains to be 
seen if a later-life challenge would induce further 
alterations to cytokine levels in the brain.

Alterations to basal cytokine levels and 
immune cell functioning in early life could pro-

gram the developing immune system, such that 
later functioning, including responses to later 
challenges, becomes perturbed and either inap-
propriately enhances or suppresses immune func-
tion. Though the PAE literature tends to focus on 
immune challenges in adulthood, there is some 
evidence that even early-life responses to immune 
challenges may be altered by PAE.  Following 
low-level developmental ethanol exposure 
(P2–16 via vapor inhalation) and subsequent 
low-dose lipopolysaccharide (LPS) injection on 
P17 to mimic bacterial challenge, ethanol- 
exposed female rats failed to show the same 
increase in IL-1β mRNA in the frontal cortex as 
female controls (Topper and Valenzuela 2014). 
This suggests a blunting of the neuroimmune 
response to LPS, as central levels of IL-1β would 
typically rise in response to peripheral LPS 
administration (Tonelli and Postolache 2005). 
However, no other cytokine levels were signifi-
cantly different between groups, and this effect 
was not seen in males or other brain regions 
assessed (cerebellar vermis, dentate gyrus), 
potentially due to the low levels of ethanol expo-
sure (~80  mg/dL blood alcohol concentration) 
(Topper and Valenzuela 2014). Further work is 
needed to assess how exposure to various levels 
of alcohol at different points during gestation and 
early life could impact subsequent responses to 
immune challenges.

Non-immune challenges, such as those 
induced by early life stress or adversity, could 
also trigger a neuroimmune response, particu-
larly in the context of a primed immune system. 
Moderate gestation-long PAE decreased basal 
levels of the chemokine KC/GRO and increased 
the anti-inflammatory cytokine IL-10  in the 
amygdala of PAE rats at P12 (Raineki et  al. 
2017). Following early life adversity using a low- 
bedding model from P7–12, PAE pups had an 
altered immune response, failing to show the 
same reduction in peripheral cytokine expression 
(KC/GRO, TNF-α, IL-4, and IL-10) as control 
pups exposed to the same early life adversity 
(Raineki et  al. 2017). These neuroimmune 
changes may mediate some of the behavioral dif-
ferences observed, as typically reared PAE pups 
vocalized less than controls and did not show the 
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same increased vocalization following early life 
adversity (Raineki et al. 2017). Likewise, even a 
single bout of maternal separation (4 h on P10) 
can lead to sex-specific changes in the mRNA 
expression of a number of immune factors in the 
hypothalamus, hippocampus, and amygdala of 
PAE mice at P10 (Ruffaner-Hanson et al. 2023). 
Notably, a greater number of changes in mRNA 
expression were seen in PAE females—particu-
larly in the amygdala—whereby PAE females 
exposed to early life stress had elevated mRNA 
levels of the microglial marker TMEM119, 
IL-1β, and the innate immune receptor, toll-like 
receptor 4 (TLR4)-related factors, including high 
mobility group box 1(HMGB1), TLR4, NF- B 
inhibitor alpha (NFKBIA), and NOD-like recep-
tor family pyrin domain-containing protein 3 
(NLRP3) (Ruffaner-Hanson et  al. 2023). 
Interestingly, none of these changes were seen in 
the amygdala of the male PAE mice. Meanwhile, 
in the absence of early life stress, PAE alone gen-
erally had opposing effects, blunting the expres-
sion of transmembrane protein 119 (TMEM119), 
HMGB1, IL-1R1, NFKBIA, NLRP3, and 
IL-10 in the hypothalamus of PAE female mice 
but did not result in any changes in male mice 
(Ruffaner-Hanson et al. 2023). However, the PAE 
males experiencing early life stress did show 
decreased IL-1β and increased IL-10 expression 
in the hippocampus and a decrease in CCL2 
mRNA expression in the hypothalamus follow-
ing PAE alone (Ruffaner-Hanson et  al. 2023). 
This suggests that—while not as robustly affected 
by PAE or early life stress as the females—males 
were still experiencing significant alterations, 
albeit in a different pattern than the females. 
There was some overlap among the sexes, with 
both male and female PAE mice having blunted 
expression of TLR4 mRNA levels in the hypo-
thalamus (Ruffaner-Hanson et  al. 2023). Taken 
together, these results not only highlight the 
potent effects of PAE, particularly when com-
bined with a later challenge, but also demonstrate 
the importance of assessing both sexes given the 
heterogeneity of outcomes following PAE. While 
the above studies demonstrate that the effects of 
PAE on neuroimmune function closely follow the 
initial insult, the effects of early-life immune per-

turbations can be pervasive and long-lasting, and, 
in some cases, these alterations only begin to 
manifest later in life, as will be discussed in the 
following sections.

2.3  PAE-Induced Alterations 
in Neuroimmune Function 
in Adolescence

Adolescence marks a transitional phase of devel-
opment during which pivotal changes in both 
physical maturation and behavior take place 
(McCormick and Mathews 2007; M.  Schneider 
2013). Though difficult to clearly delineate in 
terms of age, adolescence is typically defined as 
occurring roughly from P21-P59  in rodents, 
depending on the defining criteria used 
(McCormick and Mathews 2007). The combina-
tion of a shifting social landscape, hormonal 
changes, sexual maturation, and ongoing neural 
development brings about unique behavioral pat-
terns during this period (Schneider 2013; Spear 
2000), including increased social behavior, risk- 
taking, impulsivity, and reward-seeking 
(Chambers et  al. 2003; Laviola et  al. 2003; 
Sachser et al. 2020; Schneider 2013; Spear 2000). 
PAE has been linked to altered social behavior, 
with descriptions in the literature including 
impaired social recognition memory (Holman 
et  al. 2018, 2021), altered social play behavior 
(Holman et al. 2018; Lawrence et al. 2008), and 
differences in social investigation (Mooney and 
Varlinskaya 2011) in adolescent rats exposed to 
PAE or developmental alcohol exposure. Whether 
this impairment in social behavior in PAE rodents 
is due to alterations in neuroimmune function 
remains to be determined. However, a large body 
of research into the pathophysiology of autism 
spectrum disorder has linked immune dysfunc-
tion with social behavior deficits (Hughes et al. 
2023; Meltzer and Van De Water 2017; Onore 
et al. 2012), making it plausible that similar path-
ways could be playing a role in the PAE-induced 
alterations in social behavior.

Adolescents have a unique immune profile 
compared to that of early life or adulthood, as the 
close interplay between the immune and endo-
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crine systems leads to a sex-specific shift in 
immune function during puberty (Brenhouse and 
Schwarz 2016). While males tend to have 
increased innate inflammatory responses in early 
life, a switch occurs after puberty, whereby 
females tend to mount more intensive immune 
responses compared to males (Klein and Flanagan 
2016). Indeed, androgens have been found to be 
immunosuppressive, while the effects of estra-
diol vary depending on the immune function 
under study (Foo et al. 2017; Klein and Flanagan 
2016). Though these changes are better charac-
terized peripherally rather than centrally, there is 
evidence of sex-specific differences in neuroim-
mune function as well (Osborne et  al. 2018; 
Schwarz et al. 2012). For example, there are sex- 
specific differences in the number, morphology, 
and cytokine expression of microglia (Osborne 
et al. 2018; Schwarz et al. 2012). Likewise, PAE 
can disturb neuroendocrine–neuroimmune inter-
actions in a sexually dimorphic manner (reviewed 
in Bodnar and Weinberg 2013), making the inclu-
sion of both sexes in research of paramount 
importance.

The neuroimmune system continues to play a 
key role in ongoing neural development during 
adolescence, with microglia important for the 
continued maturation of the prefrontal cortex 
(Schalbetter et al. 2022), helping to regulate syn-
aptic pruning and refine cortical circuits. 
Continued synaptic pruning, myelination, and 
refining of neural circuitry not only necessitates a 
distinct immune milieu but also renders the ado-
lescent uniquely vulnerable to insults, as pertur-
bations in these key processes can adversely 
affect later health outcomes (Brenhouse and 
Schwarz 2016). Indeed, many mental health dis-
orders begin to emerge during human adoles-
cence, and there is increasing evidence for a role 
of the immune system in the pathogenesis of psy-
chiatric disorders, particularly in depression 
(Kohler et al. 2016; Miller and Raison 2016; Tay 
et al. 2018). Humans exposed to PAE have dis-
proportionately high rates of mental health disor-
ders, with up to 90% experiencing some form of 
mental health problem during their lifetime (Pei 
et al. 2011). The preclinical literature also finds 
disrupted behavior, with PAE rodents showing 

increased anxiety-like and depressive-like behav-
iors in a variety of behavioral tasks (Brolese et al. 
2014; Raineki et  al. 2016; Marquardt and 
Brigman 2016).

These noted behavioral alterations make ado-
lescence a key time point of interest for under-
standing how and why PAE can lead to poor 
mental health outcomes and whether alterations 
to the neuroimmune system could be playing a 
role. However, the breadth of research assessing 
PAE-induced alterations to neuroimmune func-
tion during the adolescent period is fairly limited 
in comparison to those focused either in early life 
or adulthood. This is unfortunate, given the evi-
dence of an age-dependent impact of PAE on 
immune system function, with unique effects in 
adolescents versus adults. One study assessed the 
effects of PAE (Gestational day (G)11–20) on 
offspring immune gene expression in the olfac-
tory bulb of Long Evans rats during adolescence 
(P40) and adulthood (P90) (Gano et  al. 2020). 
Notably, PAE induced far more gene changes in 
adulthood compared to adolescence, and for 
genes that showed changes in both age groups, 
PAE adolescents showed opposite patterns of 
activation compared to PAE adults (Gano et  al. 
2020). For example, there was downregulation of 
Chi3l3 (M2 microglial marker), Egr1 (involved 
in neuronal plasticity), and the Nra4 family 
(involved in the acute stress response and cyto-
kine signaling) in adolescence and upregulation 
of these same genes in adulthood (Gano et  al. 
2020). Similar results were found following 
developmental ethanol exposure (P4–9) in 
Sprague Dawley rats, as while adolescents (P35) 
had higher hippocampal cytokine levels com-
pared to adults (P60) regardless of developmental 
ethanol exposure, most of the ethanol-induced 
changes in cytokine levels were seen in the adult 
rats, such as increases in TNF-α, KC/GRO, and 
IFN-γ compared to sham-treated controls (Baker 
et al. 2023). An exception was a rise in the cyto-
kine IL-6 in the hippocampus of ethanol-exposed 
rats in both adolescence and adulthood (Baker 
et al. 2023). Interestingly, choline supplementa-
tion from P10–30 was able to mitigate the rise in 
hippocampal IFN-γ in adult rats with develop-
mental ethanol exposure (Baker et  al. 2023). 
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Additionally, when looking at the ratio of pro- 
and anti-inflammatory cytokines, adult, but not 
adolescent, alcohol-exposed rats had an increased 
TNF-α:IL-10 ratio—indicative of a pro- 
inflammatory bias—however, choline supple-
mentation normalized this ratio to that of 
sham-treated controls (Baker et al. 2023). Choline 
is an essential nutrient found in a variety of foods, 
such as eggs, and plays a key role in typical brain 
development (Zeisel 2004). There is evidence 
that choline functions through anti-inflammatory 
mechanisms, with these results suggesting that 
postnatal choline supplementation may be a via-
ble treatment option to mitigate ethanol-induced 
neuroinflammation. Indeed, there is an emerging 
body of both preclinical and clinical work dem-
onstrating the beneficial effects of pre-and post-
natal choline supplementation on 
neurodevelopment, particularly for the cognitive 
deficits associated with PAE (Reviewed in Ernst 
et al. 2022).

While the influence of early-life immune 
priming on central nervous system development 
persists through disruptions in the successive 
maturation of neural circuitry, immune activation 
during adolescence itself may yield distinct 
effects on brain development and function, par-
ticularly within the context of a previously 
primed immune system. Moderate gestation-long 
PAE increased basal TNF-α and IL-1β in the hip-
pocampus of adolescent (P31) Sprague-Dawley 
rats (Wang et al. 2019). This PAE-induced rise in 
hippocampal TNF-α and IL-1β was also seen in 
work at earlier pre-adolescent timepoints (Drew 
et  al. 2015). As mentioned previously, both 
TNF-α and IL-1β are important for the regulation 
of synaptic plasticity, including for long-term 
potentiation in the hippocampus (Bourgognon 
and Cavanagh 2020). Alterations to these cyto-
kines at basal levels could impair these important 
processes, with downstream effects on learning 
and memory (Bourgognon and Cavanagh 2020). 
Indeed, work in both humans and rodents has 
linked PAE to learning and memory impairments 
during the adolescent period (Olson et al. 1997; 
Wagner et al. 2014; Willford et al. 2004; Wozniak 
et al. 2004). This rise in basal cytokine levels may 
also impair later immune responses, as following 

injection with LPS at P30, PAE rats failed to 
show the same rise in TNF-α and IL-1β as con-
trols, with downregulation of TLR4—the recep-
tor involved in LPS recognition—in PAE rats 
relative to controls (Wang et al. 2019).

However, there have been conflicting results 
within the literature regarding the effects of PAE 
on neuroimmune function in adolescence, with 
some studies finding little or no impact of PAE 
either at basal levels or in response to subsequent 
challenge. For example, PAE from G11–20 
reduced basal fractalkine receptor (CX3CL-1R) 
levels in the hippocampus of adolescent (P35) 
Long Evans rats; however, there were no further 
differences in cytokine response to a subsequent 
ethanol exposure in adolescence between PAE 
and control rats (Doremus-Fitzwater et al. 2020). 
Ethanol exposure (P4–9) did not affect the 
microglia of adolescent mice in terms of density, 
distribution, morphology, or motility in the visual 
cortex (Wong et  al. 2018) or motility in the 
somatosensory cortex (Wong et  al. 2021). 
Similarly, binge-level developmental ethanol 
exposure (P4–9) did not affect microglial motil-
ity, surveillance, or morphology in the cerebel-
lum of transgenic adolescent (P28) L7cre/
Ai9+/−/Cx3cr1G/+ mice (which allows for 
in vivo fluorescent imaging of microglia) (Cealie 
et al. 2023).

Adolescents appear to be less sensitive to 
alcohol challenge overall, with work on the 
effects of alcohol consumption in typically devel-
oping adolescents and adults finding that adoles-
cent C57BL/6 mice (P35–46) did not show the 
same increase in central cytokine expression as 
adults (P84–120) following 10  days of alcohol 
consumption (Kane et al. 2014). While adults had 
increased cytokine and chemokine expression in 
the hippocampus (CCL2), cerebellum (CCL2 
and IL-6), and cerebral cortex (CCL2), adoles-
cents did not show any changes in these brain 
regions, suggesting that the adolescent cytokine 
response may be less sensitive to alcohol chal-
lenge (Kane et al. 2014). This blunted response 
observed in typically developing animals could 
in part explain the lack of PAE effects during 
adolescence (Cealie et  al. 2023; Doremus- 
Fitzwater et  al. 2020; Wong et  al. 2018, 2021), 
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with most PAE-induced alterations in neuroim-
mune functioning occurring in early life or adult-
hood. However, the limited number of studies, in 
combination with differing methodologies, could 
also explain the lack of significant neuroimmune 
alterations in adolescent PAE rodents. More 
research is needed to elucidate whether PAE at 
different doses, developmental periods, or admin-
istration patterns would yield differences in the 
neuroimmune response of adolescents.

2.4  PAE-Induced Alterations 
in Neuroimmune Function 
in Adulthood

The neuroimmune system plays an ongoing role 
in the continued health and functioning of the 
adult CNS.  The immune system continues to 
work in a defensive capacity to respond to poten-
tial threats, such as viral or bacterial invasion, 
with bidirectional communication between the 
CNS and immune system being important for the 
coordination of immune responses as well as 
sickness behaviors (see Fig. 2.1) (Dantzer 2018). 
Microglia support CNS function in a non- 
immunological role as well by clearing cellular 
debris, refining synaptic connections, and sup-
porting adult neurogenesis through the removal 
of excess apoptotic neurons via phagocytosis 
(Gemma and Bachstetter 2013; Sato 2015; Sierra 
et al. 2010; Tay et al. 2017). As mentioned above, 
adverse prenatal environments, such as those 
induced by PAE, could prime the immune system 
such that later life responses to immune chal-
lenge become perturbed. These alterations in 
immune functioning have been demonstrated 
through ‘second hit’ studies, where PAE animals 
are exposed to either an immune challenge or to 
various stress paradigms later in life. For exam-
ple, PAE altered basal cytokine expression in the 
brain of fetal rats (G17), which preceded an 
excessive immune response to LPS challenge in 
adulthood (P90), potentially owing to priming of 
the neuroimmune system from this early life 
insult (Terasaki and Schwarz 2016). Specifically, 
PAE fetuses of both sexes had elevated CCL6, 
CCR6, IL-21, IL-10ra, and TNF-α in the hippo-

campus and cortex compared to controls (Terasaki 
and Schwarz 2016). In a second experiment, rats 
were given a low dose of LPS (25 μg/kg) or saline 
in adulthood to see how PAE affects long-term 
immune functioning (Terasaki and Schwarz 
2016). The PAE rats had exaggerated cytokine 
production both centrally (hippocampus and 
medial prefrontal cortex) and peripherally 
(spleen) following LPS injection, suggesting that 
their early-life exposure to PAE induced long- 
lasting alterations in how the immune system 
responds to later challenge (Terasaki and Schwarz 
2016). To assess whether this exaggerated 
response to the LPS immune challenge would 
affect cognition, rats were tested in the novel 
object recognition task, a measure of recognition 
memory (Terasaki and Schwarz 2016). Neither 
male nor female PAE rats injected with LPS 
could discriminate between a novel object and 
one they had seen previously, suggesting that the 
exaggerated LPS-induced inflammation (owing 
to a priming of the immune system in early life) 
resulted in impaired recognition memory in the 
PAE animals in adulthood (Terasaki and Schwarz 
2016). A later study using a second hit of alcohol 
in place of LPS found that female PAE rats had 
higher IL-6 expression in the prefrontal cortex 
compared to control females after adult (P90+) 
exposure to alcohol (4.5  g/kg) (Terasaki and 
Schwarz 2017). IL-6 is a pleiotropic cytokine, 
with the potential to demonstrate both neuropro-
tective and neurodegenerative effects (Kummer 
et al. 2021; Rothaug et al. 2016). IL-6 can act as 
a neurotrophic factor, with its increased expres-
sion in the prefrontal cortex of PAE rats poten-
tially exerting protective effects following adult 
alcohol consumption (Kummer et  al. 2021; 
Rothaug et  al. 2016). However, central rises in 
IL-6 have also been linked to significant neuro-
logical disorders, including Alzheimer’s disease 
and Parkinson’s disease (Kummer et  al. 2021; 
Rothaug et al. 2016). Additionally, this exposure 
to alcohol in adulthood impaired performance in 
the novel object recognition task, but it did so for 
all rats exposed to alcohol in adulthood regard-
less of whether they had experienced PAE 
(Terasaki and Schwarz 2017).
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Given the consequences of neuroimmune 
alterations for cognitive functioning, a critical 
next step is the identification of potential inter-
ventions that can mitigate this rise in central 
cytokine expression. As discussed above, choline 
is one emerging intervention option  demonstrating 
promising results. Rats who received choline 
supplementation for twenty days (P10–30) fol-
lowing developmental alcohol exposure (P4–9) 
did not show the same increase in basal hippo-
campal cytokines (IFN-γ and TNF-α) in adult-
hood (P60) as rats who experienced developmental 
alcohol exposure alone (Baker et  al. 2022). 
Furthermore, alcohol-exposed rats differed in 
their response to LPS depending on whether or 
not they also received choline supplementation: 
those without choline supplementation had a 
generally blunted response to LPS, while those 
with choline supplementation had similar 
responses to that of the control groups not 
exposed to alcohol (Baker et al. 2022).

The effect of early-life immune priming fol-
lowing PAE is a robust phenomenon that appears 
in response to a variety of challenges, including 
in response to physical trauma or injury. For 
example, male PAE rats experience enhanced 
allodynia following varying degrees of damage 
to the sciatic nerve in adulthood (Noor et  al. 
2017; Sanchez et al. 2017). A mild single suture 
constriction injury led to allodynic responses in 
PAE males, accompanied by increases in astro-
cyte activation compared to controls; however, 
there were no differences in microglial activation 
between groups (Sanchez et al. 2017). Astrocytes 
have been implicated in chronic pain states, as 
they produce pro-inflammatory cytokines along 
with other metabolites, which influence neuronal 
activity and contribute to the onset of pain (Tang 
et al. 2021). Thus, increased astrocyte activation 
may be contributing to the increased allodynia 
experienced by the PAE animals following dam-
age to the sciatic nerve (Sanchez et al. 2017; Tang 
et al. 2021). Meanwhile, a standard 4 suture con-
striction injury led to persistent allodynia, 
increased spinal glia activation (both astrocytes 
and microglia), elevated pro-inflammatory cyto-
kines/chemokines (IL-1β, IL-6, TNF-α, CXCL1) 
and decreased levels of the anti-inflammatory 

cytokine IL-10  in PAE males compared to con-
trols (Noor et al. 2017). Moreover, control nerve- 
damaged rats had increased IL-10, likely in an 
attempt to mitigate excess inflammation (Noor 
et  al. 2017). An imbalance in pro- and anti- 
inflammatory signaling could impair the recov-
ery process in PAE animals, as IL-10 helps to 
mitigate host damage following inflammatory 
responses (Moore et  al. 2001; Ouyang et  al. 
2011). While overexpression of pro- inflammatory 
cytokines can undoubtedly be harmful, a blunting 
of the immune response can be of equal detri-
ment, as a tailored immune response is key to 
successful recovery. Following a CNS wound in 
adulthood, male PAE rats had decreased TNF-α 
at the wound site, a response that was further 
blunted in PAE rats who received a subsequent 
exposure to alcohol before and after wound 
infliction (DeVito and Stone 2001). This 
decreased TNF-α has been noted in PAE rodents 
following other types of challenges as well: after 
in  vivo priming with LPS, peripheral blood 
mononuclear cells from male but not female PAE 
rats showed a blunted release of TNF-α in 
response to LPS in vitro (Chiappelli et al. 1997). 
Typically, TNF-α levels rise rapidly in response 
to tissue damage, playing a role in mounting 
inflammatory responses which, when appropri-
ately tailored to the insult, can assist in wound 
healing and repair, notwithstanding that an over-
expression of TNF-α has been linked to poor 
health outcomes (Probert 2015; Ritsu et al. 2017; 
Shohami 1999). A blunting of this response in the 
PAE animals could impair their ability to mount 
an appropriate inflammatory response following 
an immune challenge such as wound infliction or 
LPS.  Inappropriate inflammatory responses fol-
lowing PAE are exhibited peripherally as well, 
with female PAE rats experiencing a more severe 
and prolonged course of inflammation following 
an arthritis challenge in adulthood (Bodnar et al. 
2022b; Zhang et  al. 2012). Moreover, PAE rats 
show basal differences in myeloid cell propor-
tions in peripheral lymphoid organs (spleen and 
lymph nodes), with in vitro stimulation with LPS 
leading to increased production of pro- 
inflammatory cytokines from PAE-derived leu-
kocytes (Sanchez et al. 2017).
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While second-hit studies clearly demonstrate 
the long-lasting effects of PAE on neuroimmune 
function in adulthood, there is evidence of PAE- 
induced alterations even in the absence of any 
challenge. PAE and prenatal and lactational alco-
hol exposure (PLAE) led to activation of several 
inflammatory pathways in adult C57BL/6 mice, 
with PAE increasing NLRP3, caspase-1, NF-кB/
p65, IL-1β, and TLR4 expression in the prefron-
tal cortex and PLAE increasing TLR4 expression 
in the prefrontal cortex and hippocampus, 
NLRP3, caspase-1  in the prefrontal cortex and 
IL-1β in the hippocampus (Cantacorps et  al. 
2017). Additionally, PLAE mice scored lower on 
a spatial working memory task, the Y-maze spon-
taneous alternation test, in adulthood (P60) com-
pared to controls (Cantacorps et  al. 2017). The 
increase in TLR4 in the PAE and PLAE mice is 
of particular interest as there is evidence for the 
role of this receptor in the mounting of neuroin-
flammatory responses following adult alcohol 
consumption (Alfonso-Loeches et  al. 2010; 
Fernandez-Lizarbe et al. 2009; Montesinos et al. 
2015). Activation of TLR4 signaling pathways 
following alcohol consumption in adulthood can 
trigger microglial activation and pro- 
inflammatory cytokine release, with conse-
quences for cognitive functioning, including 
learning and memory (Fernandez-Lizarbe et  al. 
2009; Montesinos et al. 2015). In a study assess-
ing the effects of PAE across the lifespan (G15, 
P0, P20, P66), TLR4 knockout mice exposed to 
PAE did not experience any of the deleterious 
effects on neuroimmune function experienced by 
wild type (WT) C57BL/6 PAE mice (Pascual 
et  al. 2017). The WT PAE mice had increased 
cortical IL-1β at all timepoints measured (G15, 
P0, P20, P66) (Pascual et al. 2017). Several cyto-
kines and chemokines, including IL-17, MIP-1α 
(macrophage inflammatory proteins-1α), and 
fractalkine, were upregulated in the cortices of 
G15 PAE pups as well as in P0 and P20 female 
PAE pups (Pascual et al. 2017). These cytokine 
alterations co-occurred with an increase in mark-
ers indicative of microglial activation in the cere-
bral cortices of WT PAE mice, including CD11b 
on P0, P20, and P66, MHC-II at P0 and 20, and 
Iba-1 immunoreactivity at P20 (Pascual et  al. 

2017). To assess whether these neuroimmune 
alterations would have downstream effects on 
behavior and cognitive functioning, mice were 
tested in the elevated plus maze (to measure 
anxiety- like behavior) and the passive avoidance 
test (to measure short- and long-term memory) in 
adulthood (P66) (Pascual et al. 2017). WT PAE 
mice showed increased anxiety-like behavior in 
the elevated plus maze, along with learning and 
memory impairments in the passive avoidance 
test, effects not seen in the TLR4 knockout PAE 
mice (Pascual et  al. 2017). The decrease in the 
scope of basal alterations with age reflects what 
has been discussed earlier in the chapter, whereby 
basal neuroimmune markers appear to be more 
impacted close to the initial insult. However, PAE 
still induced several alterations in the adult WT 
PAE mice, such as increased IL-6 and CD11b, 
with long-term cognitive and behavioral impair-
ments noted in the WT PAE mice in adulthood 
(Pascual et al. 2017). Given the findings of altered 
immune responses in PAE animals both at basal 
levels and following later-life challenges, a cru-
cial next step is identifying underlying mecha-
nisms behind these alterations and how changes 
to other systems may contribute.

2.5  Possible Mechanisms 
Underlying PAE-Induced 
Alterations in Immune 
Function

While previous sections have focused on the 
effects of PAE on neuroimmune functioning and 
the consequences for neurobehavioral develop-
ment, it is important to consider the mechanisms 
through which PAE may be exerting these effects. 
PAE-induced alterations to neuroimmune func-
tion are unlikely to occur in isolation and may be 
driven by changes to both the development and 
functioning of related systems. In addition to 
being essential for virtually all aspects of gastro-
intestinal function, the gut microbiome is also 
fundamental for overall host health, including in 
the development and function of the CNS and 
immune system (Belkaid and Hand 2014; Erny 
et  al. 2015; Lynch et  al. 2023; Margolis et  al. 
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2021; Young and Schmidt 2008). Indeed, the gut 
microbiome is integral in the establishment, mat-
uration, and ongoing function of the immune sys-
tem and is being increasingly recognized for its 
impact on neurobehavioral function, particularly 
in the context of aberrant early life development 
(Belkaid and Hand 2014; Cruz-Pereira et  al. 
2020; Erny et al. 2015; Fung et al. 2017; Lynch 
et  al. 2023; Margolis et  al. 2021; Peirce and 
Alviña 2019; Purchiaroni et  al. 2013; Sittipo 
et al. 2022). Through their significant metabolic 
activity, the gut microbiota produce key metabo-
lites, such as short-chain fatty acids (SCFAs). 
SCFAs represent one mechanistic link through 
which the gut microbiome can affect host func-
tion, with these metabolites acting through vari-
ous immune and endocrine pathways to affect not 
only local gut structure and function but also to 
act more distally in the CNS (See Fig.  2.2) 
(reviewed in Koh et al. 2016). These metabolites 
are able to enter host circulation and modulate 
immune function via activation of G-protein- 
coupled receptors on both immune and enteric 
neuronal cells to increase cytokine and chemo-

kine production, recruit leukocytes to sites of 
inflammation, and regulate the functioning of T 
regulatory cells, key immune cells involved in 
adaptive immune functioning (Corrêa-Oliveira 
et  al. 2016; Kim et  al. 2013; Koh et  al. 2016; 
Schirmer et  al. 2016; Van Der Hee and Wells 
2021; Vinolo et  al. 2011). Additionally, SCFAs 
are important for the maintenance of blood-brain 
barrier integrity, with the administration of 
SCFAs helping to mitigate the severity of damage 
induced by insults such as stroke and traumatic 
brain injury (Fock and Parnova 2023; Li et  al. 
2016; Park and Sohrabji 2016).

Studies utilizing germ-free (GF) rodent mod-
els have been instrumental in understanding the 
importance of microbial colonization for neuro-
immune development (Margolis et al. 2021). GF 
rodents exhibit a wide array of physical, physio-
logical, and behavioral abnormalities, some of 
which can be rescued following selective recolo-
nization during sensitive developmental periods 
(Luczynski et al. 2016; Margolis et al. 2021). For 
example, the microglia of adult GF rodents are 
morphologically distinct, with altered gene 

Fig. 2.2 Mechanisms underlying PAE-induced inflam-
mation. PAE-induced alterations in gut microbiota com-
position and short-chain fatty acid production may lead to 
both peripheral and central immune responses, including 
increased neuroinflammation. This can be through altera-

tions in gut barrier permeability, with translocation of 
luminal content driving a peripheral immune response, or 
via short-chain fatty acid-mediated communication 
between the gut and immune system. Created with 
BioRender
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expression (Erny et al. 2015; Matcovitch-Natan 
et al. 2016). One study found that providing the 
SCFAs propionate, butyrate, and acetate in the 
drinking water of adult GF mice could restore 
their microglia, which differed in morphology at 
basal levels compared to specific pathogen-free 
mice and failed to take on an activated state fol-
lowing LPS injection (Erny et  al. 2015). After 
4  weeks of SCFA administration, the GF mice 
showed normalized microglia that no longer dif-
fered in terms of density, morphology, or matu-
rity (Erny et  al. 2015). GF animals have also 
shown alterations in gray matter volume (Lu 
et al. 2018), increased white matter volume and 
reduced oligodendrogenesis (Ahmed et al. 2021), 
increased blood-brain barrier permeability 
(Braniste et  al. 2014), and sex-specific differ-
ences in adult hippocampal neurogenesis (Scott 
et al. 2020). GF mice show anxiolytic behavior in 
both the elevated plus maze and light dark box 
(Clarke et al. 2013; Neufeld et al. 2011a, b), how-
ever, behavioral alterations could be restored via 
microbial reconstitution—but only if it occurred 
early in life (e.g., 3 weeks; Clarke et al. 2013) as 
reconstitution at 10  weeks had no effect on 
anxiety- like behavior (Neufeld et  al. 2011a, b). 
The wide-ranging spectrum of impairments seen 
in these GF animals highlights the importance of 
the microbiota during development, especially 
given the temporal overlap between microbial 
colonization and early-life brain and immune 
development.

While underlying microbial changes have 
been implicated in a range of physical (Carding 
et  al. 2015), neurodevelopmental (Cao et  al. 
2021; Fattorusso et al. 2019), and mental (Jiang 
et al. 2015, 2018) health disorders, research into 
the effects of PAE on the microbiome is cur-
rently in its infancy. A landmark study by Bodnar 
et al. (2022a) was the first to use a rodent model 
to assess the effects of PAE on fecal microbiota 
composition in adulthood, finding that PAE 
resulted in long-lasting alterations. At P80, PAE 
rats had elevated bacterial richness compared to 
controls, along with distinct clustering in terms 
of community composition (Bodnar et  al. 
2022a). Analysis of differentially abundant taxa 
found that while both prenatal treatment groups 

were similar at the phylum level, there were dif-
ferences at the genera level, with more abundant 
levels of Bacteroides, Roseburia, and Proteus—
all important in the production of SCFAs—in 
PAE animals (Bodnar et al. 2022a). After strati-
fying by sex, there were significant sex- and pre-
natal treatment-specific differences in the 
relative abundance of several taxa at both the 
phylum and genus levels, highlighting the impor-
tance of including both sexes in research on the 
microbiota. Additionally, while control males 
and females showed distinct clustering with 
regard to community composition, this was not 
seen in PAE animals, with PAE males showing 
considerable overlap with PAE females (Bodnar 
et  al. 2022a). These findings demonstrate the 
long-lasting impacts of PAE on microbiota 
composition.

Given that microbial composition shifts over 
time and is unique in early life compared to in 
adulthood (Flemer et  al. 2017), work from our 
lab aimed to build on these adult-specific findings 
using the same rodent model of PAE as Bodnar 
et  al. (2022a) to explore the effects of PAE on 
microbial composition at earlier timepoints in 
development (P8, P22, and P38) (Vella et  al. 
2023). We found that PAE led to age- and sex- 
specific changes to the gut microbiota, both in 
terms of compositional alterations as well as dif-
ferences in SCFA production (Vella et al. 2023). 
Pups of both sexes had reduced bacterial diver-
sity at P8 compared to controls, but only female 
PAE pups had taxa-specific alterations at this age. 
However, by P22 PAE animals of both sexes had 
alterations to various bacterial taxa. While altera-
tions at lower taxonomic ranks varied by sex, 
PAE animals of both sexes had decreases in 
clades known to produce high levels of SCFA 
and butyric acid. Indeed, we found that butyric 
acid was decreased in PAE animals at P22 com-
pared to controls. This finding is notable for sev-
eral reasons, in part due to the critical role of 
butyric acid within the gut, as well as the time-
frame in which this shift is occurring. Butyric 
acid mediates energy homeostasis by acting as a 
key energy source for colonocytes, inhibits the 
production of pro-inflammatory cytokines via 
inhibition of NF-κB, and supports gut barrier 
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function through the modulation of tight junction 
proteins (Luhrs et  al. 2002; Peng et  al. 2009; 
Segain et al. 2000). One day prior to P22 is gut 
closure, a critical developmental process whereby 
the intestinal barrier decreases in permeability, 
preventing the passage of macromolecules from 
the gut lumen (Weström et al. 2020). Given the 
noted importance of butyric acid for gut barrier 
integrity, it is hypothesized that a reduction in 
butyric acid during this important milestone 
could have deleterious effects on the develop-
ment and later permeability of the gut barrier. 
Alterations to gut barrier integrity have been 
linked to peripheral inflammation, as luminal 
content is able to leak into the bloodstream, 
potentially contributing to an inflammatory state 
(see Fig.  2.2) (Lopetuso et  al. 2015). Indeed, 
there was also a rise in IL-6 and IL-13  in the 
serum of the PAE animals at P22, potentially in 
response to the alterations in gut microbiota com-
position and butyric acid levels given the role of 
these cytokines in inflammatory states within the 
gut (Al-Sadi et al. 2014; Guo et al. 2021; Mannon 
and Reinisch 2012; Suzuki et al. 2011). Peripheral 
inflammatory states, specifically an increase in 
circulating cytokine levels, can influence neuro-
immune activity. For example, some cytokines 
(e.g., TNF-α, IL-1β, IL-6) are able to cross the 
blood-brain barrier, while others may alter bar-
rier integrity (e.g., by modifying tight junctions 
located on brain endothelial cells) allowing for 
increased trafficking of immune cells across the 
blood-brain barrier and into the CNS (Banks 
et al. 2009; Huang et al. 2021).

Moving into adolescence (P38), PAE rats of 
both sexes continue to show differences in the 
relative abundance of various taxa as compared to 
controls (Vella et  al. 2023). While there were 
numerous sex-specific differences, there was a 
decrease in the Prevotellaceae_NK3B31 family in 
PAE rats of both sexes compared to controls. 
Prevotellaceae appears to be sensitive to the 
effects of PAE, as Bodnar et al. (2022a) also found 
a decrease in Prevotellaceae_NK3B31  in PAE 
males in adulthood. Alterations to the 
Prevotellaceae clade have also been found in 
research on the microbiota of individuals with dif-
ferent neurodevelopmental disorders. For exam-

ple, a reduction in unclassified Prevotellaceae, as 
well as Prevotella (a genus under Prevotellaceae) 
was reported in children with autism spectrum 
disorder compared to neurotypical controls (Kang 
et al. 2013). Similarly, children with ADHD had a 
significantly lower abundance of Prevotellaceae at 
the family level and Prevotella at the genus level 
compared to neurotypical control children (Prehn-
Kristensen et  al. 2018). These findings suggest 
that alterations to the Prevotellaceae clade may be 
linked to altered neurodevelopment. Together, 
these results suggest that PAE has enduring effects 
on the gut microbiota, which manifest as a func-
tion of both age and sex. Though there is no pro-
totypical example of a healthy gut microbiome, 
shifts in the abundance of beneficial versus patho-
genic bacteria, and subsequent alterations to key 
metabolites like SCFAs, could be detrimental to 
neuroimmune function and warrant further inves-
tigation within the context of PAE (Belkaid and 
Hand 2014; The Human Microbiome Project 
Consortium 2012). Given these promising find-
ings, a key next step will be to assess the impacts 
of PAE on the gut microbiota using various mod-
els of PAE and at varying degrees of exposure. In 
doing so, it may become possible to identify 
unique microbial signatures of PAE, which could 
not only serve as a biomarker but also inform the 
development of more targeted treatment 
interventions.

2.6  Summary and Conclusions

This chapter focuses on the effects of PAE on 
neuroimmune function across the lifespan, with a 
specific emphasis on findings from the preclini-
cal literature. While studies using human subjects 
must often rely on peripheral markers of immune 
activation, the use of rodent models affords the 
opportunity to directly assess the CNS. Exposure 
to alcohol during gestation or the third-trimester 
equivalent in rodents can lead to long-lasting 
alterations in neuroimmune functioning, with 
some differences seen at basal levels and others 
uncovered only after exposure to challenge. The 
effects of PAE are unique to the age of the indi-
vidual and the current role of the immune system 
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within that time frame, thus making it unsurpris-
ing that the effects of PAE manifest differently 
depending on age. Overall, the literature suggests 
that while PAE induces robust changes to neuro-
immune function in early life as well as in 
 adulthood, there were less changes seen in ado-
lescence. Whether this is due to a lessened impact 
of PAE at this stage or simply due to a lack of 
research during this period remains to be 
answered. It is also important to consider whether 
alterations to functionally related systems, such 
as the gut microbiota, could impact how PAE 
alters neuroimmune function. The maturation 
and continued functioning of the immune system 
rely on input from the microbiota, making it 
plausible that alterations to gut microbiota com-
position could have downstream effects on 
immune system functioning, with further conse-
quences for neural development and neurobehav-
ioral functioning. Indeed, emerging evidence 
suggests that PAE uniquely alters the rodent gut 
microbiota across the lifespan. However, further 
work is needed to better understand the direction 
of this relationship (i.e., are changes to the gut 
microbiota leading to alterations in immune sys-
tem functioning or is perturbed immune func-
tioning leading to changes in microbial 
colonization, or both), as well as how different 
levels and durations of alcohol exposure could 
impact these outcomes. Increased understanding 
of the mechanisms behind the neuroimmune per-
turbations seen following PAE can help to inform 
the development of more targeted interventions 
while setting the stage for the identification of 
novel biomarkers of PAE.
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Abstract

Exposure to ethanol during gestation can lead 
to the onset of Fetal Alcohol Spectrum 
Disorders, which describes a range of neuro-
developmental and behavioral dysfunctions 
that include impairments in learning and 
memory and can have serious repercussions 
for scholastic performance during adoles-
cence. The neurobiological basis of learning 
and memory dysfunction in Fetal Alcohol 
Spectrum Disorders has been frequently 
linked to the hippocampal formation, which is 
due in part to the fact that some hippocampal 
neurons, called place cells, fire action poten-
tials correlated with an animal’s spatial loca-
tion as well as other features of memory 
episodes. The goal of this chapter is to provide 
an overview of research investigating develop-
mental alcohol exposure in rodent models and 
the impact on learning and memory, hippo-
campal circuitry, and neural representations of 
learning and memory. We conclude by high-
lighting areas in which more concentrated 
behavioral and neurobiological study is 
needed to expand and develop rodent models 
of memory dysfunction in Fetal Alcohol 
Spectrum Disorders.
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3.1  Introduction

Exposure to ethanol during gestation can lead to 
the onset of Fetal Alcohol Spectrum Disorders 
(FASD), which describes a range of physical dys-
morphology and neurobiological, cognitive, and 
behavioral deficits in offspring (Popova et  al. 
2023). In clinical work and in animal models of 
developmental alcohol exposure, cognitive 
abnormalities are frequently linked to deficits in 
learning and memory, which can have serious 
repercussions for scholastic performance during 
adolescence and can persist into adulthood 
(Marquardt and Brigman 2016; Valenzuela et al. 
2012). The neurobiological basis of learning and 
memory dysfunction in FASD has been linked to 
the hippocampal formation and associated limbic 
regions (Berman and Hannigan 2000; Marquardt 
and Brigman 2016; Valenzuela et al. 2012). This 
is due, in part, to the discovery of hippocampal 
place cells which are neurons that fire action 
potentials correlated with the animal’s location in 
the environment (Moser et al. 2017; O’Keefe and 
Nadel 1978). While these cells are speculated to 
have a prominent role in “mapping” the spatial 
extent of the environment, it is now firmly estab-
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lished that place cells can modify their firing 
characteristics in relation to other features 
(objects, items, actions, etc.) associated with a 
particular experience, which may reflect a 
broader role for the hippocampus in learning and 
memory such as in episodic memory (Eichenbaum 
and Cohen 2014).

The goal of this chapter is to provide an over-
view of research investigating the developmental 
impact of alcohol exposure on learning and mem-
ory, hippocampal circuitry, and place cell repre-
sentations. Although there has been considerable 
research studying the relationship between devel-
opmental alcohol exposure and learning and 
memory in a wide range of model systems, 
rodents represent the most commonly used model 
in FASD research. This preference is supported 
by research suggesting consistencies between 
human patients and rodent models in the relation-
ship between blood alcohol concentrations and 
impact on neural systems underlying cognition 
(Driscoll et  al. 1990; Marquardt and Brigman 
2016). In addition, rodent models have enabled 
investigation of the impact of timing of exposure 
and dosage on multiple levels of analyses, includ-
ing behavioral, neural circuits, and neurochemi-
cal systems. It is important to clarify that rodents 
have a gestational period that is much shorter 
than humans (18–23 days), with significant neu-
ral development occurring after birth. This is in 
contrast to the human gestation period which is 
comprised of three trimesters occurring prena-
tally before birth. The development of the rodent 
nervous system can be divided into three trimes-
ters, with the first- and second-trimester equiva-
lent occurring prenatally (before birth) from 
gestational day 1 to 20, and the third-trimester 
equivalent occurring postnatally (after birth) 
from postnatal day 1 to 10 (Marquardt and 
Brigman 2016; Patten et al. 2014; West 1987).

In this chapter, we therefore focus our review 
of the literature on rodent models of FASD. First, 
we summarize the effects of developmental alco-
hol from early studies to more recent develop-
ments that span spatial learning and memory, 
visual-spatial memory, as well as “non-spatial” 
functions such as the learning and retention of 
higher-order sensory representations of objects 

and items relevant to memory episodes. We con-
clude with a summary of research testing hypoth-
eses regarding the relationship between 
developmental alcohol exposure and the neural 
systems underlying learning and memory. 
Although learning and memory involve a broad 
network of cortical-thalamic-hippocampal sys-
tems, we center our discussion on the hippocam-
pus with a particular emphasis on recent work 
investigating a possible role of hippocampal 
place cell representations in the memory impair-
ments observed in FASD. Our general goal here 
is to provide an overview of a memory phenotype 
in rodent models of FASD and highlight areas in 
which more concentrated behavioral and neuro-
biological study could expand and develop mod-
els of memory dysfunction in FASD.

3.2  Learning and Memory 
in Rodent Models 
of Developmental Alcohol 
Exposure

3.2.1  Spatial Learning and Memory

A large body of studies has shown that animals, 
including humans, navigate from one place to 
another on the basis of learned cues in the envi-
ronment but can also navigate based on cues 
derived from their own movements (e.g., optic 
flow, proprioceptive, and vestibular cues) 
(Gallistel 1990). Self-motion cues can be used to 
estimate the current location/orientation in the 
environment and enable navigation to goal loca-
tions, even in the absence of familiar environ-
mental cues (e.g., in darkness) (Maaswinkel and 
Whishaw 1999; Mittelstaedt and Mittelstaedt 
1980; Whishaw et al. 2001; Wallace et al. 2002). 
The Morris water task represents one of the most 
commonly used tasks to assess the impact of 
developmental alcohol on learning and memory 
(Morris 1981). The task requires that animals 
learn to navigate to the location of a submerged 
platform typically located a short distance away 
from the pool wall and in cloudy, opaque water. 
Following task acquisition, memory is assessed 
by removing the platform and placing the rats 
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back in the pool for a short probe test (e.g., 
60 sec). It is generally agreed that rats use a distal 
cues located along the room walls to localize the 
platform location (Morris 1981), but some stud-
ies report that rats can use the pool wall as a 
frame of reference, i.e., to estimate the distance 
of the platform from the pool wall (Hamilton 
et al. 2008) and that rats may use distinct move-
ment patterns from each starting location to reach 
the goal (Goncalves-Garcia et  al. 2024b). 
Although less commonly assessed, some studies 
report that animals can use self-motion cues 
(likely from transport to the pool) to generate an 
accurate trajectory (direction) to the platform 
(Clark et al. 2015; Stackman et al. 2012).

A clear outcome of studies investigating the 
relationship between developmental alcohol 
exposure and spatial learning and memory in 
rodents, as measured in the Morris water task, is 
that impairments are largely dose-dependent 
(reviewed in Harvey et al. 2019; Marquardt and 
Brigman 2016). Specifically, while low to moder-
ate doses (blood ethanol concentration (BEC): 
<100 mg/dL) tend to produce milder and specific 
effects in the water task (discussed further 
below), an overwhelming majority of studies 
report that high dose prenatal or postnatal alcohol 
exposure (BEC: >100 mg/dL) produce deficits in 
both hidden platform learning, retention (plat-
form removal probe tests), and moving platform 
(working memory) variants of the water task 
(e.g., Christie et  al. 2005; Goodlett et  al. 1987; 
Iqbal et al. 2004; Kim et al. 1997; Schneider and 
Thomas 2016; Thomas et al. 2007, 2008; Wagner 
et  al. 2014; Wozniak et  al. 2004; for a detailed 
summary of this literature see Fig. 1 of Harvey 
et al. 2019 and Fig. 4 of Marquardt and Brigman 
2016). Water task navigation is generally intact 
when the platform is cued, even in cases of high- 
dose exposure, indicating that procedural learn-
ing (swimming and other motor skills) remains 
intact. In short, alcohol-exposed animals are 
capable of performing the general procedural ele-
ments of the task and can learn to use cues 
directly associated with the platform location, but 
they are unable to learn to use cues (environmen-
tal and/or self-motion) to navigate to a hidden 
platform.

While high-dose developmental alcohol expo-
sure produces clear deficits in hidden platform 
navigation and impairs its retention, some fea-
tures of water task performance can be spared at 
lower doses. For instance, learning the location 
of a fixed and stable hidden platform is generally 
spared in cases of low or moderate prenatal alco-
hol exposure (Cullen et al. 2014; Hamilton et al. 
2014; Rodriguez et al. 2016; Savage et al. 2002, 
2010; Sutherland et  al. 2000). In general, these 
studies report that low or moderate prenatal 
alcohol- treated rats are capable of acquiring the 
hidden platform task rapidly and reach a similar 
asymptotic level as control rats, even with slightly 
different training procedures. For instance, 
Sutherland et al. (2000) observed similar perfor-
mance between control and moderate prenatal 
alcohol-exposed rats in a training procedure 
involving eight trials per day across five  days, 
while Savage et al. (2002) observed similar hid-
den platform acquisition in adult moderate prena-
tal alcohol-exposed rats over 12 training trials 
given in a single day of testing. An important 
caveat is that most studies have largely restricted 
their analyses of navigation to general perfor-
mance measures, without assessment of the par-
ticular strategy used. Thus, it is possible that rats 
in the moderate alcohol exposure groups may 
have used alternate “non-spatial” strategies to 
similarly navigate to the hidden platform, as has 
been described in other rodent models of mem-
ory dysfunction (e.g., Berkowitz et  al. 2018). 
Future work should investigate this possibility.

Although the findings above suggest that the 
learning of a fixed location, sometimes referred 
to as spatial reference memory, is unaffected in 
the water task after low or moderate prenatal 
alcohol exposure, retention or recall of recent 
spatial learning is more reliably impaired. Savage 
et al. (2002, 2010) provided a demonstration of 
this phenomenon by training adult rats to navi-
gate to a fixed hidden platform in a single session 
composed of 12 training trials. Four days later, 
rats were returned to the pool for a retention test 
in which they were given another 12 trials. While 
adult control and moderate prenatal alcohol- 
exposed (gestational days 1–21) rats performed 
similarly during task acquisition, the alcohol- 
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exposed rats showed greater escape latencies on 
the first one or two trials of the retention test. On 
the remaining trials, alcohol-exposed rats per-
formed similarly to control rats. Thus, while 
moderate prenatal alcohol rats demonstrated a 
clear ability to learn an accurate trajectory to a 
fixed hidden platform, their retention across a 
4-day interval was significantly impaired. 
Interestingly, Cullen et al. (2014) reported that a 
learned hidden platform location could be 
retained 24 h later by adult rats prenatally exposed 
to alcohol (gestational days 1–22/23), suggesting 
that retention deficits for fixed, stable locations 
are more likely to be observed after post- 
acquisition intervals greater than 24  h. Further 
support for this idea comes from a study by 
Matthews and Simson (1998), who trained adult 
rats in a hidden platform water task with platform 
removal tests given either 24 h or three days after 
training. In general, rats prenatally exposed to a 
high dose of alcohol (gestational days 8–20) 
learned to navigate to the hidden platform simi-
larly to the control group, again indicating that 
learning of a fixed spatial location remains intact. 
In the probe tests, however, rats in the alcohol 
condition showed poor retention for the platform 
position three days after training. Consistent with 
Cullen et al. (2014), rats showed similar retention 
to controls when tested after 24 h.

Some studies report that developmental alco-
hol exposure (both moderate and high-dose expo-
sure) can  impair the rapid learning of a new 
spatial location (Acosta et al. 2024; Christie et al. 
2005; Savage et al. 2002, 2010; Sutherland et al. 
2000). An early investigation into one-trial learn-
ing and retention of spatial information was con-
ducted by Sutherland et  al. (2000) who used a 
moving platform variant of the hidden platform 
task. The task involved moving the platform to a 
novel location each day of water task training, 
with adult rats given at least two daily trials. The 
first trial represents an initial encoding of the new 
spatial location and subsequent trials represent 
retention of the initial encoding. Using this pro-
cedure, Sutherland et  al. (2000) reported that 
although adult rats in the control and moderate 
prenatal alcohol exposure (gestational days 1–20) 
groups showed improved latencies across the two 

trials, indicative of rapid acquisition of spatial 
information on the initial trial, prenatally exposed 
rats showed less rapid learning across the first 
two daily training trials. A report by Schneider 
and Thomas (2016) also found that postnatal 
exposure to alcohol (postnatal days 4–9) can pro-
duce impairments in this water task variant in 
adult rats. These results, along with similar find-
ings by Savage et  al. (2002, 2010), may reflect 
deficits in spatial working memory, which we 
define here as a memory for a recent spatial expe-
rience that is retained for a time beyond the tradi-
tional definition of working memory (Olton et al. 
1979; Eichenbaum 2012). In this interpretation, 
prenatal and postnatal alcohol impairs the capac-
ity to remember information that was obtained in 
a single experience and to retain this information 
after the delay period.

Consistent with the spatial working memory 
hypothesis, some studies have shown that prena-
tal alcohol exposure can impair behavioral flexi-
bility such that rats express a tendency to re-enter 
recently visited locations rather than navigate 
directly to a newly reinforced spatial location. 
For example, using the water task, Hamilton 
et  al. (2014) tested adult rats in a task variant 
where animals acquired a hidden platform loca-
tion across ten blocks (four trials per block), fol-
lowed by six blocks of training in which the 
platform was moved to a new location. Although 
moderate prenatal alcohol exposure (gestational 
days 1–20) failed to impair task acquisition 
across the 3 days, alcohol-treated rats showed a 
tendency to swim to the previous location of the 
platform. In other words, rats expressed perse-
verative swimming towards the previous spatial 
location (also see Rodriguez et al. 2016).

Other assessments of spatial working memory 
after developmental alcohol exposure have used 
the radial arm maze, Y-maze, M-maze, or other 
related maze environments (Acosta et  al. 
2024;  for reviews see Harvey et  al. 2019; 
Marquardt and Brigman 2016). In the radial arm 
maze, rodents visit a location (a maze arm) for a 
reward once and then move to the next location 
until all maze arms have been visited while avoid-
ing returning to previously visited maze arms. In 
the Y-maze, M-maze, or similar task designs, 
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rodents alternate between at least two  arms for 
reward. Entries into previously visited maze arms 
are counted as spatial working memory errors. 
Several studies have shown that high-dose expo-
sure to alcohol, either prenatally or postnatally, 
can increase spatial working memory errors (e.g., 
Reyes et  al. 1989; Riley et  al. 1979; Thomas 
2004; Thomas et  al. 1996, 1997; Zimmerberg 
et al. 1989, 1991).

Previous work also indicates that spatial 
working memory deficits can be observed after 
moderate prenatal alcohol exposure (Brady et al. 
2012; Kenton et al. 2020), but are more likely to 
be detected if the task design is made more chal-
lenging by requiring discrimination between 
overlapping spatial stimuli  (Acosta et al. 2024; 
Sanchez et al. 2025). Brady et al. (2012) tested 
this idea  using a radial arm maze variant of a 
spatial working memory task that required mice 
to first visit a single open arm for reward. After 
consuming the reward, mice were removed from 
the maze for a short delay (60 sec) and afterward 
were returned to the maze in which they were 
given a choice between the previously visited 
arm and a second previously unavailable arm. 
Mice were rewarded only when they visited the 
new arm. Thus, the challenge for mice was to 
discriminate between the two maze arms, which 
varied with respect to their spatial location. In 
other words, in some tests, the maze arms were 
physically separated by a small distance, while 
in other tests, they were separated by a greater 
distance. The authors hypothesized that the 
choice between nearby arms would be more 
challenging as they shared similarities in the dis-
tal cues that defined their spatial locations. The 
hippocampus (in particular, the dentate gyrus) is 
thought to play a central role in the discrimina-
tion of stimuli, including spatial locations (Yassa 
and Stark 2011). Because prenatal alcohol expo-
sure, even in moderate amounts, can disrupt hip-
pocampal processing, including structural 
features of the dentate gyrus (discussed further 
below), the authors hypothesized that prenatal 
alcohol exposure (gestational days 1–20) would 
impair performance specifically when the maze 
arms had a small separation (had greater overlap 
in distal spatial cues). Consistent with these 

hypotheses, adult mice prenatally exposed to 
moderate alcohol made a greater number of spa-
tial working memory errors in the small separa-
tion condition but not when there was a large 
separation between arms. Similar findings have 
been reported for another radial arm maze task 
variant in which all of the maze arms were made 
available to the rats but only two were rewarded 
(Sanchez et  al. 2025). In this latter study, rats 
were given four daily training trials with the two 
rewarded arms remaining in a fixed location 
across ten test days. In general, adult male rats 
exposed to alcohol prenatally (gestational days 
1–20) made more spatial working memory errors 
and were less likely to use a spatial strategy dur-
ing training.

Many of the observed spatial learning and 
memory deficits described above have stimulated 
continued efforts to describe the spatial learning 
and memory performance of those diagnosed 
with FASD (Dodge et al. 2019, 2020; Hamilton 
et  al. 2003; Mattson et  al. 2010; Woods et  al. 
2018). One of the first experiments that adapted a 
virtual Morris water task was Hamilton et  al. 
(2003). In this study, the authors tested children 
with Fetal Alcohol Syndrome (FAS) in a tabletop 
computer-based VR task where they were 
required to navigate to a hidden location in a vir-
tual swimming pool that was surrounded with 
several stable orienting cues. Children were given 
a total of four training trials followed by a probe 
test in which the platform was removed. In gen-
eral, the authors reported that FAS children trav-
eled greater distances to the virtual platform 
location. Importantly, when the hidden platform 
was made visible, FAS subjects navigated simi-
larly to control subjects, suggesting that the basic 
procedural components of the task were unim-
paired, but use of distal visual cues for accurate 
navigation was significantly disrupted. Dodge 
et al. (2019) expanded on these findings by show-
ing that deficits in virtual navigation increased 
with the severity of exposure and that deficits 
could be observed in both male and female sub-
jects. Importantly, as in studies in rodent models 
of FASD, Dodge et al. reported that heavy expo-
sure was associated with impaired learning of a 
fixed spatial location, while moderately exposed 
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individuals were unimpaired at learning the fixed 
location. Woods et al. (2018) have also observed 
impairments in virtual navigation in children 
with a history of heavy exposure but also reported 
greater impairments in male children. In  addition, 
Woods et al. reported reduced activation in tem-
poral, parahippocampal, and related limbic brain 
regions (also see Roediger et  al. 2020). Again, 
numerous studies using animal models have 
reported disruptions to hippocampal function and 
structure (discussed further below). Collectively, 
the findings summarized above illustrate consis-
tencies between the quantity of alcohol exposure 
and outcomes in tasks designed to assess spatial 
behavior, and related neural systems, in both 
human subjects and rodent models.

3.2.2  Visual-Spatial and Object- 
Location Memory

A number of studies have reported that humans 
diagnosed with FASD, as well as animal models 
of FASD, express impairments in visual-spatial 
and object-location memory (e.g., Kenton et al. 
2020; Mattson et  al. 2010, 2019; Olson et  al. 
1998; Sanchez et  al. 2019; Uecker and Nadel 
1996). While these deficits are likely related to 
the observed spatial learning and memory impair-
ments described above, and involve overlapping 
neural systems, visual-spatial processing has a 
few distinct features and is considered in a sepa-
rate section here. For instance, in contrast to tests 
examining spatial navigation where subjects nav-
igate to goal locations, visual-spatial and object- 
location memory typically involves tests 
requiring that animals or human participants 
learn relationships between objects or other stim-
uli with their respective spatial locations. For 
instance, Uecker and Nadel (1996) tested chil-
dren with FAS in a “Memory for 16 Objects” test 
in which subjects first studied an array of 16 
objects on a tabletop and then were asked to 
recall the objects and their matching locations. 
The recall tests occurred either immediately or 
after a 24-h delay. In both the immediate and 
delayed tests, FAS children failed to identify 
objects with their original locations but were 

capable of identifying the objects in the immedi-
ate test condition. Further, the authors found that 
FAS children had difficulties recalling the gen-
eral spatial arrangement of the objects, suggest-
ing that object-location memory was severely 
impaired.

Similar object-location deficits have been 
reported in rodent models of developmental alco-
hol exposure (summarized in Table  3.1). In a 
recent study by Sanchez et al. (2019), adult male 
rats exposed to moderate alcohol throughout ges-
tation (gestational days 1–20) were tested in an 
object-place paired associate task that required 
discrimination of objects based on their maze 
arm location in a radial arm maze. In this design, 
identical pairs of objects were presented at two 
spatial locations occupying two maze arms. Thus, 
rats were reinforced only when they selected an 
object paired with a specific maze arm, but not 
when the same object was encountered in the sec-
ond maze arm. Over the course of ten training 
days, control rats showed improvement in their 
accuracy in selecting the correct object. However, 
the alcohol-treated rats were significantly slower 
to learn the task and failed to reach a similar level 
of performance by the end of the ten  days of 
training. Supporting these findings, a recent 
report by Terasaki and Schwarz (2017) demon-
strated impaired performance in a novel object 
location task after moderate prenatal alcohol 
(gestational days 10–16). In sum, these findings 
are consistent with Uecker and Nadel (1996), 
suggesting that alcohol exposure during gesta-
tion, even when moderate, can produce impair-
ments in object-location learning.

Binge-like alcohol exposure during the third- 
trimester equivalent in rats can also produce 
deficits in object-location memory. Gursky et al. 
(2021) tested rats in a spontaneous object explo-
ration paradigm where rats were presented with 
four objects in an open field and were allowed to 
explore the objects for 5 min. The task makes 
use of the rodent’s natural proclivity to explore 
novel objects. After this initial exposure, rats 
were removed from the open field and the object 
array was modified such that two of the objects 
swapped locations. Rats were returned and 
allowed to explore this new object-location con-
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figuration. As expected, control rats explored 
the objects that changed location more than the 
objects that did not change position, suggesting 
that they encoded their spatial  configuration 
 during initial exploration. In contrast, adult rats 
that were given a high dose (BEC: 360.54 mg/
dL) exposure to alcohol during postnatal days 
4–9 did not discriminate between the moved vs. 
stable objects. Thus, the authors extended the 
observations by Sanchez et al. (2019), determin-
ing that third-trimester alcohol exposure can 
also produce deficits in object-location process-
ing (also see Wilson et  al. 2011 for consistent 
findings after postnatal day 7 alcohol 
exposure).

It is important to note that some studies have 
failed to identify impairments in similar tasks 
after postnatal alcohol exposure (Jablonski et al. 
2013; MacIlvane et  al. 2016). For example, 
MacIlvane et  al. (2016) tested rats postnatally 
exposed (postnatal days 5–9) to a high dose of 
alcohol (BEC: 383.6  mg/dL) in an object-in- 
context task which was comprised of two con-
texts (context A and context B) each with a 
unique pair of identical objects. After rats 
explored the objects in the two contexts, and fol-
lowing a 20-min delay, they were given a test ses-
sion in the same two contexts but with one object 
from each context replaced by an object from the 
opposite context. For example, during the test 
session in context A, the two objects were a com-
bination of a previously sampled object in con-
text A (matched-to-context object) and a 
previously sampled object in context B 
(mismatched- to-context object). This test takes 
advantage of the tendency of healthy rats to 
explore the mismatched-to-context object over 
the matched-to-context object (i.e., the novel 
object-context relationship). Surprisingly, 
alcohol- treated rats explored the mismatched-to- 
context object at above chance levels that were 
similar to control subjects, suggesting that they 
learned and retained the associative relationship 
between the objects and context.

A recent approach by investigators has been 
to develop visual-spatial tests that allow system-
atic manipulation of memory demands while 
also providing potential for translation to human 

subjects (Bussey et  al. 2012; Mattson et  al. 
2019; Oomen et  al. 2013). This approach has 
been adopted by Brigman and colleagues, who 
have made use of rodent touch screen paradigms 
to investigate the impact of developmental alco-
hol on visual-spatial discrimination (Marquardt 
et  al. 2014; Olguin et  al. 2020). For instance, 
using a touch screen apparatus, Kenton and col-
leagues tested mice in a trial-unique delayed 
non- matching to location (TUNL) paradigm 
where the animals were required to select an 
illuminated square during a sample phase, fol-
lowed by a variable delay. After delay, the mice 
were presented with a sample square and a new 
square with the requirement that mice select the 
new square  (i.e., the non-match). The physical 
separation of the two squares  and the delay 
interval between sample and test task phases 
could be varied between trials, allowing the 
investigator to systematically manipulate the 
visual discrimination and memory demands of 
the task. Importantly, TUNL performance is 
strongly dependent on intact hippocampi as well 
as dorsal dentate gyrus function (Josey and 
Brigman 2015) and dorsal CA1 NMDA subunit 
expression (Kenton et al. 2018). As noted above, 
structural features of the hippocampus, includ-
ing the dentate gyrus and NMDA subunit 
expression, is sensitive to prenatal alcohol 
exposure.

An important feature of the Kenton et al. study 
was that the investigators trained mice to learn 
two variants of the TUNL task: one in which the 
task was made increasingly difficult (square sep-
aration was decreased and delay was increased 
over trials) and a second where the same task 
variables were randomly changed between trials. 
In the first task variant, adult mice exposed to 
alcohol prenatally (gestational days 1–20) per-
formed similarly to control mice, suggesting that 
prenatal alcohol exposure did not impact visual- 
spatial discrimination as long as the task param-
eters were introduced incrementally. However, 
when tested in the challenging TUNL task, char-
acterized by varying delay intervals and 
square  separation, prenatal alcohol mice exhib-
ited a deficit in performance, particularly at lon-
ger delay intervals. Interestingly, these differences 
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were most apparent in female prenatal alcohol 
mice, suggesting that visual-spatial discrimina-
tion behaviors are impaired in a sex-specific 
manner after prenatal alcohol exposure (also see 
Terasaki and Schwarz 2017).

3.2.3  Object Learning and Memory

A large body of research also suggests a role for 
hippocampal-cortical processing of high-order 
non-spatial sensory stimuli, such as the discrimi-
nation and recall of images or objects (Burke 
et  al. 2018; Johnson et  al. 2019; Maurer et  al. 
2017). There have been several studies examin-
ing memory for objects and items after develop-
mental alcohol exposure. For example, in the 
study by Uecker and Nadel (1991) described 
above, the authors used the “Memory for 16 
Objects” task to question children’s memory for 
objects either immediately after a study period or 
after a 24-h delay. The authors reported that when 
tested immediately, FAS children were capable 
of remembering a similar number of objects as 
the control group. However, when tested after the 
24-h delay, FAS children remembered fewer 
objects compared to controls. Thus, as for spatial 
memory, developmental alcohol seems to also 
affect the retention of object information.

In rodent models, developmental alcohol 
exposure has also been shown to impair the learn-
ing and retention of object and visual stimuli 
(summarized in Table  3.2); an observation that 
has also been reported in other model systems 
such as monkeys (e.g., Clarren et al. 1992). In a 
study by Popovic et al. (2006), rats were trained 
to discriminate between drinking cans with sub-
tle differences in their visual features. For 
instance, in a “simple” task condition, a different 
brand of drinking can was rewarded while all 
other cans were of the same brand. In a second 
“complex” task variant, a distinct can was used 
for reward, while all the other cans had different 
brands. Because the rewarded can changed loca-
tion within the array, rats were required to recog-
nize the features of the label of the rewarded can 
and discriminate these features from the other 
cans without reference to its spatial location. For 

each variant, rats were given five consecutive 
training sessions followed by a retention test that 
was conducted ten days after the final acquisition 
test. The authors reported that adult rats given 
prenatal alcohol (BEC: 103.5 mg/dL) throughout 
gestation (prenatal exposure) or throughout lacta-
tion (postnatal exposure) were impaired in both 
task variants. While the impairments were greater 
for the complex task, alcohol-exposed rats gener-
ally showed the same pattern of impaired behav-
ior in the simple task. Thus, alcohol-treated rats 
(exposed either prenatally or postnatally) dis-
played greater errors (selection of incorrect cans) 
throughout training without ever reaching similar 
performance levels as control rats and continued 
to display inaccurate performance during reten-
tion tests.

In a variant of a spontaneous object explora-
tion task, Patten et al. (2016) found that prenatal 
alcohol exposure (BEC: 101.5 mg/dL) can also 
impair the discrimination of the temporal rela-
tionships between objects. In this study, rats were 
first allowed to explore an identical pair of objects 
for 5  min, followed by second and third 5-min 
exploration sessions, each containing a new pair 
of identical objects. Thus, rats explored three dis-
tinct sets of objects in sequence. Shortly after the 
third session, rats were given a test session where 
they explored two objects again for 5 min with 
one object from the first session and another from 
the third session. Previous work has shown that 
control rats typically explore the object from the 
first session to a greater extent, indicating greater 
memory for the recently experienced objects 
(i.e., the session 3 object). Consistent with these 
prior observations, Patten et al. (2016) found that 
control rats explored the session 1 object greater 
than the session 3 object, while adult rats with 
prenatal alcohol exposure (gestational days 3–21) 
showed no exploration preference. Thus, while 
control rats showed sensitivity to the temporal 
order of the two objects, the prenatal alcohol- 
exposed rats did not. These observations contrast 
with a second experiment in which Patten et al. 
(2016) gave rats two consecutive exploration ses-
sions (separated by 5 min) where they were pre-
sented with the same object pairs but with the 
distance between the object pairs changed 
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between the two sessions (in session one: 68 cm 
between objects; in session two: 34 cm between 
objects). In general, control animals showed a 
tendency to explore the objects in the second ses-
sion more than the first session indicating that 
they detect the subtle change in the spatial rela-
tionship between the objects. However, in 
 contrast to the results of the temporal order task, 
there were no differences in performance between 
alcohol-exposed and control rats. Thus, the 
results of Patten et al. suggest that prenatal alco-
hol exposure selectively impairs the ability to 
learn the temporal relationship between objects 
but not their metric relationships.

It is important to point out that while the stud-
ies above have shown clear impairments in pro-
cessing object-related information (also see 
Girard and Wainwright 2002; MacIlvane et  al. 
2016; Summers et al. 2008; Terasaki and Schwarz 
2016, 2017), there have been several reports of 
intact performance in object learning and mem-
ory tasks (Cantacorps et al. 2017; Gursky et al. 
2021; Jablonski et  al. 2013; Kim et  al. 1997; 
Röskam and Koch 2009; Sanchez et  al. 2019). 
For instance, Sanchez et al. (2019) tested rats in 
an object discrimination task where the animals 
were rewarded for correctly selecting an object. 
The task involved rats locomoting toward a pair 
of objects placed side-by-side at the end of an 
alleyway. The left-right position of the rewarded 
objects was counterbalanced across training trials 
to prevent the animals from learning a simple 
motor response for reward (e.g., left turn). Using 
this test, Sanchez et al. (2019) found that control 
and moderate prenatal alcohol-exposed (gesta-
tional days 1–20) adult rats acquired the task 
across eight  days of training and performed at 
similar asymptotic levels as control rats. Gursky 
et al. (2021), using a high dose (BEC: 360.54 mg/
dL) postnatal binge model of alcohol exposure 
(postnatal days 4–9), made a similar set of obser-
vations while using a novel object recognition 
task. In this task, rats first spontaneously explored 
a pair of similar objects located in an open field 
for 5  min. After initial object exploration, rats 
were removed from the open field and the object 
array was modified such that one of the objects 

was replaced with a new object. Rats were 
returned and allowed to explore the old and new 
objects. As expected, control rats showed an 
exploratory preference for the novel object, and a 
similar pattern of behavior was observed in the 
alcohol-exposed group, indicating recognition of 
the previously explored object. Thus, the findings 
from Sanchez et  al. (2019) and Gursky et  al. 
(2021) provide evidence that object recognition 
can remain unaffected by after prenatal or post-
natal exposure to alcohol.

An important consideration for future 
research will be to determine the nature of the 
disparate behavioral results in the studies sum-
marized above. An argument that has been made 
elsewhere is that this variability may reflect dif-
ferences in complexity (Marquardt and Brigman 
2016; Popovic et al. 2006). For example, learn-
ing the temporal relationship between objects 
(Patten et  al. 2016) or learning the associative 
relationships between objects and places 
(Gursky et al. 2021; Sanchez et al. 2019) may 
place a greater load on hippocampal function, 
while simpler object recognition tasks can be 
solved by compensatory mechanisms and alter-
native neural circuits (Burke et  al. 2018). An 
additional interpretation is that variability 
between studies may be due to uncontrolled fea-
tures of the objects used. For instance, the diver-
sity of visual features in drinking cans used by 
Popovic may have been particularly challenging 
with respect to discrimination and recognition 
and perhaps placed a greater demand on hippo-
campal processing. Further, Popovic tested 
retention over a long post-acquisition interval 
(ten  days after acquisition), which, as in the 
study by Uecker & Nadel (1991), may be a par-
ticularly important variable for exposing object 
processing deficits after developmental alcohol 
exposure.

To address these hypotheses, Sanchez et  al. 
(2025) tested moderate prenatal alcohol-exposed 
adult rats in a rodent variant of a target-lure 
(mnemonic similarity) discrimination task 
(Johnson et al. 2017, 2019). The task makes use 
of LEGO objects that can be systematically var-
ied with respect to their perceptual similarity. 
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That is, LEGO pieces can be removed or added to 
make the rewarded object appear more similar or 
distinct from the non-rewarded object. In this 
study, the authors tested the ability of adult male 
prenatal alcohol-exposed rats to discriminate 
between a rewarded object and randomly pre-
sented objects that varied in terms of their simi-
larity to the target (rewarded) object. Four days of 
testing were performed with at least 72 h between 
each test. Thus, animals had to remember the 
rewarded object between testing days thereby 
increasing the memory demands of task perfor-
mance. In brief, Sanchez et al. found that prenatal 
alcohol-exposed (gestational days 1–20) adult 
rats did not express significant impairments in the 
discrimination of objects, even when the objects 
were perceptually similar. Thus, even when the 
object learning procedures were made more com-
plex and challenging with respect to discrimina-
tion and retention, prenatal alcohol-exposed rats 
could still perform as well as control rats.

3.2.4  Spontaneous Exploratory 
Behaviors

As described in the studies above, it is well docu-
mented that rodents can gather information by 
exploring features of the environment. There is a 
large literature showing that rodents express an 
organized pattern of exploratory behaviors in 
open environments and that these behaviors are 
spontaneously generated even in the absence of 
environmental cues (Dudchenko and Wallace 
2018; Thompson et  al. 2018). The organization 
of spatial behaviors tends to be centered around 
one or two locations, termed home bases, where 
they exhibit a high number of stops of long dura-
tion and other behaviors such as grooming and 
turning (Eilam and Golani 1989). Home bases 
are rapidly established within a few minutes of 
entering the environment and are maintained 
across long-duration tests (Donaldson et  al. 
2018). From the home base, rodents make explor-
atory trips into the rest of the environment that 
end with a rapid and direct trajectory back to the 
home base (Wallace and Whishaw 2003).

It is well documented that damage to the hip-
pocampus can lead to locomotor hyperactivity 
(O’Keefe and Nadel 1978) but also produce sig-
nificant alterations to the organization of sponta-
neous exploratory behaviors, including 
disruptions in stop duration and frequency, home 
base stability, and deficits in the homeward com-
ponents of exploratory trips (Clark et  al. 2005; 
Gorny et  al. 2002; Lehmann et  al. 2007; Hines 
and Whishaw 2005; Wallace and Whishaw 2003; 
Whishaw et al. 1994). It has been argued exten-
sively that disruptions to the organization of 
exploratory behaviors may ultimately impair the 
acquisition and retention of information gathered 
from the environment (Nadel 1991; O’Keefe and 
Nadel 1978; Poulter et  al. 2018). That prenatal 
alcohol exposure can lead to alterations to hip-
pocampal structure and function suggests that 
spontaneous exploratory behavior may also be 
altered. A recent study tested this hypothesis by 
placing adult rats exposed to moderate prenatal 
alcohol or saccharine (controls) in a lighted open 
field (Osterlund Oltmanns et  al. 2022; also see 
Table 3.3). As expected, moderate prenatal alco-
hol (gestational days 1–20) adult rats traveled 
longer distances (i.e., were hyperactive) and 
expressed less concentrated stops at home base 
locations. Further, when rats were locomoting 
between stops (termed progressions), prenatal 
alcohol rats exhibited a weaker tendency to scale 
their peak locomotor speeds with the distance 
traveled. The authors also observed sex differ-
ences with male prenatal alcohol rats showing 
less prominent home base behaviors (clustering 
of stops near the home base). In sum, the findings 
suggest that prenatal alcohol exposure can pro-
duce alterations to spontaneous exploratory 
behaviors.

The organized structure of the exploratory 
behaviors can be observed in the absence of envi-
ronmental cues (complete darkness) (Hines and 
Whishaw 2005; Wallace and Whishaw 2003; 
Whishaw et al. 2001), suggesting a role for self- 
motion cues in organizing spontaneous spatial 
behaviors. Previous work has shown that the hip-
pocampus has a particularly important role in 
processing self-motion cues for accurate naviga-
tion in an environment (Wallace and Whishaw 
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Table 3.3 The effects of developmental alcohol exposure on exploratory behaviors. PreAE: prenatal alcohol 
exposure

Trimester of 
exposure

Type Reference Species Sex

Method 
and 
dose 
(BEC: 
mg/dL) 1st 2nd 3rd

Testing 
age Task Results

Exploratory 
behaviors

Osterlund 
Oltmanns 
et al. 
(2022)

Rat 
(long- 
Evans)

Male 
and 
female

Liquid 
diet 
(42)

X X Postnatal 
days: 
135–137

Open field 
exploratory 
behaviors—
Lighted 
conditions

–  PreAE rats 
travelled 
longer 
distances

–  Male 
PreAE rats 
had weaker 
stop 
clustering

–  Male 
PreAE rats 
had 
smaller 
changes in 
heading 
during 
stops

–  PreAE rats 
had weaker 
movement 
scaling

Schaeffer 
et al. 
(2025)

Rat 
(long- 
Evans)

Male 
and 
female

Liquid 
diet 
(42)

X X Postnatal 
days: 
142–148

Open field 
exploratory 
behaviors—
Darkened 
conditions

–  No group 
differences

2003; Whishaw et al. 2001). Thus, Schaeffer and 
colleagues (2025) hypothesized that moderate 
prenatal alcohol exposure should also disrupt 
spontaneous exploratory behaviors when animals 
are tested in a darkened open field environment 
(Table  3.3). As in the study by Osterlund 
Oltmanns et  al. (2022), adult prenatal alcohol- 
exposed (gestational days 1–20) and control rats 
were given a single 30-min exposure to an open 
field in a testing room that was made completely 
dark. However, in contrast to Osterlund Oltmanns 
et al., the authors reported that prenatal alcohol 
rats organized their exploratory behaviors simi-
larly to control rats under these testing condi-
tions, suggesting that the spontaneous movement 
organization in relation to self-motion cues likely 

remains intact even after developmental alcohol 
exposure. The difference in results between these 
two studies is in support of the general observa-
tion that PAE impairs behaviors in several tasks 
that require the use of environmental cues for 
accurate navigation (as described above). Further, 
hippocampal place cell activity is thought to pro-
vide a critical signal in the establishment of maps 
of environmental space with exploratory behav-
iors playing an important role in updating these 
spatial representations (O’Keefe and Nadel 
1978). Thus, deficits in spontaneous exploratory 
behaviors may have a relationship with the 
reported changes in hippocampal place represen-
tations in prenatal alcohol exposure (described 
below).
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3.3  Neural Systems Involved 
in Memory 
and Developmental Alcohol 
Exposure

The behavioral studies summarized above sup-
port two general conclusions. First, as discussed 
by others (see Harvey et al. 2019; Marquardt and 
Brigman 2016), learning and memory impair-
ments are prominent after high-dose alcohol 
exposure across both spatial and object learning 
and memory domains. In contrast, learning and 
memory impairments are more specific after low- 
or moderate-dose developmental alcohol expo-
sure. In the Morris water task, moderate prenatal 
alcohol exposure impairs the retention of a fixed 
spatial location (reference memory) but does not 
impair its initial acquisition. In moving platform 
variants and dry land mazes such as the radial 
arm maze, deficits in spatial working memory 
and behavioral flexibility have been reported, 
suggesting that moderate prenatal alcohol expo-
sure may lead to deficits in the retention of recent 
experience. Deficits in visual-spatial touch screen 
tasks also show a related outcome with greater 
impairments for recent visual-spatial experience, 
especially after longer delay intervals. Deficits 
may be more readily exposed if spatial working 
memory tasks include discrimination between 
spatial stimuli with a high degree of location 
overlap.

While retention of spatial information appears 
to be sensitive to moderate developmental alco-
hol exposure, some studies have reported deficits 
when animals are required to detect a spatial 
change in object location, recall the identity of an 
object based on its spatial position, recall the 
temporal relationships between objects, or dis-
criminate between nearby spatial locations or 
visual stimuli on touch screens. In addition, the 
manner in which rats with moderate prenatal 
alcohol exposure spontaneously organize their 
spatial exploratory behaviors markedly differs 
from control rats, suggesting that moderate pre-
natal alcohol exposure can affect how animals 
explore their environment which may ultimately 
impact how memory representations are updated 
by relevant neural circuits. A second general con-

clusion is that while spatial learning and memory 
(in navigation and visual-spatial tasks) is clearly 
disrupted by developmental alcohol exposure, 
detection of impairments in object learning and 
retention has yielded less consistent results. 
Variability in study design (complexity of task 
and uncontrolled features of stimuli) may account 
for some of these discrepancies. Regardless, 
additional studies are needed to further interro-
gate this form of learning and memory in alcohol- 
exposed animals.

Although the neural basis of learning and 
memory impairments after developmental alco-
hol exposure are poorly understood, considerable 
attention has been directed toward the hippocam-
pal formation (CA1, CA3, dentate gyrus) 
(Berman and Hannigan 2000; Harvey et al. 2019; 
Marquardt and Brigman 2016; Valenzuela et al. 
2012). Damage to the hippocampus can produce 
severe impairments in the encoding of new infor-
mation, especially in tasks where animals are 
required to discriminate between spatial loca-
tions, objects, or visual-spatial stimuli (as in 
touch screen paradigms described above) 
(Johnson et  al. 2017; Josey and Brigman 2015; 
Yassa and Stark 2011). Further, damage to the 
hippocampus can impair retention or recall of 
recently acquired spatial and object-based mem-
ories (Gilbert and Kesner 2003; Lee and Solivan 
2010; Sutherland et al. 2001). The hippocampus 
contains neurons called place cells that discharge 
action potentials correlated with an animal’s spa-
tial location in an environment (Moser et  al. 
2017; O’Keefe and Nadel 1978). The firing loca-
tion and firing rates of place cells can rapidly 
change, or “remap,” in response to encountering 
new environments but can also maintain stability 
in their firing locations and rates in unchanging 
environments. While place cells are thought to 
serve a role in generating “maps” of environmen-
tal space, they can also modify their firing to 
encode experiences, actions, and other “non- 
spatial” features (objects, items, etc.) that com-
prise a particular learning and memory task 
(Eichenbaum and Cohen 2014).

Consistent with findings that developmental 
alcohol exposure disrupts the encoding and reten-
tion/recall of recently learned spatial locations, 
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an extensive body of research has demonstrated 
that hippocampal circuits and related neuronal 
activity are impacted (reviewed in Hannigan and 
Berman 2000; Valenzuela et al. 2012). In humans 
with FASD, neuroimaging studies have shown 
that temporal lobe and parahippocampal activa-
tion is reduced (Woods et al. 2018). Reductions 
in hippocampal volumes have also been reported 
in subjects with FASD or the presence of prenatal 
alcohol exposure (Dodge et  al. 2020). In non- 
human primate models of FASD, moderate alco-
hol exposure prenatally can lead to significant 
neuronal loss in the CA hippocampal subfields 
(Burke et al. 2022). In rodent models, moderate 
prenatal alcohol exposure is known to produce 
deficits in hippocampal synaptic plasticity, espe-
cially between perforant path projections and the 
hippocampus (Fontaine et al. 2016; Savage et al. 
2002, 2010; Sutherland et  al. 1997). Moderate 
prenatal alcohol exposure can also disrupt 
enrichment- induced neurogenesis in the mouse 
dentate gyrus (Choi et  al. 2005) and disrupt 
NMDA subunit expression in the mouse dentate 
gyrus (Brady et  al. 2013). Pre- and postnatal 
exposure can alter the expression of hippocampal 
parvalbumin-positive interneurons in both male 
and female rats (Bird et al. 2018; Madden et al. 
2020). Limbic thalamic and cortical regions that 
contribute to the functions of the hippocampus 
and place cell representations can also be dam-
aged after prenatal or postnatal alcohol exposure 
(e.g., Bird et  al. 2023; Gursky and Klintsova 
2021; Licheri et al. 2023; Wozniak et al. 2004).

The expression of hippocampal place cell 
activity is thought to critically depend on synap-
tic plasticity and perforant path input, especially 
from the entorhinal cortex as well as input from 
other limbic cortical regions affected by develop-
mental alcohol exposure (e.g., Cooper and 
Mizumori 2001; Ormond and McNaughton 2015; 
Save et al. 2005; Schlesiger et al. 2015). A recent 
study from our laboratory (Harvey et  al. 2020) 
addressed whether developmental alcohol would 
impair place cell representations in a rat model of 
moderate prenatal alcohol exposure (gestational 
days 1–20) (results summarized in Table 3.4). In 
this study, hippocampal place cell activity in CA1 
and CA3 subregions was monitored in adult rats 

while they locomoted randomly for scattered 
food pellets in a large open field environment or 
locomoted for reward located at each end of a 
narrow linear track. First, the study determined 
that prenatal alcohol did not reduce the overall 
number of place cells in the hippocampus but sig-
nificantly altered their location-specific firing 
characteristics. These altered firing characteris-
tics included reductions in peak firing rates, 
weaker location-specific firing, less consistency 
in spiking, particularly in the CA3 subregion, and 
less stability in their firing locations. These dif-
ferences in firing characteristics were observed in 
different shaped mazes (cylindrical and a linear 
track). Thus, hippocampal place cells in moder-
ately alcohol-exposed rats were generally weaker 
and less consistent regardless of the testing 
environment.

While an animal locomotes along a restricted 
path, such as a narrow maze arm, place cell loca-
tions, and firing rates can significantly differ in 
opposite directions of travel (Moser et al. 2017). 
In other words, place fields can express distinct 
firing characteristics (“remapping”) in each 
direction of travel, suggesting a potential mecha-
nism for generating unique cell activity for subtle 
differences in the path taken to each end of the 
track. Given that moderate prenatal alcohol expo-
sure impairs location discrimination in spatial 
tasks using narrow maze arms or in tasks where 
animals are required to rapidly learn new spatial 
locations (e.g., Brady et al. 2012), Harvey et al. 
(2020) tested the hypothesis that distinct firing by 
hippocampal place cells would be impaired after 
moderate prenatal alcohol exposure. In brief, the 
authors found that prenatal alcohol place cell 
maps (firing rates and locations) were more simi-
lar in the two directions of travel of the linear 
track compared to those recorded in the control 
group. Thus, prenatal alcohol place cell activity 
was less likely to discriminate subtle contextual 
differences on the linear track. These observa-
tions, coupled with the fact that prenatal alcohol 
place cell activity can exhibit reduced location- 
specific tuning and instability, appear to provide 
a potential mechanism for spatial impairments 
after moderate prenatal alcohol exposure. 
Consistent with this notion are previous reports 
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that reductions in location-specificity and stabil-
ity are associated with learning and memory defi-
cits (Cacucci et  al. 2008; Lester et  al. 2017). 
Thus, future studies could be designed to test 
hypotheses regarding the relationship between 
disruptions in place cell remapping and learning 
and memory deficits after developmental alcohol 
exposure.

An additional feature of hippocampal place 
cell activity is their role in the post-learning 
strengthening of memories (e.g., Lee and Wilson 
2002; Wilson and McNaughton 1994). 
Specifically, hippocampal neurons engaged 
 during spatial learning, such as the place cells tra-
versed in a specific environmental location, are 
“replayed” during “offline” periods when the ani-
mal is resting. Further, the sequence by which 
place cell receptive fields are traversed during 
behavior is retained during these offline replay 
events. Patterned activity by hippocampal place 
cells is known to co-occur with fluctuations, or 
oscillations, in the hippocampal local field poten-
tial. Hippocampal neurons are known to oscillate 
at slow (theta, ~4-12  Hz) and fast frequencies 
(gamma, 25-100 Hz and sharp wave-ripples, 150- 
250  Hz) (Buzsáki 2005, 2015; Colgin 2016). 
These oscillations are generated by rhythmic 
fluctuations in the excitability of local circuits 
and represent periods during which sequential 
task-related spiking is organized. During active 
behavior, theta rhythms are the predominant 
rhythmic activity observed in the hippocampus. 
However, during immobility and in slow-wave 
sleep, high-frequency sharp wave-ripples domi-
nate the hippocampal local field potential. 
Current theory suggests that theta oscillations 
provide a temporal window by which neuronal 
spiking can be organized during active spatial 
behavior while sharp wave ripples initiate co- 
activation, or “replay,” of these same cells during 
subsequent sleep (Buzsáki 2005, 2015; Colgin 
2016; Chadwick et  al. 2015; Diba and Buzsaki 
2007; Dragoi and Buzsaki 2006; Foster and 
Wilson 2007; Lee and Wilson 2002). The fact 
that traversed sequences of place fields are orga-
nized in the same order within theta cycles and 
during sharp wave ripples, and that disruption of 
these patterns impairs spatial memory (Ego- 

Stengel and Wilson 2009; Girardeau et al. 2009; 
Robbe and Buzsáki 2009), supports these 
hypotheses.

Considering the reported disruptions to hippo-
campal place cell activity and hippocampal cir-
cuitry described after prenatal alcohol exposure, 
a reasonable hypothesis is that developmental 
alcohol would lead to similar disruptions to pat-
terned replay and hippocampal rhythmic activity. 
Although these features have not been explored 
in relation to post-memory acquisition behavior 
and sleep, recent work from our laboratory 
(Harvey et al. 2020) has presented evidence that 
place cells in rats moderately exposed to alcohol 
are less likely to spike with the local theta rhythm, 
possibly pointing to a failure of sequential encod-
ing during active behavior (Table  3.4). 
Specifically, while locomoting for reward on a 
linear track and in a cylindrical open field, Harvey 
et al. reported that fewer place cells exhibited sig-
nificant theta rhythmicity in the moderate prena-
tal alcohol group. In addition, of the cells that 
were significantly modulated by theta, prenatal 
alcohol place cells tended to discharge at a slower 
frequency. Harvey et al. (2020) also investigated 
whether spiking by prenatal alcohol place cells 
was organized in relation to the local theta 
rhythm. In healthy animals, spikes from place 
cells are systematically locked to theta cycles 
such that each spike shifts across successive 
cycles in a phenomenon known as theta phase 
precession (e.g., Buzsáki 2005; Colgin 2016; 
Diba and Buzsaki 2007). In other words, the 
sequence of spatial firing fields traversed during 
locomotion corresponds to the sequence of firing 
during a theta cycle. Harvey et al. reported that 
the proportion of place cells demonstrating theta 
phase precession was reduced in both linear track 
and open-field behavior in the moderate prenatal 
alcohol group. Thus, the coupling between place 
cell firing and theta rhythmicity is impaired after 
moderate prenatal alcohol exposure, suggesting a 
disruption to the sequential organization of place 
cell spiking. Future work is needed to determine 
whether these impairments in place cell features 
can explain the learning and memory-related def-
icits observed after moderate prenatal alcohol 
exposure. Further, whether place cell dysfunction 
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is a general feature of developmental alcohol 
exposure, and can be observed in other exposure 
paradigms where the timing and dosage has been 
varied, remains to be determined.

3.4  Therapeutic Interventions 
for Learning and Memory 
Deficits After Developmental 
Alcohol Exposure

A number of studies have investigated whether 
developmental alcohol exposure-related learning 
and memory deficits and hippocampal dysfunc-
tion in FASD can be attenuated by dietary sup-
plementation or pharmacological manipulation. 
Choline supplementation has received consider-
able attention as a potential therapeutic target in 
large part due to findings that it influences synap-
tic plasticity mechanisms and cognitive function 
in animal models and in humans (reviewed in 
Ernst et al. 2022). With respect to hippocampal 
function, choline is known to have an important 
role during prenatal and postnatal development in 
supporting neurogenesis, cell proliferation, 
reducing apoptosis, and fostering synaptogene-
sis. Importantly, choline supplementation has 
been associated with improvements in learning 
and memory in rodent models of FASD (e.g., 
Ryan et al. 2008; Schneider and Thomas 2016). 
For instance, Schneider and Thomas (2016) 
administered choline during early adulthood 
(postnatal days 40 to 60) in rats with binge-like 
postnatal alcohol exposure (postnatal days 4–9) 
and found that supplementation reduced impair-
ments specifically in a test of spatial working 
memory where rats were required to rapidly learn 
and retain a spatial location. Other studies have 
found that supplementation at earlier develop-
mental time points (prior to postnatal day 30) 
attenuates the impact of developmental alcohol 
exposure on other forms of learning and memory, 
including place learning in the Morris water task, 
spatial discrimination, and associative learning 
(Thomas and Tran 2012; Thomas et  al. 2000, 
2007; Thomas 2004; Wagner and Hunt 2006). 
Specifically, Ryan et al. (2008) reported that both 
early (postnatal days 11 to 20) and adolescent 

(postnatal days 21 to 30) choline supplementa-
tion improved retention of a recently learned spa-
tial location in a rat model of binge-like postnatal 
exposure (days 4–9). Several studies have also 
confirmed the benefits of choline supplementa-
tion after prenatal alcohol exposure (e.g., Thomas 
et al. 2000; Waddell and Mooney 2017).

Another avenue for therapeutic intervention is 
the potential use of pharmacological agents that 
manipulate histamine receptors which are thought 
to influence glutamate and/or acetylcholine 
release within hippocampal circuits (Goncalves- 
Garcia and Hamilton 2023). Savage et al. (2010) 
assessed the effects of the histamine receptor 
antagonist, ABT-239, delivered prior to learning, 
and found significant improvements in place 
memory in the Morris water task by adult rats 
exposed to moderate alcohol prenatally (gesta-
tional days 1–21). At the level of hippocampal 
neural circuits, ABT-239 administration improves 
dentate gyrus long-term potentiation in adult 
moderate prenatal alcohol-exposed (gestational 
days 1–21) rats (Varaschin et al. 2010). Similar 
findings have been made using the histamine H3 
receptor agonist, SAR-152954 (Goncalves- 
Garcia et al. 2024a).

Lastly, non-pharmacological approaches have 
also been investigated, including the impact of 
exercise, handling, or environmental enrichment, 
which are known to promote learning and mem-
ory, hippocampal synaptic plasticity, and neuro-
genesis, as well as ameliorate some of behavioral 
and functional deficits that follow developmental 
alcohol exposure (Christie et al. 2005; Hannigan 
et  al. 2007; Lee and Rabe 1999; Redila and 
Christie 2005; Thomas et al. 2008). For instance, 
Christie et  al. (2005) used a voluntary exercise 
procedure in which rats prenatally exposed to 
alcohol (gestational days 1–22) were given access 
to a running wheel for 12  days after weaning. 
Rats were then tested in adulthood in a one-trial 
learning paradigm in the Morris water task. In 
brief, Christie et  al. found that exercise attenu-
ated prenatal alcohol-induced deficits in the 
Morris water task while also improving dentate 
gyrus long-term potentiation. Thus, voluntary 
alcohol was capable of alleviating hippocampal 
functional and learning deficits. Thomas et  al. 
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(2008) expanded on these findings using a rat 
model of postnatal alcohol exposure (postnatal 
days 4–9) and provided access to a running wheel 
during adolescence (postnatal days 21 to 51). In 
this study, the authors reported improvements in 
acquisition and retention of a place memory in 
the Morris water task. Together, these studies 
support the conclusion that voluntary exercise 
can improve learning and memory and hippo-
campal functional outcomes after developmental 
alcohol exposure.

3.5  Conclusions

A major aim of the present chapter was to provide 
a brief overview of the behavioral consequences 
of developmental alcohol exposure in rodent 
models with a particular emphasis on the study of 
learning and memory. Our summary initially 
focused on investigations involving spatial learn-
ing and memory, which has formed one of the 
most dominant behavioral assessments, but we 
also provided an overview of less-studied visual-
spatial, object learning and memory, and sponta-
neous behaviors related to information gathering. 
Our overview presented clear evidence that devel-
opmental alcohol exposure leads to deficits in 
spatial learning and memory in rodent models, 
with more subtle and specific impairments identi-
fied in rodent models of low and moderate prena-
tal alcohol exposure. Deficits in visual-spatial, 
object learning and memory, and spontaneous 
spatial behaviors have been reported after devel-
opmental alcohol exposure, but these avenues of 
research are not well represented in the rodent 
model literature. Future work is needed, particu-
larly on the impact of developmental alcohol on 
object learning and memory tasks, where variabil-
ity in study design may have the greatest influ-
ence. Our summary of the literature using rodent 
modes suggests that the level of exposure and test 
features determine the learning and memory phe-
notype after developmental alcohol exposure.

We also discussed evidence suggesting a 
prominent role for the hippocampal formation in 
underlying learning and memory deficits in 
rodent models of developmental alcohol expo-

sure. Our emphasis was largely on the impact on 
place cell activity which has been argued to serve 
a critical role in generating “maps” of an animal’s 
experience during learning and memory. We pre-
sented evidence indicating that these hippocam-
pal neural signals are affected by moderate 
prenatal alcohol exposure, but it is clear that 
more study is needed. Specifically, in relation to 
the impact of alcohol on the strengthening of 
memories within hippocampal networks during 
offline states such as sleep. There is also a need to 
understand whether these changes in neural 
activity can provide a general explanation of 
learning and memory impairment after develop-
mental alcohol exposure. Although the hippo-
campus served as the primary emphasis in this 
chapter, it is clear that more work is needed to 
investigate alterations in an extended network of 
brain regions that include the entorhinal cortex, 
parahippocampal regions, and limbic thalamus. 
These extended hippocampal regions are signifi-
cantly affected by developmental alcohol expo-
sure and contain neural signals that have been 
associated with memory functions. Thus, a 
broader examination of cortical-thalamic- 
hippocampal networks in relationship to develop-
mental alcohol exposure will be critical in 
creating a complete picture of the neural changes 
related to learning and memory impairments.
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Abstract

This chapter comprehensively explores the 
impact of prenatal alcohol (ethanol) exposure 
(PAE) on the thalamus, integrating findings 
from animal models and human studies span-
ning various developmental stages. Animal 
model investigations, encompassing first and 
second trimester-equivalent exposures and the 
critical third trimester, where the brain growth 
spurt starts, reveal specific alterations in tha-
lamic structures and circuits, emphasizing the 
specificity of damage to corticothalamic loops. 
The ventrobasal thalamic nucleus exhibits a 
unique response to PAE, involving intricate 
interactions with postnatal neurogenesis and 
neurotrophin responsiveness. Third trimester-
equivalent exposure consistently induces 
apoptotic neurodegeneration in various tha-
lamic nuclei, highlighting the heightened sus-
ceptibility of the visual thalamus, particularly 
the lateral geniculate nucleus, during critical 
developmental periods. The nucleus reuniens, 
vital for cognitive processes, was shown to be 

significantly affected by alcohol exposure dur-
ing this period. Investigations into the trigemi-
nal/somatosensory system activity revealed 
disruptions in glucose utilization and increased 
neuronal activity in the thalamus. Research on 
binge-like alcohol exposure during the brain 
growth spurt demonstrates lasting modifica-
tions in action- potential properties and synap-
tic currents in thalamic neurons projecting to 
the retrosplenial cortex. Human studies, 
employing advanced techniques like super-
resolution fetal MRI and functional MRI, 
underscore the PAE-induced structural and 
functional consequences in the thalamus and 
its connections, spanning from fetal develop-
ment to adulthood. The complex effects of 
PAE on thalamic structure and function vary 
across developmental stages, emphasizing the 
importance of considering factors such as age 
and concurrent exposures. The development of 
higher- resolution imaging tools is essential for 
assessing the impact of PAE on the structure 
and function of individual thalamic nuclei in 
humans.
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This chapter focuses on the impact of prenatal 
alcohol (ethanol) exposure (PAE) on the thala-
mus, which orchestrates complex interactions 
within neural networks, shaping fundamental 
aspects of perception, attention, and cognition. 
Understanding PAE’s effects on thalamic struc-
ture and function is paramount in elucidating the 
pathophysiology of the spectrum of disorders 
caused by alcohol consumption during preg-
nancy, known as fetal alcohol spectrum disorder 
(FASD). This chapter aims to navigate the intri-
cate landscape of thalamic development and dys-
function in the context of PAE, synthesizing 
insights garnered from animal models and human 
studies alike to offer a comprehensive under-
standing of PAE’s effects on this critical compo-
nent of the brain’s neural network.

4.1  An Overview of Fetal Alcohol 
Spectrum Disorder

Fetal alcohol spectrum disorder (FASD) encom-
passes a wide range of neurobehavioral impair-
ments with or without craniofacial abnormalities 
that occur after PAE.  FASD serves as an over-
arching designation for a cluster of disorders, 
which includes fetal alcohol syndrome (FAS), 
partial fetal alcohol syndrome (pFAS), alcohol- 
related neurodevelopmental disorder, and 
alcohol- related birth defects (Popova et al. 2023). 
The harmful effects of PAE depend on factors 
such as amounts/dosages, duration of exposure, 
time of exposure, and other considerations 
(Popova et  al. 2023). FASD can cause lifelong 
neuropsychological and behavioral impairments; 
common neuropsychological impairments seen 
in FASD include executive and cognitive func-
tional deficits, impaired reasoning and compre-
hension, which can lead to difficulties in school, 
and predispose individuals to mental illness 
(Popova et al. 2023). On the other hand, individu-
als with FASD exhibit many notable strengths in 
social relationships, prosocial behaviors, specific 
skills (tactile strengths, artistic abilities, athleti-
cism), and resilience, with the latter being par-
ticularly important considering the high incidence 

of trauma or maltreatment experienced within 
this population (Kautz-Turnbull et al. 2022).

Fetal alcohol syndrome (FAS) is character-
ized by distinct physical attributes, such as 
growth restrictions, and facial dysmorphology, 
which includes features like short palpebral fis-
sure, a thin vermillion border, and an indistinct 
philtrum. It is further characterized by growth 
restrictions and the presence of global cognitive 
and intellectual deficits. Partial FAS diagnosis 
may be assigned to individuals exhibiting some 
diagnostic criteria of FAS without presenting all 
features, such as growth impairment and 
decreased head circumference. Alcohol-related 
neurodevelopmental disorder lacks physical 
anomalies but spans a spectrum of cognitive 
impairment, ranging from mild to severe. Finally, 
alcohol-related birth defects are diagnosed in 
cases with a history of PAE and include systemic 
malformations (e.g., musculoskeletal or 
cardiovascular).

Globally, FASD exhibits a prevalence of 
0.77%, while in Canada, USA, and Europe, this 
figure ranges from 2 to 5%. Several factors con-
tribute to the occurrence of FASD, including 
unknown pregnancy status, lack of prenatal care, 
maternal alcohol use disorder, psychiatric disor-
ders, history of abuse, having had previous chil-
dren with FASD, and poverty (Popova et  al. 
2023). FASDs are generally underdiagnosed, a 
multifactorial issue stemming from societal 
stigma surrounding maternal alcohol use, leading 
to reduced reporting, overlapping diagnoses with 
conditions like attention-deficit hyperactivity dis-
order, reliance on facial dysmorphology typically 
associated with the most extreme side of the 
spectrum (i.e., FAS), and the overall complexity 
of diagnosis due to a broad spectrum of impair-
ments and presentations (Wozniak et al. 2019).

Alcohol can traverse the placenta, impacting 
fetal development through diverse mechanisms, 
including oxidative injury, apoptotic neurodegen-
eration, and disruptions of synaptogenesis, neu-
ronal migration, neurotransmission, and synaptic 
plasticity. Individuals with FASD exhibit abnor-
mal brain structures and functional connectivity 
in neuroimaging studies. The scope of neuro-
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pathological findings, however, varies based on 
factors such as the doses and timing of PAE, 
genetics, and concurrent substance use. Genetic 
factors contribute to neuropathological findings, 
exemplified by alleles for alcohol dehydrogenase 
that accelerate alcohol metabolism, thereby 
diminishing its effects on fetal development 
(Wozniak et al. 2019). PAE exerts significant del-
eterious effects on numerous brain regions, with 
the thalamus displaying particular sensitivity to 
its actions.

4.2  The Thalamus: An Overview

The human thalamus is located centrally in the 
brain and has a variety of essential physiological 
functions. The thalamus, constituting the largest 
diencephalic structure, consists of various nuclei, 
each playing distinct functions. These roles range 
from functioning as a sensory and motor relay 
structure to regulating complex tasks such as 
consciousness and alertness. Traditionally, the 
prevailing view of the thalamus is that it is a relay 
station. However, in recent years, this notion has 
been questioned, with studies suggesting tha-
lamic involvement with more advanced cognitive 
functions, including attention, memory, execu-
tive function, and learning (Worden et al. 2021). 
Moreover, its considerable metabolic require-
ments and extensive connections with the neo-
cortex defy the characterization of it as a simple 
relay station. Although the precise role of the 
thalamus remains to be fully understood, its 
undeniable significance is firmly established as it 
plays pivotal roles in various fundamental aspects 
of brain function.

4.2.1  Development

Thalamic development is intricate, involving 
dynamic processes such as patterning and cell 
proliferation, which lay the foundation for the 
stepwise generation of neurons, each with spe-
cific spatial locations within the thalamus. 
Another crucial element in thalamic development 

is the regulation of thalamocortical axons and 
their impact on cortical development. 
Additionally, corticothalamic projections influ-
ence thalamic development. All of these pro-
cesses are potential targets of PAE. However, our 
understanding of the development of specific tha-
lamic nuclei remains limited, and further research 
is needed to elucidate the mechanisms by which 
PAE affects this process.

The initial thalamic complex is derived from 
the diencephalon and includes the prethalamus, 
the mid-diencephalic organizer, and the dorsal 
thalamus. After neural tube formation in the 
embryo, the formation of the prethalamus and 
thalamus is induced by various transcription fac-
tors and the mid-diencephalic organizer (Scholpp 
and Lumsden 2010). The mid-diencephalic orga-
nizer functions to release necessary cell signaling 
molecules, such as sonic hedgehog protein that 
induces thalamic neuronal development and dif-
ferentiation. Later on, the mid-diencephalic orga-
nizer matures into the zona limitans 
intrathalamica, which becomes a signaling center 
as well as a border between the prethalamus and 
thalamus (Nakagawa 2019).

Sonic hedgehog, wingless-type MMTV inte-
gration site family, and fibroblast growth factors 
orchestrate the regionalization and differentiation 
of the thalamus (Nakagawa 2019). Beyond 
extrinsic cues, transcription factors like Pax6 
contribute to normal thalamic size. Examination 
of clonal cell lineages has yielded valuable 
insights into the mechanisms underlying tha-
lamic neurogenesis and gliogenesis, which popu-
late it during a brief period of embryonic 
development. Shi et al. (2017) demonstrated that 
thalamic radial glial progenitors give rise to dis-
tinct cohorts of neuronal progeny with specific 
spatial configurations and nuclear arrangements 
correlating with functionality. An anteriorly 
located clonal cluster primarily contributes cells 
to nuclei associated with cognitive functions 
(e.g., anterodorsal and anteroventral), whereas 
the medial ventral posterior group of clonal cells 
contributes predominantly to the formation of 
sensory/motor nuclei (e.g., ventral posterolateral, 
ventral lateral) (Fig.  4.1). In rodents, thalamic 
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Fig. 4.1 Illustrative representation of thalamic nuclei. 
The left panel shows a transverse view of the left thalamus 
from the top. Dashed lines mark the location of nuclei 
situated more profound within the thalamus. In the right 
panel, a sagittal perspective from the side is presented. 
Thalamic nuclei groups are color-coded as indicated. AV 
anteroventral; CeM central medial; CL central lateral; CM 
centromedian; LD laterodorsal; LGN lateral geniculate 
nucleus; LP lateral posterior; MGN medial geniculate 

nucleus; MDm mediodorsal medial; MDl mediodorsal lat-
eral; MV-re reuniens; Pc paracentral; Pf parafascicular; Pt 
paratenial; PuA pulvinar anterior; PuI pulvinar inferior; 
PuL pulvinar lateral; PuM pulvinar medial; VA ventral 
anterior; VAmc ventral anterior magnocellular; VLa ven-
tral lateral anterior; VLp ventral lateral posterior; VM ven-
tral medial; VPL ventral posterolateral. This figure is 
reprinted with permission from Elsevier, and it was ini-
tially published in Weeland et al. (2022)

nuclei predominantly consist of excitatory neu-
rons, except for the lateral geniculate nucleus 
(LGN), which also includes inhibitory neurons. 
In contrast, the thalamic reticular nucleus exclu-
sively contains GABAergic neurons, which 
deliver inhibitory input to other thalamic nuclei. 
The caudal progenitor domain of the developing 
thalamus generates all thalamic excitatory 
 neurons (Vue et al. 2007). In contrast, the rostral 
progenitor domain in the developing thalamus 
and prethalamus generates LGN and thalamic 
reticular nuclear neurons (Vue et  al. 2007; 
Inamura et al. 2011).

In the process of thalamic development, affer-
ent input from both subcortical and cortical 
sources plays a crucial role, impacting gene 
expression and connectivity (Nakagawa 2019). 
Various studies, including those involving enu-
cleation and subcortical input ablation in neona-
tal mice, have demonstrated the significant 
influence of these inputs on thalamic organiza-
tion. Alterations in gene expression patterns and 

aberrant axonal projections in response to these 
manipulations highlight the importance of affer-
ent input in shaping thalamic development. 
Additionally, cross-modal changes in gene 
expression and calcium waves suggest that modi-
fying specific subcortical sensory inputs can have 
broader effects across sensory modalities and 
influence different nuclei. Transcription factors 
like Gbx2 and FOXP2 exhibit dynamic expres-
sion patterns, and their loss-of-function muta-
tions impact thalamic nuclei size, indicating 
potential roles in specifying nuclear identities in 
postmitotic neurons.

The initial cortical neurogenetic and migra-
tion processes operate largely without depen-
dence on subcortical input. Nevertheless, 
interactions between thalamocortical projections 
and the cortex commence before the conclusion 
of cortical neurogenesis and neuronal migration 
(Molnar and Kwan 2024). These interactions 
play a role in conveying early signals for forming 
neuronal circuits within specific cortical areas. 
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Thalamocortical projections play crucial roles in 
cortical development and, as discussed above, 
reciprocal corticothalamic projections influence 
thalamic nuclear hierarchical development. 
Thalamocortical axons establish a topographi-
cally organized innervation of the cortex, facili-
tating the refinement of cortical area formation 
through excitatory inputs (Molnar and Kwan 
2024). The development of thalamocortical pro-
jections involves both extrinsic and intrinsic 
mechanisms (Nakagawa 2019). Studies manipu-
lating thalamocortical input in mice demonstrate 
the instructive role of thalamocortical input in 
determining the organization of neocortical sub-
regions. Alterations in the embryonic thalamus, 
such as changes in sonic hedgehog signaling or 
genetic manipulations, result in corresponding 
shifts in principal sensory nuclei and cortical area 
characteristics. The absence of thalamic input 
leads to disrupted area borders and altered gene 
expression patterns. Thalamocortical axons also 
regulate cortical neurogenesis, with evidence 
suggesting a role in promoting the division of 
specific neural progenitor cell populations, influ-
encing cortical area size.

4.2.2  Structure and Function

The thalamus is located above the midbrain 
(mesencephalon), and its location allows for 
multi-directional nerve connections to the cere-
bral cortex. Anatomically speaking, it consti-
tutes the upper and lateral boundaries of the 
third ventricle, with its dorsal surface contribut-
ing to the structure of the lateral ventricle. 
Laterally, the thalamus is bordered by the poste-
rior arms of the internal capsule. The thalamus 
is composed mostly of gray matter with some 
areas of white matter. The internal medullary 
lamina is a white matter structure that divides 
the thalamic nuclei into its anterior, medial, and 
lateral complexes. There are approximately 
50–60 thalamic nuclei (Kosif 2016) that project 
to different cortical areas. These nuclei are ana-
tomically divided into six larger groups (with 
their respective sub-nuclei provided in paren-
theses) (Fig. 4.1):

 1. Anterior nuclear complex (anteroventral, 
anteromedial, anterodorsal, and laterodorsal 
nuclei)

 2. Medial-midline group (mediodorsal magno-
cellular, mediodorsal parvocellular, parate-
nial, paraventricular, and nucleus reuniens 
nuclei)

 3. Lateral group (ventral anterior lateral poste-
rior, ventral lateral, ventral medial, ventral 
posterior, ventral posterolateral, ventral pos-
teromedial, ventral posterior lateral, ventral 
posterior inferior, and lateral posterior nuclei)

 4. Intralaminar group (centromedian, central lat-
eral, paracentral, and parafascicular nuclei)

 5. Posterior group (pulvinar complex, pulvinar 
inferior/medial nucleus)

 6. Metathalamus (lateral geniculate, medial 
geniculate, and reticular nuclei)

The thalamus is predominantly composed of 
nuclei (e.g., anterior, medial, and lateral groups, 
as well as the lateral and medial geniculate), and 
their projections to the cortex exhibit specific 
localization patterns compared to reticular and 
intralaminar nuclei (Sheridan and Tadi 2024). 
These relay nuclei, categorized as lateral, medial, 
and anterior, play a significant role in clinical 
contexts, with notable nuclei such as ventral pos-
terolateral, ventral posteromedial, lateral genicu-
late, medial geniculate, and ventral lateral 
belonging to the lateral nuclear group. In con-
trast, the reticular nucleus, surrounding the lat-
eral thalamus, provides GABAergic inhibitory 
projections to the thalamus, regulating its activ-
ity. The intralaminar nuclei, receiving inputs 
from the basal ganglia, also contribute projec-
tions to the cortex.

Functionally, the thalamus serves three pri-
mary roles encompassing sensory, motor, and 
cognitive processing. Known for its involvement 
in sensory processing, distinct nuclei play key 
roles in transmitting sensory information. The 
LGN relays visual data to the visual cortex, while 
the medial geniculate conveys auditory informa-
tion to the auditory cortex. Additionally, the ven-
tral posterolateral nucleus receives pain, 
temperature, and touch information from the spi-
nal spinothalamic tract and the lemniscal path-
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way, while the ventral posteromedial nucleus 
processes facial sensation from the trigeminal 
nerve. Beyond sensory functions, the motor thal-
amus, composed of the ventral anterior, ventral 
lateral, and ventral medial thalamic nuclei, plays 
a crucial role in motor processing. The motor 
nuclei receive cerebellar and basal ganglia 
 afferent input, contributing to motor planning, 
execution, and control. Particularly, the motor 
thalamus is vital for real-time movement control, 
facilitated by inputs from the reticular nucleus 
and disinhibitory signals from the globus palli-
dus, enabling voluntary movements (Torrico and 
Munakomi 2024). Collectively, these circuitries 
within the thalamus significantly contribute to 
motor control, coordination, and execution of 
movements. The thalamus also supports different 
cognitive functions including memory, attention, 
and consciousness. The anterior thalamic nuclei 
are part of the limbic memory system that 
involves the hippocampal formation, retrosple-
nial cortex, and mammillary nuclei (Aggleton 
and O'Mara 2022). Midline and intralaminar 
nuclei have been associated with and have a role 
in awareness. These nuclei do not produce aware-
ness per se but provide necessary arousal for sub-
sequent awareness (Kosif 2016). Other recent 
studies have explored the role of the mediodorsal 
nucleus in learning and memory for complex spa-
tial configurations (Chao et al. 2022). The para-
ventricular thalamus has also been found to be 
important for balancing risk and reward (Worden 
et al. 2021).

4.2.3  Clinical Implications

Given the thalamus’ sensory and motor func-
tions, certain brain lesions will lead to specific 
deficits in these domains. After a thalamic stroke, 
the affected patients will have an absence of sen-
sation and tingling on the side opposite the tha-
lamic lesion. Traditionally, thalamic strokes are 
thought of as purely sensory strokes, which can 
be associated with severe chronic pain (Torrico 
and Munakomi 2024). Thalamic pathology is 
also implicated in seizures with studies showing 
involvement in both generalized and frontal types 

(Martin-Lopez et  al. 2017). Additionally, the 
thalamus is implicated in several neurological 
and psychiatric disorders. Most prominently 
among these is its role in alcohol use disorder and 
Korsakoff’s syndrome (Segobin and Pitel 2021). 
The most prominent sign of Korsakoff’s syn-
drome is severe anterograde and retrograde 
amnesia. Two brain networks, the Papez and 
frontocerebellar circuits, are affected in 
Korsakoff’s, and the thalamus contributes to both 
of these circuits. Crucially, preclinical and clini-
cal investigations highlight the central involve-
ment of the thalamus in the pathophysiology of 
FASD, as elaborated upon in the sections below.

4.3  Effects of Alcohol 
on Thalamus Morphology 
in Animal Models of FASD

The effects of alcohol on thalamic morphology 
have been characterized in rodents (mice and 
rats) and non-human primates. It is crucial to 
note the substantial difference in the rodent ges-
tational period compared to humans (18–23 days 
for mice/rats). Notably, a considerable portion of 
brain development in rodents unfolds postnatally, 
distinguishing them from the human develop-
mental timeline. For rats and mice, the first and 
second trimester-equivalent periods spans gesta-
tional days 1–10 and 10–20, respectively, and the 
third trimester equivalent (start of the brain 
growth spurt) takes place postnatally (from post-
natal day 1 to 10) (Patten et al. 2014). Drinking 
patterns during pregnancy vary considerably, 
ranging from early alcohol ingestion until preg-
nancy is recognized to consumption throughout 
all trimesters of gestation (Ethen et  al. 2009). 
Therefore, research has explored the impact of 
alcohol on the thalamus throughout all of these 
developmental stages, as discussed below.

4.3.1  First and Second Trimester- 
Equivalent Exposure

Several studies examined the effect of PAE dur-
ing the rodent equivalent to the first two trimes-

C. F. Valenzuela et al.



73

ters of human pregnancy. Pioneering studies from 
Granato and collaborators shed light on the PAE- 
induced thalamo-cortico-thalamic loop altera-
tions in adult rats. Minciacchi et  al. (1993) 
focused on the organization of thalamocortical 
connections in adult rats exposed to 2.4 g/kg of 
alcohol/day via gastric intubation on gestational 
days 14–19 (blood ethanol concentration 
(BEC)  =  not determined). Anterograde tracing 
experiments revealed a significant thinning of the 
thalamic-recipient zone in the sensorimotor cor-
tex of PAE rats. Additionally, aberrant thalamo-
cortical terminations in layer 5a were observed. 
However, neurons of origin for corticothalamic 
projections appeared quantitatively comparable 
between control and alcohol-exposed cases. In a 
subsequent study that used the same exposure 
paradigm, Granato et al. (1995) discovered per-
manent modifications in the thalamocortical cir-
cuits of PAE-exposed adult rats, with alterations 
noted at the level of axon terminals. The effects 
of PAE were nuclei-specific, including the ante-
rior intralaminar and midline nuclei, along with 
impaired crossed corticothalamic fibers. 
Interestingly, the damage within the sensorimo-
tor cortex displayed a gradient, being more severe 
in lateral fields. Cells labeled in the thalamus and 
layer 5 of the sensorimotor cortex demonstrated 
typical values of areal density. In contrast, 
cortico thalamic neurons in layer 6, particularly in 
the lateral agranular sensorimotor field, showed 
reduced areal density values compared to con-
trols. The study of Santarelli et al. (1995) further 
extended these studies by exploring the preven-
tive effects of administration of acetyl-L-carni-
tine (75 mg/kg/day in drinking water concurrently 
with alcohol on gestational days 14–19 and dur-
ing lactation). The researchers found that acetyl-
L-carnitine treatment reduced the alcohol-induced 
changes in thalamocortical circuits. Collectively, 
the findings of these studies highlight the speci-
ficity of damage in different regions, the thinning 
of cortical zones, and the potential preventive 
effects of certain interventions, such as 
acetyl-L-carnitine.

A related study examined the impact of PAE 
on vibrissal somatosensory cortical barrel net-
work development, which is modulated by the 

serotonin-containing thalamocortical afferents 
(Powrozek and Zhou 2005). The investigators 
used C57BL/6 mice exposed to alcohol from 
embryonic day 7 to 18 (liquid diet as the sole 
nutritional source; peak maternal BEC = 104 mg/
dl on embryonic day 14). On postnatal day 7, cor-
tices were analyzed for thalamocortical fibers 
and mature neurons. Thalamocortical terminals 
displaying 5-HT immunoreactivity delineate a 
barrel field pattern related to vibrissae in layer 4. 
These thalamocortical fibers exhibit a transient 
expression of the serotonin transporter and 
5-HT1B receptors that presynaptically inhibit 
thalamocortical transmission. The results show 
that, despite there being no decrease in the over-
all brain weight or volume, PAE leads to a signifi-
cant reduction in both the area of the posterior 
medial barrel subfield (containing serotonin- 
positive thalamocortical fibers) and the size of 
individual barrels within that defined area. These 
effects may lead to changes in whisker discrimi-
natory sensitivity, serving as a model for studying 
compromised sensory function following PAE.

White et al. (2015) investigated the impact of 
binge PAE during the first trimester equivalent on 
the reciprocal part of the circuit (i.e., corticotha-
lamic) in Swiss Webster mice. Alcohol was intra-
peritoneally administered to pregnant dams 
(2.9 g/kg initially followed by 1.45 g/kg 2 h later; 
embryonic days 11.5, 12.5, and 13.5; peak mater-
nal BECs were ~ 250–290 mg/dl). It was found 
that cortical neurons that project to the thalamus, 
labeled with bromodeoxyuridine and T-box brain 
transcription factor 1, were located in the deep 
cortical layers and their numbers were unaffected 
by PAE.  These results suggest that alcohol has 
differential effects on thalamocortical vs. cortico-
thalamic projections and emphasize the signifi-
cance of diversifying rodent strains in modeling 
FASD to advance understanding of its complex 
etiology. Future studies should determine if alter-
ations in cortical neurons drive thalamic neuron 
damage or vice versa.

Studies have also provided valuable insights 
into the effects of PAE on the ventrobasal tha-
lamic nucleus and its interactions with the 
trigeminal- somatosensory pathway. Mooney and 
Miller (1999) employed stereological methods to 
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assess the impact of PAE on the number of neu-
rons in the ventrobasal thalamic nucleus (liquid 
diet containing 6.7% alcohol on gestational days 
11–21, which was gradually introduced between 
gestational days 6–10; peak BEC = ~150 mg/dl). 
Surprisingly, they found no significant effect on 
ventrobasal thalamic nucleus volume or neuron 
count. This contradicted the numerical matching 
hypothesis, which predicted a reduction in ven-
trobasal third-order thalamic neurons based on 
observed reductions in trigeminal-somatosensory 
second and fourth-order neurons. A subsequent 
study by the same investigative team delved into 
the molecular mechanisms underlying these 
effects (Mooney and Miller 2001). Employing 
the same PAE paradigm, the researchers demon-
strated that neuronal death is absent in the ventro-
basal nucleus but does occur in the somatosensory 
cortex. The somatosensory cortex exhibited 
reduced bcl-2 expression, altering the bcl-2/bax 
ratio, while the thalamus remained unaffected. 
These findings highlighted the differential effects 
of PAE on death-related proteins in the cortex 
and thalamus during critical periods of neuronal 
development.

The long-term consequences of PAE on post-
natal neurogenesis in the ventrobasal thalamic 
nucleus were explored in a subsequent study 
(Mooney and Miller 2001). The exposure para-
digm was the same as described above. The study 
revealed alterations in the pattern of change in 
neuronal number over time, suggesting a lasting 
impact on the rate of neuronal acquisition. The 
rate of cell proliferation was higher in alcohol- 
exposed animals, indicating a complex interplay 
of factors influencing postnatal neurogenesis. In 
a previous study, it was shown that rats exhibit a 
decrease in ventrobasal thalamic nucleus neurons 
during the first postnatal week followed by a 2.5- 
fold increase over 3 weeks, likely due to changes 
in neurogenesis (Mooney and Miller 2007). 
Interestingly, neurotrophins influence cycling 
cell numbers in the ventrobasal thalamic nucleus, 
where alcohol alters neurotrophin levels, as well 
as those of their corresponding receptors 
(Mooney and Miller 2011). Alcohol increased 
NGF expression but decreased levels of the low- 
affinity receptor p75. These findings suggest that 

postnatal cell proliferation in the ventrobasal tha-
lamic nucleus is neurotrophin-responsive and 
influenced by alcohol exposure. Taken together, 
these studies indicate that the developing ventro-
basal thalamic nucleus has a relatively unique 
response to PAE. Alcohol exposure during prena-
tal development does not affect cell proliferation, 
but it has a delayed impact on cells proliferating 
after birth. Despite this, the total number of neu-
rons in the developing ventrobasal thalamic 
nucleus remains unaffected by alcohol. One 
potential justification for this phenomenon is that 
the ventrobasal thalamic nucleus may display 
compensatory responses to alcohol-induced dam-
age via postnatal neurogenesis.

Neuroimaging techniques have been used to 
evaluate the effects of PAE on thalamic structure. 
Zhang et al. (2019) explored the impact of PAE 
during the initial stages of pregnancy on brain 
structure using a C57BL/6 J mouse model (10% 
alcohol in drinking water from 0.5 to 8.5 gesta-
tional days; BEC = not determined). The study 
assessed the brains of male offspring at adoles-
cence and adulthood using diffusion tensor imag-
ing (DTI). The results indicate that PAE had no 
substantial impact on the organization of white 
matter in various brain regions, including the 
thalamus, internal capsule, and corpus callosum. 
Whole brain volume and volumes of specific 
brain regions (e.g., neocortex, cerebellum, and 
caudate putamen) were not significantly affected 
(thalamus volume was not measured). However, 
a subsequent study by Nguyen et al. (2020) that 
used a similar exposure paradigm did detect 
changes in thalamic volume. BECs in this study 
were variable (67% of the mice had a BEC of 
0–2 mg/dl; 28% had a BEC of 2–50 mg/dl, and 
5% had a BEC of 50–86 mg/dl). PAE resulted in 
significant volume changes, including enlarge-
ment of the thalamus and hypothalamus at post-
natal day 28. Although this study did not detect 
changes in DTI, histological studies revealed that 
mice exposed to PAE showed decreased 
neurofilament- positive staining in the thalamus 
and striatum.

A lack of an effect of early PAE on brain vol-
umes was also observed in a study by Fish et al. 
(2016) where alcohol was administered to preg-
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nant mice during gestational day 8.0 (2.8 g/kg via 
intraperitoneal injection; peak maternal 
BEC = 380 mg/dl), and the effects were assessed 
in adolescent offspring. Although there were no 
significant changes in brain volume, shape differ-
ences were observed in the striatum, corpus cal-
losum, cerebellum, and hypothalamus (but not 
the thalamus). However, some effects on tha-
lamic structure were detected in a primate FASD 
model. Specifically, Wang et al. (2020) exposed 
rhesus macaques to PAE (oral self-administration 
of 1.5 g/kg alcohol per day from pre-pregnancy 
to the first 60 days of a 168-day gestational term; 
BECs = 20–120 mg/dl; (Jimenez et al. 2019)) and 
characterized its effect on brain structure. 
Interestingly, fetal MRI at gestation day 135 
found negative correlations between maternal 
BEC and brainstem and thalamic volume. 
Overall, these neuroimaging studies suggest that 
the impact PAE on thalamic morphology is con-
tingent upon the timing and dosage of alcohol 
administration, along with the specific route 
through which it is delivered.

4.3.2  Third Trimester-Equivalent 
Exposure

4.3.2.1  Induction of Apoptotic 
Neurodegeneration

Studies conducted by various research groups 
have consistently demonstrated that exposure to 
binge-like doses of alcohol on postnatal day 7 
induces apoptotic neurodegeneration in the thal-
amus (subcutaneous injection; 5  g/kg; peak 
BEC  =  500  mg/dl). Ikonomidou et  al. (2000) 
observed a substantial increase in the density of 
degenerating neurons, with a 12-fold and 60-fold 
rise in the mediodorsal and laterodorsal thala-
mus of rats, respectively, within 24 h of alcohol 
treatment. Intriguingly, certain neuronal popula-
tions, such as those in the mediodorsal and ven-
tral thalamus, exhibited a significant response to 
alcohol starting on embryonic day 19, reaching 
its peak at P0, and diminishing rapidly thereaf-
ter. Conversely, other neuronal populations, 
including the laterodorsal and anteroventral thal-
amus, displayed a response beginning on embry-

onic day 19, peaking at postnatal day 3, and 
gradually returning to baseline levels by postna-
tal day 14 (Ikonomidou et al. 2000). Olney et al. 
(2002) and Wozniak et al. (2004) observed com-
parable outcomes in mice administered alcohol 
on postnatal day 7, as detailed earlier. Notably, 
the anterior thalamic nucleus exhibited signifi-
cant neuroapoptotic neurodegeneration, with the 
most substantial impact observed in the 
anterodorsal thalamic nucleus. This region dis-
played a 60% decrease in total volume on post-
natal days 14, 30, and 90. Apoptotic neuronal 
damage was also evident across all regions of the 
extended hippocampal circuit. Alcohol exposure 
resulted in marked deficits in spatial learning 
and memory at 1 month of age. However, there 
was a notable improvement in function during 
subsequent development, indicating a recovery 
of cognitive abilities.

Other laboratories have confirmed the findings 
of these studies using the same murine exposure 
paradigm. Ieraci and Herrera (2006) detected an 
increase in apoptotic neurodegeneration in the 
laterodorsal thalamic nucleus and determined 
that nicotinamide administration after alcohol 
exposure reduced caspase-3 activation and apop-
tosis, preventing behavioral abnormalities 
induced by alcohol. Ullah et  al. (2013, 2011) 
found that alcohol exposure at postnatal day 7 led 
to apoptosis and extensive neuronal loss in the 
cortex and thalamus, an effect that was reduced 
by co-treatment with pyruvate. Furumiya and 
Hashimoto (2011) found that postnatal day 7 
alcohol exposure triggered apoptosis across mul-
tiple brain regions, including the thalamus, and 
caused persistent impairments in spatial learning. 
Smiley et  al. (2023) determined that the same 
exposure paradigm causes a strong neuroapop-
totic response in the anterior thalamic nucleus 
and in numerous regions intricately linked to 
these nuclei (e.g., mammillary bodies, dorsal 
subiculum, and the midline cerebral cortex’s cin-
gulate, prefrontal, and retrosplenial regions). In 
the anterior dorsal thalamic nucleus, the investi-
gators detected a normal developmental neuron 
loss, resulting in nearly a 50% neuronal number 
reduction from postnatal day 7 to postnatal day 
70. Interestingly, this process persisted in ani-
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mals from the PAE group, even after a substantial 
alcohol-induced deficit at postnatal day 7. After 
correcting for this normal age-related neuronal 
decrease, it was determined that alcohol caused a 
reduction in neuronal density of 35% at postnatal 
day 7 and 54% at postnatal day 70.

Interestingly, the effect of alcohol on anterior 
thalamic nucleus neuronal survival depends on 
the alcohol exposure paradigm. Bird et al. (2023) 
subjected transgenic mice expressing fluores-
cently tagged GABAergic interneurons (VGAT- 
Venus mice) to alcohol vapor exposure on 
postnatal day 7 (4  h. in chamber; peak pup 
BEC  =  ~400  mg/dl). This paradigm activated 
caspase 3 in the reticular thalamic, anteroventral, 
and anterodorsal nuclei at postnatal day 7 (8-hr. 
post-alcohol vapor exposure). However, in con-
trast to the subcutaneous injection studies, a note-
worthy absence of a significant neuronal density 
reduction was noted in these nuclei of young 
adult mice. A similar finding was reported in 
another thalamic nucleus (ventrolateral) by Livy 
et  al. (2001) in rats (at postnatal day 10) sub-
jected to binge-like alcohol exposure during the 
first, second, and/or third trimester equivalent via 
intragastric gavage between postnatal days 4–9; 
BEC = 266–398 mg/dl. Specifically, the only sig-
nificant finding was that rats in both the pair-fed 
and alcohol groups, when exposed during the 
ventrolateral nucleus neurogenesis period 
(embryonic days 14–15), showed decreases in 
both volume and cell number. The disparities 
between these studies could be linked to the 
slower rises in blood alcohol concentrations in 
vapor- or gavage-exposed pups when compared 
to those receiving subcutaneous injections.

A study by Farber et al. (2010) demonstrated 
comparable effects in the primate brain to those 
observed in rodents, providing evidence that 
binge-like alcohol exposure in the final trimester 
of pregnancy might induce parallel effects in the 
human brain. Cynomolgus macaques (full gesta-
tion = 160–165 days) were injected with alcohol 
intravenously (~2 g/kg), succeeded by a mainte-
nance dose (0.2  g/kg/hr. for 6  h) to uphold the 
BEC within the 300–400  mg/dl range. Fetal 
brains were collected 1  h after the last alcohol 
maintenance dose. Exposure during earlier gesta-

tional ages (days 105–135) primarily affected the 
caudate/putamen, cerebellum, entorhinal cortex, 
inferior colliculus, nucleus accumbens, subicu-
lum, and thalamus. Conversely, at later gesta-
tional ages (days 140–155), some cerebral cortex 
regions were primarily affected. The most severe 
damage was observed in the caudate/putamen, 
subiculum, inferior colliculus, thalamus, and cer-
ebellum at gestational days 105–135.

4.3.2.2  Effects on the Lateral 
Geniculate Nucleus

A number of studies collectively shed light on the 
detrimental effects of alcohol exposure during 
various developmental stages on the visual sys-
tem, particularly emphasizing the impact on the 
LGN of the thalamus. The LGN relays visual 
information to the primary visual cortex. Olney 
et al. (2002) demonstrated the induction of cas-
pase- 3 activation in the LGN in response to 
binge-like alcohol intoxication (subcutaneous 
injection; 5 g/kg; peak BEC = 500 mg/dl). In a 
follow-up study, the investigators demonstrated 
that retinal ganglion cells and neurons in the 
LGN, superior colliculus, and visual cortex dis-
played a high susceptibility to the apoptogenic 
effects of alcohol (Tenkova et al. 2003). The criti-
cal period of heightened sensitivity extended 
from postnatal days 1 to 4 for ganglion cells and 
from postnatal days 4 to 7 for other neuronal 
components of the pathway. Notably, a blood 
alcohol level near 120 mg/dL was the threshold 
to trigger apoptosis in visual neurons, underscor-
ing the acute vulnerability of the visual thalamus 
to alcohol-induced apoptosis.

Dursun et  al. (2011) investigated the conse-
quences of early postnatal alcohol exposure on 
the morphology of retinal ganglion cells and the 
dorsolateral LGN. The study included transgenic 
mice (on a C57BL/6 background), both male and 
female, expressing yellow fluorescent protein 
regulated by a Thy-1 (thymus cell antigen 1) pro-
moter. Alcohol was administered to mouse pups 
at 3 g/kg/day through intragastric intubation from 
postnatal days (PDs) 3 to 20. The findings 
revealed that alcohol exposure induced signifi-
cant alterations in retinal ganglion cell morphol-
ogy (reduction in soma area and total dendritic 
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field area, and increase in dendritic tortuosity and 
mean branch angle), and a notable decrease in the 
numbers of neurons in both the ganglion cell 
layer and the LGN.

In the study of Papia et  al. (2010) pregnant 
vervet monkeys (full-term gestation = 165 days) 
drank ~2.5 g/kg/day of alcohol four times/week 
during the last trimester of pregnancy (alcohol 
consumption started at gestational days 72–112 
and lasted for 7–13 days; BEC = 61–132 mg/dl). 
The investigators measured neuronal and glial 
cell numbers in the parvocellular and magnocel-
lular layers of the LGN in offspring (ages 
1–35 days). There were no significant effects of 
PAE on layer volume or cell numbers in the 
LGN. However, a noteworthy finding emerged in 
the reduced soma size of magnocellular neurons 
in PAE subjects.

Collectively, these studies underscore the vul-
nerability of the visual system, particularly the 
LGN, to the adverse effects of alcohol exposure 
during critical developmental periods. The find-
ings emphasize the importance of considering the 
timing, duration, and pattern of alcohol exposure 
in understanding its impact on neural structures 
involved in visual processing. Considering that 
visual alterations are common in individuals with 
FASD (Ayoub et  al. 2023), further research in 
this area is crucial for developing strategies to 
mitigate the detrimental effects of alcohol on the 
developing LGN and other components of the 
visual system.

4.3.2.3  Effects on the Nucleus Reuniens
This thalamic nucleus is a key player in a com-
plex network that involves hippocampal and cor-
tical structures, acting as a foundational substrate 
for cognitive processes. It serves as a vital com-
ponent of corticothalamic circuits, facilitating 
medial prefrontal cortex-hippocampus communi-
cation. Impairment of the nucleus reuniens has 
been linked to various neuropsychiatric disorders 
(Dolleman-van der Weel et al. 2019). Pioneering 
studies from the Klintsova laboratory have dem-
onstrated that this nucleus is an important target 
of developmental alcohol exposure. Gursky et al. 
(2019) investigated the lasting neuroanatomical 
effects of early postnatal alcohol exposure in the 

nucleus reuniens of female rats. Using a dose of 
5.25 g/kg/day of alcohol via intragastric intuba-
tion during postnatal days 4–9 (BEC = 378 mg/
dl), the investigators observed a significant 
decrease (21%) in total neuron number and a 
reduction in total volume (18%) exclusively in 
this nucleus at postnatal day 72. These alterations 
were not observed in the rhomboid nucleus or in 
non-neuronal cell numbers. Gursky and Klintsova 
(2022) subsequently demonstrated that moderate 
doses of alcohol during postnatal days 4–9 
(3.00  g/kg/day via intragastric intubation; 
BEC  =  144  mg/dl) caused significant neuronal 
and non-neuronal cell loss, leading to reduced 
nucleus reuniens volume. Furthermore, Gursky 
et  al. (2020) determined that a single alcohol 
exposure during postnatal day 7 on the nucleus 
reuniens (5.25  g/kg via intragastric intubation; 
BEC  =  364–381  mg/dl) is sufficient to perma-
nently damage it. This exposure paradigm 
induced apoptotic cell death on day 7 and caused 
short-term cell loss on day 11. At postnatal day 
72, rats exposed to alcohol exhibited permanent 
cell loss, including neuronal number and volume 
reductions in the nucleus reuniens.

A subsequent investigation conducted by the 
same team demonstrated that high exposure to 
alcohol (5.25  g/kg/day; postnatal days 4–9) 
selectively modifies the ratio of nucleus reuniens 
neurons concurrently innervating both the medial 
prefrontal cortex and ventral hippocampus in 
adulthood (Gursky et  al. 2021). Notably, this 
alcohol exposure paradigm also reduces the 
cumulative length of axon terminals originating 
from the medial prefrontal cortex in the nucleus 
reuniens of adult female rats (Smith et al. 2022). 
These studies were groundbreaking in revealing 
that alcohol exposure during the third trimester 
equivalent of human pregnancy induces enduring 
alterations in reciprocal connectivity between the 
nucleus reuniens and cortical regions. These 
changes could contribute to documented deficits 
in executive function in rats exposed to this alco-
hol paradigm. Specifically, behavioral assess-
ments in adulthood unveiled alcohol-induced 
impairments in object-in-place preference and 
rule-switching performance on a plus maze task 
(Gursky et al. 2021). These findings support the 
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idea that executive function impairments result-
ing from alcohol exposure during late gestation 
may stem from damage to medial prefrontal cor-
tex- thalamic nucleus reuniens-CA1 hippocam-
pus circuitry.

4.4  Effects of Alcohol 
on Thalamus Function 
in Animal Models of FASD

Relatively few studies have examined the conse-
quences of developmental alcohol exposure on 
thalamic function. These studies have used bio-
chemical, imaging, and electrophysiological 
techniques in rat and mouse models of FASD.

4.4.1  First and Second Trimester- 
Equivalent Exposure

Ledig et al. (1988), tested the impact of maternal 
alcohol consumption during pregnancy and lacta-
tion on brain gamma-aminobutyric acid (GABA) 
levels in 3-week-old rat pups. The dams drank 
8 g alcohol/kg/day (BECs = 100 mg/dl) starting 
2  months before mating, and then during preg-
nancy and lactation. The results indicated a nota-
ble decrease in GABA levels in the cerebellum, 
hippocampus, pons, and thalamus. Conversely, a 
significant increase in GABA levels was noted in 
the frontal cortex, olfactory bulbs, anterior col-
liculus, and amygdala.

Miller and Dow-Edwards (1993) investigated 
the impact of PAE on activity in the trigeminal/
somatosensory system induced by sensory input. 
Using mature offspring of dams fed either a liq-
uid diet containing 6.7% alcohol on gestational 
days 11–21 (gradually introduced between gesta-
tional days 6–10; peak BEC = ~150 mg/dl) or a 
control diet, the researchers examined the effects 
of whisker stimulation-evoked glucose utiliza-
tion in the trigeminal principal sensory nucleus, 
the ventrobasal thalamus, and the somatosensory 
cortex. The results showed that whisker stimula-
tion increased glucose utilization to a lesser 
extent in the ventrobasal thalamic complex of 
alcohol-treated rats compared to controls.

Mitchell and Snyder-Keller (2003) investigated 
the expression of the immediate-early gene, c-fos, 
and cleaved caspase-3. Pregnant rats were sub-
jected to alcohol exposure (liquid diet containing 
4.5% alcohol, gestational days 5–22; BEC = not 
determined but estimated to be ~80 mg/dl), cocaine 
binge (three injections of 15  mg/kg subcutane-
ously 1 hr. apart on embryonic day 22), or a com-
bination of both. PAE elevated Fos 
immunoreactivity  levels in the medial thalamus, 
among other brain regions, at the 0-, 3-, and 24-h 
time points after birth. Enhanced cleaved caspase-
 3 expression in the medial thalamus was observed 
at 0 and 24 h post-birth in the alcohol group. The 
authors concluded that prenatal exposure to 
cocaine and alcohol increases neuronal activity 
and activates apoptotic pathways in the developing 
brain in a time- and region-specific manner.

Rodriguez et al. (2016) examined the impact 
of light PAE on functional brain connectivity in 
adult rats (drinking-in-the-dark limited access 
paradigm; 5% alcohol in saccharin throughout 
pregnancy; peak BEC = 60 mg/dl). The investiga-
tors used group-independent component analysis 
applied to resting-state functional MRI data to 
explore the global effects of PAE on neural func-
tion. The findings unveiled 17 components dis-
tributed across various brain regions, including 
the cerebellum, cortex, hippocampus, midbrain, 
and thalamus. PAE males exhibited diminished 
connectivity among cortical, midbrain, and tha-
lamic components. Conversely, PAE males 
showed heightened connectivity among cerebel-
lar, cortical, hippocampal, midbrain, and striatal 
components. On the other hand, females exhib-
ited increased connectivity between cerebellar, 
hippocampal, striatal, and thalamic components. 
The results of this study indicate that even mild 
PAE can disrupt thalamic functional network 
connectivity in a sex-dependent manner.

4.4.2  Third Trimester-Equivalent 
Exposure

Ke et al. (2011) investigated the impact of alco-
hol on endoplasmic reticulum stress in C57BL/6 
mice injected with alcohol at postnatal day 7 
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(5  g/kg via subcutaneous injection; pup 
BEC = 338 mg/dl). The study revealed that alco-
hol exposure increases the expression of endo-
plasmic reticulum stress-inducible proteins and 
activates associated signaling pathways, includ-
ing mesencephalic astrocyte-derived  neurotrophic 
factor. The induction of endoplasmic reticulum 
stress occurs within 4 h of alcohol injection, and 
some endoplasmic reticulum stress-inducible 
proteins remain elevated 24 h later. The distribu-
tion of alcohol-induced endoplasmic reticulum 
stress is observed in neocortical, hippocampal, 
and thalamic neurons.

Work from the Valenzuela laboratory assessed 
the effects of binge-like alcohol exposure during 
the brain growth spurt on retrosplenial cortex- 
projecting anterior thalamic neurons in adoles-
cent mice (Bird et al. 2023). As mentioned above 
in sect. 4.3.2.1., this study used transgenic mice 
expressing fluorescently tagged GABAergic 
interneurons that were exposed to alcohol vapor 
for 4  h on postnatal day 7 (peak pup 
BEC = ~400 mg/dl). Electrophysiological record-
ings from retrogradely labeled neurons indicated 
significant effects of alcohol treatment on action- 
potential properties and synaptic currents. 
Specifically, we observed notable treatment-
induced effects on both the instantaneous action 
potential frequency and overshoot, with sex by 
treatment interactions evident for threshold and 
overshoot in neurons of the anterodorsal thalamic 
nucleus. Additionally, a sex by treatment interac-
tion surfaced for action potential number in 
anteroventral neurons. Apart from changes in 
excitability, we identified enduring modifications 
in the spontaneous excitatory and inhibitory syn-
aptic transmission within anterodorsal nucleus 
neurons projecting to the retrosplenial cortex, but 
not in those in the anteroventral nucleus. These 
changes include a reduction in both the frequency 
and amplitude of spontaneous excitatory post-
synaptic currents and an elevation in the total 
charge of spontaneous inhibitory postsynaptic 
currents. Given that the anterior thalamus is a key 
component of the limbic memory system, these 
findings suggest damage to this thalamic region 
could underlie enduring cognitive deficits associ-
ated with developmental alcohol exposure.

4.5  Effects of PAE on Thalamic 
Morphology in Humans

The approaches that have been commonly used 
to assess the impact of PAE on human thalamic 
abnormalities involve postmortem investigations 
and neuroimaging methodologies. Postmortem 
studies enable a comprehensive examination of 
brain anatomy and pathology, while non-invasive 
neuroimaging techniques like structural MRI, 
tensor-based morphometry (TBM), and DTI pro-
vide insights into structural changes over time 
in vivo. These methodologies have played a piv-
otal role in advancing the understanding of the 
effect of PAE on thalamic structure.

4.5.1  Postmortem Studies

In 1993, Coulter et al. (1993) conducted a case 
study involving a comprehensive neuropatho-
logic evaluation of an infant with fetal alcohol 
effects who succumbed to acute respiratory dis-
tress at 2 months of age. The investigation cen-
tered on a girl born at 36–37 weeks to a mother 
who acknowledged binge alcohol drinking and 
occasional marijuana use during the first trimes-
ter. The infant exhibited numerous abnormalities 
commonly associated with FAS, notably severe 
microcephaly. Frontal lobes were fused in the 
anterior portion coupled with a lack of olfactory 
bulbs and tracts. Fusion of the thalamus and cau-
date nuclei extended to the level of the pineal 
gland, accompanied by optic nerve and tract 
hypoplasia, and evidence of an obstructed pitu-
itary gland due to an enlarged and bulbous hypo-
thalamus. These findings collectively contributed 
to a complex cerebral anomaly resembling 
incomplete holoprosencephaly and septo-optic 
dysplasia, underscoring the profound impact of 
PAE on brain development.

Jarmasz et  al. (2017) conducted a retrospec-
tive survey of autopsies that met specific inclu-
sion criteria. Thalamic abnormalities were 
identified in two cases. The first case involved a 
19-year-old mother with a history of physical 
abuse and alcohol consumption during preg-
nancy. The baby, delivered by emergency 
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 cesarean section, died immediately. Postmortem 
examination revealed several abnormalities, 
including asymmetric cerebellum, posterior cor-
pus callosum partial agenesis, and microscopic 
glial heterotopia in the meninges ventral to the 
thalamus and posterior to the midbrain. The sec-
ond case featured a 3.5-year-old girl clinically 
diagnosed with FAS. Her mother had a history of 
regularly sniffing gasoline during pregnancy, and 
detailed birth information was unavailable as the 
girl was in foster care. The girl exhibited severe 
cognitive delay and succumbed to pneumonia. 
Postmortem findings included occipital microgy-
ria with laminar necrosis, microcephaly, and a 
cavitated infarct in the thalamus.

4.5.2  Neuroimaging Studies

Several studies have investigated the impact of 
PAE on thalamic structure across different devel-
opmental stages. These investigations have uti-
lized advanced imaging techniques, including 
super-resolution fetal MRI with tissue segmenta-
tion, high-resolution MRI, DTI, tractography, 
cranial sonography, tensor-based morphometry, 
and quantitative susceptibility mapping for indi-
rect measurements of brain iron content. The fol-
lowing discussion will provide an overview of 
these studies, beginning with those conducted 
during early developmental stages and progress-
ing to those focusing on later stages of 
development.

4.5.2.1  Fetal Development and Infancy
Stuempflen et  al. (2023) used high-resolution 
fetal MRI to identify regional effects of PAE on 
human brain structure. Gestational age was 
27 weeks and maternal age 30–31 years. On aver-
age, individuals in the PAE group reported 
weekly consumption of one to three standard 
drinks and acknowledged engaging in at least one 
episode of binge drinking, defined as consuming 
four or more drinks on a single occasion during 
their pregnancy. Fetuses with PAE exhibited sig-
nificantly smaller volumes of the periventricular 
zone and larger volumes of the corpus callosum. 
The models for the remaining structures, includ-

ing the deep gray nuclei (basal ganglia and thala-
mus) and total brain volume, did not reveal a 
significant impact of PAE. Results indicate that 
even minor PAE (1–3 standard drinks per week) 
affects the structure of certain fetal brain regions 
(but not the thalamus).

A previous study by Taylor et al. (2015) uti-
lized DTI and tractography to examine the impact 
of PAE on white matter development in newborns 
(36–44  weeks postconception). The mothers in 
the PAE group consumed quantities of alcohol 
ranging from 6.2 to 14.0 standard drinks on each 
occasion, consistent with heavy binge drinking. 
Three primary white matter bundles were evalu-
ated: (1) transcallosal tracts responsible for com-
missural left-right hemispheric connections and 
corona radiata, (2) left and right projection fibers 
connecting the cortex with the spinal cord, brain-
stem, and thalamus, and (3) left and right associa-
tion cortico-cortical fibers. The axial diffusivity, 
particularly in medial and inferior white matter 
regions associated with early myelination, 
showed a strong correlation with maternal drink-
ing. Specifically, increased PAE was linked to 
decreased axial diffusivity across all the callosal 
network. Within the left and right projection 
fibers, elevated PAE was found to be associated 
with lower axial diffusivity in bilateral tracto-
graphic connections within three regions: the 
corticospinal tracts and the superior and posterior 
thalamic radiations. Similarly, in the association 
networks, higher PAE levels were correlated with 
reduced axial diffusivity bilaterally in three 
regions: the uncinate fasciculus and superior and 
inferior longitudinal fasciculi. These results indi-
cate that axial diffusivity should be considered in 
the examination of how PAE affects early white 
matter development.

Donald et al. (2016a) characterized the impact 
of PAE on neonatal gray matter volume. It was a 
sub-study of a large birth cohort study that aimed 
to explore the brain structure of infants who were 
exposed to alcohol in utero. There was variation 
in the number of drinks per occasion, with a sig-
nificant proportion consuming 2–3 drinks per 
occasion 1–3 times per week. While alcohol con-
sumption was most prevalent in the first trimes-
ter, it also occurred in the second and third 
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trimesters. Two to four weeks old infants under-
went unsedated MRI.  The study showed that 
there was a significant decrease in the total gray 
matter volume in the PAE group compared to 
controls, indicating a broad impact on the overall 
brain structure of these infants. Upon correction 
of the gray matter volume changes, specific sub-
cortical gray matter regions demonstrated signifi-
cantly decreased volumes. The specific areas 
included: the left hippocampus, which indicated 
an early effect of PAE on areas critical for mem-
ory and spatial navigation; both the right and left 
amygdala, centers responsible for emotional reg-
ulation as well as memory processing; and the 
left thalamus, highlighting impaired sensory and 
motor signal relay as well as the active regulation 
of sleep, alertness, and cognition.

The results from these studies suggest that the 
impact of PAE on thalamic structure may not 
manifest immediately and becomes apparent dur-
ing the neonatal period. Crucially, these effects 
are influenced by the dosage and drinking pat-
terns, as well as the characteristics of the studied 
population, including socioeconomic status. 
These combined findings emphasize the impor-
tance of taking multiple factors into account to 
gain a comprehensive understanding of how PAE 
affects thalamic structure during early develop-
mental stages.

4.5.2.2  Childhood, Adolescence, 
and Young Adulthood

An early study by Hughes et al. (1991) investi-
gated the presence and significance of linear 
areas of echogenicity in the thalami and basal 
ganglia of neonates that was observed via cranial 
sonography. Initially, this abnormality had been 
described in patients with congenital infections 
and in patients with trisomy 13; it was originally 
associated with a necrotizing vasculopathy. In 
their study of 25 patients, only 4 of them had an 
isolated cytomegalovirus infection and there 
were no reported cases of the other infections. 
Among the other diagnoses encountered was 
FAS. These findings highlighted the diversity of 
conditions that can present with thalamic linear 
areas of echogenicity and indicated that patients 
with these sonographic abnormalities warrant 

comprehensive screening. Over the past three 
decades, cerebral ultrasound has emerged as a 
reliable method for studying the neonatal brain. It 
offers a cost-effective, non-invasive approach to 
neuroimaging that is readily available in most 
hospitals. Initially used to detect major abnor-
malities like intraventricular hemorrhage, it has 
expanded its diagnostic capabilities through dif-
ferent acoustic windows and ongoing technologi-
cal advancements (e.g., higher transducer 
frequencies and 3D imaging) (Dudink and Jeanne 
Steggerda 2020). These enhancements enable the 
identification of various lesion patterns in several 
brain regions, including the thalamus. Therefore, 
it is important to further investigate the potential 
utility of this technique in identifying PAE- 
induced alterations in this and other brain regions.

Lebel et al. (2008) utilized DTI with diffusion 
tractography and two-dimensional region-of- 
interest analysis to investigate how PAE affects 
white and deep gray matter in various brain 
regions of 24 children (5–13 years old). Among 
the diagnosed cases, two children were identified 
with FAS, while the remaining individuals 
received diagnoses of other forms of 
FASD. Detailed information regarding the quan-
tity of alcohol consumed during pregnancy and 
the potential use of other substances was not 
accessible. The findings of Lebel et al. supported 
prior DTI studies, showing microstructural 
abnormalities in the corpus callosum, right tem-
poral white matter, and bilateral posterior cingu-
late white matter in children with 
FASD. Furthermore, they found that the volume 
of white matter was marginally more reduced 
than gray matter in individuals with FASD.  In 
children with FASD compared to controls, there 
were observed reductions in fractional anisotropy 
in the bilateral inferior and superior longitudinal 
fasciculi, left thalamus, right cingulum, and sple-
nium of the corpus callosum. Additionally, there 
was an increase in mean diffusivity in the right 
thalamus, right putamen, right corticospinal tract, 
left inferior longitudinal fasciculus, globus palli-
dus, and bilateral inferior fronto-occipital fascic-
ulus. These changes in fractional anisotropy 
values may imply alterations in structural order 
in the thalamus and putamen.
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A study by Nardelli et al. (2011) explored the 
link between specific structural brain injuries 
and cognitive, motor, and behavioral challenges 
using high-resolution MRI. The study included 
children and adolescents (6 to 17 years old) with 
FASD compared to age/sex-matched controls 
and investigated whether these differences per-
sist across different developmental stages. 
Approximately half of the subjects were likely 
exposed during the first trimester to 1–2 drinks 
once a week and the other half was likely 
exposed throughout pregnancy or to binge drink-
ing at any point during gestation. Results 
revealed a reduction in the volumes of the amyg-
dala, caudate, globus pallidus, hippocampus, 
putamen, and thalamus. Notably, volume reduc-
tions in the globus pallidus, hippocampus, and 
thalamus were consistent across all age sub-
groups (6–9, 10–13, and 14–17 years old), while 
the caudate and putamen showed smaller vol-
umes in FASD only within the two youngest 
subgroups, and the amygdala was smaller in the 
two oldest subgroups. These findings highlight 
that PAE induces age-dependent volume reduc-
tions in deep gray matter. Interestingly, the 
investigators did not find differences in brain 
volumes between those exposed to moderate vs. 
high alcohol levels.

A study by Sowell et al. (2010) explored the 
impact of prenatal exposure to methamphet-
amine, alcohol, and methamphetamine plus alco-
hol on brain structure in 9–11-year-old children. 
The investigators used high-resolution MRI and 
tensor-based morphometry to examine regional 
variations in brain substructure volumes by ini-
tially aligning all brain images globally to a com-
mon brain template. Subsequently, localized 
deformations are applied to modify each sub-
ject’s anatomy, ensuring alignment with the over-
all group-averaged template. Inclusion criteria 
for PAE included exposure to ≥  4 drinks/occa-
sion at least once per week or ≥ 14 drinks/week. 
Individuals with prenatal drug exposure exhib-
ited changes in numerous brain regions, encom-
passing the anterior and posterior cingulate, 
dorsal and ventral frontal and parietal cortices, 
inferior temporal, medial temporal, striatum, and 
thalamus, as well as the cerebellar and posterior 

callosal white matter. For the most part, these 
effects predominantly manifest bilaterally across 
all cortical and subcortical regions. In addition, 
the investigators found that those individuals 
exposed prenatally to drugs of abuse are prone to 
exhibit lower Full-Scale Intelligence Quotient 
scores and diminished volumes in the thalamus 
and medial occipital regions compared to those 
without substantial histories of prenatal drug 
exposure. The results of this study highlight the 
enduring negative effects of PAE on brain mor-
phology during childhood and adolescence. 
Notably, it introduces new findings indicating 
that children with prenatal methamphetamine 
exposure experience distinct alterations in brain 
morphology beyond those associated with PAE 
alone. While there are certain regional variations, 
both exposure groups exhibit a comparable pat-
tern of diminished volumes in subcortical struc-
tures such as the striatum and thalamus, as well 
as in lateral cortical regions, including the tempo-
roparietal lobes and the right frontal pole. This 
implies that overlapping brain systems are 
impacted.

Meintjes et al. (2014) also used tensor-based 
morphometry methods to analyze structural brain 
imaging data from children with FASD and 
matched controls (9.5–11.0 years). Two cohorts 
of women were enlisted: (1) heavy drinkers, 
defined as those consuming  ≥  14 drinks/week 
and/or participating in binge drinking (≥ 5 drinks/
occasion), and (2) controls, consisting of 14 indi-
viduals who abstained from drinking and 2 who 
consumed minimal alcohol during pregnancy. In 
general agreement with the study of Sowell et al. 
(2010), the investigators found that the degree of 
PAE was linked to a substantial correlation with 
widespread reductions in brain tissue across 
regions but not deformations. These reductions 
occurred in various brain regions, including the 
dorsolateral frontal cortex, inferior occipital lobe, 
midbrain, precuneus, superior cerebellum, supe-
rior parietal lobule, thalamus, ventromedial fron-
tal lobe. However, after factoring out overall 
brain size, no significant associations with PAE 
were detected, suggesting that the observed 
effects were linked to differences in brain size. 
The results obtained from independent  component 

C. F. Valenzuela et al.



83

analysis validated the regions of structural defor-
mation associated with PAE identified in the ten-
sor-based morphometry analysis. Specifically, 
three out of the four regions carrying the most 
substantial weight—the supero-medial cerebel-
lum/inferior surface of the occipital lobe, the pre-
cuneus, and the thalamus/midbrain—coincided 
with areas that exhibited reductions in brain tis-
sue volume due to PAE in the tensor-based mor-
phometry analysis. These findings suggest that 
employing a data-driven independent component 
analysis of MRI scans could potentially serve as 
an indicator of PAE, particularly in cases where 
the diagnosis is more difficult in cases that lack 
facial dysmorphology.

Nakhid et  al. (2022) conducted a study that 
focused on the potential alteration of brain iron 
levels associated with PAE and the implication 
that these alterations can have on cognitive, 
behavioral, and mental health outcomes. They 
studied 20 children and adolescents aged 
7.5–15  years, all of whom had confirmed PAE 
and were compared to 44 normal developing con-
trols. Twelve participants reached the exposure 
threshold specified in the Canadian FASD diag-
nostic guidelines (≥ 7 drinks/week or ≥ 2 binge 
episodes of at least 4 drinks at some point during 
pregnancy), and eight participants with PAE had 
verified exposure but the quantity was unknown. 
The study employed quantitative susceptibility 
mapping, a novel MRI technique that quantifies 
magnetic susceptibility differences within tissue, 
allowing to indirectly measure variations in tis-
sue composition, including iron content. 
Postmortem studies validate quantitative suscep-
tibility mapping’s reliability in measuring ferritin 
in subcortical gray matter. Before corrections for 
multiple comparisons, the PAE group exhibited 
higher susceptibility in the thalamus. However, 
there were no significant group differences in 
magnetic susceptibility after correcting for mul-
tiple comparisons in the thalamus and other 
regions of interest (amygdala, caudate, globus 
pallidus, hippocampus, nucleus accumbens, and 
putamen). Interestingly, the study also explored 
whether a relationship between thalamic suscep-
tibility and intelligence quotient existed; how-
ever, there was no significant association found 

between them. It is important to highlight that, 
unlike other studies, the group exposed to PAE 
did not show a decrease in volume in the thala-
mus but reductions were observed in the left 
putamen, bilateral pallidum, and bilateral cau-
date. The observed variations may be attributed 
to the relatively limited sample size of the study 
or disparities in the severity of PAE compared to 
other studies.

Boateng et  al. (2023) set out to investigate 
structural brain differences in subjects ranging 
from 3–21 years old with FASD, examining PAE 
in each FASD subtype. PAE was characterized by 
documented consumption of ≥ 6 drinks/week for 
≥ 2 weeks during pregnancy, ≥ 3 drinks/occasion 
on ≥ 2 occasions during pregnancy, a history of 
intoxication or treatment for an alcohol-related 
disorder, and a positive alcohol screening test. 
Previous studies have indicated individuals with 
partial FAS or FAS have the most prominent 
effect on structural brain development when 
compared to alcohol-related neurodevelopmental 
disorder and control groups. In agreement with 
these findings, the investigators found no signifi-
cant difference in overall brain volume between 
individuals with alcohol-related neurodevelop-
mental disorder and the control group, but the 
partial FAS/FAS subtypes had a significantly 
smaller brain volume than both the alcohol- 
related neurodevelopmental disorder and control 
groups. Children with FASD exhibited reduced 
volume in each of the specific structures exam-
ined (corpus callosum, cerebellum, thalamus, 
caudate, putamen, pallidum, and hippocampus). 
When accounting for estimated total intracranial 
volume, there were additional decreases in vol-
ume beyond what would be anticipated based 
solely on the degree of microcephaly in the basal 
ganglia, cerebellum, hippocampus, and thala-
mus. The authors conclude that while overall 
brain volume appeared similar between children 
with PAE/alcohol-related neurodevelopmental 
disorder and controls, analysis of specific brain 
structures revealed comparable levels of damage 
in both FASD subtypes. Unlike prior research, 
which linked dysmorphology to more severe 
structural abnormalities, this study suggests that 
some structures are equally sensitive to PAE even 
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without facial dysmorphology. The detected dif-
ferences among FASD subtypes could potentially 
elucidate the similarities in performance between 
individuals with alcohol-related neurodevelop-
mental disorder and children with FAS/partial 
FAS on specific cognitive tasks.

In summary, the results of these studies illu-
minate the complex interplay between PAE and 
structural changes in the developing thalamus. 
Together, these investigations underscore the 
intricate impact of PAE on thalamic structure, 
emphasizing the necessity for careful consider-
ation of variables like age, concurrent exposures, 
and subtype differences to grasp its diverse 
effects on thalamic development fully.

4.6  Effects of PAE on Thalamic 
Function in Humans

The investigation into the effects of PAE on the 
thalamus in humans has predominantly focused 
on structural aspects, with fewer studies delving 
into the impact on thalamic function during vari-
ous developmental stages. Employing techniques 
such as functional MRI, positron emission 
tomography, magnetic resonance spectroscopy, 
and magnetoencephalography, researchers have 
strived to comprehend the intricate dynamics of 
thalamic function influenced by in-utero alcohol 
exposure.

4.6.1  Studies with Infants

Studies involving infants have provided crucial 
insights into the early consequences of 
PAE. These studies underscore the need for lon-
gitudinal studies to comprehensively understand 
connectivity disturbances associated with in- 
utero alcohol exposure, particularly in older chil-
dren. Donald et al. (2016b) studied PAE’s effect 
on interhemispheric functional brain connectivity 
in neonates, offering preliminary insights into the 
establishment of intrinsic connectivity during 
early infancy. Mothers in the PAE group were ini-
tially screened using the Alcohol, Smoking, and 
Substance Involvement Screening followed by 

interviews to ensure that they had a positive his-
tory of moderate to severe alcohol use during any 
trimester of pregnancy. Employing resting-state 
functional MRI on a cohort of 60 subjects aged 2 
to 4 weeks, which included 13 with PAE and 14 
age-matched controls, the study utilized a multi-
variate model to examine connectivity among 
sensorimotor intrinsic functional networks. Seed- 
based analyses were also conducted to identify 
group differences in interhemispheric connectiv-
ity of intrinsic motor networks. Six distinct net-
works in the brain were identified: (1) anterior 
motor (including the supplementary motor area 
and the superior frontal gyrus), (2) posterior 
motor (including the postcentral gyrus, supple-
mentary motor area, paracentral lobule and left 
thalamus), (3) left somatosensory (situated within 
the left postcentral gyrus), (4) right somatosen-
sory (situated within the right, and to a lesser 
extent, the left postcentral gyrus), (5) a bilateral 
network manifested in the striatum, displaying 
heightened activation in both the left and right 
putamen, and (6) a diffuse thalamic network 
incorporating regions like the brainstem, hippo-
campus, amygdala, and globus pallidus. The 
research unveiled heightened connectivity 
between the brainstem and the anterior motor 
network in infants affected by PAE, as well as 
increased connectivity between the striatum and 
both anterior and posterior motor networks. 
However, there was preliminary evidence of 
attenuated interhemispheric connectivity between 
the left and right somatosensory networks in PAE 
infants. Further exploration of hemispheric con-
nectivity in motor networks did not yield signifi-
cant effects of PAE. The clinical significance of 
internetwork differences was also examined, 
with only connectivity between the striatum and 
the anterior motor network (but not the thalamus) 
showing a moderating effect on the association 
with clinical deficits.

Grewen et al. (2015) investigated the impact 
of prenatal marijuana exposure with or without 
concurrent exposure to other substances, includ-
ing alcohol, on early brain development. Maternal 
Timeline Followback interviews were used to 
evaluate prenatal drug exposure. Examining 
resting- state functional connectivity in sleeping 

C. F. Valenzuela et al.



85

infants aged 2–6  weeks, the research included 
neonates with prenatal marijuana exposure in 
combination with other substances (nicotine, 
alcohol, opiates, and/or selective serotonin reup-
take inhibitors) denoted as +MJ (n = 20), those 
exposed to the same substances without mari-
juana (−MJ, n  =  23), and drug-free controls 
(n  =  20). A significant percentage of both the 
+MJ and −MJ groups disclosed prenatal cigarette 
smoking (87%) and alcohol consumption (30%) 
during at least one trimester of pregnancy, while 
relatively lower rates of prenatal antidepressant 
and opiate use were reported in both groups. 
Both the +MJ and −MJ groups, in comparison to 
controls, exhibited hyper-connectivity of the left 
amygdala seed with the orbital frontal cortex and 
hypo-connectivity of the posterior thalamus seed 
with the hippocampus. These findings suggest a 
potential susceptibility to various substances of 
abuse, including alcohol, within these circuits.

It should be noted that a study by Candelaria- 
Cook et al. (2022) explored the impact of PAE on 
resting-state alpha peak frequency in infants. 
Because this study also examined PAE’s effects 
on children and adolescents, it is discussed at the 
end of sect. 4.6.2.

4.6.2  Studies with Children, 
Adolescents, and Young 
Adults

Woods et al. (2018) investigated the influence of 
PAE on place learning assessed virtually, exam-
ining neural correlates of deficits in 57 children 
(41 alcohol-exposed; 16 controls; mean 
age = 9.4 years; 29 boys). The characteristics of 
the women recruited for this study are the same 
as those described in sect. 4.5.2.2 (Meintjes et al. 
2014). Using functional MRI, the study explored 
the effects of PAE during place learning in a 
computer-generated environment. Results indi-
cated that PAE in boys correlated with decreased 
performance and diminished activation in various 
brain regions, including the parahippocampal 
gyrus and thalamus. Conversely, PAE did not sig-
nificantly affect performance or brain region acti-
vation in girls. The study underscored sex-specific 

differences in navigation strategies, emphasizing 
that boys tend to use an allocentric strategy, while 
girls tend to rely more on landmarks. The noted 
dose-dependent impairment in place learning 
among heavily exposed boys could be associated 
with suboptimal activation of the parahippocam-
pal gyrus, a region linked to allocentric naviga-
tion. In contrast, the lack of effects in girls 
indicates that navigational strategies relying on 
landmarks may be less vulnerable to the influ-
ence of PAE.

Ware et  al. (2021) examined whether func-
tional connectivity patterns moderate cognition 
in children (8–16 years old) with PAE compared 
to non-exposed controls. Standardized attention 
and executive functioning tasks were adminis-
tered alongside resting-state functional 
MRI. Results revealed that PAE was associated 
with diminished functional connectivity between 
specific regions, such as the left temporoparietal 
junction and left ventral frontal cortex. 
Conversely, PAE was linked to elevated func-
tional connectivity between certain regions, 
including the left thalamus and dorsal frontal cor-
tex. Crucially, in children with PAE, functional 
connectivity patterns were indicative of negative 
predictions for cognitive performance, whereas 
in controls, they were associated with positive 
predictions. These results propose that elevated 
intra-network connectivity coupled with dimin-
ished internetwork functional connectivity could 
signify inefficient network specialization and 
impaired long-range connectivity within atten-
tion network regions following PAE. This might 
contribute to attention and executive dysfunction 
in affected children.

A study evaluated the structural and functional 
integrity of the brains in individuals with FAS 
(Clark et  al. 2000). The sample comprised 19 
subjects with an age range of 16–30 years and a 
mean age of 20.6  years. MRI was utilized to 
examine brain structure, while positron emission 
tomography with [18F]-fluorodeoxyglucose 
assessed brain function. The MRI revealed only 
one abnormality, a thin corpus callosum, which 
was associated with the subject displaying the 
lowest intelligence quotient. Regional cerebral 
metabolic rate reductions were observed in five 
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brain regions, including the thalamus and basal 
ganglia. These findings suggest a continuum of 
neuropathology in FAS, indicating that in cases 
with relatively less severe intellectual deficits, the 
underlying cause may be functional rather than 
structural.

Fagerlund et al. (2006) investigated the pres-
ence of brain metabolic alterations in adoles-
cents (14–21 years old) with and without FASD 
using proton nuclei magnetic resonance spec-
troscopy, a non-invasive imaging method that 
allows a direct assessment of the biochemical 
composition and metabolite irregularities in 
specific brain regions. Individuals in the PAE 
group were diagnosed with FAS (n = 3), pFAS 
(n = 3), and alcohol- related neurodevelopmental 
disorder (n  =  4). Ten matching controls were 
also studied. In the spectrum obtained through 
this technique, the predominant resonances 
emanate from N-acetylaspartate, compounds 
containing choline, and creatine and phospho-
creatine. N-acetylaspartate serves as an indica-
tor of neuronal/axonal density and viability. 
Choline- containing compounds play a role in 
membrane synthesis and degradation, while cre-
atine reflects high-energy phosphate metabo-
lism. Ten individuals with confirmed heavy PAE 
and FASD diagnoses (three with FAS, three 
with partial pFAS, and four with alcohol-related 
neurobehavioral disorder) were compared to a 
control group. The study revealed lower 
N-acetylaspartate/choline ratio and/or 
N-acetylaspartate/creatine ratio in various brain 
regions, including the cerebellar dentate 
nucleus, corpus callosum, frontal white matter, 
parietal and frontal cortices, and thalamus, sug-
gesting lasting or permanent changes in brain 
metabolism due to PAE.  Interestingly, an 
increase in the glial markers choline and cre-
atine was observed, while the neuronal marker 
N-acetylaspartate remained unchanged, indicat-
ing that these metabolic alterations primarily 
involve glial cells rather than neurons.

In a study conducted by Pinner et al. (2020), 
the objective was to enhance the early detection 
of FASD by investigating the interrelation 
between brain function, measured through mag-
netoencephalography, and brain structure (axonal 

density, diameter, and myelination in white mat-
ter), assessed by fractional anisotropy from DTI, 
in adolescents aged 12–21 years. Maternal alco-
hol consumption was verified by legal records 
(e.g., documentation of drinking while intoxi-
cated), maternal interview, and/or several 
accounts of maternal drinking during pregnancy. 
The researchers employed joint independent 
component analysis to examine the connection 
between magnetoencephalography and func-
tional anisotropy and its correlation with behav-
ior. Five components were identified, with one 
particular component (#15) showing alterations 
induced by PAE. Specifically, associations were 
noted with fractional anisotropy values in various 
brain regions implicated in the motor pathway, 
including the anterior portions of the right hemi-
sphere corpus callosum, anterior right thalamic 
radiation (connecting thalamus to prefrontal cor-
tex), posterior limb of the left internal capsule, 
short-range association fibers in both the right 
and left hemispheres, the superior region of the 
left corona radiata, and the anterior portion of the 
right corona radiata. Notably, fractional anisot-
ropy values were higher in healthy controls com-
pared to individuals with FASD, and increased 
magnetoencephalography amplitudes were cor-
related with higher fractional anisotropy values. 
These findings suggest that integrating magneto-
encephalography and fractional anisotropy data 
reveals unique associations between brain struc-
ture and function, potentially aiding in the dif-
ferentiation of adolescents with FASD from 
typically developing controls.

Stephen et  al. (2021) studied the effects of 
PAE on corticothalamic connectivity in children 
(8–13 years old) with and without FASD. A mul-
tidisciplinary team assessed all children and 
established the FASD diagnosis by consensus. 
The study investigated the relationship between 
alpha power and corticothalamic connectivity. 
Studies support the involvement of lateral genic-
ulate thalamic pacemaker neurons and thalamo-
cortical projections in the generation of resting 
alpha oscillations (Valdes-Hernandez et al. 2010; 
Hughes et  al. 2004; Silva et  al. 1991). Alpha 
oscillations are associated with various cognitive 
functions including memory, attention, and 
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 language (Ippolito et  al. 2022). The study 
employed rest magnetoencephalography with 
eyes open or closed, along with MRI for struc-
tural and DTI data. Magnetoencephalography 
spectral analysis was conducted for both sensor 
and source data, and mean fractional anisotropy 
in corticothalamic regions of interest was esti-
mated. The FASD group exhibited reduced mean 
fractional anisotropy in three corticothalamic 
regions of interest (posterior limb of internal cap-
sule-left hemisphere, posterior limb of internal 
capsule- right hemisphere, anterior limb of the 
internal capsule-left hemisphere) and this was 
significantly correlated with alpha power at both 
sensor and source levels. In conclusion, this 
research underscores differences in corticotha-
lamic connectivity between children with FASD 
and those without, with this connectivity being 
linked to resting alpha power. These results pro-
vide additional insights into the underlying 
mechanisms influencing altered behavior in chil-
dren with FASD.  Future investigations should 
explore whether resting alpha oscillations impact 
attention capabilities in this population.

Candelaria-Cook et al. (2022) further explored 
the impact of PAE on resting-state alpha peak fre-
quency in infants, children, and adolescents 
(6  months to 17  years old), providing novel 
insights into the developmental trajectory of this 
measure. As mentioned above, resting alpha 
oscillations are influenced by corticothalamic 
tracts and thalamic pacemaker neurons. Infants’ 
PAE status was determined either through mater-
nal self-report or by detecting positive alcohol 
metabolite biomarkers. Utilizing resting-state 
magnetoencephalography data, alpha peak fre-
quency was determined from parietal/occipital 
regions. The findings revealed that alpha peak 
frequency increases as age increases in both 
groups but was significantly reduced in subjects 
with PAE/FASD compared to controls across 
developmental stages. This finding is consistent 
with the results of a study with 8–12-year-old 
children with FASD who exhibited reduced peak 
alpha power (Candelaria-Cook et al. 2021). In a 
targeted subgroup of participants, the study 
explored the relationship between alpha peak fre-
quency and brain structure. Among typically 

developing children, a positive correlation 
emerged, indicating that higher alpha peak fre-
quencies were associated with increased cerebral 
white matter volume. However, no such correla-
tion was observed within the group affected by 
PAE and FASD.  Additionally, both the control 
and PAE/FASD groups displayed a significant 
negative correlation, linking higher alpha peak 
frequencies with reduced total gray matter vol-
ume. These findings underscore the persistent 
adverse effects of PAE on processes dependent 
on normal thalamic functioning.

In summary, the combined results of these 
functional studies underscore that PAE disrupts 
functional thalamic connectivity, impacting cog-
nition and highlighting a continuum of neuropa-
thology throughout development. Overall, the 
findings provide a limited understanding of how 
thalamic function is affected by PAE and stress 
the need for additional studies.

4.7  Conclusion and Future 
Directions

The collective findings from structural and func-
tional studies with animal models underscore the 
pivotal role of the thalamus in the pathophysiol-
ogy of FASD. Studies with animal models on the 
impact of PAE on thalamic structures and circuits 
have yielded valuable insights. The studies 
encompassed a range of developmental stages, 
focusing on both the first and second trimester- 
equivalent exposures, as well as the critical third 
trimester-equivalent period. Studies examining 
PAE during the rodent equivalent of the first two 
trimesters of human pregnancy revealed multi-
faceted alterations in the thalamo-cortico- 
thalamic loop, emphasizing the specificity of 
damage in different regions. The examination of 
the vibrissal somatosensory cortical barrel net-
work provided a model for studying compro-
mised sensory function following 
PAE.  Additionally, research on binge alcohol 
exposure during the first trimester equivalent 
highlighted differential effects on thalamocorti-
cal vs. corticothalamic projections, underlining 
the complexity of PAE’s impact on thalamic 
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 circuits. Investigations into the ventrobasal tha-
lamic nucleus shed light on its unique response to 
PAE, involving alterations in postnatal neurogen-
esis and neurotrophin responsiveness. The third 
trimester- equivalent exposure studies delved into 
apoptotic neurodegeneration, unveiling intricate 
timelines of vulnerability across thalamic nuclei. 
The findings showcased the differential effects of 
alcohol on various thalamic regions, with impli-
cations for cognitive processes. The vulnerability 
of the anterior thalamic nuclei was further char-
acterized in our laboratory, showing that third 
trimester-equivalent alcohol exposure induces 
significant changes in the function of retrosple-
nial cortex-projecting neurons that are part of the 
limbic memory system. Additionally, the nucleus 
reuniens emerged as a crucial thalamic nucleus 
affected by PAE that could underlie deficits in 
executive function. While structural studies have 
contributed valuable information, there is a need 
for additional studies on PAE’s effects on tha-
lamic function at different developmental stages. 
The comprehensive investigation into the effects 
of alcohol on thalamic morphology and function 
in animal models of FASD will continue to pro-
vide valuable insights into the intricate conse-
quences of PAE.

Human studies have provided strong evidence 
of thalamic involvement in the neurophysiologi-
cal deficits associated with FASD. Notably, find-
ings from super-resolution fetal MRI reveal that 
even minor PAE affects specific fetal brain 
regions, such as the corpus callosum and periven-
tricular zone. Transitioning to the neonatal 
period, investigations uncover significant 
decreases in total gray matter and specific sub-
cortical regions due to PAE. Cranial sonography 
emerges as a valuable tool that should be utilized 
more, expanding diagnostic capabilities for PAE- 
induced alterations in the thalamus and other 
brain regions. Moving into childhood, adoles-
cence, and young adulthood, studies unveil 
enduring negative effects on thalamic morphol-
ogy, with regionally pervasive brain tissue reduc-
tions linked to the degree of PAE.  While 
emphasizing the sensitivity of specific structures 
to PAE even without facial dysmorphology, these 

collective findings underscore the intricate inter-
play between PAE and thalamic structural 
changes, necessitating consideration of variables 
like age, concurrent exposures, and subtype dif-
ferences for a comprehensive understanding 
across developmental stages. However, due to the 
limited resolution of MRI, the field must turn to 
postmortem human brain research to unravel the 
neurobiological foundations of volumetric MRI 
observations in small brain regions such as the 
thalamic nuclei. Similarly, postmortem studies 
could provide insights by considering findings 
from MRI investigations, refining hypotheses, 
and focusing on specific brain areas. Only 
through the integration of these methodologies 
can we comprehensively elucidate the patho-
physiology of FASD. There is a strong need to 
increase the number of brain samples of individu-
als with FASD in brain banks around the world.

Significant progress has been made in the 
exploration of PAE’s effects on thalamic func-
tion, employing advanced techniques like func-
tional MRI, positron emission tomography, 
magnetic resonance spectroscopy, and magneto-
encephalography. Studies with infants have illu-
minated early consequences, revealing alterations 
in interhemispheric functional brain connectivity, 
particularly in relation to motor networks, and 
the impact of prenatal marijuana exposure on 
early brain functional circuitry. Investigations 
with children, adolescents, and young adults shed 
light on diverse facets, including place learning 
deficits associated with decreased activation in 
multiple brain regions, altered functional connec-
tivity patterns influencing cognition, and lasting 
metabolic changes in various brain regions. The 
above-presented findings underscore the need for 
comprehensive understanding in addressing the 
intricate dynamics of thalamic function affected 
by in-utero alcohol exposure across different 
developmental stages, with potential implica-
tions for clinical interventions and targeted sup-
port. The intersection of structural and functional 
investigations reveals a limited understanding of 
how PAE induces regionally distinct alterations 
in thalamic circuits, therefore influencing cogni-
tive processes across developmental stages. 
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Moreover, the existing body of research under-
scores the critical need for better imaging tools to 
enhance precision in mapping thalamic structure 
and function. For instance, it was recently dis-
covered that the development of the human thala-
mus follows a lateral-to-medial pattern. 
Additionally, thalamocortical connectivity exhib-
its a posterior-to-anterior gradient, with thalamo- 
frontal connectivity emerging later than other 
connections within the thalamocortical network 
(Zheng et  al. 2023). Future imaging studies 
should address whether PAE affects these pro-
cesses, leading to an abnormal thalamic develop-
mental trajectory.

Moving forward, expanding human investiga-
tions, especially in older age groups, will be 
imperative for a comprehensive understanding of 
FASD neuropathology. It is also important to 
determine if alterations in the sensorimotor func-
tions of the thalamus indirectly impact cognition. 
The intricate dynamics of thalamic function 
affected by PAE call for continued interdisciplin-
ary efforts, incorporating advanced imaging 
methodologies and integrating insights from both 
animal models and human studies. Such an 
approach is pivotal not only for advancing our 
understanding of FASD but also for informing 
targeted therapeutic interventions and support 
strategies tailored to the unique challenges faced 
by individuals affected by PAE.  As mentioned 
earlier, the thalamus is not just a passive relay 
station but an active player in adaptive processes. 
Since thalamic neurons have the capacity for syn-
aptic plasticity even in the mature brain, it is cru-
cial to explore whether their stimulation—for 
example, via targeted neurorehabilitation or tran-
scranial focused ultrasound—can offer therapeu-
tic benefits for individuals with FASD (Kim et al. 
2023; Munivenkatappa and Agrawal 2016).
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5Adult Hippocampal Neurogenesis 
as a Therapeutic Target in Fetal 
Alcohol Spectrum Disorder

Lee Anna Cunningham, Elif Tunc-Ozcan, 
and Arasely M. Rodriguez

Abstract

This review is focused on adult hippocampal 
neurogenesis as a potential therapeutic target 
in fetal alcohol spectrum disorder (FASD). 
Adult hippocampal neurogenesis refers to the 
production of new hippocampal dentate gran-
ule cells (DGCs) from a replenishable pool of 
neural stem and progenitor cells throughout 
life. Adult-generated DGCs have been shown 
to exert a profound influence on hippocampal 
network activity in experimental animals and 
have been implicated in the regulation of 
many hippocampal-dependent behaviors and 
emotional states, including certain forms of 
learning and memory, anxiety, mood, and 
stress resilience. While adult hippocampal 
neurogenesis in humans remains controver-
sial, many studies support its existence and 
impact on hippocampal function in human 
health and disease. Here, we review mecha-
nisms of adult hippocampal neurogenesis 
under physiological conditions, as described 
primarily in rodent brain, its impact on net-
work activity and behavior, and the negative 
effects of developmental alcohol exposure on 

this process. We then explore hippocampal 
neurogenesis as a potential target for FASD 
therapy using pharmacological and neuro-
physiological approaches known to stimulate 
adult hippocampal neurogenesis, currently 
available for clinical use in FASD patients.

Keywords

Adult hippocampal neurogenesis · Prenatal 
alcohol exposure · FASD · Gestational 
alcohol exposure · Antidepressants · 
Transcranial stimulation · Dentate gyrus

5.1  Introduction

Fetal alcohol spectrum disorder (FASD) covers a 
spectrum of neurological outcomes, spanning 
from severe cognitive impairment due to high pre-
natal alcohol exposure to milder behavioral issues 
resulting from moderate alcohol exposure during 
pregnancy (May et al. 2014). FASD is the fore-
most environmentally caused intellectual and 
neurodevelopmental disability, with an estimated 
annual economic burden as high as $4 billion in 
the United States (Lupton et al. 2004). The preva-
lence of FASD among school-age children within 
the United States has been estimated at ~2.5% 
(May et al. 2014). According to a recent Centers 
for Disease Control and Prevention (CDC) report, 
approximately 1  in 10 women consume alcohol 
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during pregnancy at some point (Tan et al. 2015), 
yet there are limited interventions available to 
address the cognitive and neurobehavioral issues 
linked with FASD (Kodituwakku and 
Kodituwakku 2011). Both clinical and preclinical 
studies on FASD demonstrate that even moderate 
prenatal alcohol exposure can lead to impairment 
of brain function (Petrelli et  al. 2018). Notably, 
over 80% of women who report drinking during 
pregnancy consume moderate levels of alcohol 
(1–3 drinks per day), whereas less than 20% 
engage in binge drinking (>  4 drinks per day). 
While prenatal alcohol exposure affects many 
brain regions, structural and functional deficits in 
the hippocampus are widely documented (Berman 
and Hannigan 2000; Autti- Ramo et  al. 2002; 
Willoughby et al. 2008; Nardelli et al. 2011).

Preclinical research in rodent models of FASD 
has demonstrated impairment of adult hippocam-
pal neurogenesis in offspring exposed to alcohol 
during various stages of brain development. 
Persistent reductions in postnatal neurogenesis 
occur across a range of developmental exposure 
times, some of which are designed to mimic 
exposures during the first and second trimester of 
human brain development, corresponding to the 
entire gestational period in mice and rats, or third 
trimester-equivalent exposures, where alcohol is 
administered during the first 2 weeks after birth 
(Choi et al. 2005; Ieraci and Herrera 2007; Gil- 
Mohapel et al. 2010a, 2011; Klintsova et al. 2007, 
2012; Kajimoto et al. 2013, 2016; Gustus et al. 
2020). Because adult hippocampal neurogenesis 
has been shown in many experimental studies to 
regulate aspects of hippocampal function that are 
often impaired in FASD (including learning, 
mood, anxiety, and stress), it is important to 
explore this unique form of brain plasticity as a 
therapeutic target that could mitigate some of 
these cognitive and neurobehavioral problems 
(Streissguth and O'Malley 2000; O'Connor and 
Paley 2009; Hellemans et  al. 2010; Pei et  al. 
2011). Here we summarize current knowledge 
regarding adult hippocampal neurogenesis and 
its role in hippocampal plasticity, followed by a 
review of developmental alcohol’s effects on 
these processes. We then explore potential phar-
macological and neurophysiological approaches 

to remediate neurogenesis deficits, including use 
of a commonly prescribed selective serotonin 
reuptake inhibitor (SSRI) and non-invasive tran-
scranial stimulation strategies. We focus on these 
therapeutics because they both stimulate neuro-
genesis in experimental animals, and they have 
been utilized with some benefit or are currently 
being tested in clinical FASD.

5.2  Adult Hippocampal 
Neurogenesis

Neurogenesis refers to the creation of new neu-
rons from neural stem cells (NSCs). Neurogenesis 
reaches its highest levels during early develop-
ment when new neurons are rapidly formed to 
construct the neural networks essential for brain 
function. Neurogenesis then ceases in most 
regions of the mammalian brain following brain 
development. The rate of hippocampal neurogen-
esis peaks during mid-gestation in humans, and 
during the first postnatal week in laboratory rats 
and mice (Bond et al. 2022). Within the hippo-
campal dentate gyrus, NSCs transition from a 
rapidly dividing to a largely quiescent state, with 
peak proliferation at postnatal day 3 (Bond et al. 
2020). However, quiescent NSCs persist within 
the subgranular zone (SGZ) of the hippocampal 
dentate gyrus and continuously generate low 
numbers of new dentate granule cells (DGCs) 
throughout life at a much slower tempo and a 
more protracted maturational timeline than what 
occurs during developmental neurogenesis. The 
continuous production of new DGCs that inte-
grate into the existing circuitry can profoundly 
modify hippocampal function long after develop-
mental neurogenesis has ceased (Kempermann 
and Gage 1999; Ming and Song 2011; Bonaguidi 
et al. 2012; Kempermann et al. 2015).

The generation of DGCs in the adult hippo-
campus is a dynamically regulated stepwise pro-
cess. Radial glial cells, type 1 cells, are the largely 
quiescent NSCs located in the dentate SGZ. Once 
activated, these NSCs give rise to neural progeni-
tors, type 2 cells. These cells have self-renewal 
capacity, but at some point, they undergo asym-
metric cell division and generate neuroblasts, 
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type 3 cells, which rapidly exit the cell cycle and 
migrate a short distance into the dentate granule 
cell layer, where they mature to become func-
tional DGCs that integrate into pre-existing hip-
pocampal circuitry (Bonaguidi et  al. 2012; 
Kempermann et  al. 2015). The production, sur-
vival, and integration of newborn neurons is a 
highly regulated process that is dependent upon 
the expression and action of many factors within 
the neurogenic niche as well as the activity of the 
hippocampal circuitry itself. Indeed, many more 
immature neurons are produced that survive to 
maturity as functionally integrated newborn 
DGCs (Biebl et al. 2000; Dranovsky et al. 2011; 
Al-Onaizi et  al. 2020; Babcock et  al. 2021; 
Amanollahi et al. 2023). Adult-born DGCs sub-
stantially remodel the pre-existing hippocampal 
circuitry (Braun and Jessberger 2014), and are 
thought to play a unique role in hippocampal cir-
cuitry as they traverse through an immature state 
in which they have physiologically distinct prop-
erties from mature neurons (Ge et al. 2007, 2008). 
For example, young adult-generated DGCs are 
more excitable than mature granule neurons that 
are generated during development, and exhibit a 
lowered threshold for long-term potentiation 
(LTP). Many studies in experimental animals 
have demonstrated that these immature DGCs 
(4–6  weeks old in mouse and rat) play critical 
roles in different forms of hippocampal- 
dependent functions (Ming and Song 2011; 
Rodriguez-Iglesias et  al. 2019; Li et  al. 2023), 
including memory consolidation (Kumar et  al. 
2020), spatial/temporal pattern separation 
(Clelland et al. 2009), affect regulation (Snyder 
et al. 2011), social recognition (Cope et al. 2020), 
stress-induced anxiety (Planchez et al. 2021), and 
social avoidance (Lagace et al. 2010). It has been 
postulated that adult-generated DGCs may be 
recruited to networks that represent the environ-
ment in which they mature, distinct from those 
DGCs generated early during development 
(Tashiro et al. 2007; Aimone et al. 2009, 2014).

While ongoing debate surrounds the extent 
and duration of adult hippocampal neurogenesis 
in the adult human brain (Kempermann 2014; 
Sorrells et al. 2018; Lucassen et al. 2019), mount-
ing evidence suggests that hippocampal neuro-

genesis may continue throughout life in human 
(Eriksson et al. 1998; Knoth et al. 2010; Spalding 
et al. 2013; Boldrini et al. 2018; Moreno-Jimenez 
et al. 2019; Tobin et al. 2019). It has been esti-
mated that hundreds of new neurons are inte-
grated into the hippocampus daily in middle-aged 
adults (Spalding et  al. 2013; Lucassen et  al. 
2019). These estimates are concurrent across dis-
tinct studies utilizing carbon dating of genomic 
neuronal DNA (Spalding et al. 2013), and stereo-
logical analysis of hippocampal neurogenesis in 
postmortem tissue from individuals free of psy-
chiatric treatments or cognitive impairment 
(Boldrini et  al. 2018). Even a relatively small 
addition of these new neurons could significantly 
influence hippocampal circuits relevant to human 
behavior due to their unique electrophysiological 
and synaptic properties (Aimone and Gage 2011; 
Snyder and Cameron 2012; Snyder 2019).

5.3  Functional Roles of Adult 
Hippocampal Neurogenesis

Increased numbers of young adult-born DGCs 
are associated with improved hippocampal func-
tion, while decreased numbers are associated 
with deficient hippocampal function (Bonaguidi 
et  al. 2012; Braun and Jessberger 2014; 
Kempermann et al. 2015). For example, inhibit-
ing the proliferation of SGZ neural progenitors 
and subsequent production of new DGCs with 
irradiation or genetic methods lead to changes in 
affective behaviors in animal models and abol-
ishes the effect of antidepressants (Santarelli 
et al. 2003; Wang et al. 2008; Surget et al. 2011; 
Brooker et  al. 2017). Inhibiting the activity of 
adult-born immature neurons promotes stress 
susceptibility while increasing the numbers or 
activity of adult-born neurons confers stress 
resilience (Hill et al. 2015; Anacker et al. 2018; 
Tunc-Ozcan et al. 2019; Segi-Nishida and Suzuki 
2022). Further, chronic stress reduces adult neu-
rogenesis, which contributes to depression and 
anxiety-like symptoms in rodents (Tunc-Ozcan 
et al. 2019, 2021) and primates (Wu et al. 2014), 
and decreases hippocampal volume in humans 
(Wang et al. 2010; Boldrini et al. 2013). Recently, 

5 Adult Hippocampal Neurogenesis as a Therapeutic Target in Fetal Alcohol Spectrum Disorder



96

it has been shown that adult-born neurons directly 
inhibit the activity of mature granule cells in the 
dentate gyrus, which resulted in increased resil-
ience against chronic stress (Anacker et al. 2018). 
Also, the survival of adult-born immature neu-
rons is increased by living in an enriched envi-
ronment in mice previously exposed to social 
defeat stress (Schloesser et  al. 2010). Silencing 
adult-generated DGCs via transgenic tools blocks 
the stress resilience afforded by enriched 
 environment (Schloesser et  al. 2010; Pereira-
Caixeta et al. 2017).

Immature neurons can bidirectionally manip-
ulate hippocampal network activity based on 
incoming synaptic information, as lateral ento-
rhinal inputs reduce the activity of mature neu-
rons, while medial entorhinal inputs increase it 
(Luna et al. 2019). In addition, adult-born imma-
ture neurons form synapses with CA3 pyramidal 
neurons and interneurons both in the dentate 
gyrus and CA3, which gives them the ability for 
disynaptic feedback inhibition on mature granule 
cells (Toni et  al. 2008; Temprana et  al. 2015). 
Interestingly, immature neurons transform the 
synapses of existing mature granule cells, which 
lead to rewiring of the hippocampal circuitry 
(Toni and Schinder 2015). These properties pro-
vide great flexibility to adult-born neurons and 
partly explain their involvement in learning and 
memory functions as well as pattern separation.

Adult-born neurons contribute to various 
forms of learning and memory, such as spatial 
navigation, contextual fear conditioning, and pat-
tern discrimination. Factors that reduce adult 
neurogenesis impair spatial learning (Snyder 
et  al. 2005; Dupret et  al. 2008; Garthe et  al. 
2009), while increasing the number of adult-born 
neurons improves spatial learning (Sahay et  al. 
2011). Eliminating adult-born neurons leads to 
various learning and memory deficits, measured 
by hippocampal-dependent behavioral tests, such 
as the Morris water maze, Barnes maze, and 
radial arm (Winocur et al. 2006; Jessberger et al. 
2009; Kitamura et  al. 2009). Also, silencing 
adult-born neurons impairs the acquisition and 
recall of contextual fear conditioning, which 
depends on the functional hippocampus 
(Huckleberry et al. 2018). Deficits in fear condi-

tioning have been repeatedly accompanied by 
reduced numbers or complete ablation of adult- 
born neurons (Tronel et al. 2012). On the other 
hand, running increases the number of adult-born 
neurons while improving spatial learning and 
memory (Sahay et  al. 2011; Vivar et  al. 2023). 
Likewise, living in an enriched environment 
makes mice learn more flexibly in a spatial learn-
ing and memory task, due to increased adult neu-
rogenesis (Garthe et al. 2009).

Pattern separation is the discrimination of 
highly similar contexts or events that occur close 
to each other in time. Pattern separation is crucial 
to avoid interference between memories and is 
regulated by adult hippocampal neurogenesis. In 
the context fear discrimination test, which mea-
sures the freezing behavior of animals in a cham-
ber where a mild foot shock is delivered compared 
to a very similar chamber with no foot shock, 
animals with impaired adult neurogenesis per-
form worse than controls (Tronel et  al. 2012). 
However, in the same task, increasing adult neu-
rogenesis by enhancing the survival of adult-born 
neurons improves pattern separation, as mea-
sured by increased freezing in the shock context 
compared to no shock context (Sahay et al. 2011). 
Also, increased neurogenesis as a result of exer-
cise leads to better spatial discrimination in a 
touch screen test (Creer et al. 2010). Nevertheless, 
stress-induced impairments in adult neurogenesis 
lead to deficits in pattern separation, which is 
proposed to be one of the underlying mechanisms 
for affective disorders and cognitive decline, 
especially post-traumatic stress disorder (Gandy 
et al. 2017; Wu et al. 2021).

5.4  Adult Hippocampal 
Neurogenesis and FASD

The significance of studying adult hippocampal 
neurogenesis as a potential therapeutic target in 
FASD is primarily drawn from animal studies 
indicating lasting reductions in neurogenesis 
after exposure to alcohol during development 
(Choi et al. 2005; Ieraci and Herrera 2007; Gil- 
Mohapel et al. 2010a, b, 2011; 2014; Klintsova 
et  al. 2007, 2012; Kajimoto et  al. 2013, 2016; 
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Gustus et al. 2020). In addition, adult hippocam-
pal neurogenesis regulates many hippocampal- 
dependent behaviors that are also disrupted in 
clinical FASD (Streissguth and O'Malley 2000; 
O'Connor and Paley 2009; Hellemans et  al. 
2010).

Using a continuous access model of gesta-
tional alcohol exposure in mice and bromode-
oxyuridine (BrdU) labeling of hippocampal 
progenitors, early studies first demonstrated that 
moderate prenatal alcohol exposure (PAE) (peak 
maternal blood alcohol of 80–120 mg%) had no 
effect on adult hippocampal neurogenesis when 
mice were housed under standard conditions. 
However, in this moderate exposure paradigm, 
offspring were unable to mount a neurogenic 
response to housing under enriched living condi-
tions, which is one of the most potent drivers of 
adult hippocampal neurogenesis (Choi et  al. 
2005). Control mice displayed a two- to threefold 
increase in neurogenesis under conditions of 
social and physical enrichment, whereas PAE 
mice displayed no neurogenic response. 
Impairment of enrichment-mediated neurogene-
sis was not due to impaired progenitor prolifera-
tion or size of the progenitor pool, but appeared 
to be due to impaired survival of newly generated 
DGCs in response to enrichment. Using induc-
ible transgenic reporter mice to fate map the neu-
rogenic lineage in this PAE model, subsequent 
studies provided evidence to indicate decreased 
survival and integration of newly generated early 
postmitotic DGCs coupled with impaired pattern 
discrimination learning (Kajimoto et  al. 2013). 
Although the numbers of adult-generated DGCs 
in PAE mice were significantly diminished com-
pared to controls under enriched conditions, 
patch-clamp recordings of retrovirally birthdated 
DGCs demonstrated a marked increase in the fre-
quency of spontaneous excitatory input onto 
newborn DGCs in PAE suggesting a compensa-
tory response and alterations in circuit function 
(Kajimoto et al. 2016). Interestingly, PAE blunted 
enrichment-mediated increases in dendritic com-
plexity within both developmentally generated as 
well as adult-generated DGCs, indicating an 
overall impairment of hippocampal structural 
and functional plasticity (Kajimoto et  al. 2013; 

Gustus et  al. 2020). These studies imply that 
exposure to even moderate levels of alcohol dur-
ing gestation may limit the ability of individuals 
to optimally adapt to enriched social and physical 
experiences, and possibly limit their ability to 
respond optimally to certain types of behavioral 
training therapy. This is important, since moder-
ate drinking is the most common pattern of drink-
ing during pregnancy in women. Importantly, 
moderate alcohol exposure during the third tri-
mester equivalent using vapor chamber delivery 
to achieve pup blood alcohol levels of ~160 mg% 
did not impair the neurogenic response to enrich-
ment in mice (Gustus et al. 2019), even though 
this dosing paradigm resulted in long-term defi-
cits in white matter integrity (Newville et  al. 
2017, 2022).

Subsequent studies examined the effects of 
binge-like exposure to ethanol during the early 
postnatal period in rats, corresponding to the 
human third trimester equivalent (Klintsova et al. 
2007). Using daily intragastric gavage to attain 
pup blood alcohol concentrations of 
315–409 mg% at postnatal age 4–10, these inves-
tigators demonstrated a marked reduction in the 
number of adult-generated DGCs under standard 
housing conditions, as assessed using BrdU to 
label proliferating progenitors in adulthood 
(Klintsova et al. 2007). This group later showed 
that the deficit in adult hippocampal neurogene-
sis in response to high dose alcohol during the 
early postnatal period in rat could be restored to 
baseline with exercise and social enrichment 
(Hamilton et  al. 2012). Going one step further, 
Gil-Mohapel et  al., (Gil-Mohapel et  al. 2011) 
investigated the impact of developmental alcohol 
during all three trimester equivalents in rats (i.e., 
from conception to postnatal day 10), where peak 
blood alcohol concentrations 
were  ~  140–194  mg% during gestation (mater-
nal) and 210  mg% (pup) by postnatal day 10. 
These investigators found no effect on the rate of 
adult hippocampal neurogenesis under standard 
housing conditions at this alcohol dosing, but did 
observe a statistically significant reduction in the 
expression of an immature neuronal maturation 
marker, NeuroD, in young adult rats, suggesting 
dysregulated maturation of adult-generated 
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DGCs. Using BrdU labeling methods, these 
investigators later demonstrated an impact of 
moderate gestational exposure on hippocampal 
neurogenesis in aged (~1 year old), but not ado-
lescent, rats reared under standard housing condi-
tions (Gil-Mohapel et  al. 2014). In contrast, a 
single very high dose exposure to alcohol at post-
natal day 7 (subcutaneous injection of 5.5 gm/kg 
ethanol) reduced the pool of hippocampal pro-
genitors, blunted progenitor proliferation, and 
decreased the total number of neuroblasts in 
young adult mouse hippocampus (4  months of 
age) under standard housing conditions (Ieraci 
and Herrera 2007).

Taken together these studies suggest that high 
dose (binge-level) but not moderate dose alcohol 
exposure during the early postnatal period in 
mice and rats (i.e., human third trimester equiva-
lent) markedly impairs adult hippocampal neuro-
genesis in mice and rats even under standard 
housing conditions. In contrast, exposure to mod-
erate levels of alcohol throughout gestation (i.e., 
first and second trimester exposures) has no 
effect on baseline rates of adult hippocampal 
neurogenesis under standard housing conditions, 
but severely impairs the neurogenic response to 
behavioral challenge of living in an enriched 
environment and may speed the decline of neuro-
genesis in aged mice. Although species-specific 
differences in hippocampal neurogenesis across 
the lifespan make it challenging to compare 
across species (Bond et  al. 2022), time course 
analysis of human and animal neurogenesis with 
respect to lifespan suggests that rodent models 
may offer insights into human childhood neuro-
genesis (Snyder 2019). Given that cognitive and 
mental health issues in FASD emerge during 
brain development, the persistent impairment of 
postnatal hippocampal neurogenesis in animal 
models aligns with clinical observations of 
reduced hippocampal volume and dysfunctional 
temporal lobe networks in FASD (Riikonen et al. 
1999; Autti-Rämö 2002; Sowell et  al. 2007; 
Willoughby et al. 2008). Due to lack of in vivo 
neuroimaging markers, it remains unknown 
whether adult hippocampal neurogenesis is 
impaired in FASD; however, postmortem analy-
sis has identified impaired hippocampal neuro-

genesis associated with human neurodegenerative 
disease (Moreno-Jimenez et  al. 2019; Terreros- 
Roncal et al. 2021).

5.5  Antidepressants 
and Neurogenesis

Antidepressants are commonly prescribed in 
adults and children with FASD to deal with 
comorbid depression and anxiety (Caldwell et al. 
2008; Weyrauch et  al. 2017; Andreu-Fernández 
et al. 2024). Senturias et al. (2022) analyzed data 
from the 2017 IBM Watson Health MarketScan 
Multistate Medicaid and Commercial Claims 
focusing on claims for children ages 0 to 17 with 
a FASD diagnosis, to review psychotropic medi-
cation use. They found that antidepressants were 
the third most common psychotropic drug cov-
ered by private insurance and the fifth most com-
mon psychotropic drug covered by Medicaid. 
Wrath et  al. (2022) utilized Canada’s national 
FASD database to examine medication prescrip-
tion patterns. Antidepressants were commonly 
prescribed to the FASD population, especially if 
they had salient facial features. Importantly they 
found that rates of antidepressant use in the 
FASD population differed with age; patients 
older than 25 were prescribed antidepressants 
more commonly than younger cohorts. This shift 
of antidepressant use may be due to the black box 
warning of some antidepressants in populations 
below 25. However, it can also indicate a change 
in symptomology in FASD patients with age. 
Females were also more commonly prescribed 
antidepressants than males (Wrath et  al. 2022). 
The most common class of antidepressant pre-
scribed in the FASD population are selective 
serotonin reuptake inhibitors (SSRIs) (Durr et al. 
2021). Despite their common use in FASD popu-
lations, the effectiveness of antidepressants in the 
FASD population has not been comprehensively 
addressed. Mela conducted a systematic review 
of articles addressing the utility of psychotropic 
drugs on FASD patients (Mela et al. 2018; Mela 
et al. 2020; Durr et al. 2021). Coe et al. (2001) 
mentioned that there was a positive response to 
the antidepressant sertraline (Coe et  al. 2001). 
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Ritfeld et al. (2024) noted the Coe paper as the 
only paper to discuss effectiveness of antidepres-
sants in patients with FASD.

The cellular and molecular mechanisms 
underlying the behavioral effects of 
 antidepressants are not well defined. However, 
adult hippocampal neurogenesis has been impli-
cated repeatedly in antidepressant action, behav-
ioral responses to stress, and the pathophysiology 
of mood disorders (Snyder 2019). Abnormal hip-
pocampal structure and function are common in 
patients with mood disorders. Chronic antide-
pressant treatment improves these abnormalities 
and prevents hippocampal volume reduction in 
patients (Boldrini et al. 2013). Also chronic anti-
depressant treatment increases the number of 
immature neurons in the SGZ of the dentate 
gyrus in animal models (Sheline et  al. 2003; 
Malberg 2004; Wang et  al. 2008; Zhao et  al. 
2008; Surget et  al. 2011; Boldrini et  al. 2013; 
Clarke et  al. 2017). In contrast, reducing the 
number of adult-born immature DGCs leads to 
changes in affective behaviors (Snyder et  al. 
2011) and abolishes the antidepressant effect 
(Santarelli et al. 2003; Surget et al. 2008, 2011; 
Wang et al. 2008; Brooker et al. 2017). Further, 
environmental enrichment and exercise have 
antidepressant effects and improve mood together 
with a rise in neurogenesis (Schloesser et  al. 
2010; Sahay et al. 2011; Vivar et al. 2023).

It has recently been shown that increased 
numbers of immature DGCs mediate behavioral 
effects of multiple classes of antidepressants in 
mice via a shared signaling pathway (Tunc- 
Ozcan et al. 2021). Furthermore, multiple classes 
of antidepressants, including tricyclic antidepres-
sants (Han et  al. 2011), monoamine oxidase 
inhibitors (Morais et  al. 2014), selective sero-
tonin reuptake inhibitors (SSRIs) (Tunc-Ozcan 
et  al. 2019), and serotonin-noradrenaline reup-
take inhibitors (SNRIs) (Belovicova et al. 2017) 
increase adult-hippocampal neurogenesis.

These antidepressants manifest effects several 
weeks after beginning the treatment. Noticeably, 
adult-born immature neurons form synaptic out-
puts roughly around the first 3 weeks of their 
birth (Carli et  al. 2021). Then, it takes 4 to 
6 weeks for adult-born immature neurons to fully 

incorporate into the dentate gyrus circuit (Snyder 
et al. 2001; Toni et al. 2007, 2008) and contribute 
to behavioral changes (Denny et al. 2012; Braun 
and Jessberger 2014; Brooker et al. 2017). These 
observations led to the neurogenic hypothesis of 
antidepressant action, which suggests that the 
delay of therapeutic responses to antidepressants 
reflect the time required for adult-born immature 
neurons to incorporate into the hippocampal cir-
cuitry and initiate effective physiological and 
behavioral changes (Malberg and Schechter 
2005; Park 2019; Carli et  al. 2021; Wu et  al. 
2021).

Chronic antidepressant treatment also 
increases the activity of immature neurons, which 
was demonstrated using chemogenetic technol-
ogy in transgenic mice to selectively manipulate 
the activity of adult-born immature dentate gyrus 
neurons without affecting the number of newborn 
cells (Tunc-Ozcan et al. 2019). Remarkably, acti-
vating immature DGCs is sufficient to alleviate 
depression-like behavior and reverse the adverse 
effects of unpredictable chronic mild stress (Tunc-
Ozcan et al. 2019; Rawat et al. 2022). The rapid-
acting effects of ketamine, a newly approved 
antidepressant, are mediated by such an increase 
in the neuronal activity of adult- generated DGCs, 
while its sustained effects are facilitated by an 
increase in the numbers of immature neurons 
(Rawat et al. 2022, 2024). On the contrary, chronic 
silencing of immature neurons via chemogenetic 
tools prevents antidepressant effects and leads to 
increased depression- and anxiety-like behaviors 
in mice (Tunc-Ozcan et al. 2019).

These results point to the importance of imma-
ture neurons to hippocampal network activity and 
computations (Alvarez et  al. 2016; Drew et  al. 
2016; Luna et al. 2019) and how this can influ-
ence antidepressant action. Since newborn neu-
rons form synapses more readily, are more 
excitable, and have more synaptic plasticity 
(Cope and Gould 2019), the complex effects of 
antidepressants and experiences that have 
antidepressant- like effects rely on both increased 
numbers of immature dentate gyrus neurons and 
their activity plus changes in their synaptic con-
nectivity in parallel to changes in hippocampal 
circuitry.
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Whether SSRI administration can restore 
adult hippocampal neurogenesis in rodent mod-
els of FASD has not been explored. Although 
SSRIs enhance neural plasticity through a 
 number of mechanisms, studies outlined above 
demonstrate that stimulation of neurogenesis is a 
key requirement for its antidepressant action. 
Notably, previous work in the field of develop-
mental toxicology demonstrated that fluoxetine, 
a first-line antidepressant, ameliorates depression 
induced by developmental arsenic exposure via a 
neurogenic mechanism (Tyler et al. 2014).

5.6  Transcranial Stimulation 
Strategies

Adult hippocampal neurogenesis is an activity- 
dependent process that is tightly linked to excita-
tion (Deisseroth et  al. 2004; Song et  al. 2016). 
The survival and incorporation of adult- generated 
DGCs into the existing circuitry requires activa-
tion of existing DGCs through activity-dependent 
synaptic input during a critical period in their 
maturation (Ge et al. 2007; Kheirbek et al. 2012). 
Stimulation of hippocampal inputs to newborn 
DGCs via deep brain stimulation or chemoge-
netic activation of the entorhinal cortex promotes 
neurogenesis (Stone et al. 2011; Yun et al. 2018, 
2023a); facilitates spatial memory (Stone et  al. 
2011), behavioral pattern separation and cogni-
tive flexibility (Yun et  al. 2023b); and induces 
antidepressive-like behavior that relies on the 
generation of new DGCs (Yun et  al. 2018). 
Potential mechanisms by which developmental 
alcohol impairs adult hippocampal neurogenesis 
include altered neurophysiological function of 
the existing hippocampal circuitry and/or inabil-
ity of newly generated DGCs to respond appro-
priately to activity-dependent integration. Prior 
studies have demonstrated that dendritic branch-
ing in response to experience is significantly 
impaired in both developmentally generated and 
adult-generated DGCs in mice exposed to alco-
hol throughout gestation (Kajimoto et al. 2016). 
Indeed, broad impairment of neuronal plasticity 
following gestational alcohol has been well- 
documented in preclinical studies of FASD sug-

gesting that disrupted plasticity is a primary 
contributor to cognitive deficits associated with 
FASD (Patten et  al. 2013; Lantz et  al. 2015). 
Stimulation strategies that target enhanced plas-
ticity may therefore also target adult hippocam-
pal neurogenesis in clinical FASD.

Techniques to stimulate the function of the 
hippocampal circuit and adult newborn dentate 
granule cells include electric convulsive therapy, 
deep brain stimulation, transcranial magnetic 
stimulation (TMS), and transcranial direct cur-
rent stimulation (tDCS). Among these, tDCS is a 
readily accessible, non-invasive, and safe brain 
stimulation technique that shows promise as a 
neuromodulatory therapy that is being explored 
for various neurological and psychiatric condi-
tions (Bikson et  al. 2016). Depending on the 
polarity of the stimulation, tDCS can have a 
depolarizing or hyperpolarizing effect (Antal 
et al. 2004). Importantly, tDCS has been shown 
to have neuroplastic effects (Pelletier and 
Cicchetti 2015; Das et  al. 2016; Barbati et  al. 
2022). tDCS can increase long-term potentiation 
in the hippocampus of mice by transiently 
increasing intracellular calcium, which in turn 
increases BDNF exon 1 expression through 
pCREB binding (Podda et al. 2016). This tDCS 
treatment improved hippocampal-dependent spa-
tial navigation and recognition in the Morris 
water maze and novel object recognition task 
(Podda et al. 2016). Furthermore, tDCS has been 
shown to effect structural plasticity. Paciello 
et al. (2018) observed an increase in spine density 
in the auditory cortex after tDCS in this area. 
Increased spine density has also been demon-
strated in the motor cortex after tDCS stimula-
tion, which was accompanied by enhanced 
forelimb strength in mice (Barbati et al. 2022).

More recent studies have demonstrated that 
multisession tDCS enhances hippocampal neuro-
genesis and context discrimination in mice. Yu 
et  al. (2017), applied anodal tDCS on the skull 
over the hippocampus in mice daily for 10 days 
and observed increased proliferation of dentate 
NSCs and increased survival of newly generated 
DGCs (Yu et  al. 2017). In addition, this study 
demonstrated that this tDCS protocol also 
enhanced performance on a contextual fear dis-
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crimination task that was reliant on adult hippo-
campal neurogenesis. These results suggest an 
important role for neurogenesis as a mediator of 
cognitive improvement following tDCS therapy.

In humans, tDCS can enhance synaptic plas-
ticity in an activity-dependent manner and can 
promote cognitive and motor functions (Saucedo 
Marquez et  al. 2013; Jones et  al. 2017; Pisoni 
et al. 2018), and represents a potential therapeu-
tic approach to treat clinical FASD. Boroda et al., 
(2019) describe a randomized controlled clinical 
trial of tDCS therapy targeting the prefrontal cor-
tex, coupled with cognitive training in children 
with FASD (Boroda et al. 2020). This study dem-
onstrated that tDCS was well-tolerated in chil-
dren and that children who underwent tDCS 
paired with concurrent cognitive training did bet-
ter than sham controls when evaluated for atten-
tion; however, there were no differences in 
working memory or on a trail-making task. In 
humans with depression, tDCS that targeted the 
dorso-lateral prefrontal cortex increased gray 
matter in the target and also in areas connected to 
the target, the bilateral posterior cingulate cortex, 
the subgenual anterior cingulate cortex and the 
right hippocampus, thalamus and left caudate 
brain regions (Jog et al. 2023). This shows that 
tDCS can be used to target depression, a common 
ailment in the FASD population, and can also 
affect circuitry. The effects of tDCS are not con-
strained to the area of interest. tDCS has been 
investigated as a complimentary technique to 
facial emotion-recognition training, emotion and 
empathy training, and social interaction model-
ing training in adults with autism spectrum disor-
der (Wilson et al. 2021). In these studies, tDCS 
subjects displayed increased verbal fluency in 
emotional words and emotional quotients scores.

TMS is a similar type of non-invasive stimula-
tion therapy that targets brain regions using a 
magnetic field generated over the scalp to boost 
neural activity, with some clinical benefit in chil-
dren with attention deficit hyperactivity disorder 
(ADHD) (Gomez et  al. 2014) and autism spec-
trum disorder (Gomez et  al. 2017). Repetitive 
TMS (rTMS) has been approved by the FDA for 
use in major depressive disorder. In mice, rTMS 

has been shown to increase neurogenesis in 
radiation- induced brain injury, with reduction in 
anxiety-like behavior as measured by the open 
field test and the open plus maze; these mice also 
showed increased spatial navigation through the 
Morris water maze (Qin et al. 2024). Interestingly, 
Qin et  al. (2024) showed that blocking BDNF 
was sufficient to block the rTMS improvements. 
BDNF is important to neuroplasticity. Ramírez- 
Rodríguez et al. (2023)saw that rTMS increased 
neurogenesis in chronically stressed mice, with 
improvement in depression-like behaviors mea-
sured through coat state, open field test, and 
forced swim test (Ramírez-Rodríguez et  al. 
2023). The antidepressive effects of rTMS was 
further observed by Zuo et  al. (2020). They 
observed that rTMS in stress-induced depression 
improved depression-like behaviors and this was 
accompanied by increases in hippocampal neuro-
genesis and proteins involved in neuroplasticity 
(i.e., BDNF, trkB, p-trkB) (Zuo et  al. 2020). 
Interestingly, a combination therapy of fluoxetine 
and rTMS on stress-induced depression in mice 
showed additive improvement on depressive-like 
behavior (Ramírez-Rodríguez et  al. 2023). 
Although there were additive improvements, 
there were similar levels of increased neurogen-
esis in rTMS, fluoxetine, and combo-treated mice 
compared to control-stressed mice (Ramírez- 
Rodríguez et al. 2023). A proof-of-concept study 
on rTMS in FASD children was conducted by 
Melder et  al. (2023). Although well-tolerated, 
there was no improvement in attention, social- 
emotional regulation, and executive functions 
(Melder et  al. 2023). However, Melder et  al. 
(2023) suggest that their rTMS intervention pro-
tocol was insufficient as it had the lowest number 
of sessions in total and per week compared to 
other effective interventions.

Taken together, these studies suggest that tran-
scranial stimulation may hold promise in the 
treatment of FASD. Although evidence indicates 
that transcranial stimulation upregulates hippo-
campal neurogenesis in experimental rodents, it 
will be important to test this in preclinical models 
of FASD to determine whether neurogenic defi-
cits can be reversed.
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Fig. 5.1 Impact of developmental alcohol on adult hippocampal neurogenesis and potential therapeutic benefits of 
serotonin reuptake inhibitors (SSRIs) and transcranial stimulation

5.7  Summary and Conclusion

In summary, adult hippocampal neurogenesis is a 
unique form of neural plasticity that regulates 
many hippocampal functions that are deficient in 
FASD. Although it is currently unknown whether 
adult neurogenesis is impaired in clinical FASD, 
ample preclinical work has shown detrimental 
effects of developmental alcohol on adult hippo-
campal neurogenesis and the neurogenic response 
to experience. Potential approaches to ameliorate 
these deficits include antidepressants and tran-
scranial stimulation techniques, which are both 
available and being tested in clinical FASD 
(Fig. 5.1). While these approaches are promising, 
it is important to test their mechanisms of action 
in preclinical models, including their ability to 
target hippocampal function and adult hippocam-
pal neurogenesis in preclinical models of FASD.
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6Impact of Developmental Alcohol 
Exposure on Sleep Physiology

Valentina Licheri and Jonathan L. Brigman

Abstract

The present chapter summarizes the clinical 
and preclinical findings collected to date, 
showing the impact of developmental alcohol 
exposure on sleep physiology. Sleep is a com-
plex physiological process that plays a pivotal 
role in maintaining overall health and well- 
being via its involvement in regulating physi-
ological, cognitive, and emotional functions. 
Clinical studies consistently report a high 
prevalence of sleep disturbances in children 
and adolescents diagnosed with fetal alcohol 
spectrum disorders (FASDs), including short 
sleep duration, sleep anxiety, bedtime resis-
tance, increased sleep fragmentation, and 
parasomnias. It is established that alcohol 
consumption during gestation impairs brain 
development, leading to structural and func-
tional alterations that may affect sleep archi-
tecture. In addition, clinical investigations 
have found a significant correlation between 
sleep-wake cycle disruptions and cognitive 
impairments after developmental alcohol 
exposure, and sleep disturbances are increas-
ingly recognized as a substantial problem 

among FASD patients. However, the molecu-
lar mechanisms underlying these disturbances 
are poorly understood. Surprisingly, few stud-
ies with animal models of FASDs have char-
acterized the effect of developmental ethanol 
exposure on sleep physiology, and these have 
focused on high doses. This chapter provides 
an overview of the current knowledge, reports 
the sleep disturbances in FASD patients, and 
then summarizes the gap in understanding the 
molecular and physiological mechanisms.

Keywords

Prenatal alcohol exposure · Sleep distur-
bances · Sleep physiology · FASDs · NREM · 
REM

This chapter explores the impact of developmen-
tal alcohol exposure on sleep processes. 
Alterations in sleep duration and quality have 
been widely reported in people with FASD, and 
clinical investigations have found a significant 
correlation between sleep-wake cycle disruptions 
and cognitive impairments after developmental 
alcohol exposure. This chapter describes the 
present understanding of sleep alterations 
observed in children and adolescents diagnosed 
with FASD, first providing a brief overview of 
the sleep phases and sleep disturbances, and then 
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summarizing the clinical evidence collected to 
date. Finally, we review the preclinical studies 
performed in rodent models to pinpoint the 
molecular mechanism underlying the sleep alter-
ations. Furthermore, we briefly outline the sleep 
disturbances observed in adult drinkers to high-
light the current knowledge about the relation-
ship between sleep physiology and alcohol 
consumption, as well as to emphasize the need 
for the development of innovative therapeutic 
strategies for FASD and alcohol use disorder 
(AUD).

6.1  Fetal Alcohol Spectrum 
Disorders Prevalence 
and Impact

Fetal alcohol spectrum disorders (FASDs) repre-
sent a global health issue due to their high preva-
lence. The Global Epidemiological Data Report 
estimates the global prevalence of children and 
youth diagnosed with FASDs at ~7.7 per 1000 
population (Lange et al. 2017). The highest prev-
alence was observed in the World Health 
Organization (WHO) European Region at ~19.8 
per 1000 population, while the prevalence for the 
WHO Eastern Mediterranean Region is 0.1 per 
1000. Interestingly, the country with the highest 
estimated prevalence is South Africa (111.1 per 
1000 population) (Lange et  al. 2017; Popova 
et  al. 2017, 2023). The estimated FASD preva-
lence in the United States is 1–5% of the popula-
tion (May et  al. 2018). The term FASDs 
encompasses the group of cognitive and behav-
ioral difficulties observed in children, adoles-
cents, and adults who were exposed to alcohol 
before birth (Center for Substance Abuse 2014). 
Persons diagnosed with FASD exhibit deficits in 
executive function (Mattson et al. 2019; Khoury 
et  al. 2015; Kodituwakku 2009), learning and 
memory (Crocker et  al. 2011; Mattson and 
Roebuck 2002), and attention (Coles et al. 2002; 
Mattson et  al. 2006). Parents of children with 
FASD commonly report emotional and behav-
ioral problems, suggesting difficulties in emo-
tional processing (Petrenko et  al. 2017). Sleep 
disturbances are a clinically important symptom 

of FASD that impacts daytime activities (Wengel 
et al. 2011). Multiple clinical investigations have 
observed higher sleep-wake cycle disruptions in 
children with underlying neurodevelopmental 
disorders and that decreased sleep quality was 
correlated with cognitive impairments, including 
difficulties in cognitive flexibility, memory and 
learning, attention, and verbal creativity (Jan 
et al. 2008; Stores 2001). In the context of FASD, 
the prevalence of children exhibiting sleep altera-
tions, including short sleep duration, sleep frag-
mentation, sleepwalking, and night awakening, 
has been estimated to be as high as 80% (Troese 
et al. 2008; Jan et al. 2010). Despite having the 
highest prevalence of symptoms reported in clini-
cal studies, sleep disturbances in patients with 
FASD are still under-investigated and poorly 
understood, in part due to challenges in early 
diagnosis (Benz et al. 2009; Ipsiroglu et al. 2013). 
Physicians often fail to ask about possible altera-
tions in sleep physiology and parents can fail to 
report these (Bertrand 2009; Ipsiroglu et  al. 
2013). To date, clinical investigations reporting 
objective sleep assessments in children with 
FASD are limited, with few studies using sleep 
measures such as polysomnography and actigra-
phy (Kamara and Beauchaine 2020; Pesonen 
et al. 2009; Wengel et al. 2011; Goril et al. 2016). 
Surprisingly, there are also a limited number of 
studies investigating the sleep patterns and archi-
tecture in animal models of FASD.  Although 
sleep disturbances represent a serious and signifi-
cant problem in the FASD community, our cur-
rent knowledge is not adequate to fully address 
the issue. Better characterization of the sleep pat-
terns following developmental alcohol exposure 
may also help explain the cognitive and emo-
tional difficulties commonly seen in children, 
adolescents, and adults with FASD.

6.2  Sleep Physiology

Sleep is a complicated physiological process char-
acterized by an active state of unconsciousness, 
during which the brain is reactive primarily to 
internal stimuli (Brinkman et  al. 2024). In addi-
tion, sleep plays a pivotal role in multiple biologi-
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cal and physiological processes including 
metabolic regulation (Schmidt 2014), metabolite 
clearance from the brain (Xie et al. 2013), brain 
plasticity, memory processing (Abel et  al. 2013; 
Rasch and Born 2013; Tononi and Cirelli 2014), 
and maintenance of synaptic homeostasis (Tononi 
and Cirelli 2003, 2006). Sleep is regulated by two 
systems: the circadian system and sleep-wake 
homeostasis. The circadian system controls and 
synchronizes biological rhythms, including the 
sleep and wake cycle, hormonal secretion (melato-
nin and cortisol), and body temperature cycle 
(Borbély and Achermann 1999; Bathory and 
Tomopoulos 2017). The activity of the circadian 
system is regulated by the suprachiasmatic nucleus 
(SCN) in the hypothalamus (Colwell 2011; 
Hastings et al. 2019). Furthermore, the sleep-wake 
cycle is governed by sleep-wake homeostasis, a 
process that regulates and maintains the balance 
between wakefulness and sleep (Deboer 2015).

6.2.1  Sleep Phases

Even though sleep is commonly thought of as a 
state of rest, it is a dynamic process characterized 
by significant changes in brain wave activity with 
distinguishable electrophysiological properties. It 
is organized into two major phases: non-rapid eye 
movement (NREM) sleep and rapid eye move-
ment (REM) sleep which are cycled throughout 
the dark phase. NREM sleep can be further seg-
mented into three sub-phases numbered N1, N2, 
and N3; N3 is also called slow- wave sleep (SWS) 
(Patel et  al. 2024; Brinkman et  al. 2024). The 
NREM sleep phase represents 75–80% of total 
sleep duration, while the REM covers the remain-
ing 20–25% (Institute of Medicine Committee on 
Sleep and Research 2006).

Each phase and sub-phase of sleep is associ-
ated with distinctive electrophysiological proper-
ties. N1 represents the transition from wakefulness 
to sleep, during which electroencephalogram 
(EEG) recordings exhibit alpha waves (frequency 
8–12 Hz) (Berry et al. 2017; Feriante and Araujo 
2024). The brain activity recorded during N2 
shows the presence of sleep spindles (brief oscil-
lation of 12–14 Hz) and K-complexes (0.5–2 Hz) 

(Berry et al. 2017); there are several studies sup-
porting the hypothesis that sleep in this phase is 
crucial for memory consolidation since it has 
been found a significant increase in density of 
sleep spindles in learners compared to the control 
group (Gais et  al. 2002; Feriante and Araujo 
2024). N3 is characterized by the presence of 
delta waves (0.5–2 Hz) (Berry et al. 2017, Feriante 
and Araujo 2024). REM sleep is well- 
acknowledged as the phase of dreaming, and its 
EEG spectral analysis exhibits theta waves 
(1–3 Hz). REM is also involved in memory pro-
cessing and consolidation (Boyce et  al. 2017; 
Perogamvros and Schwartz 2012), and in regulat-
ing emotional states (Walker and Van Der Helm 
2009). Interestingly, NREM and REM sleep 
phases are involved in different memory pro-
cesses, with the NREM sleep phase being required 
to consolidate declarative memory, while the 
REM sleep phase is thought to be critical for pro-
cedural memory (Rasch and Born 2013).

The neuroanatomical underpinnings of sleep 
are very complex, with various brain regions (see 
Fig. 6.1) involved in the control and regulation of 
the sleep-wake cycle, including the basal fore-
brain, hypothalamus, brainstem, and thalamocor-
tical circuits (Liu and Dan 2019; Wilson et  al. 
2024; Sulaman et  al. 2023). The wake phase is 
regulated by noradrenergic neurons expressed in 
the locus coeruleus (LC), serotonergic neurons in 
the raphe nuclei (RN), and orexinergic neurons of 
the lateral hypothalamus (LH) (Sulaman et  al. 
2023; Oh et al. 2019). In contrast, the neuronal 
populations involved in the sleep transition 
include GABAergic neurons expressed in the 
ventrolateral preoptic nuclei (VLPO), median 
preoptic nuclei (MnPO), brainstem, and the 
melanin- concentrating hormone-producing 
(MCH) neurons in the diencephalon (Oh et  al. 
2019). Interestingly, the basal forebrain plays a 
crucial role in regulating both sleep and wakeful-
ness. The cholinergic neurons, expressed in this 
brain area, are active during the wake and REM 
sleep phases (Lee et al. 2005).

Sleep phases are mediated by specific neuro-
nal populations. NREM sleep is regulated by the 
GABAergic/galaninergic neurons expressed in 
the ventrolateral area (VLPO) (Sulaman et  al. 
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Fig. 6.1 Schematic overview of the key brain regions and 
neuronal population involved in sleep-wake regulation, 
sleep phases, and sleep disturbances following develop-

mental alcohol exposure. = Brain regions involved in 

the wake phase: locus coeruleus (LC), raphe nuclei (RN), 
and lateral hypothalamus (LH). = Brain regions 
involved in the sleep phase: ventrolateral preoptic nucleus 
(VLPO; NREM phase), subcoeruleus nucleus (SubC; 
REM phase); median preoptic nuclei (MnPO), melanin- 
concentrating hormone-producing (MCH) neurons 

expressed in the diencephalon, brainstem (BS). = 

Brain regions involved in both wake and sleep: basal fore-

brain (BF) and LH modulate. = Brain areas most 
affected by developmental alcohol exposure: corpus cal-
losum, LH, BF, and suprachiasmatic nucleus (SCN). 
Neurotransmitter systems involved in sleep processes: 
Glut glutamatergic neurons; GABA GABAergic neurons; 
Ach cholinergic neurons; OX orexinergic neurons; Gal 
galaninergic neurons; 5-HT serotonergic neurons; NE nor-
adrenergic neurons

2023). Cortical interneurons, specifically parval-
bumin- and somatostatin-expressing interneu-
rons, are involved in the propagation of slow 
waves during NREM, while the thalamus, spe-
cifically GABAergic neurons in the thalamic 
reticular nucleus, regulates delta wave activity 
and sleep spindles (Venner et al. 2016; Sulaman 
et al. 2023).

In contrast, glutamatergic, GABAergic, and 
cholinergic neurons in the subcoeruleus nucleus 
are implicated in controlling the REM sleep 
phase (Sulaman et al. 2023). To further compli-
cate the picture, the transition from NREM to the 
REM sleep phase is regulated by monoaminergic 
and orexinergic neurons expressed in the pons, 
while the GABAergic neurons in the lateral 
hypothalamus are involved in modulating the 
REM sleep phase (Sulaman et al. 2023).

Even from this brief overview, it is clear that 
sleep is a complex process regulated by the 
orchestrated activity of several brain regions and 
neurotransmitters. Sleep also changes dynami-
cally during development and is critical for brain 

maturation during early life, childhood, and 
adolescence.

6.2.2  Sleep Changes Across 
Development

Sleep plays a pivotal role in several physiological 
processes, allowing for optimal physical and men-
tal health maintenance from early life until adult-
hood. Recent findings highlight the relationship 
between sleep and brain maturation, characterized 
by changes in sleep patterns and sleep architecture 
across ages. During the early stage of life (0–2 years 
of age), the total sleep duration is typically between 
14 and 20 h per day, and sleep patterns are biphasic, 
including a midday nap and overnight sleep 
(Iglowstein et al. 2003; Lokhandwala and Spencer 
2022). Starting in early childhood (3–5  years), 
there is a transition from the biphasic to the mono-
phasic pattern, characterized by overnight sleep, 
that persists until adulthood (Galland et al. 2012). 
Importantly, the primary function of sleep before 
2–3 years of age is to support neural reorganization 
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and learning (Cao et al. 2020). In contrast, after the 
age of 2–3 years, sleep is involved in maintaining 
overall health through repair and waste clearance 
(Cao et al. 2020). The changes observed in sleep 
architecture across development are characterized 
by a significant decrease in REM sleep, the primary 
sleep phase (80% of total sleep) during infancy 
(Carskadon and Dement 2005), which is unsurpris-
ing, given its prominent role in brain maturation 
(Cao et al. 2020). NREM phases also change dur-
ing maturation, with the time spent in N3 decreas-
ing in adolescence, while the N2 phase is 
characterized by sigma activity (10–16 Hz) increas-
ing across childhood (Mcclain et al. 2016). These 
significant changes in EEG spectral profile reflect 
the specific role played by each sleep phase in brain 
development. Extensive literature supports the 
hypothesis that REM sleep is the phase associated 
with maturational processes, particularly in the 
development of the visual cortex and motor system 
(Dumoulin Bridi et al. 2015; Blumberg et al. 2013). 
Although the role of NREM sleep in brain develop-
ment has not been extensively investigated, several 
hypotheses suggest that it may be involved in refin-
ing neural networks through synaptic downscaling 
and pruning (Knoop et al. 2021).

6.3  Sleep Disorders

The term “sleep disorders” incorporates a wide 
range of conditions impacting the duration and 
quality of sleep, leading to impairments in day-
time activities. Inadequate sleep can have detri-
mental effects on overall health and quality of life 
(Karna et  al. 2024). The International 
Classification of Sleep Disorders (Third Edition, 
ICSD-3) classifies sleep disorders into several 
main categories (American Academy of Sleep 
Medicine 2023):

• Insomnia: this sleep disorder is characterized 
by difficulty falling asleep and/or staying 
asleep.

• Sleep-disordered breathing: this group of dis-
orders is characterized by abnormal and diffi-
cult respiration during sleep, including 
obstructive sleep apnea (OSA), central sleep 

apnea, sleep-related hypoventilation, and 
sleep-related hypoxemia (Burman 2017).

• Central disorders of hypersomnolence: sleep 
disorders characterized by excessive daytime 
sleepiness not due to sleep disruption during 
the night and/or misaligned circadian rhythms, 
such as hypersomnia and narcolepsy.

• Circadian rhythm sleep-wake disorders 
(CRSD): a group of sleep disorders due to 
misaligned circadian rhythms with the exter-
nal environment.

• Parasomnias: this group of sleep disorders 
includes abnormal behaviors that occur during 
the sleep phase without affecting the sleep 
architecture, including sleepwalking, sleep 
terrors, sleep talking, sleep-related eating dis-
orders, and nightmare disorders.

• Sleep-related movement disorders: a category 
of sleep disorders characterized by abnormal 
physical and involuntary movement during the 
sleep phase, including restless leg syndrome 
(RLS) and periodic limb movement disorder 
(PLMD).

6.4  Adult Alcohol Consumption 
and Sleep

6.4.1  Sleep Disturbances Observed 
in Adult Consumers

While the focus of this review is on the impact of 
developmental alcohol exposure on sleep, it 
should be noted that there is a strong, although 
complex, relationship between alcohol consump-
tion and sleep disturbances. Both clinical and 
preclinical studies have been conducted to inves-
tigate the association between alcohol consump-
tion and sleep disorders among the adult 
population (for review see He et  al. 2019). 
Clinical investigations have found that 10–40% 
of the general population use alcohol as a sleep 
aid (Sharma et  al. 2022; Dorrian and Skinner 
2012; Roehrs and Roth 2012). To understand the 
acute effects of alcohol on sleep physiology, 
studies conducted on healthy adults (no alcohol 
use disorder) have demonstrated that drinking 
alcohol (blood alcohol concentration (BAC) 
between 50–80  mg/dl) before bedtime signifi-
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cantly increases the duration of NREM sleep and 
decreases REM sleep at the beginning of the 
night (Sharma et al. 2022; Thakkar et al. 2015; 
Williams et  al. 1983; Feige et  al. 2006). 
Meanwhile, sleep physiology in the second half 
of the night is characterized by fragmented sleep, 
episodes of awakening, and increased REM den-
sity (Feige et al. 2006; Arnedt et al. 2011; Sharma 
et al. 2022). Interestingly, this “biphasic effect” 
of alcohol on sleep physiology seems to be dose- 
related, as at the beginning of the night, when the 
value of BAC is higher, alcohol promotes sleep, 
but during the latter part of the night when the 
BAC starts to decrease, alcohol disrupts the sleep 
(Sharma et al. 2022; Prinz et al. 1980).

Studies conducted to investigate the chronic 
effects of alcohol consumption on sleep have 
demonstrated several sleep disturbances, includ-
ing sleep short duration, insomnia, and difficulty 
falling asleep (Chakravorty et al. 2016; He et al. 
2019). Recently, alcohol consumption has also 
been shown to be related to breathing sleep disor-
ders such as snoring and obstructive sleep apnea 
(Kolla et al. 2018). Furthermore, several studies 
have investigated the impact of alcohol with-
drawal on sleep physiology. Sleep during acute 
withdrawal (abstinent for days and weeks) is 
characterized by insomnia, shorter NREM sleep 
phase, and decreased total sleep time (Sharma 
et  al. 2022). Interestingly, the effects of long 
alcohol withdrawal on REM sleep are controver-
sial, as one study found a significant increase in 
the REM sleep phase after 1 year of abstinence 
(Drummond et  al. 1998) while other studies 
reported no significant alteration in the REM 
sleep phase (Brower et al. 2001; Williams et al. 
1983). In summary, the consumption of alcohol 
during adulthood significantly affects the sleep 
architecture characterized by insomnia and 
shorter total sleep duration.

6.4.2  Sleep Disturbances Observed 
in Animal Studies

Preclinical rodent studies have also been con-
ducted to better understand the sleep disturbances 
induced by a single binge alcohol drinking and 

chronic exposure. Intriguingly, one study using a 
single session of “drinking in the dark” (DID) 
paradigm combined with sleep recordings in 
C57BL/6  J found a significant increase in the 
NREM sleep phase during the first 4  h after 
drinking (Sharma et al. 2018). In contrast, 12 h 
post-binge, the authors observed a significant 
reduction of the NREM sleep phase (Sharma 
et al. 2018) suggesting that alcohol consumption 
may impact sleep homeostasis. Human studies 
suggest that sleep induction is the most common 
behavioral effect frequently observed during the 
first few hours after alcohol consumption. 
Similarly, preclinical studies performed to inves-
tigate the impact of chronic alcohol consumption 
on sleep physiology in rodents also found a sig-
nificant correlation between the amount of alco-
hol consumed and the time spent awake, and a 
negative correlation with the NREM sleep phase 
affecting the quality of sleep (Sharma et  al. 
2022).

Interestingly, rodent studies performed to 
characterize the effect of alcohol withdrawal on 
sleep-wake physiology revealed a significant 
increase in the wake phase, and a significant 
reduction in the NREM sleep phase (Sharma 
et  al. 2020). Surprisingly, as in human studies, 
the effects of withdrawal on the REM sleep phase 
in preclinical studies are also variable. In a few 
studies, the authors observed an increased REM 
sleep phase (Kubota et al. 2002; Mendelson et al. 
1978), while other studies demonstrated a signifi-
cant reduction (Rouhani et al. 1998; Gitlow et al. 
1973).

In summary, clinical and preclinical studies 
suggest that acute alcohol consumption posi-
tively modulates sleep phase during the first half 
of the sleep duration, increasing the quality and 
quantity of NREM sleep during this period. In 
contrast, acute alcohol consumption leads to 
short and fragmented sleep during the second 
half of the night. Conversely, insomnia and diffi-
culty falling asleep are common sleep distur-
bances observed in chronic alcohol consumers.
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6.5  Developmental Alcohol 
Exposure and Sleep

It is well known that persons with FASD, in par-
ticular children and adolescents, show more sleep 
disorders as compared to typically developing 
children (Hayes et  al. 2020; Chandler-Mather 
et al. 2021). As previously mentioned, sleep dis-
ruptions were reported in some of the first studies 
describing the effect induced by alcohol con-
sumption during pregnancy (Abel 1984), and 
reports from those with FASD, parents, and care-
givers consistently report sleep disturbances as a 
major characteristic of FASD.

6.5.1  Sleep Disorders Observed 
in FASD Patients

Clinical and preclinical studies conducted to date 
have extensively documented that developmental 
alcohol exposure during the prenatal and postna-
tal periods leads to significant alterations in sleep 
patterns and architecture. According to reports 
from parents or caregivers of FASD children, the 
most frequent sleep disorders reported are insom-
nias, specifically difficulty falling asleep 
(Gerstner et al. 2023; Hayes et al. 2020), short-
ened periods of sleep episodes (Inkelis and 
Thomas 2018), decrease in the total hours of 
sleep (Hayes et al. 2020; Benson et al. 2023), and 
sleep fragmentation (Troese et  al. 2008; Goril 
et al. 2016).

A prospective study conducted in 2018–2020, 
that examined children diagnosed with FASD 
(median age 8  years) and typically developing 
children (median age 10 years), combined screen-
ing and objective methods to measure possible 
alterations in sleep and revealed many interesting 
findings (Dylag et al. 2021). In the first phase, a 
caregiver scored sleep problems with the Child 
Sleep Habit Questionnaire (CSHQ). This ques-
tionnaire is recognized to be a well-established 
tool for screening pediatric issues, specifically 
sleep disturbances (Owens et  al. 2000; 
Lewandowski et al. 2011; Sen and Spruyt 2020). 
Briefly, the caregiver answers 33 questions cov-
ering several aspects of sleep such as bedtime 

resistance, sleep duration, parasomnias, and 
sleep-distorted breathing observed during the last 
7  days before administering the questionnaire 
(Dylag et  al. 2021). The second phase of the 
investigation included only children in the FASD 
group that scored above 41 points with CSHQ, 
and utilized lab-attended polysomnography 
(PSG) measurements (Berry et al. 2017), includ-
ing EEG, electrooculogram, chin and tibial elec-
tromyogram, electrocardiogram, ventilator 
monitoring, breathing effort, snoring, and body 
position. The data revealed frequent night- waking 
episodes, parasomnias, and daytime sleepiness in 
the FASD group compared to the control group 
(Dylag et al. 2021). Furthermore, sleep architec-
ture was more altered in the FASD group, with 
longer time spent in the N1 sleep stage, shorter 
time spent in the N3 sleep stage, and shorter 
REM sleep. Interestingly, these significant 
changes in sleep architecture are accompanied by 
higher hypopnea and central apnea indices 
(Dylag et  al. 2021). This data set aligns with a 
previous study on children diagnosed with FASD 
(N  =  33, 4.1–12.1  years), which scored sleep 
behavior via CSHQ filled out by caregivers. 
Similarly, this study assessed the participants 
with high CSHQ scores (range: 46–72) with 
polysomnography. While only five children 
underwent PSG, as the CSQH reported high 
scores in sleep onset and maintenance, such as 
bedtime resistance, sleep anxiety, sleep duration, 
and night waking, the study reported mild sleep- 
disordered breathing, including obstructive apnea 
and hypopnea also accompanied by fragmented 
sleep (Chen et al. 2012). Despite the small sam-
ple size, these findings demonstrate that the 
results from sleep assessment using PSG are 
aligned with those obtained from questionnaires, 
indicating that the single use of sleep question-
naires may be sufficient to characterize sleep 
behavior in FASD patients.

A study that utilized an online questionnaire 
consisting of three simple questions investigating 
difficulty falling asleep, staying asleep, and fre-
quent waking during the night in children aged 
5–17 years diagnosed with FASD, found that the 
most common sleep disturbance observed was 
difficulty falling asleep (56.4%), then difficulty 

6 Impact of Developmental Alcohol Exposure on Sleep Physiology



118

staying asleep (44.8%) and waking early (29.4%) 
(Hayes et  al. 2020). Similar findings were cor-
roborated by a longitudinal study investigating 
the relation between sleep problems and distinct 
patterns of maternal alcohol consumption during 
pregnancy in children from 2 to 9  years old 
(Chandler-Mather et al. 2021). In that study, the 
patterns of maternal alcohol consumption during 
the pregnancy were categorized as: (1) abstinent 
(mothers reported no alcohol consumption across 
the entire pregnancy); (2) occasional (occasional 
frequency no more than 1–2 standard drinks per 
occasion across the entire pregnancy); (3) low 
(less than 7 drinks per week across the pregnancy 
and no more than 1–2 drinks per occasion); (4) 
heavy (more than 7 drinks per week across the 
pregnancy, or more than 5 drinks drank more 
than 2 occasions/week across the pregnancy, or 
more than 11 drinks per occasion regardless of 
frequency of consumption). Sleep problems were 
again assessed through a questionnaire (four 
questions) filled out by the primary caregiver 
(almost always the biological mother) at different 
ranges of children’s age (2–3  years, 6–7  years, 
8–9 years). Low consumption did not alter sleep 
patterns, while heavy consumption significantly 
increased the incidence of sleep problems. 
Interestingly, children in the range of age 
6–7 years old did not show any significant impair-
ment in sleep in occasional and low alcohol con-
sumption. In contrast, heavy consumption 
significantly impaired the sleep patterns. 
Interestingly, no considerable sleep problems 
were observed in any category of alcohol con-
sumption in the range of 8–9  years (Chandler- 
Mather et al. 2021).

More recently, a clinical study using a struc-
tured naturalistic observation-based methodol-
ogy provided strong findings supporting the 
power and validity of observational paradigms to 
evaluate sleep-wake behaviors in children and 
adolescents diagnosed with FASD. This observa-
tional study analyzed retrospective data from 
assessments performed between 2011 and 2014 
at the Sleep/Wake-Behavior Clinic (British 
Columbia Children’s Hospital), in 40 pediatric 
FASD patients aged 1.8–17.5 years old (Ipsiroglu 
et al. 2019). Consulting the available logs/diaries, 

the authors found that 98% of patients experi-
enced difficulties falling asleep and insomnia. In 
addition, the sleep was characterized by hyper-
motor events during the nighttime, and sleep- 
disordered breathing and sleep disturbances were 
confirmed by video recordings from the original 
study (Ipsiroglu et al. 2015). The subjects exhib-
ited fragmented and non-restorative sleep accom-
panied by foot and limb movements (Ipsiroglu 
et  al. 2011, 2015), confirming the observation 
reported by caregivers. Analysis of the polysom-
nographic recordings obtained from a small sam-
ple of patients also found alterations in sleep 
architecture, specifically prolonged REM latency. 
This analysis also confirmed the sleep-disordered 
breathing reported by caregivers as recordings of 
apnea-hypopnea in these subjects (Ipsiroglu et al. 
2019). Taken together, data from this observa-
tional study confirm that self-report of sleep dis-
ruptions correlates highly with video scoring and 
PSG recording of sleep quality, that caregivers 
accurately report sleep-disordered breathing in 
those with FASD, and further underscore that 
children with FASD commonly exhibit dysregu-
lated sleep-wake behaviors.

In summary, alcohol consumption during the 
gestational period induces long-lasting impair-
ments in sleep physiology. As the majority of 
FASD studies have been performed in humans, 
this set of clinical investigations has limitations 
due to the complexity of correlating outcomes 
with crucial variables such as volume and timing 
of alcohol consumption and maternal diet, sug-
gesting that preclinical studies may be able to fill 
a gap in understanding how developmental alco-
hol exposure alters sleep physiology.

6.5.2  Preclinical Studies About 
Sleep Disorders

The clinical evidence showing the impact of 
alcohol consumption during pregnancy on sleep 
physiology has also been investigated in preclini-
cal models using a variety of developmental alco-
hol exposure paradigms. Before reviewing these 
studies, it is first important to understand the dif-
ferent developmental alcohol exposure para-
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digms used to study the effects of alcohol on the 
developing brain in rodents.

6.5.2.1  Developmental Alcohol 
Exposure Rodent Models

In the context of FASD research, rodents repre-
sent the most employed animal model as they 
offer important advantages such as short gesta-
tional period and large litter size. Specifically, 
mice are the most commonly used due to the 
availability of transgenic models and their physi-
ological and genetic similarities to humans 
(Almeida et al. 2020). Despite the similarities in 
brain structure and physiology observed between 
rodents and humans, it is also important to con-
sider their limitations: the equivalent of the third- 
trimester development in human gestation occurs 
after birth in rodents. In addition, mice metabo-
lize alcohol at much higher rates than in humans. 
Together, these two differences have led to mul-
tiple approaches being developed to model 
human development and reach relevant physio-
logical levels of exposure. Several prenatal alco-
hol exposure (PAE) paradigms differ in the route 
of administration, including intraperitoneal injec-
tion, liquid diet, voluntary drinking, oral and 
intragastric gavage, and vapor alcohol chambers 
(Almeida et al. 2020). The choice of route admin-
istration significantly impacts the pattern of alco-
hol exposure and the amount of alcohol 
consumed. Furthermore, investigating the detri-
mental effects of alcohol on the developing brain 
allows the researchers to correlate the outcomes 
observed in cognitive impairments, behavior, and 
sleep with the amount of alcohol consumed, the 
dose administered, and the timing of exposure 
during the gestational period.

6.5.2.2  Rodent PAE and Sleep 
Disturbances

While mice are a commonly used animal model 
in preclinical FASD work, most studies examin-
ing sleep have been done in rats. For example, 
Stone and colleagues examined the effects of 
PAE on sleep in young adulthood (Stone et  al. 
1996). Briefly, pregnant rats were fed an alcohol 
diet (35% ethanol-derived calories) from gesta-
tional day 0 through birth. Sleep stage analysis, 

measured via EEG recordings in young adult 
female offspring (6 months old), revealed a sig-
nificant decrease in REM sleep measured during 
the light phase compared to the control group 
(Stone et  al. 1996). Interestingly, no significant 
difference was found in NREM sleep, suggesting 
that the developmental alcohol exposure para-
digm may selectively modulate REM sleep in 
young subjects. Despite the interesting results, 
EEG recordings were performed over limited 
period (3 h during the light phase) and sleep was 
only evaluated in female offspring.

Another recent preclinical study examined the 
sleep behavior in rats prenatally exposed to an 
alcohol diet (36% ethanol-derived calories). 
Specifically, the sleep behavior in juvenile (post-
natal days 23–25) and adolescent (postnatal days 
35–36) periods on pairs of rats (paired by prena-
tal group and in keeping with their social nature) 
through video recordings (Ipsiroglu et al. 2019). 
Interestingly, the results show overall changes in 
sleep behavior with age, regardless of alcohol 
exposure. The authors observed that the overall 
number of arousal and movements decreased 
across age while the duration of sleep bouts 
increased. The analysis revealed that PAE males 
spent more time awake and showed longer sleep 
latencies at both time points. The study also 
found a significant increase in position changes 
and longer transition bouts, indicating a non- 
restorative sleep (Ipsiroglu et  al. 2019) in PAE 
rats directly in line with clinical observations 
reported in human studies.

Other studies have combined prenatal expo-
sure with EEG sleep recordings in rats using 
more discrete exposures. Offspring from preg-
nant rats were exposed to 95% ethanol solution 
via intraperitoneal injection on gestational day 7. 
Subsequently, EEG recordings combined with 
electromyography were performed at 3 months 
of age (Sylvester et al. 2000). The results showed 
a significant reduction of time spent in the REM 
sleep phase in PAE females compared to saline 
control females. The percentage of REM sleep in 
the PAE group was half that of the control group, 
and fewer episodes of REM sleep were observed. 
Interestingly, the analysis of sleep behavior in 
male rats did not show significant differences 
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(Sylvester et al. 2000). The study further exam-
ined REM during 6 h segments across the 24-h 
recording time and found that control rats had 
higher levels of REM sleep percentage during the 
light phase, suggesting that PAE rats had difficul-
ties initiating REM sleep in this period (Sylvester 
et al. 2000). Taken together, the results discussed 
in these preclinical studies have demonstrated 
that developmental alcohol exposure across the 
first and second trimesters impaired sleep physi-
ology in young/adult offspring. Furthermore, the 
sleep phase most affected is the REM sleep. 
Similar results were seen in rat pups that were 
exposed to alcohol throughout gestation. In this 
model, pregnant rat dams were exposed to alco-
hol (7–12% alcohol, liquid diet) during the entire 
gestation period, and the sleep-wake behavior of 
pups (from 7 to 20 postnatal days) was assessed 
using a movement-sensitive mattress. The results 
revealed that PAE male and female pups exposed 
had a significant decrease in REM sleep and 
spent more time in the awake phase compared to 
controls (Hilakivi 1986; Hilakivi et  al. 1987). 
These results suggest that a diverse array of PAE 
models targeting the equivalent of the first and 
second trimesters in rats significantly impacts 
the  sleep- wake cycle in infancy and throughout 
the lifespan, inducing significant alterations 
in  the REM sleep phase that may be sexually 
dimorphic.

6.5.2.3  Rodent Perinatal Alcohol 
Exposure and Sleep 
Disturbances

While PAE has been the focus of most preclinical 
sleep studies modeling FASD, a handful of stud-
ies have also examined the impact of perinatal 
alcohol exposure targeting third trimester- 
equivalent exposure by exposing neonates to 
alcohol via intragastric or subcutaneous injec-
tions. Volgin and Kubin used an intragastric alco-
hol exposure (2.6  g/kg of alcohol twice daily) 
during postnatal days 4–9 and investigated the 
sleep behavior in adult male rat offspring. EEG 
recordings and electromyograms showed that 
rats exposed to alcohol had reduced sleep dura-
tion and a shorter REM sleep phase compared to 
the controls during the active phase (Volgin and 

Kubin 2012). Although the statistical analysis 
was not significant, the NREM sleep phase anal-
ysis revealed a reduced duration in the alcohol 
group compared to the control, while the sleep- 
wake cycle during the rest phase did not show 
any differences between the two groups (Volgin 
and Kubin 2012).

In contrast to PAE approaches, mice have 
been utilized to examine the effects of perinatal 
alcohol exposure on sleep. For example, in a 
series of studies from the Wilson lab, female 
and male pup mice were injected subcutane-
ously with alcohol (2.5 g/kg) twice on postnatal 
day 7 at 2-h intervals. Then, telemetry record-
ings were used to characterize the NREM sleep 
phase in adult mice (3  months old) (Wilson 
et  al. 2016; Lewin et  al. 2018; Apuzzo et  al. 
2020). Alcohol- exposed mice exhibited shorter 
NREM sleep and episodes of sleep fragmenta-
tion compared to saline-injected controls. 
Furthermore, the authors found that alcohol 
exposure affects the N2 phase considering the 
reduction of sleep spindle density and the N3 
phase due to a decrease of delta oscillations 
(Wilson et al. 2016, Lewin et al. 2018, Apuzzo 
et al. 2020). These findings were later replicated 
using the same binge alcohol exposure para-
digm as alcohol-exposed mice showed a signifi-
cant reduction in the total duration of NREM 
sleep and NREM sleep bout duration (Shah 
et al. 2023).

Taken together, these studies suggest that PAE 
negatively modulates the REM sleep phase, while 
perinatal binge-alcohol exposure specifically 
alters the NREM sleep phase during adult life. 
These differences may be due to the specific 
developmental time point when alcohol is deliv-
ered, as it is known that gestational alcohol expo-
sure prevalently affects neurogenesis and 
neuronal migration, processes that occur across 
embryonic days 10–17 (Miyoshi and Fishell 
2011), while neonatal exposure induces cell loss, 
given that the cortical neurons and interneurons 
have reached their final position in all cortical 
layers (Miyoshi et al. 2010; Rymar and Sadikot 
2007). These findings also confirm that develop-
mental alcohol exposure disrupts the physiology 
of the sleep-wake cycle as observed in human 
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studies and suggest that sleep disturbances 
depend on several factors, such as the dose and 
timing of alcohol exposure during gestation, 
involving specific and different molecular path-
ways. However, the mechanism by which 
 developmental exposure alters these processes is 
still unclear.

6.5.3  Potential Mechanisms 
Underlying Sleep 
Disturbances in FASD

The mechanisms underlying sleep disturbances 
in FASD patients and developmental alcohol 
exposure rodent models are still being investi-
gated. Prenatal alcohol exposure may induce 
structural defects in the central nervous system, 
but alterations of neurotransmission may also 
contribute to the sleep problems described in the 
previous sections.

Numerous neuroimaging studies have charac-
terized structural abnormalities in FASD popula-
tions and have found that one of the most affected 
brain regions is the corpus callosum (Anna Dyląg 
et al. 2016; Donald et al. 2015), either in reduced 
size, altered shape, or complete absence (Fraize 
et al. 2023; Yang et al. 2012). Importantly, agen-
esis of the corpus callosum has been shown to be 
associated with a decrease in REM sleep duration 
(Yang et al.  2012) and it has been recently found 
that the total callosal resection is associated with 
reduction in the propagation of non-REM slow 
waves (Bernardi et  al. 2021). Taken together, 
these findings suggest that the alterations in the 
sleep architecture extensively reported in human 
and rodent models may be due to altered callosal 
integrity and connectivity.

Other morphological changes seen in FASD 
may be related to altered sleep patterns. For 
example, studies in persons with FASD also 
report a higher incidence of apneic/hypopneic 
events during sleep which may be related to 
physical features of FASD such as micrognathia 
or high-arched palate (Del Campo and Jones 
2017) that may induce an airway obstruction 
(Dylag et al. 2021), although these associations 
have not been fully explored.

Sleep disturbances in FASD may also be 
mediated by changes in neurotransmitter systems 
that are involved in the sleep-wake process (see 
Fig. 6.1). The long-term effects of developmental 
alcohol exposure on GABAergic transmission 
are well-characterized with multiple preclinical 
studies demonstrating that PAE or perinatal alco-
hol exposure with high or low-moderate doses 
significantly reduced the number of GABAergic 
interneurons and cholinergic interneurons 
(Kenton et al. 2020; Smiley et al. 2015; Smiley 
et al. 2021). For example, binge alcohol exposure 
to pups at postnatal day 7 induced a significant 
reduction of cholinergic neurons and parvalbu-
min interneurons in the basal forebrain (Smiley 
et al. 2021). Considering the role played by the 
basal forebrain in the regulation of the sleep- 
wake cycle, the loss of the cholinergic interneu-
rons could explain non-REM sleep fragmentation 
and slow-wave oscillation impairments reported 
in several developmental alcohol-exposure rodent 
models. In addition, the reduction of orexinergic 
neurons expressed in the hypothalamus and in the 
anterior cingulate cortex (Smiley et  al. 2021; 
Olateju et  al. 2017), observed in offspring 
exposed to alcohol during the gestation and the 
perinatal period, may explain the difficulty fall-
ing asleep reported in human and rodent studies. 
In addition, preclinical investigations conducted 
using a low-moderate gestational alcohol expo-
sure paradigm, where dams were exposed to 10% 
of alcohol during the entire gestational period, 
have found a significant alteration in the expres-
sion of GABAergic interneurons in orbitofrontal 
cortex and posterior parietal cortex in adult off-
spring (Kenton et al. 2020; Licheri et al. 2023). 
These findings may explain the altered NREM 
sleep phase observed in several studies, given 
that the cortical interneurons played a pivotal role 
in this specific phase of sleep.

Another critical brain region involved in the 
control of sleep is the suprachiasmatic nucleus 
and there is an extensive literature reporting sig-
nificant changes in the function and structure of 
this brain region following developmental alco-
hol exposure. Briefly, gestational alcohol expo-
sure during gestational days 10–21 (35% 
ethanol-derived calories) significantly affected 
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circadian function in adult rats (Chen et al. 2006). 
The disruptions in the circadian system may be 
responsible for the insomnias frequently reported 
by the caregivers in CSHQ.  Furthermore, the 
alterations of the circadian rhythm could explain 
the abnormal levels of melatonin observed in 
FASD children (Goril et al. 2016).

Findings from both clinical and preclinical 
studies suggest that there may be multiple factors 
in developmental alcohol exposure impact on 
sleep. These include morphological changes to 
brain structures, such as the corpus callosum and 
suprachiasmatic nucleus, and dysmorphology 
that may alter respiratory pathways during sleep. 
In addition, preclinical studies have shown that 
PAE and perinatal exposure robustly alter several 
of the neurotransmitter systems known to regu-
late specific phases and sub-phases of sleep.

6.6  Conclusions

The current literature, including clinical and pre-
clinical findings, clearly demonstrates the nega-
tive impact of developmental alcohol exposure 
on sleep. However, further studies are needed to 
pinpoint and characterize the specific molecular 
pathways involved in sleep impairment and iden-
tify potential therapeutic targets for sleep 
disturbances.

6.6.1  Limitations of Current 
Approaches

There continues to be a disconnect between clini-
cal and preclinical research approaches in exam-
ining sleep following developmental alcohol 
exposure. While the assessment of sleep physiol-
ogy in children and adolescents with FASD is 
based on observational studies, several investiga-
tions have extensively demonstrated that sleep 
questionnaires provide valuable data about sleep 
impairments. However, the patients’ caregivers 
typically fill out the sleep questionnaires, who 
may not report other physical signs of sleep dis-
turbances, such as breathing abnormalities. 
Considering these limitations, future clinical 

studies must combine objective measurements 
(polysomnography and actigraphy) with observa-
tional records. In contrast, preclinical studies 
typically use objective measurements such as 
video monitoring and EEG but primarily focus 
on high doses of alcohol exposure. Both gesta-
tional and neonatal paradigms used to assess 
sleep physiology in rodent models of FASD 
result in blood alcohol concentrations ranging 
from 167 to 500 mg/dl. While these studies pro-
vide important information on establishing that 
PAE and perinatal exposure impact sleep, it 
would be valuable to investigate whether low and 
moderate doses modulate sleep patterns in ado-
lescent and adult offspring. This is particularly 
important considering that cognitive and execu-
tive function difficulties that correspond with 
those seen in FASD are commonly observed also 
in low-moderate developmental alcohol exposure 
paradigms.

Given the recent focus on the importance of 
sex differences in both alcohol research in gen-
eral and FASD specifically, it is important to note 
that in the current literature on sleep disturbances 
and developmental alcohol exposure, gender/sex 
differences are not explicitly addressed. 
Investigating and characterizing these differences 
is crucial for improving the current research. 
Understanding whether developmental alcohol 
exposure affects men and women differently 
could significantly improve the development of 
personalized treatments.

6.6.2  Summary and Future 
Directions

Despite some limitations of the studies performed 
to date, it is clear that sleep impairments in the 
FASD population represent a significant concern 
due to their potential impact on daytime activi-
ties, school performance, and overall health. 
Findings from clinical studies repeatedly confirm 
that sleep disturbance is a significant component 
of FASD.  Further, studies combining observa-
tion, caregiver and/or self-report, and direct mea-
surement of sleep quality confirm that data from 
questionnaires correlate highly with direct mea-
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surement of insomnia, sleep-wake behaviors, and 
sleep-disordered breathing in those with 
FASD.  Preclinical findings have demonstrated 
that developmental alcohol exposure impacts 
both NREM and REM sleep phases and that 
these may be timing-dependent. High-dose peri-
natal alcohol exposure consistently alters the 
NREM sleep phase, characterized by short dura-
tion and fragmentation, while PAE alters the 
REM sleep phase. It is clear from this review that 
additional studies are needed to test possible 
mechanisms involved in these specific altered 
sleep patterns.

As noted throughout this review, there are still 
relatively few studies focused on the relationship 
between developmental alcohol exposure and 
sleep disturbances. This may be due to several 
challenges that need to be overcome. As men-
tioned in the clinical study section, the diagnosis 
of sleep disturbances is still a big challenge given 
the complexity of symptoms. Furthermore, the 
assessment of sleep physiology using question-
naires alone may underestimate the diagnosis, 
while using polysomnography may not be feasi-
ble in some cases. While still limited, rodent stud-
ies may fill a critical gap as they allow for careful 
control of exposure levels and environmental con-
ditions and allow for careful monitoring and char-
acterization of sleep behaviors. As increasingly 
translational methods and new innovative tools 
are developed, it is hoped that preclinical studies 
can provide new insights into the relationship 
between prenatal alcohol exposure and sleep.
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7Recent Advances in the Role 
of Non-coding RNAs in Fetal 
Alcohol Spectrum Disorders

Ariana N. Pritha, Andrea A. Pasmay, 
and Shahani Noor

Abstract

Despite numerous preclinical studies modeling 
fetal alcohol spectrum disorder (FASD)-
associated neurodevelopmental deficits to date, 
a comprehensive molecular landscape dictating 
these deficits remains poorly understood. Non-
coding RNAs constitute a substantial layer of 
epigenetic regulation of gene expression at the 
transcriptional, post- transcriptional, transla-
tional, and post- translational levels. Yet, little is 
known about the differential expression of non-
coding RNAs in the context of prenatal alcohol 
exposure (PAE) that are mechanistically linked 
with FASD-related neurobehavior deficits. This 
chapter reviews our current knowledge from 
preclinical studies in non-coding RNA- 
mediated molecular mechanisms that may 
underlie FASD pathophysiology. This chapter 
also summarizes relevant clinical evidence and 
current efforts in utilizing these non- coding 
RNA molecules as biomarkers of PAE- 
associated deficits impacting central nervous 
system (CNS) function. Unraveling the diverse 
roles of various species of non-coding RNAs is 
critical to enhancing our comprehension of 

these intricate molecular pathways. 
Understanding these pathways would likely 
contribute to identifying critical molecular 
target(s) for developing efficient treatment 
strategies and prognostic and diagnostic mark-
ers fostering advancements in treating and 
managing FASD-related CNS dysfunction.

Keywords

Prenatal alcohol exposure · Developmental 
alcohol exposure · Neuroimmune · Preclinical 
models · circRNA · miRNA · lncRNA · Blood 
biomarker

7.1  Introduction

Exposure to alcohol during pregnancy, termed 
prenatal alcohol exposure (PAE), can result in a 
spectrum of adverse outcomes, including con-
genital anomalies, facial structural irregularities, 
impaired growth, and disruptions in the central 
nervous system (CNS), collectively referred to as 
fetal alcohol spectrum disorders (FASDs) (Price 
et  al. 2017; Mattson et  al. 2019; Popova et  al. 
2016). FASD is associated with cognitive (i.e., 
intellectual ability, learning, and memory) and 
behavioral (e.g., mood, attention, and impulse 
control) deficits and sensory dysfunction 
(Mattson et al. 2019; Franklin et al. 2008). FASD 
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occurs worldwide, and it is considered the most 
preventable cause of mental disability in the 
Western world and a leading cause of intellectual 
disabilities, indicating it is a public health con-
cern of paramount importance. Although in the 
last few decades, FASD has been well-described 
regarding the long-term physical health problems 
that impact the CNS (Panczakiewicz et al. 2016; 
Reid et  al. 2021), the pathophysiological 
mechanism(s) of these long-lasting effects of 
PAE affecting the CNS are still under 
investigation.

As our nervous system development continues 
postnatally, substantial structural remodeling and 
functional connectivity influence cognition and 
affective processing (Vijayakumar et  al. 2018), 
judgment, decision-making, and impulse control 
(Giedd and Rapoport 2010). Developmental 
alcohol exposure disrupts normal brain develop-
ment and dysregulates genes related to neurogen-
esis and gliogenesis (Schaffner et al. 2020; Salem 
et al. 2021a; Arzua et al. 2021). In recent years, 
many preclinical studies with developmental 
alcohol exposure paradigms recapitulated the 
human FASD phenotypes. Utilizing these pre-
clinical models, significant progress has been 
made in comprehending the differential regula-
tion of protein-coding genes and how they influ-
ence various PAE-related CNS deficits. These 
studies identified numerous immediate and 
enduring alternations of gene expression changes 
as immediate and long-term consequences of 
PAE. In addition to genes specific to neurodevel-
opment, specific reprogramming of genes related 
to the immune system, the neuroendocrine sys-
tem, and metabolism has been documented in 
numerous studies (Zhang et  al. 2022b; Sibuh 
et  al. 2023; Liu et  al. 2021b). These genes are 
often sex-, developmental age-, and tissue region- 
specific, indicating the presence of specific mod-
ulators dictating these gene expression changes 
(Kleiber et al. 2013).

The effects of alcohol are transgenerational, 
and enduring epigenetic modifications have been 
documented in PAE clinical studies and preclini-
cal studies as the root cause of FASD-related 
deficits (Lussier et al. 2017). “Epigenetic” gener-
ally refers to the modulatory effects of various 

environmental factors on the genome structure 
via DNA and histone modification, allowing 
chromatin condensation or relaxation to suppress 
or allow gene expression, respectively. Non- 
coding RNAs (ncRNAs) have emerged as a sub-
stantial layer of epigenetic control that plays 
critical transcriptional and post-transcriptional 
processes modulating gene expression (Mercer 
and Mattick 2013; Kaikkonen et al. 2011; Zhang 
et al. 2019a). A rapidly growing research area has 
focused on investigating non-coding RNA mole-
cules in FASD (Mahnke et al. 2018). Prior stud-
ies reported PAE-induced aberrant expression of 
small non-coding RNAs such as microRNAs 
(miRNAs) and linear long non-coding RNAs 
(lncRNAs) (Balaraman et  al. 2013; Seyednejad 
and Sartor 2022; Pappalardo-Carter et al. 2013). 
Additionally, non-coding RNAs of intermediate 
size, such as small nucleolar RNAs, have been 
described in the context of PAE (Laufer et  al. 
2013) and extensively reviewed (Mahnke et  al. 
2018). More recent investigations into the role of 
a novel class of long non-coding RNA, circular 
RNAs (circRNAs), have revealed a complex 
landscape of dysregulation that may contribute to 
the pathophysiology of FASD (Paudel et al. 2020; 
Papageorgiou et  al. 2023; Noor et  al. 2023a). 
However, the detailed molecular network of these 
ncRNAs underlying FASD-related dysfunction is 
not fully understood.

Our current knowledge of the mechanistic 
details of key contributory roles of ncRNAs 
impacting neurodevelopment and CNS function 
across the lifespan is limited. Several studies have 
revealed a direct link between these non- coding 
RNAs and neurobehavior and molecular altera-
tions related to FASD, including neuronal apopto-
sis, neural crest cell migration, and brain 
connectivity (Chen et al. 2015; Tseng et al. 2019; 
Chen and Kannan 2023). Not limited to critical 
roles during the early postnatal development, 
PAE-induced non-coding RNA dysregulation has 
been reported in the adult brain and spinal cord to 
modulate gene expression that is critical to neuro-
nal function (Zhang et al. 2015; Laufer et al. 2013; 
Papageorgiou et al. 2023; Noor et al. 2023a).

Interestingly, animal models of PAE demon-
strate that heightened neuroimmune reactivity is a 
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major driver of FASD-related CNS dysfunction 
(Tominaga and Caterina 2004, Topiwala et  al. 
2017, Himmelrich et  al. 2020; Chap. 2 by Vella 
et al. in this volume). Several animal studies sup-
port the emerging hypothesis that underlying CNS 
dysfunction from PAE may not manifest until a 
second immune challenge is encountered (Terasaki 
and Schwarz 2016; Sanchez et al. 2017). Although 
several studies have focused on the roles of non-
coding RNAs in neuronal survival and function 
(Salem et al. 2021b; Balaraman et al. 2013; Yuan 
et al. 2020; Chen et al. 2015), their roles within the 
context of PAE-induced neuroinflammatory con-
sequences are unknown. Recent studies have now 
explored this avenue and suggested potential 
mechanistic roles of non- coding RNAs not only in 
regulating PAE-induced basal changes in gene 
expression but also in contributing to how PAE 
reprograms neuroimmune responses to subsequent 
exposure to stress during the early postnatal period 
or to subsequent immune insults during adulthood 
(Ruffaner- Hanson et al. 2023; Noor et al. 2023a). 
Additionally, non-coding RNAs are detected in the 
peripheral blood or other biofluid samples in vari-
ous neurological conditions, emphasizing the 
potential of non-coding RNAs as biomarkers for 
diagnosis and monitoring health outcomes associ-
ated with FASD (Tseng et  al. 2019; Bao et  al. 
2014).

The specific roles of these various classes of 
non-coding RNAs in cellular processes and their 
interactions with other coding and non-coding 
biomolecules remain fertile ground for investiga-
tion. As we delve deeper into summarizing the 
non-coding RNA landscape of PAE, we hope 
these novel molecular insights may pave the way 
for future diagnostic and therapeutic strategies to 
address the heterogeneous FASD-related health 
issues. In this chapter, we reviewed recent prog-
ress made in this emerging area of research. We 
have primarily focused on preclinical studies 
suggesting mechanistic roles of these non-coding 
RNAs as modulators of FASD-related CNS dys-
function and clinical and preclinical evidence 
considering the feasibility of these molecules for 
future use as biomarkers of PAE-induced CNS 
dysfunction.

7.2  Micro RNAs (miRNA)

MiRNAs represent small non-coding RNAs, 
18–25 nucleotide long molecules. MiRNAs are 
transcribed as precursor molecules, termed “pri- 
miRNAs,” which are subsequently cleaved by the 
endoribonucleases Drosha and Dicer (Fig.  7.1). 
RNA-binding protein, DGCR8, recognizes spe-
cific motifs within the pri-miRNAs, while Drosha 
cleaves the pri-miRNA duplex, giving its charac-
teristic hairpin structure, yielding a pre-miRNA 
with a two nucleotide 3′ overhang. Pre-miRNAs 
are subsequently exported to the cytoplasm by 
exportin 5 (XPO5)/Ran/GTP complex, where 
they undergo further processing by RNase III 
endonuclease and Dicer. Dicer removes the ter-
minal loop, resulting in a mature miRNA duplex. 
MiRNAs can originate from the 5′ end or the 3′ 
end of the pre-miRNA hairpin. Based on thermo-
dynamic stability and nucleotide composition, a 
strand will be loaded into Argonaute (AGO) fam-
ily proteins. The loaded strand serves as the guide 
strand, while the unloaded strand is degraded. 
Canonical animal miRNAs are encoded individu-
ally or as clusters, with clustered miRNAs tran-
scribed together. Although miRNAs are typically 
located within the introns of protein-coding 
genes, there are seldom functional connections 
between the host gene and the miRNA. MiRNA 
biogenesis can occur via non-canonical pathways 
such as Drosha/DGCR8-independent and Dicer- 
independent pathways. miRNA biogenesis is 
extensively discussed in these reviews (Mahnke 
et al. 2018; Treiber et al. 2019; Balaraman et al. 
2013). The primary mechanism of how miRNAs 
inhibit the expression of target genes is via direct 
binding to target mRNAs; a single miRNA can 
regulate multiple genes. Their involvement has 
been reported in numerous normal and pathologi-
cal processes including cell proliferation, apopto-
sis, neuroinflammation, and synaptic plasticity 
(Zhang et al. 2023a; Treiber et al. 2019). MiRNAs 
have been implicated in neurodevelopmental and 
neurodegenerative disorders, as well as alcohol 
use disorders (AUDs) in numerous preclinical 
and clinical studies (Zhu et al. 2022; Zhang et al. 
2023b; Lim et al. 2021)
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Fig. 7.1 A brief schematic of miRNA biogenesis. This 
schematic provides a brief overview of miRNA 
Biogenesis. In the nucleus, pri-miRNA is transcribed by 
RNA polymerase II and then processed by the Drosha- 
DGCR8 complex into pre-miRNA.  The pre-miRNA is 
exported to the cytoplasm, and Dicer further processes it 

into a double-stranded miRNA duplex. One strand of the 
miRNA duplex is incorporated into RISC, which guides 
the complex to target mRNAs for silencing through degra-
dation or translational repression. This illustration was 
created with Biorender.com

7.2.1  MiRNAs Regulate Ethanol- 
Induced Effects During 
Embryogenesis and Early 
Postnatal Development

To date, multiple preclinical and cell culture 
studies have examined PAE-induced effects on 
miRNA expression in the context of early post-
natal CNS development (Balaraman et  al. 
2013; Mahnke et al. 2018; Wang et al. 2009). A 
number of miRNAs, including miR-9, miR-21, 

miR-153, miR-335a, miR-10a, and miR-10b, 
were found to be dysregulated in cultured fetal 
mouse neural stem cells or in the developing 
zebrafish brain (Wang et  al. 2009; Tal et  al. 
2012; Sathyan et  al. 2007). Putative gene tar-
gets of deregulated miRNAs are involved in 
cell cycle control, apoptosis, and cell differen-
tiation, which are the main processes affected 
by ethanol toxicity.

More recently, several studies have explored 
key mechanistic details of how these miRNAs 
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Fig. 7.2 Mechanisms of miRNA impacting PAE-induced 
effects on the nervous system. Based on current literature, 
this schematic shows various miRNAs and their critical 
roles in regulating PAE-induced molecular and functional 
deficits in the nervous system. Ethanol-induced downreg-
ulation of miR-125 and miR-135a promotes apoptosis 
during neural crest development in zebrafish and mice. 
Ethanol exposure upregulates miR-34a and reduces epi-
thelial–mesenchymal transition in zebrafish neural crest 
development. PAE induces upregulation of miR-150-5p 

and reduces angiogenesis through changes in cell migra-
tion in the formation of the brain microvasculature in 
mice—PAE-induced downregulation of miR-17-5p 
results in deficits in sensorimotor coordination through 
the regulation of interhemispheric connectivity. Also, 
PAE-induced upregulation of miR-9 reduces dopamine 
receptors, contributing to the development of pituitary 
adenomas. This illustration was created with Biorender.
com

target critical mRNA transcripts impacting early 
CNS development and function (Fig.  7.2). 
Ethanol exposure induced apoptosis in neural 
crest cells (NCCs) via increasing pro-apoptotic 
effector protein, Bak1 and p53-upregulated 
modulator of apoptosis (PUMA) protein expres-
sion and was associated with a dose-dependent 
decrease in miR-125b expression in the NCCs 
of embryos (Chen et al. 2015). Overexpression 
with miR-125b mimics significantly reduced 
Bak1 and PUMA protein expression in NCCs, 

indicating its critical role in ethanol-induced 
apoptosis (Chen et  al. 2015). Additionally, 
microinjection of miR-125b mimics signifi-
cantly reduces ethanol- induced caspase-3 acti-
vation and growth retardation in cultured mouse 
embryos exposed to ethanol (Chen et al. 2015). 
Notably, Fuqiang Yuan et al. utilized the zebraf-
ish model of ethanol exposure and identified 
another key miRNA, miR-135a, that interacts 
with Bak1 and PUMA via inhibiting the p38 
MAPK/p53 pathway. This study found that eth-
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anol significantly reduced the expression of 
miR-135a, resulting in an increased expression 
of its direct target, Siah1 (Yuan et  al. 2020). 
Siah1 triggers apoptosis in NCCs by activating 
the p38 MAPK/p53 signaling pathway. 
Overexpression of miR-135a also reduced 
ethanol- induced caspase-3 activation and apop-
tosis in NCCs (Yuan et  al. 2020). Other miR-
NAs, including miR-725, miR-30d, let-7k, 
miR-100, miR-738, and miR-732, are found to 
be upregulated due to ethanol exposure to 
zebrafish embryos, and the putative gene targets 
of dysregulated miRNAs are correlated with cell 
cycle control and apoptosis (Soares et al. 2012). 
These fascinating studies identified miRNAs as 
promising targets in ameliorating ethanol-
induced apoptosis.

Not only apoptosis, but miRNAs play cru-
cial roles in ethanol-induced impairment of 
NCC migration and epithelial–mesenchymal 
transition (EMT), a critical process for neural 
crest development (Fan et  al. 2022). Ethanol 
exposure increased miR-34a expression in 
NCCs and Snail1 was confirmed as a direct tar-
get of miR- 34a in NCCs. Inhibition of miR-
34a prevented the ethanol-induced decrease in 
Snail1 mRNA expression and restored NCC 
migration, implicating miR-34a in ethanol-
induced migration impairment (Fan et  al. 
2022). Furthermore, downregulation of miR-
34a restored ethanol- induced elevation of other 
critical regulators of EMT, E-cadherin, and 
Vimentin, indicating a role in modulating epi-
thelial–mesenchymal transition (Fan et  al. 
2022). Other studies also linked miRNA as a 
key player in regulating PAE and its potential 
effects on placental insufficiency and fetal 
growth. These findings identified a set of 11 
miRNAs that may play a role in mediating the 
effects of prenatal alcohol exposure on fetal 
growth by disrupting trophoblast invasion and 
placental EMT, highlighting their potential as 
therapeutic targets for FASD (Balaraman et al. 
2016). Additionally, ethanol exposure during 
late gestation downregulated several miRNAs, 
including miR-335 and miR-10b, which regu-

late developmental processes such as neuronal 
migration and NSC differentiation (Kleiber 
et al. 2014).

Although most studies explored miRNAs and 
their role in neuronal-specific dysregulation 
during development as the main factor for PAE- 
associated neurocognitive and behavioral defi-
cits, there is limited research on PAE-mediated 
changes to the brain microvasculature altering 
brain development and function. Angiogenesis 
is a crucial process to vascularize the CNS dur-
ing development, and ethanol-induced altera-
tions of miRNAs may play a role in the formation 
and maturation of the microvasculature, which 
may underlie the long-lasting behavioral deficits 
associated with PAE. A study by Perales et al. 
explored this new avenue and found that PAE 
significantly increased miR-150-5p expression 
in PAE brain microvascular endothelial cells 
(BMVECs) (Perales et al. 2022). Bioinformatics 
analysis identified an evolutionarily conserved 
miR-150-5p binding site in Vascular Endothelial 
Zinc Finger 1 (Vezf1), which was significantly 
downregulated in embryonic (E18) cortices 
from the PAE group and in PAE BMVECs. 
Transfection studies with miR-150-5p mimics 
or inhibitors demonstrated that miR-150-5p 
overexpression significantly reduced Vezf1 
expression, and downstream target endothelin 1 
(Edn1) expression was also decreased. Ethanol 
treatment hindered BMVECs’ migration and 
tube formation, which was mitigated by miR-
150-5p inhibition or Vezf1 overexpression. This 
study identified a new mechanism for how miR-
150-5p alteration may impact the development 
of the cortical microvasculature during PAE and 
potentially contribute to deficits seen in patients 
with FASD (Perales et al. 2022).

7.2.2  MiRNA as Regulators of Long- 
Lasting CNS Dysfunction

Phenomenal studies by Laufer et al. (2013) and 
Ignacio et al. (2014) identified that PAE-induced 
miRNA alterations are long lasting and can be 
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detected in adolescent and adult PAE brains con-
sequent to acute and chronic alcohol exposure. 
These miRNA changes were often specific to the 
window of gestational exposure, brain regions, 
and developmental age (Laufer et  al. 2013). 
Importantly, in preclinical models, social enrich-
ment reversed some of these miRNA changes by 
ethanol, highlighting the critical roles of these 
miRNAs underlying the etiology of alcohol- 
induced biological mechanisms dictating neu-
robehavioral alterations (Ignacio et al. 2014).

Recent studies have explored whether PAE- 
induced miRNA changes in the brain can act as a 
master regulator of long-lasting neuromodula-
tion during adulthood. PAE increases s 
usceptibility to tumorigenesis, including hyperp-
rolactinemia driven by increased prolactin (PRL) 
secretion from the pituitary gland during adult-
hood (Jabbar et al. 2018). Lactotrope cell growth 
and PRL production are primarily regulated by 
the tonic inhibitory control of the dopaminergic 
system. Gangisetty et  al. explored the role of 
miR-9 prolactin secretion from the pituitary 
gland (Gangisetty et al. 2017). Utilizing mimics 
and anti-miR-9-oligo, this study confirmed a 
regulatory role of PAE-induced miR-9 in reduc-
ing D2r and D2s expressions and increased PRL 
production and secretion from the pituitary.

MiRNAs may play a role in functional defi-
cits associated with brain connectivity during 
adulthood, and impaired interhemispheric con-
nectivity may affect the ability to perform com-
plex tasks, as observed even in non-severe cases 
of FASD (Altounian et al. 2023). Another study 
utilized moderate alcohol exposure during pre-
natal brain wiring to study the effects of PAE on 
corpus callosum (CC) development and identi-
fied a role of miR-17-5p in this process 
(Altounian et  al. 2023). PAE induced aberrant 
navigation of interhemispheric CC axons, lead-
ing to ectopic termination in the contralateral 
cortex. This study revealed the presence of miR-
17-5p in cortical plate neurons and the corpus 
callosum, with decreased expression in response 

to ethanol exposure. Overexpression of miR-
17-5p rescued the aberrant callosal projections 
induced by PAE and established ephrin type A 
receptor 4 (EphA4) as a mediator of the callosal 
targeting of CC axons. Thus, neuronal miR-
17p-mediated regulation of axonal guidance 
may have implications for interhemispheric cor-
tical connectivity and associated behavioral 
alterations in FASD.

7.3  Long Non-coding RNAs

Long non-coding RNAs comprise many non- 
coding RNA species with over 200 base pairs. 
Most annotated lncRNAs are RNA polymerase 
II transcribed; hence, they are similar in struc-
ture to mRNA and may have cap structures and 
poly-A tails (Mattick et  al. 2023; Zhang et  al. 
2019c). To date, around 30k lncRNAs have been 
identified, but their functions have not yet been 
characterized (Frankish et  al. 2019). Through 
interactions with DNA, RNA, and proteins, 
lncRNAs can influence chromatin structure and 
function, regulate the transcription of nearby 
and distant genes (Fig.  7.3), and impact RNA 
splicing, stability, and translation (Statello et al. 
2021). During prenatal development, lncRNAs 
can influence the fate determination and differ-
entiation of neural stem cells (NSC) by modu-
lating key signaling pathways involved in 
neurogenesis (Dong et al. 2015). LncRNAs have 
been implicated in serving as molecular scaf-
folds or decoys, engaging with transcription 
factors or complexes that modify chromatin to 
regulate the expression of genes responsible for 
governing the proliferation, differentiation, and 
migration of NSCs (Aliperti et  al. 2021). 
Additionally, lncRNAs can compete with 
endogenous RNAs (ceRNAs), effectively 
sequestering miRNAs or interacting with 
mRNAs or other non-coding RNAs, such as cir-
cular RNAs, and regulate the fate of NSCs (Ratti 
et al. 2020).
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Fig. 7.3 Linear long non-coding RNA biogenesis and 
general function. LncRNAs are formed through transcrip-
tion by RNA polymerase II; their biogenesis is similar to 
that of mRNAs. They can originate from intergenic 
regions, intronic coding regions, or regions antisense to 
other genes. Different types of lncRNAs include sense 
lncRNAs, which overlap with protein-coding genes on the 
same strand; antisense lncRNAs, which are transcribed 

from the opposite strand of protein-coding genes; and 
bidirectional lncRNAs, which are transcribed in the oppo-
site direction to a nearby protein-coding gene. They can 
act in “cis” by regulating the expression of nearby genes 
on the same chromosome or in “trans” by regulating dis-
tant sites across the genome. This illustration was created 
with Biorender.com

7.3.1  PAE and Linear Long Non- 
coding RNAs

LncRNAs have emerged as critical regulators of 
gene expression and cellular processes, offering 
new avenues for understanding the molecular eti-
ology of FASD. Although relatively less explored 
than miRNAs, lncRNA has been considered a 
critical regulator of gene expression, provided its 
key roles are implicated in neurodevelopmental 
disorders, including AUD and autism (Wilkinson 
and Campbell 2013; Fu et al. 2021; Liaci et al. 
2022; van de Vondervoort et al. 2013).

Dysregulation of the long intergenic non- 
coding RNA H19 is one of the first lines of evi-
dence suggesting potential regulatory roles of 
long non-coding RNA in the context of PAE- 
associated deficits (Fig. 7.4). H19 is a maternally 
expressed imprinted gene that produces a long 

non-coding RNA involved in various cellular 
processes, including development and growth 
(Monnier et al. 2013). The expression of this neg-
ative growth controller was significantly 
increased in the alcohol-exposed embryos com-
pared to controls, potentially contributing to 
growth restrictions due to PAE (Marjonen et al. 
2018). However, Bestry et al. found inconclusive 
evidence of hypomethylation at the IGF2/H19 
regions in somatic tissues due to potential differ-
ences in models and timing of ethanol exposure 
(Bestry et al. 2022).

More recently, Papageorgiou et  al. explored 
how H19 expression changes during develop-
mental processes and as a consequence of PAE 
(Papageorgiou et  al. 2023). While H19 is pre-
dominantly found in the embryonic brain and 
decreases over time, PAE abolished or delayed 
the normal developmental changes in H19 lev-
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Fig. 7.4 Long non-coding RNAs of interest potentially 
regulating PAE-induced CNS dysfunction. Based on the 
current literature, this figure highlights the intricate rela-
tionship between PAE and lncRNA expression dynamics 
in fetal brain development. Panel 1 depicts the downregu-
lation of linc1354 and upregulation of Oct4pg9 in fetal 
cerebral cortical neuroepithelial stem cells following etha-
nol exposure. Panel 2 illustrates the downregulation of 
XIST in the whole brain of female fetuses. Panel 3 empha-
sizes two studies that employed the same moderate drink-
ing paradigm in mice. The first half of panel 3 showcases 
PAE-induced increased H19 in the whole brain at embry-

onic day (E)18, with proposed mechanisms including 
miRNA regulation and chromatin modification and also 
regulating the biogenesis of another non-coding circular 
RNA, circHomer1 via regulating an RNA-binding pro-
tein, EIF4A3. The second half of panel 3 presents findings 
from Ruffanor-Hanson et  al., demonstrating differential 
expression of Gas5 lncRNA in the various brain regions, 
with potential implications in glucocorticoid signaling 
and regulations on cell apoptosis and inflammation via 
sponging miR-23a. This illustration was created with 
Biorender.com

els. A notable increase in the expression of H19 
was observed in the frontal cortex of adult male 
mice subjected to PAE.  However, H19 levels 
were similar in female mice. Moreover, this 
study established an interaction between H19 
and the biogenesis of a circular RNA, cir-
cHomer1, that impacts cognition and learning 
(Fig. 7.4) (Hafez et al. 2022). Furthermore, H19 

harbors a miRNA- containing hairpin that serves 
as a template for miR-675. Also, H19 acts as a 
molecular sponge for the let-7 family of miR-
NAs and H19 dysregulation may exert regula-
tory effects via these miRNA molecules (Kallen 
et  al. 2013). Therefore, H19 regulation may 
involve a more complex mechanism that is yet to 
be appreciated.
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Long non-coding RNA, Linc1354, has been 
thought to contribute to alcohol-induced neuro-
toxicity. Veazey et al. investigated the effects of 
ethanol exposure on the distribution of 
 post- translational histone marks in primary neu-
rosphere cultures that may regulate stem cell 
maintenance and neural differentiation. Fetal 
cerebral cortical neuroepithelial stem cells iso-
lated from gestational day (GD) 12.5 were 
exposed to various concentrations (60–320  mg/
dL) of ethanol for 5 days (Veazey et  al. 2013). 
The study revealed significant alterations in chro-
matin structure induced by ethanol, suggesting a 
critical role of chromatin remodeling in alcohol 
teratogenesis. A targeted approach was used to 
examine eight candidate ncRNAs associated with 
neural stem cell differentiation. Data revealed an 
ethanol-mediated significant reduction of 
linc1354 levels across all ethanol concentrations 
tested. Although the exact role is unknown, dys-
regulation of linc1354 may contribute to aberrant 
gene expression patterns and disrupt neural 
development and chromatin remodeling, poten-
tially predisposing individuals to FASD-related 
phenotypes. More recently, utilizing similar 
ex  vivo neurosphere cultures, Salem et  al. 
reported ethanol-induced increased expression of 
a lncRNA, Oct4pg9. Increased levels of Oct4pg9 
correlated with the reduction of the parent gene 
Oct4/Pou5f1, a transcription factor that plays a 
role in the pluripotency and self-renewing capac-
ity of NSCs, leading to increased proliferation 
and expression of transcripts associated with 
neural maturation (Salem et al. 2021b).

Salem et al. also assessed the persistent effects 
of a single episode of binge-like maternal ethanol 
exposure at GD12.5 on the developmental trajec-
tory of fetal cerebral cortical cells (Salem et al. 
2021a). Salem et al. reported sex-specific altera-
tions in developmental trajectory and cell cycle- 
related genes in fetal cerebral cortical cells at 
GD14.5 and identified a higher number of dys-
regulated genes in females than males (Salem 
et al. 2021a). Utilizing single-cell RNA sequenc-
ing and bioinformatics analysis, this study made 
an important observation that X-inactivation long 
non-coding RNA, Xist, was significantly down-
regulated due to PAE in 19 out of 33 cell clusters, 
and its antagonist, Tsix, was upregulated by PAE 

in 7 cell clusters. Studies have shown that Xist is 
involved in X chromosome inactivation, which 
ensures dosage compensation between males 
(XY) and females (XX) by silencing one of the X 
chromosomes in females. This loss of X chromo-
some inactivation represented a critical and sex- 
specific response to PAE. PAE also downregulated 
gene members of the Xist hub-containing mod-
ules in females and these genes were preferen-
tially related to RNA splicing. Cortical 
development, lamination, and cell fate are influ-
enced by altered spliceosome function, and thus, 
Xist is thought to contribute to the etiology of 
several neurodevelopmental disorders (Li et  al. 
2022). Moreover, although Xist is known to act in 
cis to inactivate the X chromosome, Xist can reg-
ulate autosomal genes to contribute to PAE- 
associated neurodevelopmental deficits. 
However, direct evidence linking Xist dysregula-
tion to PAE-related neurodevelopmental out-
comes is currently lacking and warrants further 
investigation.

Another lncRNA of interest is Growth arrest- 
specific transcript 5 (Gas5), which is known for 
its involvement in various cellular processes, 
including apoptosis, proliferation, stress 
response, anxiety, and memory (Banerjee et  al. 
2024). A recent study by Ruffanor-Hanson et al. 
highlighted a potential relationship between 
PAE, glucocorticoid signaling pathways, neuro-
immune function and the expression of lncRNA, 
Gas5, during the early postnatal period (Ruffaner- 
Hanson et al. 2023). Employing a moderate PAE 
model in mice, the impact of PAE on Gas5 
expression across different brain regions was 
measured, with or without early-life maternal 
stress at postnatal day 10 (PND10). While no 
changes were observed in Gas5 in the embryonic 
brain in this PAE paradigm (Papageorgiou et al. 
2023), sex-specific alterations in Gas5 lncRNA 
expression were observed. In males, PAE was 
associated with increased Gas5 levels in the hip-
pocampus at PND10, suggesting a potential dys-
regulation of glucocorticoid receptor signaling. 
Conversely, females exhibited decreased Gas5 
expression in response to PAE. These fascinating 
findings highlighted the importance of sex- 
specific considerations in FASD research. Gas5 
alterations were also brain region-specific; Gas5 
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levels were upregulated in the amygdala in PAE- 
stressed mice, concurrent with augmented Toll- 
like Receptor (TLR4)-related proinflammatory 
immune factors in the amygdala. TLR4 has 
emerged as a critical immune pathway affected 
by PAE (Airapetov et  al. 2021; Pascual et  al. 
2017). Interestingly, Gas5 is known to sponge 
miR-23a, which targets TLR4 (Gao and Huang 
2021). Thus, Gas5 may play a causal role in aug-
mented TLR4 signaling in the context of PAE, 
which is unknown. These results emphasized the 
nuanced interplay between prenatal alcohol 
exposure, stress susceptibility, and immune regu-
lation, particularly in brain regions crucial for 
stress regulation and neurodevelopment.

Together, these studies highlight the regula-
tory role of lncRNAs in modulating ethanol- 
related behaviors and underscore the importance 
of further research to elucidate the underlying 
biological mechanisms. Several lncRNAs hold 
great promise to be mechanistically linked in the 
context of PAE.  The expression of lncRNAs 
MALAT1 and brain-derived neurotrophic factor 
(BDNF) antisense are notably upregulated in var-
ious brain regions of human alcoholics and rats 
during alcohol withdrawal, suggesting its poten-
tial involvement in ethanol consumption and 
AUD pathophysiology (Kryger et  al. 2012; 
Dulman et al. 2020). NEAT1, a lncRNA, displays 
dynamic responses to stress and is involved in 
lipid metabolism and inflammation (Kukharsky 
et  al. 2020). An intriguing avenue for future 
research is the potential role of lncRNAs in accel-
erating aging (He et al. 2018). Several lncRNAs, 
such as H19 and MALAT, are found to be involved 
in regulating growth and aging and may contrib-
ute to FASD. Furthermore, future research could 
gain insights into the role of these lncRNAs in 
aging or later-life health outcomes under PAE 
conditions.

7.4  Circular RNAs

CircRNAs are a novel category of long non- 
coding RNAs with high abundance, stability, 
diverse biological roles and conservation across 
species (Zhang et  al. 2018). Circular RNAs are 
generated by pre-mRNA being processed through 

a back-splicing event leading to the circulariza-
tion and covalent joining of back-spliced exons 
and/or introns of protein-coding genes (Barrett 
and Salzman 2016; Haque and Harries 2017) 
rather than canonical splicing that generates lin-
ear mRNA transcripts (Fig.  7.5a). CircRNAs 
were first described as early as the 1970s; how-
ever, circRNAs were thought to be splicing arti-
facts and were referred to as “junk” RNAs for 
about two decades until the recent applications of 
improved annotation tools following deep 
sequencing of ribosomal and linear RNA- 
depleted samples confirmed the existence of tens 
of thousands of circRNAs in multiple species 
(Ng et  al. 2018b; Barrett and Salzman 2016; 
Haque and Harries 2017).

CircRNAs and their putative functions are an 
emerging area of research as they can regulate 
gene expression via multiple and diverse mecha-
nisms (Fig.  7.5b) (Barrett and Salzman 2016; 
Chen 2020; Chen et al. 2021b). Among their var-
ied roles, circRNAs function as molecular 
sponges, adeptly sequestering miRNAs and other 
regulatory RNA molecules (Jarlstad Olesen and 
Kristensen 2021). By doing so, they intricately 
modulate gene expression by indirectly influenc-
ing the availability and activity of miRNAs, thus 
exerting fine-tuned control over cellular pro-
cesses (Ratti et  al. 2020). Beyond their role as 
miRNA sponges, circRNAs engage in intricate 
partnerships with RNA-binding proteins (RBPs), 
orchestrating the fate of RNA molecules within 
the cellular milieu (Zang et al. 2020). CircRNAs 
may or may not influence the host gene expres-
sion by interacting with transcription and transla-
tion machinery that control parental gene 
expression or competing with linear mRNA 
splicing (Wang et al. 2020; Xu et al. 2020; Shao 
et al. 2021). In response to cellular cues and envi-
ronmental stimuli, circRNAs undergo dynamic 
transformations, altering their expression profiles 
and subcellular localization. These adaptive 
responses allow circRNAs to participate in cel-
lular signaling pathways and stress responses, 
showcasing their versatility and functional sig-
nificance (Panda et al. 2017).

CircRNAs are highly enriched in the brain; 
however, the majority of circRNAs and their bio-
logical role during normal brain development and 
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Fig. 7.5 Circular RNA biogenesis and their roles in regu-
lating gene expression. (a) Circular RNA is formed when 
a downstream splice donor site is joined to an upstream 
splice acceptor site within a pre-mRNA transcript in a 
process known as back-splicing, forming a covalently 
closed loop structure, often excluding or including spe-
cific exons or introns. Part figure (a) shows how circular 
RNA biogenesis from pre-mRNA via the back-splicing 
process generates a unique transcript at the junction point 
compared to canonical splicing generating mRNA tran-
scripts. Other methods of generating circRNAs include 
intron pairing-driven circularization, debranching resis-
tant intron lariat, and exon skipping formation. The bio-

genesis of circRNAs is popularly studied through the 
back-splicing method, as the back-spliced junction can be 
analyzed through various primer designs using qRT- 
PCRs. (b) Circular RNAs can act in different ways to 
repress a target mRNA: miRNA sponging, binding to, and 
sequestering microRNAs. They can also interact with 
RNA-binding proteins to alter the stability of other RNA 
molecules. CircRNAs are involved in the regulation of 
transcription by interacting with transcriptional machin-
ery or chromatin modifiers. They can endogenously com-
pete with their “parent/host” gene. This illustration was 
created with Biorender.com
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CNS pathology are still areas of active investiga-
tion. CircRNAs regulate synaptic and activity- 
dependent gene expression and alter neuronal 
function and behavior (Piwecka et  al. 2017; 
Zimmerman et al. 2020). Given the tremendous 
implications for circRNAs in diagnosing and 
treating CNS disorders, this burgeoning field has 
multiplied in the number of studies conducted in 
recent years. CircRNAs play modulatory roles in 
psychiatric disorders (Zimmerman et  al. 2020), 
addiction (Bu et al. 2019), alcohol use disorders 
(Vornholt et al. 2021) , and Alzheimer’s disease 
(Dube et al. 2019).

CircRNAs display developmental stage- 
specific expression profiles (Reddy et al. 2017). 
CircRNAs play essential roles in embryonic and 
fetal development and neuronal maturation 
(Suenkel et al. 2020) and may respond to or regu-
late synaptic function (Rybak-Wolf et  al. 2015; 
Paudel et  al. 2020). CircRNAs have been 
described to be linked to Autism Spectrum 
Disorders (ASD) (Mai et  al. 2022). ASD risk 
genes were found to be regulated by circRNA–
miRNA interactions (Chen et al. 2020). Moreover, 
circRNA dysregulation has been documented in 
ischemic stroke and other neurovascular condi-
tions that share common underlying mechanisms, 
including vascular dysfunction, cell death and 
apoptosis, inflammation, blood-brain barrier per-
meability, and peripheral-immune–CNS interac-
tions (Liu et al. 2021a; Yang et al. 2021) that may 
be implicated in FASD-related dysfunction. 
However, very little is known about their roles in 
FASD.

7.4.1  PAE Induces circRNA 
Dysregulation in Embryonic 
and Adult Brain

A landmark study by Paudel et al. 2020 examined 
the effects of PAE on the differential expression 
of circRNAs in the developing mouse brain 
(Paudel et  al. 2020). This study utilized a well- 
established model (Brady et al. 2012) of moderate 
levels of PAE in mice that previously demon-
strated FASD-like neurodevelopmental deficits 
(Allan et al. 2014; Paudel et al. 2020). Utilizing an 

unbiased microarray platform with more than 
14,000 probes to detect circRNA- specific splice 
junction sequences (Memczak 2013; Guo et  al. 
2014) in the whole brain tissue, samples collected 
at embryonic day 18 (E18) were examined in the 
non-PAE group vs. PAE offspring across both 
sexes. Results suggested that PAE alters circRNA 
expression in the brain in a unique sex-dimorphic 
manner. There was minimal overlap in PAE- 
induced changes in the E18 brain in male vs. 
female PAE offspring, only three circRNAs were 
dysregulated due to PAE, regardless of sex. 
Strikingly, considering sex as a variable, data 
revealed a unique pattern of circRNA expression 
in the developing brain, suggesting a robust nega-
tive correlation between female-to-male circRNA 
ratios in non-PAE and PAE mice. In male mice, 
46 circRNAs were significantly upregulated, and 
nine circRNAs were downregulated in the PAE 
brain, compared to controls. Fourteen circRNAs 
were upregulated, and five circRNAs were down-
regulated in female PAE brains. These findings 
are intriguing and suggest that in addition to sex- 
specific circRNA expression in the normal devel-
oping brain, PAE alters circRNA expression in a 
sex-specific manner. This study further confirmed 
the importance of studying both sexes while con-
sidering PAE-induced molecular and neurobehav-
ioral changes. Compellingly, these PAE-induced 
differentially expressed circRNAs in the prenatal 
brain preferentially originated from the genes cru-
cial for neurogenesis and neuronal development. 
Bioinformatics exploration of these genes linked 
to differentially regulated circRNAs predicted the 
“GABA receptor signaling” and “dopamine-
DARP32 feedback in cAMP signaling” are among 
the top pathways in female PAE mice. In contrast, 
synaptogenesis and Ephrin receptor signaling 
were the top canonical pathways related to the cir-
cRNA host genes in male PAE mice. In male PAE 
mice, these differentially regulated brain cir-
cRNAs were primarily associated with genes 
involved in the later stage of neuronal develop-
ment (Paudel et al. 2020).

Notably, PAE preferentially reversed many 
sex-specific changes in circRNA expression that 
physiologically occur in the normal developing 
brain. Utilizing qualitative PCR, this study fur-
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ther validated two circRNA molecules of interest. 
CircPtchd2 was upregulated in control E18 
brains in females than in males, and such changes 
were not observed in PAE brains. Ptchd2 is a 
sterol-sending domain-containing protein regu-
lated by thyroid hormone signaling implicated in 
PAE-related behavioral dysfunction (Wilcoxon 
et al. 2005). Therefore, although unknown, thy-
roid signaling may impact the biogenesis of cir-
cPtchd2. The other molecule of interest was 
CircSatb2, which was upregulated by PAE in 
males but not in females. Satb2 plays a critical 
role during CNS development in determining 
projection neuron identity. Satb2 regulates hyper-
activity, impulsivity, intellectual disability, spa-
tial learning, and memory (Zhang et  al. 2019b; 
Bissell et al. 2022). However, whether circSatb2 
has similar or additional effects as their linear 
mRNA molecules is unknown. Interestingly, 
circSatb2 also showed a negative correlation with 
brain-derived neurotrophic factor, BDNF, and 
inhibitory neuron marker Glutamate decarboxyl-
ase 1 (Gad1) mRNA levels in the whole brain. 
However, their mRNA levels were not signifi-
cantly different across sex or prenatal exposure. 
Although mechanisms are unknown, circSatb2 
can be involved in regulating these critical play-
ers of neurodevelopment and synaptic function.

7.4.2  CircHomer1 Expression 
in the Adult Brain and Its 
Interaction with lncRNA H19

CircRNA expressions and their regulation can be 
region-specific, and their abundance can vary 
among various brain regions (Sekar and Liang 
2019). It is unknown whether PAE-induced cir-
cRNA changes are developmental age-specific 
and whether these circRNA dysregulations due to 
PAE can be evident during adulthood. Using the 
same model of moderate PAE (Brady et al. 2012), 
circRNA expression was examined in the adult 
brain (PND 80–90) tissues. This study by 
Papageorgiou et  al. focused on a particular cir-
cRNA of interest, circHomer1, and its expression 
levels across different brain regions. CircHomer1 
is an activity-dependent circRNA derived from 

Homer protein homolog 1 (Homer1). CircHomer1 
is particularly enriched in the adult brain and is 
known to regulate synaptic genes and cognitive 
function. Downregulation of circHomer1 can 
impact the synaptic localization of numerous 
synaptic plasticity genes, including genes known 
to be implicated in FASD (Zimmerman et  al. 
2020; Hafez et  al. 2022). CircHomer1 was sig-
nificantly downregulated due to PAE in the adult 
brain but not in the E18 whole brain (Papageorgiou 
et al. 2023). However, PAE-induced downregula-
tion of circHomer1 was sex-specific and was 
observed only in male PAE mice. Moreover, this 
downregulation was pronounced in the frontal 
cortex and hippocampus. This data demonstrated 
a brain region- and developmental age-specific 
expression pattern of this circHomer1.

Papageorgiou et al. further examined a poten-
tial interaction with a linear lncRNA H19 and 
circHomer1. In contrast to circHomer1 down-
regulation, H19 levels were upregulated in these 
brain regions due to PAE. Moreover, H19 knock-
down in neuroblastoma cells upregulated cir-
cHomer1 (Papageorgiou et al. 2023). Utilizing in 
silico analysis, authors proposed that H19 can 
bind and sequester eukaryotic initiation factor 
4A-III (EIF4A3), an RNA-binding protein 
involved in circHomer1 biogenesis (Fig.  7.4). 
This study introduced novel mechanistic insights 
into molecular networks comprising circRNA 
interactions with other non-coding RNAs in the 
context of PAE, which warrants future explora-
tions. To summarize, these studies demonstrated 
circRNA alterations in a developmental age- and 
sex-specific manner resulting from PAE, poten-
tially modulating the critical neuronal develop-
ment and function underlying FASD-related 
disorders.

7.4.3  CircRNAs, a Potential Novel 
Modulator of Neuroimmune 
Dysfunction in PAE

The biological vulnerability to develop neurobe-
havioral and functional deficits in FASD popula-
tions is thought to be driven by neuroimmune 
dysfunction (Mukherjee et  al. 2023, Noor and 
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Milligan 2018; Chap. 2 by Vella et al. in this vol-
ume). Our recent work, and that of others (Noor 
and Milligan 2018; Noor et  al. 2020; Sanchez 
et  al. 2017; Terasaki and Schwarz 2016; Wong 
et al. 2018), recognizes that PAE can re-program 
later-life immune challenges (Noor and Milligan 
2018). Strikingly, a PAE-generated heightened 
susceptibility to develop touch hypersensitivity 
(allodynia) was unmasked only after a minor 
nerve injury, not under basal conditions (Sanchez 
et al. 2017), and PAE-induced heightened levels 
of TLR4-associated proinflammatory cytokines 
and transcription factors were observed in the 
spinal cord, where damaged peripheral axon ter-
minals communicate with spinal pain projection 
neurons. Similar observations of heightened pro-
inflammatory function were made with ours and 
other prior studies with peripheral immune stim-
ulation with TLR4 agonist, lipopolysaccharide 
(LPS), in PAE rodents in vitro and in vivo studies 
(Noor et  al. 2023b). However, the potential 
mechanism(s) underlying the persistent insidious 
effects of PAE, even at low to moderate levels, on 
immune function are unknown.

To date, several circRNAs have been identi-
fied to influence neuroimmune function, offering 
novel avenues for targeted interventions to ame-
liorate neuroinflammatory responses (Liu et  al. 
2022; Yang et  al. 2021; Chen et  al. 2021b). 
Recently, our group explored whether circRNAs 
are implicated in PAE-induced reprogramming 
of neuroimmune function. Specifically, we 
explored whether PAE-induced circRNA altera-
tions during adulthood precipitate into exagger-
ated TLR4 signaling after the secondary immune 
challenge, leading to heightened CNS glial and 
peripheral proinflammatory immune responses. 
Utilizing a moderate PAE paradigm, we con-
ducted an unbiased microarray-based circRNA 
profiling in peripheral blood immune cells and 
the spinal cord in adult PAE rats. Data suggested 
that PAE dysregulates circRNAs both in the 
peripheral blood (discussed in Sect. 7.5) and the 
spinal cord during adulthood (Noor et al. 2023a). 
Twenty-four circRNAs were found to be down-
regulated, and eight circRNAs were upregulated 
in the PAE spinal cord. Using Ingenuity Pathway 
Analysis (IPA), an additional unbiased approach 

was taken to determine the pathways and top net-
works of the genes associated with these differ-
entially expressed circRNAs. Strikingly, this 
study generated compelling evidence suggesting 
these dysregulated circRNAs were preferentially 
generated from genes that are linked to a key 
transcription factor, nuclear factor-kappa (NF- 
κB) complex, which is one of the most studied 
downstream regulators of the TLR4 signaling 
pathway and a downstream effector of other pro-
inflammatory cytokines such as IL-1β and TNF-α 
receptor signaling (Mitchell et  al. 2016; 
Verstrepen et al. 2008). All these immune factors 
are known to impact CNS function under PAE 
conditions (Pascual et  al. 2017; Terasaki and 
Schwarz 2016). We found that PAE downregu-
lated circRNA derived from serine/threonine pro-
tein kinase, Rps6Ka3, and Akt3 (Delaunoy et al. 
2001; Ng et al. 2018a), genes involved in MAPK, 
Akt3, and P13/Akt/mTOR signaling. PAE upreg-
ulated circRNAs derived from Gas7, Slc7a11. A 
number of these genes and circRNAs derived 
from them have immune modulatory roles and 
are involved in neuropathology including 
Parkinson’s disease, ASD, and cancer models 
(Bentea et al. 2021; Guo et al. 2023; Huang et al. 
2021; Chen et al. 2021a).

A peripheral nerve injury model was utilized 
to examine whether PAE further modulates cir-
cRNA expression following adult-onset immune 
insults (Noor et al. 2023a). PAE not only dysreg-
ulated circRNA expression at basal levels but 
also influenced the circRNA profile in the spinal 
cord following nerve injury. More than 100 cir-
cRNAs were found to be dysregulated concurrent 
with allodynia in minor nerve-injured PAE rats, a 
modified model of inducing minimal nerve 
injury, where no allodynia was observed in con-
trol nerve-injured rats. This PAE-induced allo-
dynic susceptibility was concurrent with 36 
up- and 78 downregulated circRNAs in the spinal 
cord. Surprisingly, this secondary immune chal-
lenge (nerve injury) resulted in an overlapping 
yet distinct circRNA expression profile in PAE 
(allodynic) rats compared to control (non- 
allodynic) rats. PAE not only modulated the fold 
regulations of circRNAs that were dysregulated 
in common by nerve injury in control conditions, 
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PAE also generated unique spinal cord circRNA 
changes due to peripheral nerve injury. Notably, 
these circRNA host genes are related to various 
pain-relevant pathways, such as “glutamate 
receptor signaling,” “circadian rhythm signal-
ing,” “G-protein receptor signaling,” and “che-
mokine signaling,” and yet again, the involvement 
of these parental genes with the NF-κB immune 
complex was confirmed. CircRNA biogenesis is 
often paired with active transcription of their 
parental genes. Thus, these data reinforced prior 
transcriptome studies in alcohol and PAE litera-
ture suggesting TLR4, and NF-κB-responsive 
genes are potential key modulators of PAE- 
related CNS dysfunction (Pascual et  al. 2017, 
Terasaki and Schwarz 2016). These latest find-
ings support the concept that dysregulated cir-
cRNAs may act as novel regulators in the context 
of PAE-induced neuroimmune sensitization dur-
ing adulthood. However, this study was con-
ducted using only female rats. Based on this 
extensive evidence of sex-specific differences in 
PAE and the neuroimmune mechanism underly-
ing allodynia, future studies will identify poten-
tial sex dimorphism in circRNA expression due 
to PAE during adulthood.

Our knowledge of circRNA-mediated mecha-
nisms regulating immune and neuroimmune sys-
tems is limited and is an active area of research. 
In recent years, circRNAs have been identified to 
modulate peripheral immune and glial-immune 
function (Zhou et  al. 2024; Chen et  al. 2021b). 
Among the differentially expressed spinal cir-
cRNAs in PAE rats under nerve injury condi-
tions, some circRNAs are proven to be critical 
regulators of immune and neuroimmune function 
by recent studies. CircItch (Su et  al. 2022; Liu 
et al. 2022) was downregulated in the PAE spinal 
cord following nerve injury. CircItch is involved 
in several biological functions, including cell 
proliferation, inflammation, and neovasculariza-
tion, and acts as an anti-inflammatory factor. 
CircItch levels are downregulated in multiple dis-
ease models, and overexpression of circItch 
reduced proinflammatory cytokines (Kong et al. 
2020). CircItch regulates proinflammatory cyto-
kines such as IL-1β and TNF-α via regulating 
mRNA or via absorbing miR-33 (Su et al. 2022, 

Liu et al. 2022) , and miR-33 is known to posi-
tively regulate the NLR family pyrin domain con-
taining 3 (NLRP3)/Caspase-1 pathway that is 
necessary for PAE-induced allodynia (Noor et al. 
2023b). Therefore, while speculative, downregu-
lated circItch during PAE may reduce miR-33 
sponging effects and promote inflammation.

Another circRNA of interest was circRNA 
derived from the Ovarian Tumor Domain con-
taining 7B (Otud7b), which displayed significant 
downregulation in the PAE spinal cord relative to 
controls. Otud7b is a deubiquitinase enzyme 
(Rothschild et al. 2018; Lei et al. 2019) that acts 
as a negative regulator that balances the strength 
and duration of canonical and non-canonical 
NF-κB signaling through feedback mechanisms 
(Rona and Pagano 2019). Its deficiency augments 
the non-canonical NF-κb pathway (Hu et  al. 
2013) and defective cell cycle progression 
(Komander et al. 2009). Therefore, it is possible 
that diminished circOtud7b may affect its linear 
transcripts and may create an inability to sup-
press the transcription of proinflammatory 
responses, a state of sensitized NF-κB signaling 
on glial-immune cells under PAE conditions. 
Additionally, our microarray data detected upreg-
ulated circRNAs originating from Rims1 and 
Tttc3 and downregulated circRNAs derived from 
Stag1 and Parg. Not only do these linear tran-
scripts play a critical role in CNS function and 
immunity, but circRNAs that arose from these 
genes have been implicated in preclinical models 
of cancer, depression, ischemia and endogenous 
stress response, CNS injury, and inflammation 
(Ma et al. 2021; Yang et al. 2021; You et al. 2015). 
CircTtc3 is known to sponge miR-372, which tar-
gets TLR4 mRNA and inhibits glial immune 
responses and dysfunction (Yang et  al. 2021). 
CircStag1 downregulation increases the stability 
of FAAH (fatty acid amide hydrolase) mRNA, 
which induces astrocyte dysfunction, upregulates 
proinflammatory factors, and downregulates anti- 
inflammatory factors (Huang et al. 2020; Tanaka 
et al. 2019). While the exact downstream effects 
of these circRNAs and their expression pattern in 
the adult brain are unknown under PAE condi-
tions, these circRNAs may play critical roles in 
PAE-induced susceptibility to proinflammatory 
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Fig. 7.6 Proposed mechanism(s) of how circular RNAs 
could modulate PAE-induced neuroimmune dysfunction. 
Based on the prior observations of PAE-induced suscepti-
bility in developing proinflammatory immune bias lead-
ing to allodynia (Noor et al. 2020; Sanchez et al. 2017) 
and the concurrent changes in circRNA levels (adapted 
from Noor et al. 2023a), this diagram provides a few pre-
dicted mechanisms based on the current literature to show 
how these circular RNAs may promote neuroinflamma-
tion. Although these pathways are speculative, future 
research exploring the roles of these circular RNAs in the 
context of PAE may identify new targets contributing to 
FASD-related CNS deficits. Downregulation of circItch 

may result in increased miR-33 activity, promoting the 
activation of NF-κB and downstream factors such as 
NLRP3, producing proinflammatory cytokines. 
Downregulation of circStag results in increased stability 
of FAAH mRNA, which leads to increased inflammation 
in the CNS accompanied by astrocyte dysfunction. 
Upregulation of circTtc3 sponges miR-372 leads to upreg-
ulation of TLR4 signaling and microglial and astrocytic 
dysfunction. PAE-induced downregulation of circOtud7b 
may downregulate its parental gene, Otud7B mRNA tran-
scription, leading to increased NF-κB activity and the pro-
duction of proinflammatory cytokines. This illustration 
was created with Biorender.com

neuroimmune responses. Based on the growing 
literature on these circRNAs of interest, a sche-
matic of these hypothetical mechanisms of how 
these circRNA changes may promote PAE- 
induced neuroinflammation is depicted in 
Fig. 7.6, which is currently under investigation.

To summarize, studies described in this sec-
tion demonstrated that PAE-induced dysregula-
tion of circRNAs displays a distinct pattern 
dependent on tissue region, sex, and age and is 
further regulated by subsequent immune insult. 
This research identified several promising cir-
cRNA that may play critical roles in creating 
neuroimmune dysfunction observed under PAE 
conditions, which needs further confirmation. 
Future studies geared toward specific modula-
tions of circRNA expression in various brain 
regions and examining neurobehavior to dissect 
the biological relevance of FASD would advance 
this research area. Moreover, these data also sup-

port the idea that targeting NF-κB signaling and 
downstream immune molecules or non-coding 
RNAs targeting these immune molecules may 
effectively mitigate FASD-related CNS patholo-
gies (Noor et al. 2023b; Doremus-Fitzwater et al. 
2020). As we navigate this intricate landscape of 
circRNAs and their interaction with other coding 
and non-coding RNAs, the convergence of clini-
cal data and preclinical models holds the key to 
unlocking the full therapeutic potential of cir-
cRNAs in neuroinflammation.

7.5  Future Areas of Exploration 
in ncRNA Research

Although our knowledge of non-coding RNAs 
has expanded substantially in recent years, fur-
ther research to elucidate the causal mechanisms 
is of prime importance for the FASD research 
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area. Several miRNAs and lncRNAs, such as 
H19, miR-150, miR-135a, and miR-9, which are 
dysregulated by PAE, are known to play critical 
roles in regulating peripheral and glial proinflam-
matory function (Caldwell et al. 2018; Ruffaner- 
Hanson et  al. 2023; Perales et  al. 2022; Yuan 
et  al. 2020; Balaraman et  al. 2013). However, 
their role has yet to be explored in the context of 
PAE-induced aberrant neuroimmune signaling. 
Overall, expanding our focus on potential thera-
peutic avenues, ncRNA silencing/knockdown 
strategies could provide invaluable insights into 
the causal relationships between circRNA 
 dysregulation and neurobehavioral alterations. 
Furthermore, delving into the intricate sponging 
interactions of circRNAs with miRNAs unveils a 
rich layer of regulatory mechanisms; further 
investigation may elucidate the causal relation-
ships and functional consequences of circRNA 
dysregulation. Utilizing advanced technologies 
such as CRISPR-Cas9, RNA interference, or 
antisense oligonucleotides and computational 
predictions may enable a nuanced understanding 
of circRNA–microRNA interactions and may 
offer promising avenues for targeted interven-
tions to prevent or reverse the long-lasting effects 
of PAE. Compellingly, specific loci may hold the 
long-term footprint of PAE-induced alterations 
of the ncRNAs (Laufer et  al. 2013), suggesting 
PAE might alter the regulation of not only indi-
vidual miRNAs but entire clusters of co-regulated 
ncRNAs which may help to identify potential cir-
cRNA–miRNA–mRNA interactions and drive 
future mechanistic studies and may pave the way 
for innovative treatment strategies.

7.5.1  Non-coding RNAs 
as Biomarkers of FASD

FASD is considered a whole-body disorder; the 
effects of prenatal alcohol exposure extend 
beyond the brain and impact various physiologi-
cal systems. The dysregulation of non-coding 
RNAs in blood and other biofluid, such as saliva 
and cerebrospinal fluid, represents a promising 
avenue for potential biomarkers for diagnostic 
and prognostic purposes. The investigation of 

non-coding in peripheral blood serves as a mini-
mally invasive method to assess systemic 
changes, offering a peripheral window into the 
intricate molecular landscape of the 
CNS.  Understanding these molecular underpin-
nings may provide valuable insights into periph-
eral to CNS interactions contributing to the 
pathophysiology of FASD and may identify new 
therapeutics.

7.5.1.1  miRNAs as Blood Biomarkers 
of Alcohol Use and FASD

In recent years, significant progress has been 
made in generating clinical evidence supporting 
miRNAs as predictive biomarkers for adverse 
outcomes of FASD. Maternal and infant circulat-
ing miRNAs have provided novel insights and 
identified potential target miRNAs that may dic-
tate FASD outcomes. A remarkable study by 
Sridevi Balaraman et al. reported elevated levels 
of 11 distinct miRNAs (Table  7.1) in maternal 
circulation during the second and third trimesters 
that distinguished infants who were affected by 
PAE (heavily exposed affected [HEa]) from those 
who were apparently unaffected at birth by PAE 
(heavily exposed unaffected [HEua]) or those 
who were unexposed (UE) (Balaraman et  al. 
2016). The maternal miRNA alterations in 
plasma predicted infant growth deficits following 
PAE and may be helpful in classifying difficult- 
to- diagnose FASD subpopulations. Also, a study 
by Gardiner et al. found maternal serum miRNA 
expression was associated with alcohol use dur-
ing human pregnancy (Gardiner et al. 2016). This 
study identified a unique signature of serum miR-
NAs that can be used to predict maternal alcohol 
consumption in pregnant women and valuable as 
biomarkers of alcohol exposure.

Interestingly, sex plays a crucial variable in 
these predictive miRNA biomarkers. Salem et al. 
examined the association between infant sex and 
maternal plasma miRNA responses to PAE 
(Salem et  al. 2020, 2021a). The study revealed 
that while most maternal miRNAs affected by 
PAE were not influenced by sex, some exhibited 
sex-specific responses. Disaggregating the data 
by fetal sex identified maternal miRNAs showing 
increased significance in response to PAE, indi-
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Table 7.1 List of non-coding RNAs of interest as biomarkers

Biomarkers of interest

Alcohol 
exposure 
paradigm

Window of 
exposure

Time of sample 
collection Sample type Ref.

miR-663b, miR-320d, 
miR-30c-5p, miR-125a-5p, 
miR-21-5p

Self-reported 133 mL≈ 9 
standard drinks/
occasion across 
pregnancy on an 
average of 1–2 
days/week

Infant (males 
and females), 
2 weeks of age

Circulating 
blood plasma, 
human

Mahnke 
et al. 
(2021)

miR-126-3p, miR-328-3p, 
miR-30c-5p, miR-24-3p, 
miR-146a-5p, miR-193a-5p, 
miR-103a-3p, miR-92a-3p, 
miR-143-3p, miR-140-5p, 
miR-23b-3p, miR-125a-5p, 
miR-194-5p,

Self-reported 133 mL≈ 9 
standard drinks/
occasion across 
pregnancy on an 
average of 1–2 
days/week

Infant (males 
and females), 
6.5 months of 
age

Circulating 
blood plasma, 
human

Mahnke 
et al. 
(2021)

miR-222-5p, miR-187-5p, 
miR-299-3p, miR-491-3p, 
miR-885-3p, miR-518f-3p, 
miR-760, miR-671-5p, 
miR-449a, miR-204-5p, 
miR-519a-3p

Self-reported Variable, 
throughout 
pregnancy

2nd and 3rd 
trimester (GD 
~18 and ~32)

Maternal 
blood plasma, 
human

Balaraman 
et al. 
(2016)

miR-509-5p, miR-3119, 
miR-26a-2star, miR-1279, 
miR-4743, miR-4799-3p, 
miR-4657, miR-3942-3p, 
miR-3126-3p, miR-514b-5p

Self-reported ≥1 binge- 
drinking episode 
or ≥3 drinks/
week during 
pregnancy

At the 
admission 
time for 
delivery

Maternal 
blood serum, 
human

Gardiner 
et al. 
(2016)

circSmarcc1, circAgtpbp1, 
circGalnt9, circClasp2, 
circHlcs, circKdm2a, 
circArhgap10, circAsap2, 
circVopp1, circYwhaz, 
circDennd1b, circNsg2

Voluntary 
moderate 
drinking, 5% 
EtOH for 
4 h/day

GD1 to GD21 7–8-month- 
old PAE 
females

Circulating 
blood 
leukocytes, 
PAE rat 
offspring

Noor et al. 
(2023a)

cating a potential link between fetal sex and 
maternal biomarker profiles. Moreover, the study 
demonstrated that PAE increased the number of 
significant miRNA cross-correlations, with varia-
tions observed based on both infant sex and birth 
outcome. These findings underscore the com-
plexity of maternal–fetal interactions and the 
importance of considering fetal sex in predictive 
models based on extracellular miRNA profiling.

More recently, circulating microRNAs in 
infants have been explored as biomarkers of 
FASD. A study by Amanda Mahnke et al. exam-
ined whether exosomal miRNAs (exmiRNAs) 
can distinguish between alcohol-exposed and 
non-exposed infants and play critical roles in 
mediating PAE’s effects on specific developmen-
tal outcomes, such as growth and cognition. By 
analyzing 148 miRNAs from both alcohol- 

exposed and control groups at two different time 
points (2 weeks and 6.5 months), the study 
revealed significant alterations in miRNA expres-
sion attributable to PAE.  Specifically, PAE was 
found to significantly modify two miRNAs at 2 
week-time points and 13 miRNAs at 6.5 month- 
time points (Mahnke et al. 2021). Notably, most 
PAE-responsive miRNAs were upregulated, indi-
cating a potential mechanism through which 
alcohol exposure influences gene regulation dur-
ing early development. Additionally, when the 
data were analyzed by sex, distinct patterns 
emerged, with miRNAs displaying significant 
elevation in female PAE infant plasma samples 
and others in male PAE samples. Correlation 
analysis further revealed that PAE was associated 
with increased coordinated expression of exmiR-
NAs across chromosomes, suggesting a broader 
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impact on gene regulation pathways. In essence, 
this study established that exmiRNAs in infant 
plasma could serve as biomarkers for PAE and 
can predict adverse outcomes on growth and cog-
nition. Expanding on prior investigations sug-
gesting the predictive potential of maternal 
miRNAs for Fetal Alcohol Syndrome (FAS) and 
Prenatal Fetal Alcohol Spectrum (PFAS) disor-
ders, this research establishes that exmiRNAs 
from infants can be indicative of fetal damage. 
These biomarkers could be crucial in identifying 
affected infants who may not exhibit obvious 
physical signs of PAE, allowing for early inter-
ventions during critical developmental periods. 
These studies align with recommendations from 
leading medical organizations emphasizing the 
need for new diagnostic tools for FASD.

7.5.1.2  Circular and Linear Long 
Non-coding RNAs as a Novel 
Group of Blood Biomarkers

CircRNAs are more stable than linear RNAs or 
miRNAs because of their closed secondary struc-
ture, constituting an enormous advantage as a 
novel class of clinical biomarkers (Meng et  al. 
2017). CircRNAs have been prevalent in current 
research due to their role as novel biomarkers that 
are detectable in blood and cerebrospinal fluid 
and saliva samples (Zhang et  al. 2022a). 
Peripheral blood-identified circRNAs may serve 
as potential biomarkers for CNS pathologies 
(Piscopo et al. 2022; Liu et al. 2020; Lu and Xu 
2016) and may reflect peripheral–CNS interac-
tions and often an indicator of disease prognosis 
(Gaffo et  al. 2019; Ravanidis et  al. 2021). 
Numerous circRNAs are dysregulated in neuro-
degenerative conditions (e.g., Parkinson’s dis-
ease and Alzheimer’s disease) and ischemic and 
neurovascular conditions (Zhang and Bian 2021; 
Doxakis 2022). Blood-circulating circRNA dys-
regulation correlates to human physiological 
manifestations and can be used for early inter-
vention or preventive strategies (Lu et al. 2022; 
Pan et al. 2020; He et al. 2021). Moving forward, 
integrating circRNA research into clinical prac-
tice could revolutionize diagnostic approaches 
and treatment paradigms.

Given substantial evidence that peripheral 
immune activation contributes to PAE-induced 
deficits (Bake et  al. 2021; Sanchez et  al. 2017; 
Noor et  al. 2020; Terasaki and Schwarz 2016; 
Bodnar et  al. 2016) during adulthood and its 
potential relevance to biomarker development, 
recently, our group examined circRNAs in the 
blood-circulating peripheral immune cells. A 
systematic profiling of circRNAs in peripheral 
blood immune cells suggested that PAE, even 
without further injury or immune insults, gener-
ates a unique circRNA expression profile during 
adulthood (Noor et al. 2023a). Although far fewer 
in numbers and with minimal overlap with cir-
cRNAs detected in the CNS tissues, PAE pro-
duced a distinctive signature with 18 differentially 
regulated circRNAs detected in the blood. 
Importantly, these differentially expressed cir-
cRNAs were derived from genes, including those 
associated with glucocorticoid receptor signaling 
(Smarcc1), RhoGTPase activating protein 
(Arhgap10), ATP/GTP binding Carboxypeptidase 
(Agtpbp1) and Vesicular, Overexpressed in 
Cancer, and Prosurvival Protein 1 (Vopp1). These 
genes are involved in cell–cell interactions, 
immune cell trafficking, inflammatory response, 
and genes linked to psychological and neurologi-
cal diseases (Coleman et al. 2020; Sarowar and 
Grabrucker 2020). Although primarily driven by 
a different set of genes that harbor the differen-
tially regulated circRNAs observed in blood, rel-
ative to the CNS tissues, the NF-κB pathway was 
identified as a top molecular network involved 
with PAE-induced changes. Interestingly, 
although in opposite directions, PAE-induced 
circVopp1 dysregulation was observed in blood, 
as well as in the spinal cord, suggesting blood 
circRNAs can be novel predictive biomarkers of 
PAE and may reflect PAE-induced changes in the 
CNS.  Future studies from clinical samples are 
needed to address whether these newly identified 
blood circRNAs are viable biomarkers for FASD- 
related adverse outcomes.

The FASD research area lacks research explor-
ing linear lncRNAs as blood biomarkers, although 
lncRNAs hold great promise as effective bio-
markers from preclinical models of autism and 
AUD (Honarmand Tamizkar et al. 2021). Future 

A. N. Pritha et al.



149

studies are needed to explore this potential ave-
nue of research. Together, studies discussed in 
this section convincingly present the immense 
promise of integrating circRNAs and other non- 
coding RNAs into diagnostic and therapeutic 
strategies that may offer a paradigm shift toward 
precision medicine in FASD.

7.6  Summary and Conclusions

In essence, ncRNAs have emerged as pivotal reg-
ulators of the immediate and long-term effects of 
PAE, captivating researchers with their multifac-
eted functions and regulatory processes. The 
diverse roles of non-coding RNAs, as unveiled in 
this overview, signify a transformative era in 
FASD research. Although ncRNAs hold immense 
potential for new biomarkers and novel therapeu-
tics, establishing standardized protocols for 
ncRNA detection and exploring their functional 
roles in-depth will be critical for harnessing their 
full potential. While preclinical models enable us 
to examine key mechanistic details of ncRNAs in 
PAE-related CNS dysfunction and offer new 
therapeutic targets, the field should also prioritize 
clinical studies to validate the identified circRNA 
and other ncRNA signatures and their associa-
tions with FASD-related deficits. Furthermore, 
employing sophisticated computational models 
to grasp the complex interplay among circRNAs 
and other non-coding RNAs and pinpointing the 
central “hub” molecules and critical pathways 
influenced by PAE holds significant promise for 
future research. Importantly, harnessing various 
categories of non-coding RNA molecules as a 
collective “molecular signature” could unveil 
novel avenues for drug discovery, enhance diag-
nostic capabilities, and introduce innovative ther-
apeutic approaches in addressing the challenges 
posed by variable levels of prenatal alcohol expo-
sure. Longitudinal studies could provide insights 
into the dynamic nature of ncRNA dysregulation, 
offering a temporal dimension crucial for clinical 
applicability. Additionally, exploring the poten-
tial of ncRNAs as therapeutic targets demands 
rigorous investigation into delivery mechanisms 
and safety profiles.
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8Adolescent Alcohol Exposure 
Dysregulates Developing Cortical 
GABA Circuits

Avery R. Sicher and Nicole A. Crowley

Abstract

Adolescence is a critical developmental period 
during which physical, behavioral, and neuro-
biological maturation occurs. Within the brain, 
the prefrontal cortex is one of the last brain 
regions to undergo remodeling, often into 
adulthood. These relatively late developmen-
tal changes leave the prefrontal cortex 
uniquely vulnerable to insults beginning in 
adolescence—including alcohol exposure. 
Adolescents initiate alcohol consumption at a 
high rate, increasing the risk of lasting conse-
quences through impairing the typical devel-
opment of the prefrontal cortex. In this chapter, 

we discuss the development of prefrontal cir-
cuitry and the current literature investigating 
how alcohol influences prefrontal develop-
ment. We primarily focus on preclinical stud-
ies in rodent models, which allow for the study 
of specific populations of neurons in the pre-
frontal cortex. We identify several future 
directions for adolescent alcohol research, 
including greater focus on neuropeptides and 
stronger understanding of sex differences in 
brain maturation and alcohol consumption.
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8.1  Cortical Development 
During Adolescence

8.1.1  Introduction

Adolescence is the key transitional period 
between childhood and adulthood, spanning a 
time of physical, behavioral, and neurobiological 
development. Human adolescence constitutes 
roughly the second decade of life, although this 
definition has been updated based on additional 
neurobiological and social factors to encompass 
ages 10–24 years (Sawyer et  al. 2018). 
Adolescents show a variety of characteristic 
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behaviors, including heightened risk taking and 
sensation seeking, particularly in social situa-
tions (for review, see Spear 2000; Tomova et al. 
2021). Risky substance use, particularly use of 
alcohol, is frequently initiated during adoles-
cence. By grade 12 (age 17–18), about one- 
quarter of adolescents report alcohol consumption 
at least once in the previous 30 days (Miech et al. 
2024). Although these numbers have been on the 
decline over the previous few decades, binge 
drinking, a problematic drinking pattern resulting 
in intoxication, remains prevalent in about 10% 
of high school seniors (Miech et  al. 2024). 
Although the rates of adolescent alcohol con-
sumption are declining, adolescent drinking 
increases the risk of many short- and long-term 
consequences. Alcohol consumption during ado-
lescence, particularly binge or high-intensity 
drinking episodes, is associated with negative 
outcomes including risky driving decisions, vio-
lence, alcohol use disorders (AUD), and chronic 
organ damage (Vaca et  al. 2020; Chung et  al. 
2018). Understanding the neurobiological mech-
anisms which may underlie the association 
between early alcohol consumption and these 
problematic outcomes could lead to improved 
therapeutic interventions.

Much of our mechanistic understanding of 
adolescent development comes from non-human 
primate and murine models. Rodents undergo a 
transitional period after weaning marked by 
behavioral, social, and neurobiological changes 
similar to that seen in human adolescents (Spear 
2000). During this period, rodent models demon-
strate several behaviors matching those seen in 
human adolescents (for review, see Spear 2014), 
suggesting that many of these behaviors and 
underlying neurobiology are evolutionarily con-
served. The purpose of this chapter is to discuss 
the current understanding of adolescent alcohol’s 
effects on prefrontal circuit development, primar-
ily in studies using preclinical rodent models.

8.1.2  Adolescence in Humans 
and Rodent Models

The precise age range for what constitutes ado-
lescence in both humans and rodents is debated. 
Adolescence covers but extends beyond the 

pubertal period (Spear 2000; Schneider 2013). It 
is now widely accepted that human adolescence 
continues into the early 20s, with the ages 
between 10 and 24 years comprising the neuro-
biological, behavioral, and social transition to 
adulthood (Sawyer et al. 2018).

Rodents show an accelerated developmental 
timeline compared to humans. In rodents, adoles-
cence is now thought to span the fourth through 
eighth postnatal weeks, approximately postnatal 
day (PND) 28–56 (Schneider 2013; Spear 2015). 
Rodent adolescence begins after the age of wean-
ing, which occurs between PND 21 and 26, and 
roughly coincides with pubertal onset in female 
mice and rats (Schneider 2013). A similar age 
range for adolescence is typically used for both 
mice and rats, though there are slight differences 
in the precise timings of puberty across species 
(Schneider 2013). The first 2 weeks of adoles-
cence, PND 28–42, are defined as early adoles-
cence and thought to represent ages 10–18  in 
humans (Spear 2015). The early adolescent win-
dow is primarily characterized by the hormonal 
changes associated with puberty, while the latter 
half of the rodent adolescent window is charac-
terized by unique vulnerabilities to insults includ-
ing alcohol use (Spear 2015). This later window 
is thought to represent emerging adulthood 
stages, roughly equivalent to ages 18–25  in 
humans (Spear 2015).

8.1.3  Overall Prefrontal 
Development During 
Adolescence

The adolescent brain of both humans and murine 
models is still undergoing critical development, 
particularly in cortical circuits (Crews et  al. 
2007). A major characteristic of adolescent 
brain development is the growth and remodeling 
of both gray and white matter, representing cell 
bodies and processes, respectively. Cortical 
gray matter volume changes according to an 
inverted U-shape over the lifespan, peaking dur-
ing childhood (Gogtay et al. 2004), followed by 
a steady decline throughout adolescence and 
adulthood (Giedd et al. 1999). There are sex dif-
ferences in the timing of cortical maturation, 
with frontal cortical gray matter volume peak-
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ing in adolescent girls 1 year earlier than in ado-
lescent boys (Giedd et al. 1999). Synaptogenesis, 
the birth of new synaptic connections, occurs 
early in life, while synaptic pruning, the process 
by which neuronal communication is further 
refined through removal of excess connections 
between neurons, occurs in the frontal lobe dur-
ing early adolescence in humans (Huttenlocher 
and Dabholkar 1997). This synaptic refinement 
continues well into early adulthood (Petanjek 
et al. 2011).

In both sexes, the prefrontal cortex (PFC) is 
one of the last regions of the brain to undergo 
major development during adolescence, with 
changes occurring across cellular, molecular, 
and circuit levels (Spear 2000). The broad func-
tions of the PFC include executive control and 
goal- directed function (Fuster 2015). Because 
of its protracted developmental period, the PFC 
has been associated with various neuropsychiat-
ric disorders which begin to present in adoles-
cence (Drzewiecki and Juraska 2020). Compared 
to other earlier-developing regions, the PFC is 
also likely to be particularly vulnerable to 
insults during adolescence, including alcohol 
exposure. In humans, the PFC has traditionally 
been defined as regions innervated by the dorso-
medial nucleus of the thalamus (Fuster 2015). 
These regions include Brodmann areas (BA) 
9–12, 25, and 44–46 (Grossmann 2013). The 
PFC can be divided into subregions, including 
medial (medial portions of BA 9–12, BA 25) 
and lateral (lateral regions of BA 9–12, BA 
44–46; Grossmann 2013). Although there are 
structural differences across species, rodents 
have a functionally analogous region of cortex 
which underlies similar cognitive functions 
including working memory that is termed the 
rodent PFC (Carlén 2017). The rodent PFC is 
often subdivided into the anterior cingulate, pre-
limbic, and infralimbic cortices (Laubach et al. 
2018). As in humans, the rodent PFC undergoes 
a protracted development into adolescence, as 
discussed below. Despite these similarities, PFC 
growth and cytoarchitecture vary significantly 
across species and likely reflect the particular 
evolution and environments of that species 
(Kolk and Rakic 2022); therefore, interpreta-
tions across model organisms need to be consid-
ered in this context.

Along with gross structural developments in 
the PFC during adolescence, innervation of the 
PFC by several neurotransmitter systems also 
develops, including local gamma-aminobutyric 
acid (GABA) neurons and long-range dopami-
nergic (Kalsbeek et al. 1988) inputs. Integration 
of these synaptic contacts is a time-sensitive and 
fixed developmental process of critical impor-
tance, as proper development of the PFC 
GABAergic system in particular is necessary for 
excitatory/inhibitory balance and contributes to 
both the processing of afferent inputs and the 
orchestration of output responses, in the adult 
PFC.  Excitatory and inhibitory balance is vital 
for overall PFC functioning and behavior, and 
disruptions to either can cause long-lasting and 
far-reaching consequences. In addition to its 
ongoing development in adolescence, the medial 
PFC has been implicated in alcohol-seeking 
behaviors and the transition toward alcohol 
dependence (Klenowski 2018). The PFC is there-
fore in a unique position to be especially vulner-
able to insults during adolescence, including 
early alcohol use, setting the stage for long-term 
consequences.

8.1.4  Adolescent Development 
of GABAergic and Peptidergic 
Systems in the Prefrontal 
Cortex

During adolescence, the prefrontal inhibitory 
system goes through critical developmental 
remodeling and maturational changes, spanning 
cellular and molecular refinement to the develop-
ment of overall broader cortical inhibition. There 
are developmental changes at the levels of 
GABAergic receptors, neurotransmitter function, 
and populations of GABAergic neurons. It is 
important to note that GABA signaling at each of 
these levels is influenced by both immediate and 
long-term hormonal shifts (for review, see Gilfarb 
and Leuner 2022).

First, GABAergic receptor composition 
undergoes developmental changes throughout 
postnatal development (for review, see Luján 
et  al. 2005). Ionotropic GABAA receptors are 
composed of several subunits, and this composi-
tion changes throughout postnatal development. 
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Developmental changes in GABAa receptor sub-
unit composition can be reflected in the kinetics 
of inhibitory postsynaptic currents, which has an 
impact on the time course of synaptic transmis-
sion. Across species, α1 subunits gradually 
replace α2 subunits in frontal cortex during early 
postnatal development (Duncan et  al. 2010; 
Fritschy et al. 1994; Laurie et al. 1992). This cor-
responds with shorter-duration inhibitory post-
synaptic currents, reflecting an overall increase in 
the temporal precision of cortical GABA signal-
ing throughout postnatal development and ado-
lescence (Bosman et al. 2005; Kilb 2012).

Maturation of GABAA receptors contributes 
to a tonic current which emerges in the prefrontal 
cortex throughout development (Centanni et  al. 
2017). This tonic current is mediated by extra-
synaptic GABAA receptors containing the 
δ-subunit and is a critical regulator of pyramidal 
neuron excitability and firing properties in the 
mature PFC (Brickley and Mody 2012; Walker 
and Semyanov 2008). During adolescence, the 
number of pyramidal neurons in the prelimbic 
cortex receiving the tonic inhibitory current con-
tinues to increase, until nearly all pyramidal neu-
rons express this current by adulthood (Centanni 
et  al. 2017). Together, the electrophysiological 
changes due to developmental changes in GABAA 
receptor composition reflect the overall increase 
in inhibitory tone in the adolescent PFC.

GABA neurotransmitter signaling is initially 
excitatory in the developing brain due to higher 
intracellular chloride (Cl–) concentrations in 
neurons (Kilb 2012). During the first postnatal 
weeks, expression of a Cl– importer NKCC1 in 
the membrane is gradually replaced by the KCC2 
Cl– exporter, reducing the intracellular Cl– con-
centration and leading to GABA exerting hyper-
polarizing effects (Peerboom and Wierenga 
2021). Importantly, the switch of GABA from 
excitatory to inhibitory has been found to occur 
at differential rates across discrete cell types else-
where in the cortex (Ikeda et al. 2003), with simi-
lar cell-specific changes in the GABA transporter 
seen across development (Ikeda et  al. 2003)—
highlighting the need to understand the nuanced 
progression of individual populations of GABA 
neurons. Overall GABAergic transmission onto 

PFC glutamatergic neurons increases throughout 
adolescence (Cass et al. 2014; Kroon et al. 2019), 
though these experiments did not tie increases in 
spontaneous GABAergic signaling to specific 
populations. This increase in inhibitory drive is 
layer-specific in the PFC, with spontaneous 
inhibitory events increasing later in superficial 
layers as compared to deeper layers (Kroon et al. 
2019). Increases in inhibitory signaling may be 
due to the changes in GABA neurotransmitter 
function or due to maturation of GABAergic neu-
rons. Subpopulations of GABA neurons are tra-
ditionally classified based on the expression of 
co-expressed genetic molecular markers, includ-
ing parvalbumin, somatostatin, corticotrophin- 
releasing factor, dynorphin, and vasoactive 
intestinal peptide (Gabbott et al. 1997; Xu et al. 
2010; Brockway and Crowley 2020). These sub-
populations show different developmental trajec-
tories in their expression and in their emerging 
electrophysiological properties, and development 
of each cellular population and the overall net-
work of GABAergic neurons contributes to the 
overall refinement of the excitatory/inhibitory 
balance in the PFC in adolescence.

8.1.4.1  Development of Somatostatin- 
Expressing GABAergic Neurons

Somatostatin (SST)-expressing neurons in the 
PFC are involved in a variety of affective behav-
iors including fear learning (Cummings and 
Clem 2020; Xu et al. 2019) and affective recogni-
tion and discrimination (Scheggia et  al. 2020). 
Several preclinical studies have sought to charac-
terize changes in SST throughout development to 
understand the potential role of this peptide and 
neuron population in affective disorders which 
often first present during adolescence. Derived 
from the medial ganglionic eminence, SST neu-
rons are among the earliest born GABAergic 
neuron populations, and their innervation of the 
cortex increases during the first postnatal week in 
rodents (Forloni et al. 1990; Miyoshi et al. 2007; 
Tuncdemir et al. 2016). One study investigating 
adolescent development of GABAergic popula-
tions found that SST protein expression in PFC 
develops in an inverted-U pattern, increasing 
between postnatal weeks 3 and 6 before decreas-
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ing by adulthood in female mice, while male 
mice do not show appreciable changes across this 
same timespan (Du et al. 2018). Importantly, this 
study captures changes in the expression of SST 
peptide protein—suggesting developmental reg-
ulation of peptide expression, as there were no 
changes in SST-expressing cell density in the 
female PFC measured using immunohistochemi-
cal labeling of the SST protein. SST mRNA has 
been found elsewhere in the brain to be regulated 
by sex hormones (Argente et al. 1990) pointing 
toward a potential mechanism of sex-specific 
developmental growth. A “critical period” for 
cortical SST neuron electrophysiological devel-
opment has been proposed to span the first two 
postnatal weeks in mice (Pan et al. 2019). During 
this “critical period” prior to PND 15, the intrin-
sic electrophysiological properties of cortical 
SST neurons, including membrane resistance and 
resting membrane potential, mature and stabilize 
(Pan et al. 2016, 2019). Despite early stabiliza-
tion of these intrinsic properties, active properties 
including current-induced spiking continue to 
develop past PND 28 and into early adolescence 
(Pan et  al. 2019; Kinnischtzke et  al. 2012). 
Microcircuitry including SST neurons continues 
to evolve after weaning, as shown by increases in 
synaptic drive onto SST neurons (Pan et  al. 
2016). And interestingly, while SST neurons 
show stability in intrinsic properties throughout 
adolescence, they also show marked plasticity in 
response to learning events like fear conditioning 
(Koppensteiner et al. 2019).

8.1.4.2  Parvalbumin-Expressing 
GABAergic Neurons

Like SST-expressing neurons, parvalbumin (PV)-
expressing neurons are derived from the medial 
ganglionic eminence (Miyoshi et  al. 2007) and 
experience developmental regulation. Du et  al. 
found developmental increases in expression of 
other GABAergic subpopulations such as 
PV-expressing neurons (Du et  al. 2018)—an 
effect that replicates work across humans (Fung 
et al. 2010) and rats (Caballero et al. 2014). Both 
male and female mice show a steady increase in 
PV-expressing neurons throughout postnatal 
weeks 3–12 (Du et al. 2018). Others have found 

similar conclusions, with PV-expressing neurons 
increasing in rats around PND 45–55, at which 
point they appear to stabilize to their adulthood 
levels (Caballero et al. 2014). This increase in PV 
was driven by an increase in both cell number 
and PV protein expression and is correlated with 
increasing glutamatergic drive onto these neu-
rons (Caballero et al. 2014). However, PFC PV 
neurons can be further classified as chandelier 
cells and basket cells, with only basket cells pres-
ent in deeper cortical layers after about the sec-
ond week of postnatal development, and 
developing excitatory drive onto these two sub-
populations differs (Miyamae et al. 2017). This 
highlights the need to continuously re-evaluate 
our classification systems for GABAergic neu-
rons and to consider them in new contexts. As 
with prefrontal SST neurons, prefrontal PV neu-
rons show rapid development of intrinsic proper-
ties during the first two postnatal weeks, although 
synaptic communication between PV neurons 
and excitatory pyramidal neurons continues to 
increase past PND 28 and into early adolescence 
(Yang et al. 2014). During the later juvenile, pre- 
adolescent period into mid-adolescence (PND 
14–50), PV neurons are integrated into local cir-
cuitry in an activity-dependent manner (Canetta 
et al. 2022). Together, studies in both prefrontal 
SST and PV neurons show that inhibitory neuron 
maturation does not conclude with stabilization 
of intrinsic properties, but that integration of 
these neurons into mature microcircuitry contin-
ues into adolescence.

8.1.4.3  Other Populations 
of GABAergic Neurons

Other GABAergic subpopulations have not been 
investigated as thoroughly as SST and 
PV.  Calretinin-expressing neurons appear to 
decrease throughout adolescence, with lower 
expression of calretinin protein seen at PND 
45–55 as compared to PND 25–35 (Caballero 
et al. 2014). In humans, neuropeptide-y express-
ing neurons appear to increase in density from 
approximately 4 to 7 years of age (Delalle et al. 
1997). Interestingly, while this study found stable 
adulthood-like expression around years 8–10, 
they also noted strong variability across subjects. 
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And importantly, almost nothing is known about 
how these neurons developmentally regulate 
release and signaling through their peptidergic 
transmitters. While RNA expression levels hint 
more toward developmental regulation of peptide 
expression than true neuronal markers, the release 
of neuropeptides in general is still an emerging 
area of interest (Dao et al. 2019). Aberrant expres-
sion of these neurons during postnatal develop-
ment is seen in neuropsychiatric conditions such 
as schizophrenia (Fung et al. 2010) highlighting 
the need to further understand the trajectory of 
these GABAergic neurons—and how to protect 
their natural growth trajectories. Also importantly, 
only a small percentage of GABA neurons need to 
be dysregulated during development to cause pro-
found impacts on overall PFC excitatory inhibi-
tory balance (Caballero et al. 2020)—setting the 
stage for disruptions such as adolescent alcohol 
consumption to have catastrophic ramifications 
on PFC circuit function.

8.1.5  Adolescent Development 
of Glutamatergic Circuits

Much like the GABAergic system, glutamater-
gic neurons both within and projecting to the 
developing PFC undergo profound synaptic 
pruning. Some rodent studies have suggested 
that pruning of synapses and neurons is greater 
in females than in males, with decreases in 
female medial PFC cell bodies between PND 
35 and 45 (Willing and Juraska 2015). As no 
changes in GABAergic neuronal markers were 
seen, this implicates pruning of glutamatergic 
neurons. Ovarian hormones underlie this neu-
ronal pruning, as gonadectomy prevents this 
neuron loss in female but not male rats (Koss 
et al. 2015). Similar to the pattern seen in SST 
and PV neurons, glutamatergic pyramidal neu-
rons show stabilization of intrinsic properties 
primarily during the first two postnatal weeks 
(Kroon et  al. 2019). This general trend coin-
cides with morphological growth of these cells 
and is consistent across prefrontal layers. 
However, synaptic drive onto pyramidal neu-
rons does develop in a layer-specific manner, 
reflecting continued integration of inhibitory 

neurons into pyramidal circuits during adoles-
cence, especially in the superficial layers 
(Kroon et al. 2019).

Glutamatergic receptor signaling within the 
PFC undergoes developmental remodeling 
throughout adolescence as well (for review, see 
Luján et  al. 2005). A developmental switch in 
N-methyl-D-aspartate (NMDA) receptor subunit 
expression has been reported, with NR2A gradu-
ally replacing NR2B (Ueda et al. 2015), although 
increases in NR2B-facilitated excitatory trans-
mission from late adolescence into early adult-
hood have been shown (Flores-Barrera et  al. 
2014). These changes may depend on the cortical 
layer investigated or the PFC subregion targeted. 
Composition of kainite and metabotropic gluta-
mate receptors is also developmentally regulated 
(for review, see Luján et al. 2005). Specific inputs 
onto pyramidal neurons develop as well, which 
regulates pyramidal neuron cell firing (Trantham- 
Davidson et  al. 2017; Tseng and O’Donnell 
2007). During adolescence, as expression of 
dopaminergic receptors increases in the prelimbic 
cortex, the number of pyramidal neurons respon-
sive to D1 agonists increases (Trantham- Davidson 
et  al. 2017). This coincides with an increase in 
dopaminergic innervation of the medial PFC 
throughout adolescence in male and female 
rodents (Willing et al. 2017; Naneix et al. 2012). 
Changes in receptor expression and inputs onto 
PFC glutamatergic neurons refine the overall 
excitatory activity during adolescence and may 
underlie behavioral maturation. However, there is 
much yet to be explored in regard to adolescent 
development of PFC glutamatergic systems and 
their interaction between these other inputs.

8.2  Adolescent Alcohol 
Consumption Can Lead 
to Sex-Specific, Long-Lasting 
Deleterious Consequences

8.2.1  Human and Animal Studies: 
Behavioral Implications

Any perturbation to prefrontal maturation is likely 
to produce lasting effects, and alcohol exposure is a 
particularly common insult to PFC development 
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during adolescence. The late developmental matu-
ration of the PFC may be causal to increased alco-
hol consumption in adolescence (Guerri and 
Pascual 2010), possibly reflecting an imbalance 
between executive control and the earlier-maturing 
reward-seeking systems (Steinberg 2008). 
Adolescents show some resilience to some of the 
acute negative consequences of alcohol drinking 
(e.g. hangover symptoms), supporting higher levels 
of alcohol drinking during a drinking event among 
adolescents (Spear 2014). Indeed, episodes of 
binge drinking, consuming at least 4 or 5 alcoholic 
drinks within a 2-h period in women and men, 
respectively, are reported by about 10% of adoles-
cents under the legal drinking age (SAMHSA 
2022). Within those who report binge drinking epi-
sodes, patterns of repeated binge drinking and 
occasions of high-intensity drinking, defined as 
consuming more than ten alcoholic drinks in one 
episode, are also prevalent (SAMHSA 2022). In 
addition to immediate risks of high levels of alco-
hol consumption like impaired driving and unsafe 
sexual intercourse, alcohol drinking in adolescents 
is associated with other long-term risk-taking 
behaviors, including fighting, use of other drugs of 
misuse, and unsafe driving (Chung et  al. 2018; 
Vaca et al. 2020; DuRant et al. 1999). Earlier alco-
hol consumption, particularly in patterns of binge 
or high-intensity drinking, has been associated 
with higher risk of alcohol-related harm, including 
developing an alcohol use disorder (AUD) later in 
life (Grant and Dawson 1997; DeWit et al. 2000; 
Wells et al. 2004; Yuen et al. 2020). Importantly, 
this relationship between early alcohol use and risk 
of problematic alcohol consumption patterns is 
influenced by other factors, such as co-morbid 
mental health conditions and socioeconomic back-
ground (Wells et  al. 2004). Taken together, these 
changes in outcomes surrounding risky decision 
making and related behaviors following adolescent 
alcohol consumption suggest long-lasting changes 
in the cortex are likely.

Indeed, problematic alcohol use in adoles-
cents has been associated with lasting changes in 
the PFC.  Human neuroimaging studies have 
found that adolescents with an AUD have reduced 
PFC volume (De Bellis et al. 2005), with a more 
pronounced reduction in adolescent women 
(Medina et al. 2008). Medina et al. demonstrated 
an interaction between sex and AUD condition on 

PFC volume—adolescent boys with an AUD 
show enlarged PFC volumes and adolescent girls 
with an AUD show reduced PFC volumes com-
pared to same-sex counterparts without an AUD, 
respectively. Differences in the microstructure of 
frontostriatal connectivity have been identified 
even prior to alcohol use in adolescents who went 
on to engage in binge drinking (Jones and Nagel 
2019). The preclinical animal literature has pro-
vided a breadth of information on the negative 
consequences of adolescent alcohol exposure, 
often demonstrating complementary behavioral 
changes to those seen in humans (Spear 2000). 
Conflicting results are seen in regard to whether 
adolescent alcohol consumption leads to greater 
consumption or preference for alcohol in adult-
hood. Adolescent mice that undergo a develop-
mentally modified drinking in the dark (DID) 
binge-like model of alcohol consumption show 
significantly higher consumption of alcohol 
when compared to adults (Holstein et  al. 2011; 
Lee et  al. 2017; Younis et  al. 2019; Van Hees 
et al. 2022). This effect can be driven by overall 
higher drinking in female rodents (Strong et al. 
2010). However, not all rodent studies of adoles-
cent drinking report an escalation of drinking 
during adulthood (Varlinskaya et  al. 2017; 
Wooden et  al. 2023; Nentwig et  al. 2019; 
Chandler et al. 2022a, b; Sicher et al. 2024; for 
review, see Towner and Varlinskaya 2020). These 
conflicting results highlight a few key points. 
First, experimental differences in the precise 
developmental timing of access to alcohol may 
suggest that sex differences in alcohol consump-
tion do not emerge until later developmental 
timepoints—potentially pointing toward 
hormone- driven mechanisms. Second, while 
consumption of alcohol is similar across males 
and females at early developmental timepoints, it 
may set the stage for exacerbated effects across 
the sexes if sex-dependent or sexually dimorphic 
brain circuits develop abnormally post-alcohol. 
This highlights the need for precise investiga-
tions of alcohol-induced changes in PFC circuits 
in both sexes. One factor potentially contributing 
to these conflicting reports is housing conditions, 
i.e. individual versus grouped housing. Many 
rodent alcohol exposure paradigms require sub-
jects to be housed individually in order to track 
ethanol consumption (Crowley et  al. 2019), 
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though social isolation during adolescence can 
drive heightened alcohol consumption later in 
life (Chappell et  al. 2013; Skelly et  al. 2015; 
Lopez et  al. 2011; for review, see Lodha et  al. 
2022). However, this effect is not universally 
observed (Pisu et  al. 2011; Butler et  al. 2014; 
Logue et  al. 2014; Rivera-Irizarry et  al. 2020). 
Other studies show that the combination of social 
isolation and ethanol exposure in adolescence, 
rather than exposure to one factor alone, pro-
duces the heightened drinking phenotype in 
adulthood (Chandler et  al. 2022b). We recently 
reported no change in adulthood alcohol con-
sumption following several paradigms of volun-
tary adolescent alcohol exposure regardless of 
housing condition (Sicher et  al. 2024). 
Importantly, the variability in effect seen on ado-
lescent drinking-induced escalation in adulthood 
drinking emphasizes the need to further under-
stand social factors that underlie human adoles-
cent alcohol consumption that are likely to be 
uncaptured in murine models.

While many studies investigating the effects 
of adolescent alcohol exposure do not explicitly 
test PFC neuronal function, persistent alterations 
in behaviors known to require the PFC can point 
toward its disruption. In both humans and murine 
models, this can include changes in risk taking, 
novelty seeking, cognitive flexibility, learning, 
and fear memory, and consumption of rewarding 
substances (for review see Sicher et al. 2022). In 
rodent models, behavioral changes induced by 
adolescent alcohol often indicate a lasting 
adolescent- like phenotype, i.e. alcohol-exposed 
adult mice show behaviors more comparable to 
adolescent mice than to control adult mice (Spear 
and Swartzwelder 2014). Intermittent ethanol 
exposure during both early (PND 24–45) and late 
(PND 45–65) adolescence has been shown to 
alter anxiety-like behavior in both male and 
female mice (Varlinskaya et al. 2020), as well as 
behavioral flexibility in both sexes (Van Hees 
et al. 2022). Exposure to vaporized ethanol dur-
ing early adolescence (PND 28–44) can lead to 
altered threat-related behavior in adult rats, likely 
to be governed by PFC circuits (Landin and 
Chandler 2023). Importantly, Landin and 
Chandler demonstrated sex differences in the 

consequences of vaporized ethanol, with female 
rats showing enhanced freezing compared to 
male rats. Other groups have similarly shown sex 
differences in fear-related behaviors following a 
voluntary alcohol consumption model (Grizzell 
et al. 2023), suggesting changes in the PFC are 
likely. Exposure to ethanol via intragastric gavage 
during adolescence reduced social preference in 
male rats and altered the neuronal activation pat-
terns underlying these social behaviors (Towner 
et al. 2022). In male rats, medial PFC neuronal 
activation was correlated with social behavior, an 
effect that was blocked by adolescent ethanol 
exposure. In female rats, there was a negative 
correlation between orbitofrontal cortex activity 
and social behavior that was not observed follow-
ing adolescent alcohol exposure (Towner et  al. 
2022). This study captured broad changes in neu-
ronal activation after social interaction test, 
although specific populations of neurons may be 
more vulnerable to adolescent alcohol. Together, 
these studies show lasting effects of adolescent 
alcohol exposure on various behaviors which can 
be linked to alterations in the PFC.

8.2.2  Adolescent Alcohol Effects 
on Prefrontal Glutamatergic, 
GABAergic, and Peptide 
Circuits

Because the prefrontal excitatory and inhibitory 
systems experience critical developmental 
changes during adolescence, these neurons and 
their connections are especially vulnerable to 
insults including alcohol use (Caballero et  al. 
2021). Additionally, any disruptions to prefrontal 
maturation are more likely to produce permanent 
dysfunction. Supporting this, many preclinical 
studies have demonstrated behavioral and neuro-
biological consequences persisting into adult-
hood following adolescent alcohol exposure (for 
review see Robinson et al. 2021). Studies thus far 
have largely centered on prefrontal pyramidal 
neurons, which represent the major excitatory 
population of neurons and which project to other 
cortical and subcortical regions. Adolescent alco-
hol exposure has been shown to cause altered 
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intrinsic excitability of both pyramidal neurons 
and fast-spiking GABA neurons in the prelimbic 
(PL) cortex, a subdivision of the PFC in rodents 
(Sicher et al. 2023; Salling et al. 2018; Trantham- 
Davidson et  al. 2017). These changes are 
driven—at least in part—by reductions in 
hyperpolarization- activated cation currents 
(Salling et  al. 2018). Importantly, intermittent 
exposure to alcohol during adolescence also 
reduces PFC resting-state connectivity and func-
tional connectivity between the PFC and struc-
tures in the striatum (Broadwater et  al. 2018), 
suggesting that the PFC changes induced by ado-
lescent alcohol exposure have profound down-
stream network implications. Previous work 
from our group has found that these changes in 
excitability can be long lasting—persisting at 
least 30 days after the cessation of adolescent 
alcohol consumption (Sicher et al. 2023). Others 
have shown that changes in pyramidal neuron 
excitability are layer-specific, with deeper-layer 
pyramidal neurons being more vulnerable to per-
sistent changes following adolescent alcohol 
exposure than superficial pyramidal neurons 
(Galaj et  al. 2020). Glutamatergic drive onto 
layer V pyramidal neurons is increased following 
a two-bottle choice access model (Klenowski 
et al. 2016). Differences in results may be due to 
differences in species used (mice versus rats) or 
exposure paradigms employed (Drinking in the 
Dark versus chronic intermittent vapor exposure, 
discussed further below).

Several groups have shown that adolescent 
alcohol produces unique effects on prefrontal 
neurons compared to alcohol exposure beginning 
later in life. Although our group has found hypo-
excitability in layer II/III pyramidal neurons 24 h 
after cessation of our adolescent binge drinking 
model (Sicher et al. 2023), a previous study from 
our lab using an identical drinking paradigm 
beginning in adulthood revealed hyperexcitabil-
ity of the same neuron population (Dao et  al. 
2021). Another study similarly found opposing 
effects of adolescent (PND 28–45) and early 
adulthood (PND 70–88) alcohol exposure on pre-
frontal pyramidal neurons using a chronic expo-
sure paradigm (Galaj et al. 2020). These findings 
show the importance of considering developmen-

tal age when investigating the neurobiological 
consequences of alcohol exposure.

In addition to disruption of intrinsic proper-
ties, adolescent alcohol exposure interferes with 
dopaminergic modulation of glutamatergic neu-
rotransmission in the PFC.  Agonists for two 
dopaminergic receptor subtypes (D1 and D2) 
have opposing effects on pyramidal neuron activ-
ity—D1 agonists increase pyramidal neuron fir-
ing while D2 agonists reduce firing, likely driven 
by differing g-protein coupled actions of the 
receptor subtypes (Trantham-Davidson et  al. 
2017; Kebabian and Greengard 1971). In rats, 
exposure to alcohol from PND 28 to 42, during 
early adolescence, disrupts D1-modulated regu-
lation of prelimbic pyramidal neuron firing with-
out altering expression of D1 receptors 
themselves (Trantham-Davidson et  al. 2017). 
This reduction of D1-mediated function is seen 
in male and female rats and in pyramidal neurons 
projecting to both the nucleus accumbens and 
basolateral amygdala (Obray et  al. 2022). 
Although changes in D1 modulation of pyrami-
dal neurons were seen across pyramidal neurons 
with different downstream targets, the effects of 
adolescent alcohol on synaptic input do depend 
on the output population of the pyramidal neu-
rons. The balance of excitatory/inhibitory synap-
tic drive was shifted toward inhibition in 
accumbens-projecting pyramidal neurons after 
adolescent alcohol, but synaptic drive onto 
amygdala- projecting pyramidal neurons was not 
altered (Obray et al. 2022). Together, these find-
ings reveal lasting effects of adolescent alcohol 
exposure for excitatory prefrontal circuitry, 
which could contribute to the behavioral conse-
quences discussed previously.

The consequences of adolescent alcohol expo-
sure at the cellular level for inhibitory neuron 
populations are still being uncovered, as there is 
a large diversity of subtypes to investigate. 
GABAergic neurons undergo profound develop-
mental growth, with a greater change in overall 
inhibitory function compared to overall excit-
atory function (Caballero et  al. 2021). Several 
studies have assessed the effects of exposure to 
alcohol during adolescence on some of the differ-
ent subpopulations of GABAergic neurons in the 
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PFC and have reported cell type-specific changes 
following alcohol. Importantly, these effects are 
also dependent on the timing of alcohol expo-
sure. As inhibitory neuron activity is critical for 
regulation of overall PFC activity and function, 
understanding the consequences of adolescent 
alcohol for these neurons is critical.

At a broad level, adolescent alcohol has been 
shown to interfere with the typical development 
of extrasynaptic GABA transmission which 
serves as an important regulator of pyramidal 
neuron excitability. Intermittent alcohol during 
early adolescence, from PND 28 to 42, blocked 
the development of a tonic GABA current onto 
layer V of the prelimbic cortex (Centanni et al. 
2017). Loss of this current persisted at least 30 
days after alcohol exposure concluded, suggest-
ing that alcohol prevented this developmental 
milestone, rather than delaying it. Reduced 
expression of this current could lead to disinhibi-
tion and hyperexcitability of prefrontal pyrami-
dal cells following adolescent alcohol, an effect 
that has been shown previously (Sicher et  al. 
2023; Salling et al. 2018).

Although differences in adolescent maturation 
have been observed across GABAergic cell pop-
ulations, relatively few studies have investigated 
the effects of adolescent alcohol on individual 
inhibitory neuron populations. Fast-spiking inter-
neurons in the prelimbic region of the PFC are 
vulnerable to intermittent ethanol exposure from 
PND 28 to 42, during early- to mid-adolescence, 
showing reduced evoked action potential firing 
(Trantham-Davidson et  al. 2017). As seen in 
pyramidal neurons, dopaminergic modulation of 
fast-spiking interneuron activity, specifically 
mediated by the D1 receptor, was also lost fol-
lowing adolescent alcohol exposure (Trantham- 
Davidson et  al. 2017). Binge alcohol exposure 
during early adolescence from PND 28 to 37 can 
also reduce the number of PV-expressing neurons 
in the PFC altogether (Rice et al. 2019), though it 
is unknown whether this loss was due to changes 
in the adolescent-typical increase of PV cells, 
reduced PV protein expression, or death of PV 
neurons. This loss in PV-expressing neurons also 
corresponded to a loss in myelination, indicating 
that synaptic transmission from PV-expressing 

cells may be impaired by alcohol (Rice et  al. 
2019). Complementary lines of evidence show 
increased excitability and medium afterhyperpo-
larization (mAHP) in PV interneurons in mice 
following an intermittent access paradigm begin-
ning in mid-late adolescence at ~PND 42 (Joffe 
et al. 2020). These effects were more pronounced 
in female mice, as male mice showed altered 
mAHP without excitability changes, and the 
sexes differed in excitatory synaptic changes 
onto PV neurons. These results highlight the 
importance of considering developmental age of 
alcohol exposure, as alcohol exposure earlier in 
adolescence reduced the excitability of prefrontal 
PV-expressing neurons (Trantham-Davidson 
et al. 2017). Future studies should further deter-
mine the effects of adolescent alcohol on PV 
expression (i.e. cells vs protein loss). As a cal-
cium binding protein, loss of PV within neurons 
could underlie the electrophysiological changes 
discussed above. Taken together, multiple lines 
of evidence suggest that not only are the number 
of PV-expressing neurons reduced, but the func-
tion of the remaining neurons is drastically com-
promised following adolescent alcohol 
consumption or exposure.

PFC SST neurons in the adult brain have 
been shown to be modified by events like adult-
hood alcohol exposure and stress exposure (Dao 
et al. 2021; Joffe et al. 2022; Fuchs et al. 2017), 
but little is known about developmental expo-
sure to alcohol and this cell type. Recent work 
shows that a late adolescence model of intermit-
tent access to alcohol, beginning between PND 
42 and 49, reduces excitatory drive onto soma-
tostatin neurons (Joffe et  al. 2020). We have 
investigated adolescent alcohol-induced disrup-
tions to the intrinsic properties of prefrontal 
SST neurons. Using the Drinking in the Dark 
paradigm to model binge-like drinking through-
out adolescence, from PND 28 to 52 we found 
that prelimbic SST neurons show increases in 
current-induced action potential firing 24 h after 
the final binge session (Sicher et al. 2023). We 
found that this hyperexcitable phenotype 
remained even when electrophysiology experi-
ments were performed 30 days after the cessa-
tion of alcohol consumption. These experiments 
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did not find reductions in SST cell number, sug-
gesting a potential to therapeutically restore the 
excitatory/inhibitory balance in the 
PFC.  Interestingly, we have previously found 
contrasting results using identical methods to 
investigate the consequences of binge drinking 
in adult mice (Dao et  al. 2021), further high-
lighting how adolescent consumption of alcohol 
uniquely dysregulates developing PFC neurons 
and circuits, as compared to when the adult 
brain is exposed to alcohol. Despite our previ-
ous finding that adult binge drinking increases 
SST- mediated inhibition onto other prelimbic 
inhibitory neurons (Dao et al. 2021), we did not 
see changes in SST connectivity with pyramidal 
or inhibitory neurons following adolescent alco-
hol (though these papers used slightly differing 
optogenetic and transgenic approaches). 
Importantly, little work thus far has assessed 
alterations in SST peptide function following 
adolescent alcohol exposure. SST hyperpolar-
izes neurons in the prefrontal cortex (Brockway 
et  al. 2023), so changes in prefrontal SST 
expression or function following adolescent 
alcohol may have implications for prefrontal 
circuit function.

In addition to the studies above suggesting 
adolescent alcohol-induced dysregulation of 
pyramidal and inhibitory neurons, there have 
been important observations into adolescent 
alcohol’s effects on other non-neuronal processes 
in the PFC that warrant further focused investiga-
tion. For example, adolescent alcohol exposure 
from PND 25 to 54 increases expression of peri-
neuronal nets on PV-expressing cells without 
altering the expression of PV or choline acetyl-
transferase (CHAT) cells themselves in the PFC 
(Dannenhoffer et al. 2022). Perineuronal nets are 
components of the extracellular matrix that sur-
round neurons and their processes and are an 
important regulator of PV neuron excitability and 
plasticity (Drzewiecki et  al. 2020). The expres-
sion of perineuronal nets increases post-puberty 
in both sexes in rats (Drzewiecki et  al. 2020), 
suggesting another indirect mechanism by which 
PV and overall PFC function can be disrupted by 
adolescent alcohol.

8.3  Many Variables Can Affect 
the Outcome of Adolescent 
Alcohol Exposure 
on Prefrontal Circuits

There are multiple variables that can influence 
the effect adolescent alcohol has on developing 
cortical circuits. Exposure paradigms can range 
from voluntary consumption (drinking in the 
dark, intermittent access) to forced consumption 
(intragastric gavage, intraperitoneal injections, 
and vaporized ethanol exposure), which can 
result in compounding stress effects (Crowley 
et al. 2019). All of these models can also be used 
for either acute or chronic exposure. The precise 
timing of exposure, and for how long, may cap-
ture differing developmental windows. 
Importantly, it is well known that alcohol and 
stress interact, and this is critical for the develop-
ing PFC as well (Shaw et al. 2020; Sicher et al. 
2022). Stress itself can alter the developmental 
trajectory of the PFC (Page and Coutellier 2018) 
and adolescent alcohol work must be considered 
in the context of both general stressors and any 
stress introduced by the model, such as physical 
stress and housing conditions.

Further work is needed to better understand 
both the typical development of the PFC and the 
impacts of adolescent alcohol. A major limitation 
toward understanding how adolescent alcohol 
impacts nuanced development in the PFC is that 
the field lacks a comprehensive framework of the 
typical development of individual neurons, sig-
naling molecules, and circuits in the 
PFC.  Adolescent alcohol leads to complex 
changes elsewhere in the brain (Avegno et  al. 
2016)—and these projections can have profound 
implications for the PFC. Importantly, increasing 
amounts of evidence suggest the need to further 
understand neuropeptide populations in the PFC 
(Brockway and Crowley 2020). While these neu-
ropeptide populations are often co-expressed 
with GABA, neuropeptides themselves exert a 
diverse array of actions in the PFC (Brockway 
et al. 2023)—all of which may be altered follow-
ing adolescent alcohol. These peptidergic popu-
lations likely represent promising therapeutic 
targets (Crowley and Joffe 2022). In addition, 
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greater attention should be paid to polysubstance 
misuse—including prescription medications, and 
other drugs taken both legally and illicitly 
throughout adolescence (Crowley et  al. 2014; 
Ansell et al. 2023; Bedillion et al. 2021; Linden- 
Carmichael et al. 2021).

The field is also increasingly attuned to the 
need to further investigate sex differences in ado-
lescent alcohol consumption and brain matura-
tion. Drinking patterns in men and women are 
converging, with adolescent girls and young 
women representing a higher risk of problematic 
alcohol consumption (Slade et  al. 2016; White 
et  al. 2015; Cheng and Anthony 2017). 
Understanding how sex may influence behavioral 
and neurobiological outcomes of adolescent 
alcohol use is therefore becoming increasingly 
prudent. While some preclinical studies do not 
note sex differences in adolescent alcohol con-
sumption (e.g. Sicher et  al. 2023; Younis et  al. 
2019), this does not preclude more nuanced inter-
actions with biological sex, as there are known 
interactions between sex hormones and drug mis-
use more broadly. Hormonal fluctuations of the 
menstrual cycle have been linked to probability 
of binge drinking behaviors in humans and 
macaques (Hayaki et al. 2020; Warren et al. 2020; 
Martel et  al. 2017; Thomas and Czoty 2019; 
Mello et  al. 1986; Hoffmann et  al. 2024), and 
ovarian hormones can regulate brain reward cir-
cuitry in female mice (Hilderbrand and Lasek 
2018a; Giacometti et al. 2022; Chen et al. 2022; 
Vandegrift et al. 2020; Tonn Eisinger et al. 2018; 
Satta et  al. 2018). Additionally, adult female 
C57BL/6J mice consistently consume more alco-
hol (g/kg) than adult males in voluntary exposure 
model of binge drinking, an effect that appears to 
be dependent on estrogen (Satta et  al. 2018; 
Hilderbrand and Lasek 2018b). Alcohol con-
sumption has not been consistently shown to cor-
relate with estrus cycle phase in mice (Satta et al. 
2018), suggesting that the effects may be based 
on broader levels and not just daily fluctuations in 
estrogen and other gonadal hormones (Radke 
et al. 2021). Sex differences in adolescent alcohol 
consumption may not be consistently observed as 
the timing of alcohol exposure in relation to 
pubertal increases in gonadal hormone produc-

tion may influence these results. Sex chromo-
some complement, assessed through the Four 
Core Genotypes model, has also been shown to 
influence alcohol intake independent of gonadal 
hormones, with XX mice consuming more than 
XY mice (Sneddon et al. 2022). Ongoing work 
using the Four Core Genotypes model in adoles-
cent mice suggests that the role of sex chromo-
some complement in alcohol consumption may 
be age dependent (Aarde et al. 2022). How these 
hormone-driven escalations in binge drinking 
interact with brain development, particularly in 
the PFC, is unknown.

While considering biological sex when study-
ing alcohol use and prefrontal development is 
important, gender identity is another important 
and emerging factor to consider. Studies of alco-
hol use in transgender and gender non- conforming 
populations are currently limited but growing. 
Hazardous alcohol use has been found repeatedly 
in transgender populations; however, much of 
our understanding of alcohol use thus far fails to 
separate the effects of biological sex and gender 
identity (Gilbert et al. 2018). Continuing to better 
understand how biological sex and gender iden-
tity separately relate to hazardous drinking pat-
terns can improve interventions and screening 
processes for problematic alcohol use among 
transgender and gender non-conforming youth 
(Gilbert et  al. 2018). Substance use, including 
episodes of problematic or binge drinking, is 
common in transgender youth (Day et al. 2017; 
Watson et  al. 2019). Future studies including 
transgender and gender non-conforming youth 
are critical to improve treatment strategies and 
outcomes for these particularly vulnerable 
groups.

8.4  Conclusions

The PFC undergoes a variety of critical develop-
mental changes during adolescence, a period in 
which alcohol use is commonly initiated. PFC 
maturation includes overall refinement of gluta-
matergic and inhibitory GABAergic transmission 
and circuitry which is necessary for proper func-
tion and behavior in adulthood. Alcohol con-
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sumption in adolescents is associated with a 
variety of long-term behavioral consequences 
and alterations in prefrontal neurobiology. 
Evidence from preclinical models shows that 
adolescent alcohol interferes with the develop-
ment of prefrontal circuitry, though our under-
standing of adolescent alcohol’s effects at the 
cellular level remains limited. Many factors can 
influence the consequences of adolescent alcohol 
exposure and should be considered in future stud-
ies, including biological sex and gender identity, 
sex hormone levels, paradigm and pattern of ado-
lescent alcohol exposure (i.e., intermittent versus 
chronic exposure, binge and high-intensity drink-
ing), and the developmental timing of alcohol 
exposure.
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9Impact of Neuroimmune System 
Activation by Adolescent Binge 
Alcohol Exposure on Adult 
Neurobiology

Victoria Macht, Sagan de Castro, 
and Ryan P. Vetreno

Abstract

Adolescence is a conserved neurodevelop-
mental period encompassing maturation of 
glia and the innate immune system that paral-
lels refinement of brain structures, neurotrans-
mitter systems, and neurocircuitry. Given the 
vast neurodevelopmental processes occurring 
during adolescence, spanning brain structural 
and neurocircuitry refinement to maturation of 
neurotransmitter systems, glia, and the innate 
immune system, insults incurred during this 
critical period of neurodevelopment, could 
have profound effects on brain function and 
behavior that persist into adulthood. 
Adolescent binge drinking is common and 
associated with many adverse outcomes that 
may underlie the lifelong increased risk of 
alcohol-related problems and development of 
an alcohol use disorder (AUD). In this chapter, 
we examined the impact of adolescent binge 

drinking models using the adolescent inter-
mittent ethanol (AIE) model on adult 
 neurobiology. These studies implicate proin-
flammatory neuroimmune signaling across 
glia and neurons in persistent AIE-induced 
neuropathology. Some of these changes are 
reversible, providing unique opportunities for 
the development of treatments to prevent 
many of the long-term consequences of ado-
lescent alcohol misuse.

Keywords

Acetylcholine · Adolescent intermittent 
ethanol · Development · Epigenetic · HMGB1 · 
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9.1  Introduction

9.1.1  Adolescence Development 
and Human Adolescent Binge 
Drinking

Adolescence is a conserved neurodevelopmental 
period encompassing cognitive, emotive, and 
social maturation that marks the transition from 
the prepubescent juvenile period to independence 
and adulthood. Across adolescence, frontal corti-
cal and subcortical limbic regions undergo struc-
tural changes coincident with maturation of adult 
behaviors and executive function (Ernst et  al. 

V. Macht · S. de Castro 
Bowles Center for Alcohol Studies, School of 
Medicine, University of North Carolina at Chapel 
Hill, Chapel Hill, NC, USA 

R. P. Vetreno (*) 
Bowles Center for Alcohol Studies, School of 
Medicine, University of North Carolina at Chapel 
Hill, Chapel Hill, NC, USA 

Department of Psychiatry, School of Medicine, 
University of North Carolina at Chapel Hill,  
Chapel Hill, NC, USA
e-mail: rvetreno@email.unc.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-81908-7_9&domain=pdf
https://doi.org/10.1007/978-3-031-81908-7_9#DOI
mailto:rvetreno@email.unc.edu


180

2009; Tervo-Clemmens et al. 2023). Adolescent 
typical behaviors, including risk-taking, novelty- 
and sensation-seeking, environmental explora-
tion, and social interaction, parallel brain 
maturation (Lenroot and Giedd 2006; Bava and 
Tapert 2010) and contribute to the transition from 
parental dependence to adult independence. 
While these adolescent typical behaviors are cru-
cial for successful transition to independence, 
they also confer increased likelihood of experi-
mentation with and initiation of drug use, includ-
ing alcohol that could negatively affect 
neurodevelopment due to the heightened plastic-
ity that characterizes the adolescent brain.

Unlike daily, heavy drinking patterns observed 
in adults with alcohol use disorder (AUD), ado-
lescents generally consume alcohol intermit-
tently (i.e., not every day) in social groups on 
weekends. Indeed, not only does alcohol use 
typically initiate during adolescence, but esti-
mates suggest that up to 90% of all alcohol con-
sumed by adolescents is consumed in binges 
(NSDUH 2020). Binge drinking produces high 
blood alcohol levels (i.e., ≥80 mg%) and roughly 
equates to the consumption of five or more alco-
hol beverages for males and four or more for 
females in a two-hour period. This may be due to 
an innate low responsivity to the sedative effects 
of alcohol, allowing adolescents to consume 
larger quantities of alcohol during a single drink-
ing occasion (Vetreno et al. 2023). Further, ado-
lescent binge drinking is quite prevalent, with 
approximately 20% of individuals ages 16–17 
and 34% of individuals ages 18–25 engaging in 
binge drinking in the United States in the past 
month (NSDUH 2020), and approximately 10% 
of high school seniors endorsed high-intensity 
binge drinking, reporting 10+ drinks and 5.6% 
reporting 15+ drinks in a row (Patrick et  al. 
2013).

Adolescent binge drinking is associated with 
many adverse outcomes, including lasting neuro-
logical difficulties, school and legal problems, 
sexual violence, and increased risk for suicide 
and unintended injury (Dewit et al. 2000; Grant 
and Dawson 1997; Hingson et al. 2009; Sher and 
Gotham 1999; Grant et  al. 2006). Further, evi-
dence suggests that the developing adolescent 
cortex is more sensitive to alcohol-induced dam-
age than the adult brain (Crews et al. 2000, 2007). 

There are also long-term consequences of adoles-
cent drinking, including increased lifelong risk of 
alcohol-related problems and development of an 
AUD. Epidemiological evidence indicates that an 
early adolescent age of drinking onset is one of 
the strongest predictors for the development of 
AUD in adulthood (Grant et al. 2001; Grant and 
Dawson 1998). In fact, several large-scale human 
studies reported that individuals who initiate 
drinking at age 10 (Prescott and Kendler 1999) or 
14 (Grant and Dawson 1997) have a 40–50% life-
time prevalence of AUD, which declines to an 
approximate 10% lifetime prevalence of AUD if 
drinking initiation started at or after age 20. An 
early adolescent age of drinking onset is also 
associated with increased risk for lifetime drug 
dependence, violence, and fights and injuries 
associated with alcohol use (Dewit et  al. 2000; 
Grant and Dawson 1997; Hingson et  al. 2009; 
Sher and Gotham 1999; Grant et al. 2006). These 
human studies indicate that adolescent initiation 
of alcohol drinking contributes to alcohol-related 
problems and increased risk for AUD develop-
ment in adulthood. However, adult drinking con-
founds a clear delineation of the unique effects of 
an adolescent age of drinking onset on adult neu-
robiology in humans necessitating the use of ani-
mal models to delineate the discrete consequences 
of alcohol exposure during adolescence on adult 
neurobiology.

9.1.2  Adolescent Intermittent 
Ethanol Exposure Models 
Human Adolescent Binge 
Drinking

Adolescent development across mammalian spe-
cies is highly conserved, allowing the use of ani-
mal models to investigate the impact of discreet 
adolescent binge drinking on neurodevelopment 
that persists into adulthood. The need to develop 
preclinical rodent models of underage binge 
drinking led to the establishment of the 
Neurobiology of Adolescent Drinking in 
Adulthood (NADIA) consortium and develop-
ment of adolescent intermittent ethanol (AIE) 
rodent models of human adolescent binge drink-
ing (Crews et  al. 2019; Pascual et  al. 2007; 
Coleman et al. 2011). Preclinical AIE models in 
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rats and mice generally involve administering 
ethanol across adolescence in an intermittent (i.e., 
not consecutive days) binge-like fashion to mimic 
heavy weekend binge drinking endorsed by 
human adolescents, but not daily drinking associ-
ated with AUD.  The age and intermittency of 
exposure in these models varies to some degree 
with some groups administering ethanol on a 
2-day on/2-day off schedule throughout adoles-
cence from postnatal day (P)25 to P54 (Macht 
et al. 2022a; Kipp et al. 2021). In contrast, other 
AIE models involve administration with different 
ethanol dosing intervals and shorter periods of 
exposure across adolescence (see, e.g., Pascual 
et  al. 2007; Wooden et  al. 2023; Swartzwelder 
et  al. 2019). In addition, the route of ethanol 
administration varies across models with various 
groups employing intragastric (i.g.) administra-
tion, intraperitoneal (i.p.) administration, and 
vapor inhalation (Vetreno et al. 2020; Kyzar et al. 
2017, 2019; Obray et  al. 2022; Fernandez and 
Savage 2017). Importantly, regardless of the dif-
ferences in route of administration or timing of 
exposure during adolescence, AIE treatment mod-
els produce blood ethanol concentrations >100 
mg%, which models blood alcohol levels attained 
by human adolescents that engage in binge drink-
ing (Lamminpaa et  al. 1993; White et  al. 2006; 
Kraus et  al. 2005; Donovan 2009; Patrick et  al. 
2013; Orio et al. 2018). Assessments are then con-
ducted in young adulthood through adulthood to 
determine the lasting consequences of adolescent 
alcohol exposure in adults. Further, adult charac-
teristics are generally stable, allowing longitudi-
nal studies and/or extended behavioral training 
without the confounds of adolescent age-related 
changes or additional adult ethanol exposure.

Using the preclinical AIE model of human 
adolescent binge drinking, multiple groups report 
that it promotes voluntary adult alcohol drinking 
(Alaux-Cantin et  al. 2013; Broadwater et  al. 
2013; Lee et al. 2017; Pandey et al. 2015; Pascual 
et al. 2009; Rodd-Henricks et al. 2002; Toalston 
et  al. 2015; Wille-Bille et  al. 2017; Gass et  al. 
2014), with females drinking more alcohol than 
males (Amodeo et  al. 2018). In addition, AIE 
also increases adult operant alcohol self- 
administration while reducing extinction 
(Amodeo et  al. 2017). Interestingly, individual 
rats that consume the highest levels of alcohol 

during adolescence also show the largest 
increases in alcohol drinking in adulthood 
(Amodeo et al. 2017; Gass et al. 2014). The AIE- 
induced increases in adult alcohol drinking are 
accompanied by decreases in adult sensitivity to 
alcohol-induced motor impairments (White et al. 
2002), reduced adult sensitivity to acute ethanol- 
induced alterations in resting state functional 
magnetic resonance imaging functional connec-
tivity (Broadwater et al. 2018), and enhancement 
of the social facilitatory properties of alcohol in 
adult male rats (Varlinskaya et al. 2014). In addi-
tion to altering adult alcohol drinking and sensi-
tivity, AIE increases impulsivity (Boutros et  al. 
2014; Miller et al. 2017), behavioral disinhibition 
(Ehlers et al. 2011; Gass et al. 2014), and anxiety- 
like behaviors in adulthood (Kyzar et  al. 2017, 
Pandey et al. 2015, Sakharkar et al. 2016, Kokare 
et al. 2017, Lee et al. 2017, Vetreno et al. 2016, 
Coleman et al. 2014; Vetreno and Crews 2015). 
Assessment of cognitive functioning in adult 
AIE-treated rodents reveals persistent deficits 
associated with impairments in learning and 
behavioral flexibility (e.g., Morris water maze, 
Barnes maze) (Vetreno et al. 2019; Vetreno and 
Crews 2012; Coleman et al. 2011, 2014; Acheson 
et al. 2013; Swartzwelder et al. 2015; Vetreno and 
Crews 2015; Marco et  al. 2017; Macht et  al. 
2020b, 2023). Specifically, adult AIE-treated 
male animals evidence reversal learning deficits 
on the Morris water maze while spatial learning 
is unimpaired whereas in adult AIE-treated 
female animals, both spatial and reversal learning 
are impaired (Macht et al. 2020b, 2023) suggest-
ing sex differences in the presentation of behav-
ioral deficits on measure of cognitive functioning. 
Collectively, these findings indicate that AIE 
treatment causes long-lasting adult increases in 
alcohol drinking, risky decision-making, reward 
seeking, and anxiety-like behavior as well as 
reduced executive function that all associated 
with increased risk for development of 
AUD.  Although a detailed assessment of these 
findings is beyond the scope of this chapter, we 
encourage the reader to reference excellent 
reviews published by components of the NADIA 
consortium (see, e.g., Crews et  al. 2019; Spear 
2018; Robinson et al. 2021).

While persistent AIE-induced alterations in 
adult behavior are accompanied by many lasting 
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brain structural and molecular changes, the innate 
immune system is emerging as a critical mediator 
of AIE-induced neurobiological changes across 
various brain regions that persist into adulthood. 
Therefore, this chapter will first introduce data 
describing adolescent maturation of brain glial 
cells and the innate immune system. We will then 
present preclinical findings on the effects of ado-
lescent binge alcohol exposure on the innate 
immune system within the basal forebrain and 
hippocampus and neuroinflammatory contribu-
tions to neuropathology and behavioral dysfunc-
tion within these regions in adulthood. Together, 
the data presented in this chapter support a mech-
anistic role for persistent innate immune signal-
ing in adolescent binge drinking induction of 
long-lasting adult pathology, contributing to 
increased risk for development of adult psycho-
pathologies, including AUD.

9.2  The Innate Immune System 
in the Developing Brain

Our understanding of neuroinflammation in the 
CNS has grown rapidly over the last few decades, 
shifting from the perception of the brain as an 
immune privileged organ to inflammation con-
tributing to most, if not all, neurological and psy-
chological diseases of the brain (Zhang et  al. 
2023; Najjar et al. 2013; Cui et al. 2014). There 
are two main components of the immune system, 
namely the adaptive or acquired immune system, 
which utilizes immunological memory to mount 
a highly specific response to a pathogen it has 
previously encountered, and the innate immune 
system. While the role of adaptive immunity in 
cognitive processes is continuing to emerge 
across the field (Brynskikh et al. 2008), the vast 
majority of research on neuroimmunology with 
respect to AIE is on the innate immune system.

The innate immune system is evolutionarily 
conserved and mounts a generalized, non- specific 
immune response (as opposed to the more spe-
cific adaptive immune response), reacting broadly 
to cellular damage as well as foreign pathogens. 
This response includes identification of endoge-
nous and exogenous pathogen-associated molec-
ular patterns (PAMPs) and danger-associated 
molecular patterns (DAMPs), initiation of a gen-

eral and appropriately scaled proinflammatory 
response, and ultimate resolution of that response 
in a temporally discrete fashion. The appropriate 
initiation and resolution of the innate immune 
response is a critical feature of a healthy nervous 
system, and dysfunction in the magnitude, speci-
ficity, and/or resolution of this response is fre-
quently observed in a host of disease states, 
including AUD.  Indeed, while transient, con-
trolled neuroinflammation is considered benefi-
cial to the host organism to fight off infection, 
chronic uncontrolled neuroinflammation is asso-
ciated with increased and sustained production of 
proinflammatory cytokines, chemokines, reactive 
oxygen species, and other inflammatory media-
tors that can exert deleterious effects on the brain 
(Disabato et  al. 2016). These effects become 
more complicated when viewed across develop-
ment as the cells of the immune system are also 
undergoing critical maturational changes.

9.2.1  Maturation of Glia 
and the Innate Immune 
System Across Adolescence

Adolescence is characterized by functional matu-
ration of glia and the innate immune system that 
parallels refinement of brain structures, neu-
rotransmitter systems, and neurocircuitry that in 
humans continues into the mid-20s, predomi-
nantly occurring in regions associated with exec-
utive and emotive function (i.e., cortical and 
subcortical limbic regions). Glia are central play-
ers in many neurodevelopmental processes that 
occur during adolescence, such as myelination by 
oligodendrocytes, synaptogenesis by astrocytes, 
and microglial-mediated synaptic pruning 
(Paolicelli et al. 2011; Paolicelli and Gross 2011; 
Tremblay et al. 2011; Allen et al. 2012; Stevens 
et al. 2007). This suggests that not only do glia 
exhibit critical roles for typical development, but 
disruption of glial phenotypic maturation and 
modulation of glial-driven changes in neurocir-
cuitry may underscore and contribute to long- 
term neuropathology. Beyond glia, innate 
immune signaling across all cells of the brain is 
emerging at the crossroads of typical neurodevel-
opment and pathogenesis of various disease 
states across the lifespan, including AUD (for a 
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review, see Zengeler and Lukens 2021). 
Considering the divergent roles of innate immu-
nity in typical development and disease patho-
genesis, understanding maturational changes of 
innate immune cells is critical for understanding 
the long-term consequences of AIE.

Microglia were initially relegated as scaven-
gers of the brain with the sole role of phagocytos-
ing cellular debris. However, as research into 
their function has evolved, it has become increas-
ingly clear that microglia play complex roles in 
neurodevelopment, from actively surveying the 
microenvironment to sculpting synapses and 
extracellular matrices (Crapser et al. 2021), sug-
gesting that early-life insults on microglia may 
result in changes in neurocircuitry. Microglia in 
brain are classically categorized as exhibiting a 
homeostatic or surveying state under non- 
pathological conditions, although a more diverse 
picture of microglial phenotype heterogeneity 
under healthy and pathological conditions is con-
tinuing to emerge (Tan et al. 2020). Unlike other 
glial cells of the brain, microglia are of mesoder-
mal origin and colonize the developing brain dur-
ing early embryogenesis (embryonic day 
[E]8–E10) in rodents wherein they transition 
from macrophage-like immature cells to microg-
lia (Schwarz et al. 2011), playing a critical role in 
brain maturation (Eyolfson et al. 2020; Melbourne 
et al. 2021). Microglia in the developing adoles-
cent brain exhibit an activation-like morphology, 
characterized by an amoeboid shape (Schwarz 
et  al. 2011, 2012), and undergo brain regional 
maturation toward a ramified profile that parallels 
neural maturation (Brenhouse and Schwarz 2016; 
Scheffel et  al. 2012; Hanamsagar et  al. 2018). 
This developmental phenotypic shift across ado-
lescence of microglia could affect their respon-
sivity to an immune challenge during adolescence. 
Indeed, evidence suggests that relative to adults, 
adolescent males have a greater anti- inflammatory 
cytokine response, reduced proinflammatory 
response, and attenuated sickness behavioral 
response following a lipopolysaccharide (LPS) 
innate immune challenge (Cai et  al. 2016). 
During adolescence, microglia continue to func-
tion as key regulators of synaptic pruning through 
selective phagocytosis of synapses involving a 
C1q and C3 complement-mediated process. In 
fact, microglial complement-mediated phagocy-

tosis of dopamine D1 receptors in the nucleus 
accumbens during development shapes develop-
ment of male social play behavior (Kopec et al. 
2018), whereas transgenic reductions of microg-
lial number in mice impair synaptic pruning, 
resulting in increased levels of synapses and syn-
aptic proteins (Wieghofer and Prinz 2016). Given 
that postnatal microglial populations are rela-
tively permanent with little turnover (Male and 
Rezaie 2001), stimuli that negatively impact 
immature adolescent microglia could cause last-
ing changes in their function (Bilbo and Schwarz 
2009), perhaps priming them toward a persistent 
proinflammatory phenotype (Melbourne et  al. 
2021; Qin and Crews 2012; Qin et al. 2007, 2008; 
Brenhouse and Schwarz 2016; Town et al. 2005).

Unlike microglia, astrocytes are derived from 
neural stem cells (NSCs) following neuronal dif-
ferentiation early in embryogenesis, between 
approximately E18 and P7  in the rodent brain 
(Tien et  al. 2012; Sauvageot and Stiles 2002). 
Although the majority of astrocytes are generated 
during early postnatal development, their fine 
peripheral processes, which constitute approxi-
mately 50% of the mature astrocyte volume, con-
tinue to grow and mature into adolescence, 
particularly in the medial prefrontal cortex (PFC) 
(Wolff 1970; Bandeira et al. 2009; Ge et al. 2012; 
Freeman 2010; Bushong et al. 2004; Testen et al. 
2019). Astrocyte-derived factors, such as throm-
bospondins (TSPs), are crucial for the initiation 
of synaptogenesis wherein they promote forma-
tion and maturation of neuronal processes 
(Christopherson et  al. 2005; Kucukdereli et  al. 
2011; Eroglu et al. 2009). While astrocytes play a 
crucial role in synaptogenesis and modulate syn-
aptic physiology during adolescent development, 
generation and functional maturation of these 
cells during development remain to be fully elu-
cidated. Similar to astrocytes, oligodendrocytes, 
which are the myelinating glial cells of the brain, 
are formed from NSCs during embryogenesis 
and early postnatal life from oligoprogenitor 
cells. Oligodendrocyte populations are relatively 
stable, persisting long into adulthood, with matu-
rational profiles consistent with adolescent devel-
opmental maturation of white matter volume and 
structures involving maturation of myelin- 
forming oligodendrocytes during development to 
adulthood (Shaw et  al. 2020; Xin et  al. 2023). 
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Myelin-forming oligodendrocytes express spe-
cific proteins responsible for myelin formation, 
including myelin basic protein, proteolipid pro-
tein 1, myelin-associated glycoprotein, and 
myelin oligodendrocyte glycoprotein, all of 
which are thought to contribute to the structure of 
myelin formed by mature oligodendrocytes 
(Marques et  al. 2016; Gonzalez-Perez and 
Alvarez-Buylla 2011). While oligodendrocytes 
were originally thought to be passive bystanders 
of microglia, a more active role of oligodendro-
cytes in innate immune signaling has begun to 
emerge. Accumulating evidence suggests that 
oligodendrocytes also express a variety of pattern 
recognition receptors (PRRs) as well as endoge-
nously produce and release the chemokine mono-
cyte chemoattractant protein-1 (MCP1) and the 
proinflammatory cytokine interleukin-1beta (IL- 
1β) under pathological conditions, including bac-
terial infection and demyelinating diseases 
(Ramesh et al. 2012; Vela et al. 2002).

Paralleling maturational changes in glia dur-
ing development, the expression of many innate 
immune signaling molecules accompany adoles-
cent brain maturation, including Toll-like recep-
tors (TLRs). While much of our understanding 
of TLR involvement in neurodevelopment comes 
from developmental neuropathology rodent mod-
els, it is crucial to acknowledge their role in neu-
rogenesis and processes associated with typical 
neurodevelopment (Barak et  al. 2014). TLRs 
(i.e., TLR1-9) are expressed in the developing 
brain in temporally and spatially distinct patterns 
(Barak et al. 2014). Microglia express the entire 
repertoire of TLRs, whereas the expression of 
TLRs by other cells of the brain, including neu-
rons, varies across neurodevelopment into adult-
hood (Okun et al. 2011; Olson and Miller 2004). 
In addition to responding to specific PAMPs, 
TLRs and other PRRs (e.g., receptor for advanced 
glycation end-products [RAGE]) also respond to 
endogenous ligands, such as high-mobility group 
box 1 (HMGB1). HMGB1 is a ubiquitously 
expressed nuclear protein involved in intracellu-
lar nuclear transcriptional regulation, chromatin 
stability, and extracellular neurogenesis and neu-
rite outgrowth in the non-pathological brain 

through interactions with TLRs and RAGE. TLR4 
and RAGE are the primary receptors for HMGB1 
mediation of proinflammatory signaling induc-
tion through NF-κB (Tobon-Velasco et al. 2014; 
Chavakis et al. 2004; Liu et al. 2017; Park et al. 
2004; Aucott et al. 2018; Andersson et al. 2018). 
HMGB1 contains three cysteine residues (i.e., 
C23, C45, and C106) that are modifiable by 
redox reactions to produce multiple HMGB1 
redox isoforms with differing extracellular activi-
ties. The redox state of HMGB1 dictates receptor 
binding, as disulfide HMGB1, containing C23 
and C45 disulfide linkage and C106 in a reduced 
form as a thiol, binds to TLR4 (Yang et al. 2015), 
whereas reduced HMGB1, in which all three cys-
teine residues are reduced, binds to RAGE (Tang 
et al. 2010; Janko et al. 2014). Expression levels 
of TLR4 and RAGE decrease in the rat cortex 
from P55 to P80, whereas expression levels of 
HMGB1 increase during this period (Vetreno 
et  al. 2013; Vetreno and Crews 2012). 
Accumulating evidence also implicates cytokines 
and chemokines in mediating diverse neurode-
velopmental processes, including neurogenesis, 
neurite outgrowth, and axonal pathfinding 
(Zengeler and Lukens 2021; Deverman and 
Patterson 2009). Thus, given the vast neurodevel-
opmental processes occurring during adoles-
cence—spanning brain structural and 
neurocircuitry refinement to the maturation of 
neurotransmitter systems, glia, and the innate 
immune system—insults incurred during this 
critical period of neurodevelopment, such as ado-
lescent binge drinking, could have profound 
effects on brain function and behavior that persist 
into adulthood.

9.2.2  Adolescent Intermittent 
Ethanol-Induced 
Reprogramming of the Innate 
Immune Response Across 
the Brain

As opposed to the peripheral immune response to 
insult, neuroinflammation in the brain can persist 
long after peripheral resolution of the initial 
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insult. For instance, Qin et  al. (2007) reported 
that a single systemic dose of the TLR4 ligand 
LPS to late adolescent mice rapidly increased 
mRNA and protein expression of the proinflam-
matory cytokine tumor necrosis factor alpha 
(TNFα) in the blood, liver, and brain. While the 
blood and liver TNFα response resolved within 
12–24 h, upregulation of TNFα persisted in asso-
ciation with long-lasting microglial activation 
and gradual degeneration of dopaminergic neu-
rons in the substantia nigra (Qin et  al. 2007). 
These findings highlight that the resolution of the 
proinflammatory response in the brain is com-
plex and can persist and contribute to neuropa-
thology long after peripheral responses resolve. 
Although distinct from LPS, alcohol also pro-
duces complex innate immune signaling cascades 
in the brain and periphery that varies across 
intoxication and withdrawal phases.

During intoxication, alcohol suppresses innate 
immune signaling. For example, acute applica-
tion of ethanol (50  mM) to primary microglial 
culture inhibits induction of microglial proin-
flammatory signaling pathways, assessed using 
deep proteome profiling, that parallels suppres-
sion of innate immune signaling molecules 
(Guergues et  al. 2020). Acute alcohol exposure 
similarly alters innate immune responses to a 
second hit challenge as acute alcohol exposure 
blunts human blood-derived monocyte respon-
sivity to an LPS challenge and attenuates proin-
flammatory cytokine induction to an LPS 
challenge in preclinical studies and culture mod-
els (Szabo et  al. 1995; Mandrekar et  al. 2002; 
Pruett et al. 2004; Szabo and Mandrekar 2009). 
Interestingly, this acute alcohol suppression of 
inflammatory response appears to be transient or 
dependent on the presence of alcohol as acute 
high-dose alcohol consumption in healthy male 
human volunteers transiently reduces serum lev-
els of the proinflammatory chemokine MCP-1 
two hr after alcohol intake that steadily increases 
through withdrawal by 12 h post-intake, parallel-
ing the elimination of blood alcohol content 
(Neupane et al. 2016). Consistent with this obser-
vation, administration of ethanol to adult male 
mice in vivo transiently suppresses brain mRNA 

levels of proinflammatory signaling (TNFα and 
MCP-1) and microglial genes (CD68 and Iba1) 
that parallel elevations in blood ethanol levels. 
These findings are also true following AIE as in 
male rats with a history of AIE, an acute ethanol 
challenge in adulthood reduces innate immune 
signaling molecules in the hippocampus as 
assessed using microdialysis (Gano et al. 2019). 
However, during withdrawal when blood ethanol 
levels decrease, the expression of proinflamma-
tory signaling and microglial genes increases 
(Walter and Crews 2017), consistent with ethanol 
acutely suppressing neuroinflammatory marker 
expression, whereas neuroinflammation increases 
during withdrawal. In contrast, in the absence of 
an acute ethanol or LPS stimulus, AIE models 
generally find persistently long-lasting induction 
of proinflammatory signaling molecules across 
the brain that do not resolve with abstinence. For 
example, Pascual et al. (2007) reported that AIE 
treatment of adolescent mice persistently upregu-
lated cyclooxygenase-2 (COX-2) and iNOS in 
the adult neocortex, hippocampus, and cerebel-
lum in addition to increasing expression of cell 
death markers. In rats, AIE treatment increases 
expression of HMGB1 and the HMGB1 recep-
tors RAGE and various TLRs (i.e., TLR3 and 
TLR4) in the late adolescent PFC that persists 
into adulthood in association with upregulation 
of proinflammatory cytokines (e.g., TNFα), che-
mokines (e.g., MCP-1), and oxidases (e.g., 
NOX2) (Vetreno et al. 2013; Vetreno and Crews 
2012). We have reported similar upregulation of 
proinflammatory signaling cascades in the post- 
mortem human orbitofrontal cortex of individu-
als with AUD and an adolescent age of drinking 
onset (Vetreno et  al. 2013, 2021; Crews et  al. 
2013). Activation of TLR cascades led to activa-
tion of the nuclear transcription factor NF-κB and 
downstream induction of proinflammatory 
 cytokines, chemokines, and other proinflamma-
tory signaling mediators (Kawai and Akira 2007).

In addition to persistent induction of neuroin-
flammation, AIE induces a persistent microglial 
activation state throughout the adult brain 
(Vetreno et  al. 2017a; Sanchez-Alavez et  al. 
2019; Walter et  al. 2017; Mcclain et  al. 2011) 
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characterized by a hyper-ramified morphology 
that may contribute to the persistent, long-lasting 
upregulation of proinflammatory cytokines and 
chemokines. Similar evidence of microglial acti-
vation has been reported across the post-mortem 
human brain of individuals with AUD and an 
adolescent age of drinking onset (He and Crews 
2008). Due to the critical role of microglia in 
adolescent brain development, persistent shifts of 
microglia to a proinflammatory phenotype could 
disrupt developmental synaptic pruning resulting 
in shifts in the trajectory of brain maturation 
through adolescence (Paolicelli and Ferretti 
2017). Further, AIE appears to prime microglia 
for future insults as Walter et al. (2017) reported 
that AIE increased microglial expression of 
CD11b—a constitutively expressed microglial- 
specific marker upregulated in activated microg-
lia (Kettenmann et  al. 2013)—across the adult 
brain, sensitizing and exacerbating the microglial 
CD11b response to an adult stress challenge con-
sistent with lasting alterations in microglial 
responsivity. This priming of microglia following 
AIE is highly translational and likely relevant to 
human pathology as microglial markers (e.g., 
Iba-1) are also increased in the post-mortem 
human adult brain of individuals with AUD and 
an adolescent age of drinking onset (He and 
Crews 2008).

While the majority of research to date has 
focused on the effect of AIE on neuroinflamma-
tion and microglia activation in males, accumu-
lating evidence in more recent studies suggests 
sex differences in innate immune and microglial 
responsivity to ethanol. For instance, AIE treat-
ment in mice increased serum levels of MCP-1, 
IL-17A, and MIP-1a, and PFC levels of IL-1β, 
MCP-1, IL-17A, MIP-1a, TLR4, and 
pNFκBp65  in late adolescent females but not 
males, an effect that was blocked in TLR4 KO 
mice (Pascual et al. 2017). In contrast, AIE treat-
ment in rats increased IL-1β levels in the medial 
PFC of both late adolescent males and females, 

whereas expression of TLR4 was only increased 
in males. In the same study, AIE similarly shifted 
microglia to a more reactive proinflammatory 
phenotype in the late adolescent medial PFC of 
both male and female rats, whereas in the hippo-
campus, AIE treatment differentially shifts 
microglia to a proinflammatory phenotype with 
males showing greater shifts in the dentate gyrus, 
an effect that was not observed in females (Silva- 
Gotay et al. 2021). In young adult humans, acute 
alcohol exposure increased plasma protein levels 
of multiple proinflammatory signaling molecules 
in human females (e.g., IL-1β, IL-6, IL-4, MCP- 
1), an effect that was not observed in age-matched 
males. These findings suggest the adolescent 
alcohol induction of proinflammatory responses 
may activate microglial populations and/or 
induce neuroinflammation in a sex-specific man-
ner suggesting that a more comprehensive exami-
nation of sex differences across the brain is an 
important future direction for the field.

While the mechanism underlying AIE-induced 
lasting priming of microglia is unknown, emerg-
ing studies suggest that perinatal perturbations 
cause lasting alterations in microglial function 
associated with epigenetic reprogramming 
(Dziabis and Bilbo 2022; Bilbo and Stevens 
2017; Schwarz and Bilbo 2013; Bilbo and 
Schwarz 2012; Schwarz and Bilbo 2012; Schwarz 
et al. 2011; Williamson et al. 2011; Knuesel et al. 
2014). Collectively, these findings suggest global 
changes in brain proinflammatory markers and 
microglial function that persist into adulthood 
that may be related to microglial epigenetic mod-
ifications. However, as the vast majority of work 
on innate immune signaling to date has focused 
on the basal forebrain and hippocampus, these 
next sections will provide an in-depth look to the 
emerging findings across these brain regions 
(Fig.  9.1). In the following sections, we will 
describe the consequences of AIE-induced neu-
roinflammation on cholinergic neurons of the 
basal forebrain and hippocampal neurogenesis.
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Fig. 9.1 Adolescent intermittent ethanol (AIE) treatment 
causes persistent induction of proinflammatory neuroim-
mune signaling across the adult brain, including the basal 
forebrain and hippocampal formation, relative to controls 
(CON). In the basal forebrain (a–c), AIE causes nuclear 
release of high-mobility group box 1 (HMGB1), which 
acts as an endogenous agonist at the proinflammatory pat-
tern recognition receptors Toll-like receptor 4 (TLR4) and 
receptor for advanced glycation end-products (RAGE), 
leading to phosphorylation and nuclear translocation of 
NF-κB p65. Emerging studies report HMGB1 interactions 
with NFκB are linked to H3K9me2 gene silencing through 
recruitment of the methyltransferase G9a to repress gene 
transcription (c) (El Gazzar et al. 2009, 2010; Chang et al. 
2011). Induction of HMGB1-TLR4/RAGE-pNF-κB p65 

leads to epigenetic silencing of the cholinergic phenotype 
(e.g., TrkA, ChAT, vAChT) through REST/G9a-driven 
upregulation of H3K9me2 on cholinergic gene promoter 
(c). Conversely, in the hippocampus (d, e), AIE disrupts 
the milieu of the neurogenic niche involving increases in 
astrocytic (GFAP) and microglial (Iba1) proinflammatory 
markers as well as increases in HMGB1 (e), relative to 
controls (CON) (d). Loss of cholinergic terminals at hip-
pocampal targets may be a mechanism driving induction 
of hippocampal neuroinflammation as acetylcholine pro-
vides important anti-inflammatory feedback. As a result 
of this disruption, AIE causes a persistent reduction in 
adult hippocampal neurogenesis (doublecortin; DCX) that 
does not resolve with abstinence (e)

9.3  Adolescent Intermittent 
Ethanol Exposure Causes 
a Persistent Loss of Basal 
Forebrain Cholinergic 
Neurons

9.3.1  Neuroinflammation 
Contributes to Persistent 
AIE-Induced Loss of the Basal 
Forebrain Cholinergic 
Neurons

Cholinergic neurons of the basal forebrain play a 
major regulatory role in learning and memory 
through their vast projections to the hippocam-

pus, cortex, and other brain regions (Smith and 
Pang 2005; Mesulam et  al. 1983). Generated 
early in embryonic development (Dinopoulos 
et al. 1992; Gould et al. 1989; Gould et al. 1991; 
Linke and Frotscher 1993), cholinergic neurons 
continue to undergo maturational refinement and 
consolidation of projections and receptors during 
adolescence (Matthews et al. 1974; Nadler et al. 
1974; Zahalka et al. 1993). Multiple laboratories 
report AIE causes a loss of choline acetyltrans-
ferase (ChAT)-immunopositive neurons, which 
is the enzyme responsible for ACh synthesis, and 
somal shrinkage of the remaining cholinergic 
neurons in the basal forebrain of male and female 
mice and rats that persists well into adulthood 

9 Impact of Neuroimmune System Activation by Adolescent Binge Alcohol Exposure on Adult…



188

despite prolonged abstinence from continued 
alcohol exposure (Vetreno et al. 2014; Coleman 
et  al. 2011; Ehlers et  al. 2011; Fernandez and 
Savage 2017; Swartzwelder et al. 2015; Vetreno 
and Crews 2018). Loss of the ACh-synthesizing 
enzyme ChAT in the basal forebrain is accompa-
nied by decreased expression of the vesicular 
acetylcholine transporter (vAChT) and the cho-
linergic lineage transcription factor LIM homeo-
box protein 8 (Lhx8) as well as the high- and 
low-affinity nerve growth factor (NGF) receptors 
tropomyosin receptor kinase A (TrkA) and NGF 
receptor (Vetreno et al. 2019; Vetreno and Crews 
2018; Crews et  al. 2021a), which are highly 
expressed on basal forebrain cholinergic neurons 
(Vetreno et  al. 2019; Vetreno and Crews 2018) 
and critical for cholinergic neuron survival and 
function (Isaev et al. 2017). The persistent adult 
loss of cholinergic neuron markers is accompa-
nied by global reductions of cholinergic receptor 
gene expression (Coleman et  al. 2011; Crews 
et al. 2023b) and diminished ACh efflux in basal 
forebrain target regions (Fernandez and Savage 
2017) consistent with lasting degeneration of 
basal forebrain cholinergic neurons. Interestingly, 
this effect appears to be specific to adolescent 
binge alcohol exposure as identical intermittent 
ethanol treatment in adulthood does not affect 
basal forebrain cholinergic neuron populations 
(Vetreno et al. 2014). Further, assessment of post- 
mortem human AUD basal forebrain tissue sam-
ples from individuals with an adolescent age of 
drinking onset reveals a similar loss of ChAT and 
vAChT expression (Vetreno et al. 2014) lending 
validity to the preclinical AIE model. The persis-
tent dysregulation of the cholinergic neurotrans-
mitter system likely manifests in cognitive, 
emotive, and behavioral deficits in adulthood. 
Indeed, emerging studies implicate the loss of 
basal forebrain cholinergic neurons in adult AIE- 
induced increases in impulsivity, behavioral dis-
inhibition, and deficits in behavioral flexibility 
(Boutros et  al. 2014; Ehlers et  al. 2011; Macht 
et al. 2023; Vetreno et al. 2020). Further, ACh is a 
negative regulator of the innate immune response 
(Wang et al. 2004) suggesting that disruption of 
the central cholinergic system may not only 

directly impact cognitive function, but may con-
tribute to the observed persistence of innate 
immune activation following AIE treatment.

Emerging studies implicate AIE-induced neu-
roimmune induction as a mechanism underlying 
the persistent loss of basal forebrain cholinergic 
neurons (see Fig.  9.1a, b). Cholinergic neuron 
loss is accompanied by increased expression of 
TLR4 and RAGE, the endogenous TLR/RAGE 
agonist HMGB1, the downstream nuclear tran-
scriptional activation marker pNFκB p65, and 
induction of proinflammatory cytokines (e.g., 
IL-1β) and chemokines (e.g., MCP1) in the adult 
basal forebrain (Vetreno and Crews 2018; Crews 
et  al. 2021a, 2023b). Treatment with the TLR4 
ligand LPS mimics the AIE-induced loss of cho-
linergic neuron markers in the adult basal fore-
brain further implicating a proinflammatory 
mechanism. While these neuroimmune signaling 
molecules are expressed by glia, basal forebrain 
cholinergic neurons also express these neuroim-
mune markers suggesting concerted signaling 
across glia and neurons (Crews et  al. 2021a). 
Interestingly, preventative interventions during 
AIE, including voluntary wheel running, the non- 
steroidal anti-inflammatory drug indomethacin, 
and the cholinesterase inhibitor galantamine, all 
of which exert anti-inflammatory effects, block 
the AIE-induced increases of HMGB1-TLR4/
RAGE-pNFκB p65 signaling and concomitant 
loss of cholinergic neurons in the adult basal 
forebrain (Vetreno et al. 2019, Vetreno and Crews 
2018, Crews et al. 2021a). Further, blockade of 
HMGB1 using the selective HMGB1 antagonist 
glycyrrhizin prevents, whereas direct application 
of HMGB1 mimics, ethanol-induced loss of 
ChAT+ cholinergic neurons in an ex vivo basal 
forebrain slice culture model (Crews et  al. 
2023b), implicating HMGB1-mediated proin-
flammatory signaling in the AIE-induced loss of 
basal forebrain cholinergic neurons. Future stud-
ies are necessary to determine if HMGB1- 
mediated neuroinflammation underlies in  vivo 
AIE-induced loss of basal forebrain cholinergic 
neurons. Together, these data implicate AIE- 
induced neuroimmune signaling in the persistent 
loss of basal forebrain cholinergic neurons.
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9.3.2  Epigenetic Mechanisms 
Underlie AIE-induced 
Reversible Suppression 
of the Basal Forebrain 
Cholinergic Neuron 
Phenotype

Basal forebrain cholinergic neuron populations 
are decreased immediately following the conclu-
sion of AIE and persist for at least 165 days fol-
lowing the conclusion of AIE treatment despite 
abstinence from continued ethanol exposure 
(Vetreno et al. 2014). The loss of cholinergic neu-
ron markers was initially interpreted as a cell 
death mechanism. However, restorative post-AIE 
therapeutic interventions initiated after the onset 
of cholinergic neuron loss restore the adult AIE- 
induced loss of cholinergic neuron markers in 
male and female rats and reverse the increase of 
HMGB1-TLR4/RAGE-pNFκB p65 signals as 
well as increased pNFκB p65+ expression within 
adult ChAT+ neurons (Macht et al. 2023; Crews 
et al. 2021a; Vetreno et al. 2020). Restoration of 
the loss of basal forebrain cholinergic neurons is 
accompanied by reversal of the AIE-induced 
behavioral flexibility deficits in adult males and 
spatial learning deficits in female rats on the 
Morris water maze (Vetreno et  al. 2020; Macht 
et  al. 2023). While NF-κB signaling cascades 
have largely been ascribed to glial cells with a 
particular emphasis on microglia, NF-κB p65 is 
also constitutively expressed in neurons of the 
hippocampus, cortex, and basal forebrain 
(Kaltschmidt et  al. 1994; Crews and Vetreno 
2022; Crews et al. 2021a). The observed loss and 
subsequent restoration of cholinergic neurons 
post-AIE suggest that either (1) cholinergic neu-
rons die and are restored via genesis of new cho-
linergic neurons or (2) these neurons undergo a 
reversible loss of the cholinergic neuron pheno-
type. Indeed, it has been reported that under cer-
tain pathological conditions, neurogenesis occurs 
in non-neurogenic brain regions (Emsley et  al. 
2005). However, expression of the pan-neuronal 
marker NeuN is unchanged in the adult AIE- 
treated basal forebrain and assessment of cell pro-
liferation and neurogenesis using the proliferation 
marker BrdU did not reveal colocalization with 

ChAT+ neurons following restorative therapeu-
tics (Vetreno et  al. 2019; Crews et  al. 2021a). 
Thus, post-AIE restoration of cholinergic neurons 
in the absence of cholinergic neuron generation 
suggests that AIE-induced neuroinflammation 
does not cause cell death, but rather the loss of the 
cholinergic phenotype that is reversible.

Emerging studies suggest that alcohol expo-
sure and neuroimmune induction can elicit long- 
lasting epigenetic changes in cellular 
programming through chromatin remodeling 
(Montesinos et  al. 2016; Pandey et  al. 2017; 
Wolstenholme et  al. 2017; Vetreno et  al. 2019; 
Crews et  al. 2021a). Epigenetic modifications 
involve histone acetylation and histone and DNA 
methylation, which can enhance or repress gene 
transcription without changing the underlying 
DNA sequence (Kouzarides 2007; Berger et  al. 
2009). Acetylation and methylation at histone 3 
lysine 9 (H3K9) can activate and repress gene 
transcription, respectively (Wang et  al. 2008), 
and the mammalian Chat gene contains tran-
scriptional enhancers and repressors that are 
involved in maturation of basal forebrain cholin-
ergic neurons (Pu et al. 1993; Hersh and Shimojo 
2003; Hersh et al. 1993). The AIE-induced loss 
of basal forebrain cholinergic neuron markers is 
accompanied by increases of H3K9 dimethyl-
ation (H3K9me2) occupancy at Chat and Trka 
gene promoters as well as DNA methylation at 
the CpG island of the Chat promoter (Crews 
et  al. 2021a, Vetreno et  al. 2020). Increased 
H3K9me2 and DNA methylation are processes 
generally associated with stable transcriptional 
gene repression (Fernandes et al. 2017; Goll and 
Bestor 2005) that may contribute to the persis-
tent, long-lasting AIE-induced loss of cholinergic 
neuron markers. In support of an epigenetic 
repressive mechanism underlying the loss of cho-
linergic neuron phenotype, post-AIE voluntary 
exercise exposure and galantamine treatment 
restores the aberrant AIE-induced increase of 
chromatin and DNA methylation at cholinergic 
gene promoters to baseline control levels that 
parallels restoration of cholinergic neuron mark-
ers in the adult male basal forebrain (Crews et al. 
2021a, Vetreno et al. 2020). The Chat and Lhx8 
gene promoters contain the consensus 21-base- 
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pair DNA RE1 binding sequence that binds the 
transcriptional repressor RE1-silencing tran-
scription factor (REST), and REST is known to 
regulate expression of Chat and other cholinergic 
genes (Shimojo and Hersh 2004). The histone 
methyltransferase G9a (EHMT2), which is 
recruited by the repressive transcription factor 
REST, reversibly suppresses gene transcription 
through dimethylation of H3K9 (Ballas et  al. 
2005; Roopra et  al. 2004). Interestingly, AIE 
treatment increases REST and G9a expression in 
the adult basal forebrain paralleling to increased 
occupancy of H3K9me2 at cholinergic gene pro-
moters, an effect that is also observed in the post- 
mortem basal forebrain of individuals with AUD 
and an adolescent age of drinking onset (Crews 
et  al. 2023b). While the contributions of REST 
and G9a to epigenetic repression of the choliner-
gic neuron phenotype in  vivo following AIE 
treatment remain to be fully investigated, ex vivo 
basal forebrain slice culture mechanistic studies 
reveal that direct stimulation of TLR4 with LPS 
and application of ethanol mimics the AIE- 
induced epigenetic silencing of the cholinergic 
neuron phenotype. Further, these ex vivo slice 
culture studies revealed increased occupancy of 
REST and H3K9me2 at the Chat and Lhx8 gene 
promoters, and targeted pharmacological and 
siRNA blockade of G9a and REST reversed the 
loss of ChAT+ cholinergic neurons (Crews et al. 
2023b; Crews and Vetreno 2022). Lhx8 regulates 
multiple cholinergic genes (Cho et  al. 2014), 
including the high-affinity NGF receptor TrkA 
(Tomioka et al. 2014) that is known to promote 
cholinergic differentiation as well as the survival 
and maintenance of basal forebrain cholinergic 
neurons (Lucidi-Phillipi et al. 1996; Fagan et al. 
1997). An Lhx8-TrkA-NGF positive feedback 
loop is hypothesized to maintain cholinergic neu-
rons in their highly differentiated state (Tomioka 
et al. 2014). REST repression of Lhx8 is consis-
tent with suppression of the cholinergic tran-
scriptome and reduced neuronal excitability and, 
perhaps, diminished cerebral excitability. The 
somal shrinkage and loss of ChAT phenotype in 
BFCNs may represent a protective mechanism or 
an initial phase of degeneration.

REST repression of mature neuronal genes 
during development has been suggested to pro-
tect immature neurons, allowing for growth and 

development of axons and dendrites before REST 
is removed allowing expression of mature neuro-
nal and synaptic genes (Zhao et al. 2017). In the 
adult brain, neuronal REST expression is low 
although it increases with age and in response to 
insults, suggesting it may be neuroprotective 
(Thiel et al. 2015). Indeed, reduced nuclear REST 
has been reported in several dementia disorders 
(e.g., Alzheimer’s disease) and is consistent with 
mouse conditional knockout studies reporting 
that REST deletion leads to age-related neurode-
generation (Lu et  al. 2014). REST is hypothe-
sized to reduce excitability, protecting neurons 
since high levels of REST expression are found 
in the brain of humans cognitively intact at 
90–100 years of age (Aron et  al. 2022; Zullo 
et al. 2019). Thus, while adolescence is a period 
of heightened vulnerability to the deleterious 
effects of adolescent binge drinking, it may also 
represent a unique period of resiliency wherein 
insults are reversible through epigenetic mecha-
nisms. Taken together, reversal of AIE-induced 
increases of HMGB1-TLR4/RAGE-pNFκB p65 
signaling and cholinergic gene promoter REST- 
G9a- H3K9me2 methylation that accompanies 
the restoration of adult basal forebrain choliner-
gic neurons supports a role for proinflammatory 
neuroimmune signaling in reversible epigenetic 
silencing of the cholinergic phenotype.

9.4  Adolescent Intermittent 
Ethanol Exposure Disrupts 
Innate Immune Signaling 
in the Microenvironment 
of the Hippocampal 
Neurogenic Niche

9.4.1  Reduced Cell Proliferation 
and Increased Cell Death 
Contribute to Persistent 
AIE-Induced Loss 
of Hippocampal Neurogenesis

The hippocampus, which is known for its critical 
role in the execution of learning and memory- 
related cognitive functions, is also highly suscep-
tible to alcohol-related neuroimmune-driven 
structural damage (Crews and Vetreno 2014), 
resulting in a total loss of volume after AIE 
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(Vetreno et  al. 2016, 2017b; Gass et  al. 2014; 
Ehlers et al. 2013b), an effect that is also observed 
in human adolescents with AUD (De Bellis et al. 
2000). These AIE-induced changes in hippocam-
pal structure are associated with reduced function 
on hippocampal-dependent learning and memory 
tasks, including novel object recognition memory 
(Macht et  al. 2020b; Vetreno and Crews 2015) 
and spatial and non-spatial reversal learning 
(Coleman et al. 2014; Sey et al. 2019) as well as 
anxiety-like behaviors in adulthood (Vetreno and 
Crews 2015). Loss of function on hippocampal- 
dependent memory-related tasks has been linked 
to alterations in cellular and signaling integrity 
within the hippocampal formation, suggesting 
that AIE changes the hippocampal enviornmental 
milieu. This is due, in part, to the unique cellular 
structure of the hippocampal formation as it is 
one of only two regions in the adult mammalian 
brain wherein neurons are continuously gener-
ated and functionally integrated into the existing 
hippocampal neurocircuitry (He and Crews 2007; 
Toni and Schinder 2015). Survival of these new-
born neurons into adulthood is highly dependent 
on and sensitive to their microenvironment, mak-
ing adult hippocampal neurogenesis an interest-
ing marker of overall brain health and plasticity. 
Emerging evidence further suggests a direct role 
of newborn neurons in a variety of hippocampal- 
related behaviors that are impaired after AIE 
(Cameron and Glover 2015; Anacker and Hen 
2017; Webler et al. 2019; Martinez-Canabal et al. 
2023). Conversely, loss of adult hippocampal 
neurogenesis is characteristic of most neurode-
generative and neuropsychiatric disorders, which 
also exhibit increased chronic neuroinflamma-
tory signaling (Abdipranoto et  al. 2008). This 
emphasizes that reductions in adult neurogenesis 
are often indicative of a dysfunctional proinflam-
matory hippocampal microenvironment (Macht 
et al. 2020a; Chintamen et al. 2020), which is a 
complex and delicate construction of vascular-
ization, glial-driven trophic support, and low lev-
els of innate immune signaling.

The neurogenic consequences of binge etha-
nol exposure across adolescence is far more 
severe than the consequences of similar ethanol 
exposure across adulthood. For example, while 
ethanol treatment in adulthood transiently 
reduces hippocampal neurogenesis in rats, subse-

quent abstinence following adult ethanol expo-
sure restores neurogenesis to control levels 
(Crews and Nixon 2009). In contrast, AIE causes 
reductions of hippocampal neurogenesis that per-
sists well into adulthood despite prolonged absti-
nence (Broadwater et  al. 2014; Vetreno and 
Crews 2015; Sakharkar et al. 2016; Swartzwelder 
et al. 2019). This persistent reduction is evident 
in both male and female rats (Macht et al. 2023; 
Nwachukwu et al. 2022a) and has been replicated 
across various models of adolescent ethanol 
exposure in both rodents (for review, see Macht 
et  al. 2020a) and primates (Taffe et  al. 2010). 
Interestingly, identical intermittent ethanol treat-
ment in adulthood does not persistently affect 
hippocampal neurogenesis, emphasizing the 
heightened vulnerabiltiy of the adolescent brain 
to neurogenic insults (Broadwater et al. 2014).

The AIE-induced loss of hippocampal neuro-
genesis involves both reduced proliferation of 
neuroprogenitor cells and increased cellular 
apoptosis of these differentiating newborn neu-
rons. Indeed, AIE treatment decreases expression 
of the proliferating cell marker Ki-67 (Ehlers 
et al. 2013a; Broadwater et al. 2014; Sakharkar 
et  al. 2016; Vetreno and Crews 2015) while 
increasing expression of cell death markers, 
including cleaved caspase-3 and Fluoro Jade 
(Swartzwelder et  al. 2019; Broadwater et  al. 
2014; Vetreno and Crews 2015; Ehlers et  al. 
2013a) consistent with the AIE-induced loss of 
neurogenesis involving decreased progenitor 
proliferation and increased cell death. Indeed, 
AIE treatment induces hippocampal Death 
Receptor 3 (DR3), the DR3 ligand TL1A, and 
downstream induction of the caspase cell death 
signaling cascade in adult AIE-treated rats (Liu 
et al. 2020). Of note, these findings are also evi-
dent in post-mortem human AUD brain and posi-
tively correlated with expresison of the cell death 
marker cleaved caspase 3 (Liu et al. 2020). The 
increased hippocampal DR3-TL1A caspase cas-
cade is associated with induction of proinflam-
matory neuroimmune signaling and accumulating 
evidence implicates neuroimmune system activa-
tion in the AIE-induced disruption of hippocam-
pal neurogenesis (Vetreno et  al. 2018; 
Swartzwelder et al. 2019; Liu et al. 2020). Further 
work elucidated that cleaved caspase 3 is specifi-
cally upregulated in cells expressing the 
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microtubule- associated protein doublecortin that 
labels immature newborn neurons: doublecortin 
(Macht et al. 2021). This suggests that in addition 
to general mobilizaiton of cell death machinery 
across the dentate gyrus, AIE specifically 
increases activation of cell death machinery in 
adult neuroborn neurons.

9.4.2  Persistent AIE Induction 
of Innate Immune Signaling 
in the Hippocampal 
Neurogenic Niche

While glia are often the focus when discussing 
the immune system in the brain, neurons are also 
important effectors of innate immune function as 
AIE induces persistent expression of many pro-
inflammatory mediators in neurons of the hip-
pocampus. For example, AIE increases 
expression of HMGB1, COX-2, RAGE, and acti-
vated phospho-NFĸB p65 in neurons in the gran-
ule cell layer of the hippocampus (Macht et al. 
2021; Vetreno et  al. 2018; Swartzwelder et  al. 
2019). Similarly, MCP1 is expressed in neurons 
and upregulated after AIE in the polymorphic 
layer of the dorsal hippocampal dentate gyrus 
(Macht et  al. 2021). These increases in hippo-
campal innate immune signaling cascades have 
been directly linked to the loss of hippocampal 
neurogenesis across a multitude of studies (for 
review, see Macht et  al. 2020a). For example, 
Vetreno et al. (2018) reported that AIE causes an 
upregulation of hippocampal TLRs as well as 
phosphorylation of NF-κB p65 in doublecortin-
positive newborn neurons. This innate immune 
induction is coupled with increases in proinflam-
matory gene expression of NF-κB p65 target 
genes, including TNFα and IκBα. Excitingly, 
voluntary exercise and treatment with the non-
steroidal anti-inflammatory compound indo-
methacin not only block AIE-induced induction 
of these proinflammatory markers in the neuro-
genic niche, but this blockade also prevents AIE-
induced loss of doublecortin-positive neurons 
and concurrent increases of the cell death 
enzyme cleaved caspase- 3. Indomethacin treat-
ment after AIE similarly restores survivabiltiy of 

doublecortin-positive neurons while decreasing 
AIE induction in neuronal expression of COX-2 
and HMGB1 (Macht et al. 2023). This restora-
tion in the balance of innate immune signaling in 
the neurogenic niche also restores reversal learn-
ing deficits, further emphasizing the critical role 
of hippocampal neurogenesis and innate immune 
signalig in reversal learning.

Emerging studies reveal that changes in the 
basal forebrain cholinergic system may play an 
important role in both AIE-induced loss of hip-
pocampal neurogenesis and induction of hippo-
campal innate immune signaling as the 
hippocampus is densely innervated by basal 
forebrain cholinergic neurons (see Fig.  9.1c). 
Indeed, lesion of basal forebrain cholinergic 
neurons with 192IgG-Saporin reduces hippo-
campal neurogenesis and causes microglial acti-
vation implicating cholinergic signaling in 
regulation of hippocampal neurogenesis and 
neuroinflammation (Cooper-Kuhn et  al. 2004; 
Dobryakova et  al. 2017; Field et  al. 2012). 
Cholinergic involvement in AIE-induced loss of 
huppocampal neurogenesis was first elucidated 
by findings that interventions, such as exercise, 
which restore hippocampal neurogenesis also 
restore the AIE-induced loss of basal forebrain 
cholinergic neurons (Vetreno et  al. 2018; 
Vetreno and Crews 2018). More recent work 
found that the hippocampus does exhibit 
decreased innervation by cholinergic neurons 
after AIE as evidenced by reductions in hippo-
campal expression of vAChT (see Fig.  9.1d; 
Macht et  al. 2023). Interestingly, increasing 
synaptic acetylcholine levels with the repeated 
administration of the cholinesterase inhibitor 
galantamine was able to reverse induction of 
cleaved caspase-3 in immature neurons, further 
emphasizing the critical role of cholinergic sig-
naling in mediating restoration of hippocampal 
neurogenesis after AIE and linking basal fore-
brain cholinergic dysfunction to hippocampal 
cellular survival (Macht et  al. 2021). 
Collectively, this suggests that one of the mech-
anisms by which acetylcholine may improve 
newborn neuron survival is through inhibtion of 
proinflammatory signaling cascades in the neu-
rogenic niche.
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9.4.3  Persistent AIE-Induced 
Alterations in Microglial 
and Astrocytic Function 
in the Adult Hippocampus

Several studies find that microglia, important 
modulators of hippocampal neurogenesis and 
effectors of innate immune function, are dysregu-
lated after adolescent ethanol exposure. For 
example, Marshall et  al. (2020) reported that 
microglia after AIE are more likely to exhibit a 
dystrophic phenotype in the hippocampus (see 
Fig.  9.1d)—that is, exhibiting morphological 
aberrations including fragmentation of the cyto-
plasm (cytorrhexis) as well as processes that are 
fragmented, beaded, or bare of fine arborizations. 
This morphological phenotype suggests severe 
cellular distress and is often evident in neurode-
generative diseases and aging (Streit et al. 2014). 
In addition to microglial dystrophy, AIE induces 
microglial proinflammatory signaling cascades 
as indicated by increased pNFĸB p65 colocaliza-
tion with Iba-1+IR microglia within the adult 
hippocamopal dentate gyrus (Vetreno et  al. 
2018). There is some heterogeneity of microglial 
phenotype across subregions of the hippocam-
pus, and further elucidation of region-specific 
AIE-effects on microglia remains an important 
area of investigation. For example, AIE increases 
Iba-1+IR cells in the dentate gyrus of both males 
and females (see Fig.  9.1d), but in CA1 only 
females exhibit increases in Iba-1+IR microglial 
number (Nwachukwu et al. 2022b). Other studies 
have similarly found that AIE reduces overall 
microglial cell number with surviving microglia 
exhibiting decreased length of processes, coupled 
with an increased sensitivity to later acute 
ethanol- induced microglial proliferation, activa-
tion (evidenced by increased Iba1 mRNA), and 
microglial apoptosis further emphasizing that 
AIE impairs microglial ability to effectively 
respond to later insults. Hyper-responsivity of 
microglia to later psychological stressors follow-
ing AIE has been evidenced in other studies as 
well. For example, the proinflammatory microg-
lial marker CD11b is increased in the dentate 
gyrus, CA3, and CA1 regions of the hippocam-
pus in response to an acute stress challenge fol-

lowing AIE (Walter et  al. 2017). Collectively, 
these findings indicate that AIE causes distress to 
hippocampal microglia, resulting in dystrophic 
morphology, increased proinflammatory signal-
ing, impaired regulation of trophic support, and a 
reduced ability to respond effectively to later 
environmental insults.

Emerging evidence suggests that astrocytes are 
similarly disrupted by AIE in the hippocampus 
(see Fig. 9.1c, d). Increased glial fibrillary acidic 
protein (GFAP) is often used as an index of astro-
cyte reactivity, and GFAP+IR is increased after 
AIE in both males and females across the hippo-
campal dorsal dentate gyrus, CA2/3, and CA1 
regions (Nwachukwu et  al. 2022b). Somewhat 
incongruently, Gomez et al. (2018) find that hip-
pocampal astrocytic branch complexity is only 
transiently increased after AIE, suggesting AIE 
causes dramatic but short-lived structural altera-
tions in astrocytic structure, whereas Healey et al. 
(2020) reported long- lasting changes in astrocytic 
surface area in the adult mPFC following AIE 
treatment. Nevertheless, the functional conse-
quences of AIE on astrocyte functionality are more 
severe. For example, AIE increases astrocyte con-
nexin 43 hemichannels and pannexin-1 porosity, 
indicating an increased rate of diffusion between 
astrocytes and the extracellular environment that is 
positively correlated with increased hippocampal 
levels of IL-1β, TNFα, and IL6, and reversed with 
anti-inflammatory blockade (Gomez et  al. 2018) 
further emphasizing the critical and emerging role 
of astrocytes in adolescent ethanol- induced persis-
tent neuroinflammatory signaling in the hippo-
campal neurogenic niche. Astrocytes also exhibit 
reduced proximity to glutamatergic synapses in 
the hippocampus after AIE (Healey et al. 2020); as 
astrocytes are key regulators of glutamate update, 
this loss of proximity to glutamatergic synapses 
could indicate an increase in sensitivity to gluta-
mate-induced cellular damage. Astrocytes also 
form glial scars and are critical barriers in severe 
neural damage, such as with traumatic brain injury. 
Emerging evidence suggests that AIE alters the 
progression to later hippocampal traumatic brain 
injury pathology (Mira et al. 2020), but the spe-
cific role of astrocytes in this process remains an 
important area of investigation.
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9.4.4  Persistent AIE-Induced 
Proinflammatory Signaling 
Disrupts Hippocampal 
Networks

Astrocytes, microglia, and neurons exhibit robust 
cross-communication to mediate cellular net-
works, much of which is dependent upon inter-
cellular innate immune signaling (Macht 2016). 
This suggests that AIE-driven effects on these 
individual cell populations within the hippocam-
pus likely has compounding consequences when 
considering their collective, interrelated function, 
much of which has yet to be explored. For exam-
ple, the persistent AIE-induced alterations in hip-
pocampal neurogenesis may also contribute to 
adult stress-induced depression (Eisch and Petrik 
2012), impaired cognitive flexibility (Anacker 
and Hen 2017), and cognitive decline in adult-
hood (Vetreno and Crews 2015). However, as 
with the basal forebrain, while the effects of AIE 
appear persistent in the absence of interventions, 
appropriate interventions have revealed that these 
effects are not necessarily appropriate. At the 
center of both the persistence and reversibilty of 
AIE-induced neuropathy is innate immune sig-
naling, and in fact many broad anti-inflammatory 
interventions may be effective in rescuing AIE- 
induced hippocampal pathology, giving hope for 
a diverse set of effective therapeutic options.

9.5  Reversibility of Adolescent 
Intermittent Ethanol- 
Induced Neuropathology: 
Future Anti-inflammatory 
Therapeutics Targeting 
Persistent 
Neuroinflammation to Treat 
Addiction

9.5.1  Anti-inflammatory Anti- 
cholinesterases 
and Acetylcholine

While the immunomodulatory actions of ACh 
have been well established (Wang et  al. 2004; 
Cox et al. 2020; Zorbaz et al. 2022), loss of cho-

linergic neurons could contribute to the observed 
microglial activation state and persistent neuroin-
flammation observed in the preclinical AIE 
model and post-mortem human AUD brain (Field 
et al. 2012; Vetreno et al. 2014; Walter et al. 2017; 
He and Crews 2008). Acetylcholine suppresses 
LPS-induced release of HMGB1, and nicotinic 
ACh receptor (nAChR) activation prevents activ-
ity of the NF-κB signaling pathway (Wang et al. 
2004). The cholinesterase inhibitors galantamine 
and donepezil, which increase ACh bioavailabil-
ity, have been shown to block AIE-induced 
HMGB1-RAGE/TLR4-NF-κB p65 neuroim-
mune signaling and neurodegeneration (Crews 
et  al. 2021a; Macht et  al. 2021; Swartzwelder 
et  al. 2019). Galantamine, which is an alkaloid 
isolated from the Caucasian snowdrop (Galanthus 
woronowii) with FDA approval for the treatment 
of Alzheimer’s disease (Lilienfeld 2002; Haake 
et al. 2020; Hampel et al. 2018), is a selective and 
reversible acetylcholinesterase inhibitor. In 
humans, galantamine has been shown to decrease 
circulating levels of the proinflammatory cyto-
kine TNFα in individuals with metabolic syn-
drome associated with diabetes 
(Consolim-Colombo et al. 2017). Galantamine is 
not only a cholinesterase inhibitor, but also pur-
ported to be positive allosteric ligand at nAChRs, 
including α7 nAChRs (Wazea et  al. 2018) and 
potentiates cholinergic transmission by positively 
modulating the response of nAChR to ACh and 
their agonists (Samochocki et  al. 2003; 
 Dajas- Bailador et al. 2003). α7 nAChRs are pres-
ent on microglia and neurons (Ulloa 2005; Azam 
et al. 2003) and play a role in modulating neuro-
inflammation (Ren et al. 2017; Wazea et al. 2018; 
Sitapara et al. 2014). In addition to its benefit as 
an anti-inflammatory drug, galantamine also 
shows therapeutic promise in preclinical and 
clinical substance use disorder studies (Carroll 
et  al. 2019; Maclean et  al. 2018; Sofuoglu and 
Carroll 2011; Mann et  al. 2006). In rodents, 
galantamine decreases alcohol intake in alcohol- 
preferring rats (Doetkotte et  al. 2005), reduces 
cue-induced heroin seeking in rats following pro-
longed opioid withdrawal (Liu et al. 2012), and 
suppresses reinstatement of methamphetamine- 
seeking in rats (Koseki et  al. 2014). In human 

V. Macht et al.



195

clinical studies, galantamine is reported to 
decrease the number of alcohol drinks consumed 
during relapse in individuals with AUD (Mann 
et  al. 2006). Galantamine is also reported to 
decrease opioid use (Carroll et al. 2019), cocaine 
use (Sofuoglu and Carroll 2011; Carroll et  al. 
2018), and nicotine use (Maclean et  al. 2018; 
Mann et  al. 2006), relative to placebo controls. 
Additional studies are needed to investigate the 
therapeutic potential of targeting the cholinergic 
system to block neuroinflammation and treat 
AUD-associated neuropathology.

9.5.2  G9a/Ehmt2 Inhibitors

Numerous studies have reported that EHMT2 
inhibition across neuropathology models blocks 
induction of proinflammatory cytokines (e.g., 
TNFα, IL-1β, Il6), microglial morphology changes 
(i.e., increased Iba-1), and upregulation of proin-
flammatory nuclear transcription factor NFκB p65 
while increasing microglial “M2-like” anti-inflam-
matory signaling molecules (Yang et  al. 2023; 
Grinan-Ferre et  al. 2019; Bellver- Sanchis et  al. 
2024; Li et al. 2022). EHMT2 inhibition decreases 
early-life stress-induced hippocampal microglial 
activation (Wang et al. 2017). Preclinical in vivo 
and in vitro microglial models report pathological 
increases of EHMT2, and EHMT2 inhibition 
reduces expression of microglial-enriched proin-
flammatory signaling molecules (e.g., TNFα, IL6, 
IL-1β) and transcription factors (e.g., NFκB p65) 
while increasing anti-inflammatory microglial-
associated homeostatic genes (e.g., IL-4, IL-10, 
Arg1) (Yang et al. 2023; Zheng et al. 2019; Grinan-
Ferre et al. 2019; Zou et al. 2022; Bellver-Sanchis 
et al. 2024; Li et al. 2022), suggesting that EHMT2 
mediates, in part, reprogramming of microglia to a 
proinflammatory phenotype and persistent 
neuroinflammation.

9.5.3  Targeting Microglia

Preclinical AIE and post-mortem human AUD 
studies implicate upregulation of innate immune 

signaling and shifts of microglia to a proinflam-
matory phenotype in alcohol-induced neuropa-
thology. Minocycline, an FDA-approved 
tetracycline antibiotic with anti-inflammatory 
and microglial activation inhibitor properties 
(Plane et al. 2010; Kobayashi et al. 2013; Elewa 
et al. 2006), prevents chronic adult EtOH-induced 
microglial priming in the mouse cortex (Qin and 
Crews 2012). In an early-life stress rat model, 
minocycline blocked increased microglial Iba-1 
expression and mRNA/protein expression of pro-
inflammatory TNFα, IL-1β, and IL-6 as well as 
expression of the repressive epigenetic marker 
H3K9me2 (Wang et al. 2017). Minocycline has 
also been reported to reduce alcohol withdrawal- 
induced anxiety-like behavior and alcohol rein-
statement (Wu et al. 2011; Gajbhiye et al. 2018). 
Thus, blockade of microglial activation and pro-
inflammatory signaling may represent a thera-
peutic target for the treatment of alcohol-induced 
neuropathology.

9.5.4  Inhibitors of HMGB1

Glycyrrhizin, which is a constituent of 
Glycyrrhiza glabra (licorice) classified by the 
FDA as Generally Recognized As Safe (GRAS) 
as a food additive, is a potent, selective HMGB1 
inhibitor that binds to and inactivates released 
HMGB1 (Mollica et al. 2007). Crystallography 
analysis reveals that glycyrrhizin binds a pocket 
in HMGB1 blocking the proinflammatory 
activities of HMGB1 (Mollica et  al. 2007). 
Intraperitoneal administration of glycyrrhizin 
decreases ethanol withdrawal-induced upregu-
lation of HMGB1 and induction of proinflam-
matory signaling genes in the adult rat brain 
(Whitman et al. 2013). Both ex vivo and in vivo 
studies find remarkable anti-inflammatory 
activity of glycyrrhizin in alcohol and proin-
flammatory models (Crews and Vetreno 2022; 
Crews et  al. 2021b; Zou and Crews 2014; 
Whitman et al. 2013) suggesting that glycyrrhi-
zin may be useful in targeting neuroinflamma-
tion in AUD.
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9.6  Conclusions and Future 
Directions

Collectively, these findings highlight the sensi-
tive nature of the adolescent developmental win-
dow, where alcohol exposure can disrupt 
maturation of glia and innate immune signaling 
cascades in parallel with changes in the refine-
ment of neurocircuitry. The molecular conse-
quences of this developmental disruption induced 
by adolescent intermittent binge alcohol can tip 
the balance toward the development of an AUD 
later in life by increasing risk factors, including 
impaired behavioral flexibility and escalated vol-
untary drinking. Mechanistically, the intersection 
of the adolescent developing innate immune and 
cholinergic systems is emerging as a key hub at 
the crossroads of alcohol-induced adult neuropa-
thology as well as emerging therapeutic interven-
tions. However, there are several key areas that 
remain underexplored. Specifically, four areas 
stand out as important directions for future inves-
tigations for the field: (1) sex differences, (2) 
neuronal and innate immune responsivity to sub-
sequent challenges, (3) multi-hits of develop-
mental alcohol exposure, and (4) persistence of 
therapeutic interventions.

While several studies have begun to elucidate 
findings across males and females, this remains 
an understudied area of investigation—especially 
as adolescent females exhibit higher rates of 
binge alcohol drinking than males for the first 
time in recorded history (SAMHSA 2022). 
Emerging findings suggest that many of the 
molecular cascades—notably cholinergic, neuro-
genic, and HMGB1-TLR4-driven innate 
immune—are similarly disrupted across males 
and females in a variety of brain regions (Macht 
et al. 2023). However, the vast majority of inves-
tigated innate immune pathways are not linked to 
the X-chromosome, despite the fact that the 
X-chromosome contains more immune-related 
genes than any other chromosome in the human 
genome (for reviews, see Bianchi et  al. 2012, 
Libert et al. 2010). These X-linked innate immune 
genes are thought to underlie many of the sex dif-
ferences observed across disorders, including 
some cancers, autoimmune disorders, schizo-

phrenia, vaccine responsivity, and more (Syrett 
and Anguera 2019). For example, while several 
human and preclinical studies have linked TLR7 
to alcohol drinking (Lovelock et  al. 2022), 
alcohol- related cellular toxicity (Coleman et  al. 
2017), and AUD pathology (Crews et al. 2023a), 
no studies have examined this in AIE-treated 
females. While Tlr7 mRNA is upregulated in the 
rat hippocampus after AIE treatment in adult 
males (Vetreno et  al. 2018), one would predict 
that females would be more sensitive to this 
ethanol- induced innate immune response due to 
their higher levels of TLR7 expression, which 
has been linked to this gene escaping X-linked 
inactivation (Souyris et al. 2019; Berghofer et al. 
2006). Furthermore, many studies of innate 
immune signaling focus on mRNA, largely due 
to methodological limitations and complications 
associated with measuring proteins. However, 
protein and mRNA can and frequently do diverge 
(Jiang et  al. 2023). Therefore, more thorough 
analyses of many of these neuroimmunological 
endpoints using protein will advance the field 
significantly.

The innate immune system is extraordinarily 
complex, and its efficacy requires a multitude of 
time-dependent and intersecting signaling cas-
cades to both initiate and resolve the immune 
response in an efficient and stimulus-specific 
manner. Findings that AIE produces persistent, 
low-level induction of proinflammatory signaling 
cascades in the adult basal forebrain and hippo-
campus that do not resolve with abstinence 
 suggest a state of chronic low-grade proinflam-
matory signaling that is often reported in the 
aging literature. One of the characteristics in the 
aged brain is the inefficiency in induction and 
resolution of innate immune responsivity paral-
leled by a lack of response specificity. However, 
few studies have examined how the brain and 
body respond to an additional innate immune 
challenge after AIE, and this remains an impor-
tant area of future investigation. For example, 
AIE sensitizes the TLR3-driven fever response in 
adulthood in males but attenuated the fever 
response in females, according to core body tem-
perature (Gano et al. 2024). Despite these diver-
gent physiological changes across sex following 
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AIE exposure, both males and females exhibit 
similar poly I:C-associated gene induction of 
TLR3, IĸBα, and IL-1β across liver, spleen, and 
the paraventricular nucleus of the hypothalamus 
relative to ethanol-naïve controls suggesting 
alternative and yet unknown innate immune path-
ways or neuronal circuits may be driving these 
effects. In contrast, LPS-driven TLR4 activation 
blunts the Il1 and IĸBα mRNA responsivity in 
peripheral blood samples of AIE male rats rela-
tive to ethanol- naïve controls. While a history 
AIE exposure did not affect peripheral mRNA 
responsivity of IL-6, IL-1, TNF-α, or IĸBα in 
females, brain regional differences in innate 
immune responsivity remain to be evaluated fol-
lowing LPS.  Acute ethanol (2.5  g/kg ethanol) 
challenge in adulthood revealed that there may be 
some subtle sex differences in IL-6, TNF-α, and 
IĸBα ethanol-mRNA responsivity in adulthood 
(Vore et al. 2021). However, the subtlety of some 
of these findings may require increased power to 
resolve sex differences. In addition, while this 
study examined mRNA changes during intoxica-
tion, ethanol produces different changes during 
withdrawal, and changes during withdrawal 
across brain regions also remain an important 
future area of investigation.

To complicate matters, alcohol produces an 
evolving pathology that varies by developmental 
age of exposure as well as age of assessment. 
These effects become potentially confounded 
when one considers that individuals with a his-
tory of prenatal or adolescent exposure are more 
likely to drink or develop an AUD in adolescence 
and/or adulthood. For example, individuals pre-
natally exposed to alcohol often begin drinking at 
an age younger than their peers, are more likely 
to be hospitalized as a result of alcohol use, and 
are more likely to develop AUD (Moore and 
Riley 2015; Maya-Enero et al. 2021). Moreover, 
common mechanistic links may underlie alcohol 
pathology across the lifespan—particularly 
innate immune signaling cascades and choliner-
gic dysfunction (for review, see Macht et  al. 
2022b). This suggests that double or even triple- 
hit studies of alcohol exposure across the lifespan 
remain an important understudied area of investi-
gation for the field.

Finally, the discovery that anti-inflammatory 
therapeutics can reverse AIE-induced changes at 
the molecular and behavioral level provides 
promise for novel pharmacotherapies. Excitingly, 
mounting evidence suggests that while many of 
the AIE-induced neuropathological changes are 
persistent, they are not permanent. In fact, many 
of these changes appear to be epigenetically reg-
ulated, opening the opportunity for assessment of 
new therapeutic targets. However, as the efficacy 
of most interventions to date is examined shortly 
after the conclusion of the treatment, it is unclear 
whether this recovery is permanent once treat-
ment is suspended. Or, if treatment remains 
effective for a period, do yet unrealized age- 
related deficits become unmasked in senescence? 
These questions are critical to resolve when con-
templating the translational nature of therapeutic 
interventions in future clinical populations.

The accumulating body of work on the molec-
ular consequences of AIE on adult brain pathol-
ogy and its potential recovery has widespread 
implications for our understanding of the devel-
opmental mechanisms across brain disorders. In 
humans, alcohol increases the vulnerability to or 
accelerates the pathogenesis of a multitude of 
disorders, including diseases that emerge in 
senescence such as Alzheimer’s disease and 
Parkinson’s disease (Seemiller et  al. 2024). 
Early-life exposure to alcohol may have long- 
term consequences that set the stage for acceler-
ated progression of these diseases that are often 
overlooked. Therefore, these same molecular 
insights into the persistent pathogenesis of 
alcohol- related brain and innate immune dys-
function may also yield novel innovations for 
treatment strategies across a wide array of brain 
disorders—not only in terms of mechanisms but 
also in terms of critical developmental windows 
for intervention timing.
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10Excessive Alcohol Use as a Risk 
Factor for Alzheimer’s Disease: 
Epidemiological and Preclinical 
Evidence

Paige E. Anton, Nicole M. Maphis, 
David N. Linsenbardt, and Leon G. Coleman Jr.

Abstract

Alcohol use has recently emerged as a modi-
fiable risk factor for Alzheimer’s disease 
(AD). However, the neurobiological mecha-
nisms by which alcohol interacts with AD 
pathogenesis remain poorly understood. In 
this chapter, we review the epidemiological 
and preclinical support for the interaction 
between alcohol use and AD. We hypothesize 
that alcohol use increases the rate of accumu-
lation of specific AD-relevant pathologies 
during the prodromal phase and exacerbates 
dementia onset and progression. We find that 
alcohol consumption rates are increasing in 
adolescence, middle age, and aging popula-
tions. In tandem, rates of AD are also on the 
rise, potentially as a result of this increased 
alcohol use throughout the lifespan. We then 

review the biological processes in common 
between alcohol use disorder and AD as a 
means to uncover potential mechanisms by 
which they interact; these include oxidative 
stress, neuroimmune function, metabolism, 
pathogenic tauopathy development and 
spread, and neuronal excitatory/inhibitory 
balance (EIB). Finally, we provide some for-
ward-thinking suggestions we believe this 
field should consider. In particular, the inclu-
sion of alcohol use assessments in longitudi-
nal studies of AD and more preclinical studies 
on alcohol’s impacts using better animal 
models of late-onset Alzheimer’s disease 
(LOAD).

Keywords

Ethanol · Alzheimer’s disease · Dementia · 
Oxidative stress · Neuroimmune · 
Metabolism · Excitation · Inhibition

10.1  Introduction

10.1.1  Alzheimer’s Disease

Alzheimer’s disease (AD), the most common 
type of dementia, is a chronic neurodegenerative 
disease predominantly defined by the accumula-
tion of amyloid beta (Aβ) as extracellular plaques 
and pathologically modified protein tau as neuro-
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fibrillary tangles (NFTs; Knopman et  al. 2021; 
Korczyn and Grinberg 2024). Clinically, AD is 
characterized by progressive memory impair-
ments, difficulties in thinking, and neuropsychi-
atric symptoms (Apostolova et al. 2014; Li et al. 
2014), including depression (Benoit et al. 2012; 
der Mussele et al. 2012), apathy (Ota et al. 2011), 
aggression (Guadagna et al. 2012), and psychosis 
(Gilley et al. 2004). AD is currently the seventh 
leading cause of death in the United States, but 
with global AD cases expected to reach 153 mil-
lion by 2050 (GBD 2019 Dementia Forecasting 
Collaborators 2022; The Alzheimer’s Association 
2024), it is beginning to outpace other causes of 
death and therefore remains a pressing public 
health concern.

Despite the high disease burden, preventative 
treatments for AD do not exist, partially due to an 
incomplete understanding of the complex etiol-
ogy of the disease (Scheltens et  al. 2021). 
Approximately 5% of AD cases are hereditary 
(familial AD) and primarily arise from mutations 
in genes leading to abnormal amyloid beta (Aβ) 

processing such as amyloid precursor protein 
(App), presenilin 1 (Ps1), and presenilin 2 (Ps2) 
(Lanoiselée et al. 2017). However, most AD diag-
noses (>95%) occur later in life and are referred 
to as late-onset Alzheimer’s disease (LOAD) or 
sporadic AD. LOAD is characterized by an esti-
mated 20-year preclinical phase of pathological 
aggregation (Vermunt et al. 2019), during which 
time changes in brain structure and function 
occur without any outward clinical symptoms 
(Fig. 10.1). Following the preclinical phase, the 
prodromal phase is characterized by progressive 
memory deficits in which mild cognitive impair-
ment (MCI) is first diagnosed likely due to the 
now extensive pathology that has accumulated 
during the preclinical stage (Hampel and Lista 
2012). Earlier AD prevalence studies used clini-
cal symptoms to classify patients as having AD, 
but we have since learned that this approach led 
to a ~30% misdiagnosis rate compared to current 
blood/CSF and neuroimaging approaches 
(Hansson 2021; Hansson et  al. 2022). Further 
advancements in these technologies have even 

Fig. 10.1 Pathogenesis of late-onset Alzheimer’s disease 
(LOAD, AD) and the proposed impact of alcohol misuse. 
Alcohol misuse throughout key developmental periods 
could both accelerate onset and exacerbate progression of 
AD measured by the biomarkers in the ATN framework: 
the amyloid beta plaques (A), pathological tau (T), and 
neurodegeneration (N). Development of these pathologic 
factors often develops before the outward manifestations 
of clinically diagnosed AD dementia (i.e., cognitive 

decline). There is an approximate 10–20-year period of 
preclinical changes, where cognition is not impacted. The 
Prodromal phase (Mild Cognitive Impairment, MCI) is 
characterized by the first appearance of cognitive decline. 
Dementia of the Alzheimer’s type can exist as mild, mod-
erate, and severe. Our hypothesis is that heavy alcohol use 
(solid line) can exacerbate and accelerate onset of AD 
(dotted line indicates “normal” AD pathogenesis), as indi-
cated by the arrows
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allowed us to begin to mechanistically character-
ize each of the phases of AD: preclinical, prodro-
mal (MCI), and AD (Jack et al. 2018; Janelidze 
et  al. 2020; Moscoso et  al. 2021; Leuzy et  al. 
2022), as well as to determine the clinical effi-
cacy of AD therapeutic candidates (Angioni et al. 
2022; Hansson et al. 2023). This work continues, 
but has thus far identified a host of pathological 
changes involved in LOAD progression, includ-
ing disruptions in amyloid processing leading to 
amyloid beta (Aβ) plaque accumulation (Hampel 
et al. 2021), changes in cerebral vascularization 
(Klohs 2020; Fisher et al. 2022; Cai et al. 2023), 
neuroinflammation (Franceschi and Campisi 
2014; Pinti et al. 2016), metabolism (Maghsudi 
et  al. 2020), autophagy (Aman et  al. 2021; 
Caponio et  al. 2022), pathological tau aggrega-
tion (Guillozet et  al. 2003; Binder et  al. 2005; 
Chiu et al. 2017) and spread (Walsh and Selkoe 
2016; Wegmann et  al. 2019), and alterations in 
neuronal excitatory/inhibitory balance (EIB) 
(Kang et al. 2020; Radulescu et al. 2023). Thus, 
there are many potential neurobiological mecha-
nisms regulating LOAD, each of which has the 
potential to influence LOAD progression.

One approach used to identify mechanisms 
mediating LOAD is via genome-wide association 
studies (GWAS). These population genetic stud-
ies identify single-nucleotide polymorphisms 
(SNPs) statistically associated with certain dis-
eases, like LOAD, to ferret out specific gene 
products (proteins) highly likely to be involved in 
the disease of interest (ADGC et  al. 2019; 
Bellenguez et al. 2022). These studies have iden-
tified alleles associated with LOAD that involve 
neuroimmune function (Jansen et  al. 2019; 
Andrews et al. 2020; Jorfi et al. 2023), particu-
larly microglia (Thorlakur et  al. 2013; ARUK 
Consortium et  al. 2017; Efthymiou and Goate 
2017), autophagy dysfunction (Barrachina et al. 
2006; Ginsberg et al. 2010; Nixon 2013; Wolfe 
et  al. 2013; Peric and Annaert 2015; Almeida 
et al. 2020; Lee et al. 2022), and lipid metabolism 
(Katzov et al. 2004; Mace et al. 2005; Liu et al. 
2013; Huang and Mahley 2014), as well as MAPT 
(microtubule-associated protein tau) gene expres-
sion and circulating tau levels (ADGC et  al. 
2019; Sarnowski et  al. 2022) and excitatory/

inhibitory neuron populations (Gazestani et  al. 
2023). One GWAS for AD/dementia identified 
over 90 independent variants across 75 suscepti-
bility loci, including genes enriched in amyloid 
plaque and NFT formation, cholesterol metabo-
lism, endocytosis/phagocytosis, and innate 
immune function (Andrews et  al. 2023). While 
these GWAS studies corroborate mechanisms 
discussed in this chapter, they also collectively 
emphasize the complexity of AD pathogenesis 
and progression.

In parallel to exploring the molecular genetic 
underpinnings of LOAD using GWAS, the field 
has leveraged advances in assessing brain func-
tion to explore the diseased brain directly. 
Positron emission tomography (PET), functional 
magnetic resonance imaging (MRI), and electro-
encephalogram (EEG) have been the tools of 
choice. Work done in this space has revealed that 
tau-PET alone, not Aβ-PET or anatomical MRI, 
accurately predicts the conversion from MCI to 
all-cause dementia (Groot et al. 2024). Additional 
evidence suggests that microglial-mediated neu-
roinflammation may play a role in the develop-
ment and progression of AD.  A translocator 
protein (TSPO) PET ligand associated with 
microglia was found to potentially act as a con-
nective factor between the formation of Aβ 
plaques and the spread of pathogenic tau 
(Rossano et  al. 2024). Furthermore, TSPO 
expression was linked to the severity of AD, brain 
volume, cognitive decline, and the accumulation 
of both Aβ plaques and pTau (Rossano et  al. 
2024). Long-term EEG monitoring studies have 
also observed an increase in the frequency of 
subclinical epileptiform discharge (SED) in 
patients compared with non-demented controls 
(Vossel et  al. 2013, 2016, 2017; Beagle et  al. 
2017; Lam et  al. 2020; Horvath et  al. 2021). 
Interestingly, SEDs and other epileptiform activ-
ity are associated with earlier disease onset 
(Amatniek et  al. 2006; Scarmeas et  al. 2009; 
Irizarry et al. 2012; Vossel et al. 2013) as well as 
accelerated disease progression (Horvath et  al. 
2021; Yeh et  al. 2022; Kamondi et  al. 2024). 
Thus, the emergence of neuronal hyperexcitabil-
ity observed in LOAD may be driven by the accu-
mulation of Aβ plaques and/or pathological tau, 
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or more insidiously, the instigator of pathological 
processes that facilitate the production, spread, 
and accumulation of these pathological proteins 
(Harris et al. 2020).

Using the revised ATN (Amyloid/Tau/
Neurodegeneration) classification system (Jack 
et  al. 2018; van der Flier and Scheltens 2022) 
(Fig. 10.1) and armed with new molecular tools 
(single molecule array, SiMoA) (Li and Mielke 
2019; Chen et  al. 2020; Emeršič et  al. 2020; 
Hanes et al. 2020; Karikari et al. 2020; Kvartsberg 
et  al. 2020; Meyer et  al. 2020a; Thijssen et  al. 
2020; Ashton et al. 2021; Chatterjee et al. 2021; 
Fowler et al. 2022; Thomas et al. 2022), research-
ers have begun to evaluate the accuracy of blood- 
based biomarkers which may outperform 
traditional cerebrospinal fluid (CSF) metrics for 
tracking both disease progression and success of 
clinical therapeutics (Barthélemy et  al. 2024). 
Notably, these sensitive clinical blood assess-
ments have substantiated the traditional ATN 
framework by being able to robustly measure Aβ 
plaques (A) (Meyer et al. 2020b), multiple patho-
genic species of tau (pT181 (Mielke et al. 2018; 
Qin et  al. 2022; Tzartos et  al. 2022), pT217 
(Barthélemy et  al. 2020, 2023), pT231 (Ashton 
et al. 2021; Wisch et al. 2024), T), as well as, total 
tau (Dage et  al. 2016), and neurofilament light 
(NfL) (Bacioglu et al. 2016) to measure neurode-
generation (N). Notably, they have continued to 
single out pathologically modified tau (pTau) as 
the strongest predictor of conversion from MCI 
to AD (Barthélemy et  al. 2020, 2023; Karikari 
et  al. 2020; Ashton et  al. 2021; Moscoso et  al. 
2021). Importantly, these blood-based biomark-
ers are beginning to work their way into clinical 
practice (Olsson et  al. 2016) and clinical trials 
(Angioni et al. 2022)—a trend that will hopefully 
continue to shed light on LOAD progression.

Despite our limited current understanding of 
LOAD progression, there is an approximate 
20-year preclinical phase prior to outward neuro-
logical symptom presentation, i.e., cognitive 
decline (Jack et  al. 2018; Long and Holtzman 
2019) (Fig.  10.1) where interventions and/or 
environmental and lifestyle factors could greatly 
influence AD risk (Eid et al. 2019; Frigerio et al. 
2019; Yu et  al. 2020; Wieckowska-Gacek et  al. 

2021). For example, smoking (Peters et al. 2008), 
heavy alcohol use (Schwarzinger et  al. 2018; 
Rehm et  al. 2019), diabetes (Athanasaki et  al. 
2022), hypertension (Tang et al. 2023), and obe-
sity (Pedditzi et al. 2016) have all been demon-
strated to potentially increase the risk of 
developing AD or accelerating the onset of AD 
(Fig.  10.1). On the other hand, engaging in a 
combination of protective activities, maintaining 
an active social life (Shafighi et  al. 2023), and 
chronic disease maintenance have been shown to 
collectively reduce the risk of AD by up to 
40–60% (Livingston et al. 2020). Unfortunately, 
by the time individuals are diagnosed with mild 
cognitive impairment (MCI) due to AD (Bradfield 
and Ames 2020), which can be defined as indi-
viduals performing at least 1.5 standard devia-
tions below normal on memory tasks, they have 
most likely already accumulated signifi-
cant  AD-relevant  pathology (Fig.  10.1). 
Therefore, developing a better understanding of 
how specific common lifestyle factors, for exam-
ple alcohol use, contribute to AD pathogenesis 
and progression is critical to understanding dis-
ease etiology and uncovering novel therapeutic 
targets.

10.1.2  Alcohol Use Throughout 
the Lifespan

Alcohol is widely accessible and frequently used, 
with over 84% of adults aged 18 and older report-
ing lifetime use (NSDUH 2023). Alcohol misuse 
is defined as any drinking behavior that jeopar-
dizes one’s well-being or the well-being of others 
and includes two primary patterns of excessive 
alcohol consumption: heavy alcohol use (>4 
drinks on any day or >14 drinks per week for 
men, and >3 drinks on any day or >7 drinks per 
week for women) and binge drinking (4–5 drinks 
consumed within 2  hours) (NIAAA 2024). 
Alcohol use disorder (AUD), a serious medical 
condition resulting from patterns of excessive 
use, is characterized by an impaired ability to 
reduce or cease alcohol use despite negative 
social, occupational, or health consequences. In 
2021, nearly 28.6 million adults aged 18 and 
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Fig. 10.2 Epidemiology of AD and alcohol use. (a) The 
percentage of people 65+ living with late-onset AD 
(LOAD) broken down by age, data from 2024. (b) 

Percentage of individuals reporting alcohol use through-
out the lifespan, SAMHSA data from Table 2.9B, 2022

older in the United States had an AUD (NSDUH 
2021), yet only 1  in 10 individuals seek and 
receive treatment (Mintz et  al. 2023). Further, 
harmful drinking behaviors are not exclusive to 
people suffering from AUD, as described in detail 
below.

While alcohol misuse is typically associated 
with younger adults (18–25 years old), as nearly 
one-third of individuals in this age group report 
past month heavy or binge drinking (Fig. 10.2b), 
current data suggest that heavy alcohol use and 
binge drinking is increasing among older demo-
graphics including middle-aged adults (35–50 
years) (Fig.  10.2b). Similar trends are being 
observed in older populations. A meta-analysis 
that analyzed surveys from 2000 to 2016 revealed 
significant increases in alcohol use among adults 
aged 50 and above, with a notable rise in binge 
drinking among those 30 and older, particularly 
in the oldest age group (65+ years) (Grucza et al. 
2018). The most recent NSDUH 2022 data also 
found that 43.4% of people 65+ consumed alco-
hol within the past month, with 9.7% reporting 
binge drinking, and 2.4% reporting heavy alco-
hol use (Fig. 10.2b) (NSDUH 2022/2012). Over 
the last decade, the percentage of individuals 65+ 
consuming alcohol in the past month increased 
from 41.2% in 2012 (Fig.  10.3a) to 43.4% in 
2022 (Fig. 10.3b), with the most substantial rise 
occurring within the binge alcohol use category 

from 6.2% in 2012 to 7.3% in 2022 (Fig. 10.3a, 
b). Interestingly, although men have historically 
consumed more alcohol than women, this gender 
gap in alcohol misuse is narrowing across all age 
groups (Keyes et al. 2019). As but one example, 
from 1997 to 2014 women over 60 experienced 
the largest increase in binge drinking behavior 
(Breslow et  al. 2017). To be clear, adults who 
engage in excessive drinking are increasing in 
age, and excessive drinking rates continue to 
increase among older adults. Coupled with the 
fact that fewer than 15% of individuals with an 
AUD seek and receive treatment (Degenhardt 
et  al. 2017; Glantz et  al. 2020; GBD 2021 
Diseases and Injuries Collaborators et al. 2024), 
it is imperative that we develop a better under-
standing of the risks alcohol consumption poses 
to brain health, particularly neurodegenerative 
diseases such as LOAD, hereafter referred to as 
Alzheimer’s disease (AD).

10.2  Alcohol and Alzheimer’s 
Disease: Epidemiological 
Evidence for Alcohol Misuse 
as an AD Risk Factor

Unraveling the influence of alcohol on the devel-
opment and progression of AD is challenging; in 
part because heavy alcohol use was previously 
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Fig. 10.3 The percentage of 65+ years old and type of 
alcohol use throughout the last month demonstrates a sub-
stantial increase from 2012 to 2022 (NSDUH 2022/2012). 
(a) Percentage of individuals 65+ in 2012 shows that 
58.8% did not consume alcohol within the last month, 

while 41.2% of people engaged in alcohol use. 8.2% of 
those 65 and older engaged in binge drinking or heavy 
alcohol use. (b) Percentage of individuals 65+ consuming 
alcohol (43.4%); 9.7% reported engaging in binge alcohol 
use or heavy alcohol use

used as exclusion criterion for AD diagnosis 
(Tyas 2001). Although chronic heavy drinking 
can cause unique forms of neurodegeneration, 
like alcohol-related dementia (Moriyama et  al. 
2006) or Wernicke’s-Korsakoff syndrome 
(Oudman et al. 2022), evidence from the past two 
decades supports that alcohol misuse throughout 
the lifespan is a modifiable risk factor for AD 
(Schwarzinger et  al. 2018; Rehm et  al. 2019). 
Adolescence is a key developmental period 
wherein high levels of alcohol consumption are 
often first experienced (Spear 2013). It is also a 
time of rapid brain development (Spear 2000, 
2018). Yet, there is no data on how adolescent 
alcohol exposure impacts the risk of AD develop-
ment later in life in clinical populations. However, 
teenagers who participate in alcohol misuse 
exhibit decreased brain volume in areas typically 
affected in AD, including the frontal and tempo-
ral lobes (Phillips et al. 2021), as well as impaired 
attention span and difficulties in memory (Lees 
et al. 2020). Because impaired cognitive perfor-
mance in adolescence is associated with 
AD-related dementia later in life (Moceri et  al. 
2000; Huang et  al. 2018), alcohol-related brain 
exposure and/or damage during adolescence may 
possibly promote AD pathogenesis.

The field has made more headway evaluating 
the impact of alcohol use on adults, in large part 
because many more adults drink alcohol, but also 
because there are fewer ethical considerations 
than working with minors. To this end, a land-
mark retrospective cohort study of adult men and 

women 20 years or older in France found that an 
alcohol use disorder (AUD) in early adulthood or 
middle age was the strongest modifiable risk fac-
tor for the development of dementia (hazard 
ratio/HR: ~3.3) (Schwarzinger et al. 2018). In a 
separate study, the presence of alcohol-related 
brain damage was associated with an earlier 
dementia onset (Zhao et  al. 2024), with AUD 
being associated with an increased risk of both 
vascular (HR: 2.3) and other dementias, includ-
ing AD (HR: 2.36). Other work suggests heavy 
alcohol use is associated with risk for AD inde-
pendent of AUD, although AUD diagnosis was 
not defined in the study (Jeon et al. 2023). In this 
large retrospective cohort study assessing the 
baseline and change in alcohol consumption pat-
terns over time, adults 40 years and older who 
engaged in sustained heavy drinking (i.e., >30 g/
day) had an 8% increased risk for the develop-
ment of subsequent AD 6 years earlier compared 
to participants who drank moderately or did not 
drink at all (Jeon et al. 2023). Furthermore, par-
ticipants who increased their drinking from 
study-defined mild/moderate levels to heavy 
drinking also saw an increase in all-cause demen-
tia (HR: 1.37) (Jeon et al. 2023). In studies with a 
longer follow-up period, such as the HUNT 
study, participants who reported drinking 5 or 
more times 2 weeks prior to the start of the study 
(during young adulthood-midlife) had an 
increased risk of AD diagnosis later in life com-
pared to individuals who drank infrequently 
(Langballe et al. 2015). Together, these data sug-
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Fig. 10.4 Overlap of alcohol use history within the popu-
lation of patients with an Alzheimer’s disease diagnosis. 
Using the NSDUH 2022 percentages (Figs.  10.2a and 
10.3b) we can speculate that within the percentages of US 
adults 65+ with AD, there are approximately 10% that are 
65–74 years old with a history of alcohol use, 2% with a 
history of binge drinking, and more than 0.6% with a his-
tory of heavy alcohol use. In patients with an Alzheimer’s 

diagnosis that are 75–84 years old, that percentage is trou-
blingly higher where 13% report alcohol consumption, 
nearly 3% report consuming binge alcohol, and nearly 1% 
engage in heavy alcohol use. 85+ years and older with a 
diagnosis also have astonishingly high rates of alcohol use 
(11% consume alcohol, 2.5% consume binge alcohol, and 
nearly 1% engage in heavy alcohol use)

gest that heavy alcohol use, perhaps from late 
adolescence through midlife, promotes the devel-
opment of AD and other related dementias 
(Fig. 10.4).

A growing body of literature also indicates 
that heavy alcohol use in advanced age increases 
the risk for AD (Mukamal et al. 2003; Koch et al. 
2019). Older adults aged 65 years and older who 
drank more than 14 alcoholic drinks per week 
were found to have increased odds for AD and 
all-cause dementia compared to older adults who 
had low or moderate drinking behaviors 
(Mukamal et al. 2003). These data were corrobo-
rated by findings in participants with MCI at 
baseline, which found that those reporting drink-
ing 14 or more drinks/week had an increased 
hazard ratio (HR) for dementia (HR: 1.72) than 
those drinking less than 1.0/week (Koch et  al. 
2019). However, in addition to heavy drinking 
increasing the risk for disease development, it 
may also accelerate disease onset. A retrospec-
tive study in patients with an AD diagnosis sug-
gests individuals who had 2 or more drinks a day 
exhibited disease onset 4 years earlier than those 
compared to individuals who had less than 2 
drinks a day (Harwood et al. 2010). These data 

from adolescence to advanced age together sup-
port alcohol use at all developmental time peri-
ods as having the potential to impact AD 
diagnosis later in life.

Since age is the largest non-modifiable risk 
factor for AD, and by 2030 all members of the 
baby-boom generation will be at least 65+ 
(Guerreiro and Bras 2015), there is a high poten-
tial for a wave of new AD diagnosis. The current 
age breakdown of those 65 and older with an AD 
diagnosis is as follows: 1.83 million are 65–74 
years old, 2.67 million are 75–84, and 2.42 are 
85+ (Rajan et  al. 2021) (Fig.  10.2a). However, 
the population of Americans aged 65 and older is 
estimated to rise from 58 million in 2022 to 83 
million by 2050 (The Alzheimer’s Association 
2024). Thus, taking the percentages of individu-
als reporting alcohol use within the last month 
(Fig.  10.3b data), and extrapolating to the per-
centage of individuals within each age group who 
have a diagnosis of AD (Fig. 10.2a), may provide 
some insight into our epidemiological future. To 
this end, it is likely that a growing number of 
individuals with an AD diagnosis will have a his-
tory of alcohol use that includes binge drinking 
and/or heavy alcohol use (Fig. 10.4).

10 Excessive Alcohol Use as a Risk Factor for Alzheimer’s Disease: Epidemiological and Preclinical Evidence



218

Despite the negative outcomes alcohol has on 
brain health and likely AD outcomes in particu-
lar, a small set of studies have suggested 
decreased rates of AD with low levels of alcohol 
use (Sabia et al. 2018; Jeon et al. 2023). These 
results may be mediated by a J-shaped curve for 
alcohol as a risk factor for AD, with all but very 
low exposure increasing AD risk. However, inter-
pretation of these studies is limited by several 
confounding factors. First, there is no consistent 
definition of “light,” “moderate,” and “heavy” 
across many studies, and the rate of drinking and 
time since last drink among participants are not 
regularly reported. Second, these studies do not 
account for the cause of abstinence, which may 
be in direct response to an AUD diagnosis, or 
other illness or confounding factors known to 
influence both AD development and drinking 
behavior, such as education, social activity, men-
tal health, and diet. That even relatively low lev-
els of alcohol consumption have recently been 
found to be associated with reduced brain volume 
is difficult to reconcile with the studies listed 
above (Topiwala et al. 2022). Regardless, the epi-
demiological observations that low alcohol- 
consuming individuals may be less prone to 
developing AD, while high alcohol-consuming 
individuals have an increased risk of developing 
AD, directly support the hypothesis that AD risk 
scales as a function of relative alcohol exposure.

10.3  Alcohol and Alzheimer’s 
Disease: Shared Disruption 
of Biological Processes

Alcohol-related brain damage and AD pathogen-
esis lead to similar pathological changes in oxi-
dative stress (Gella and Durany 2009; Qin and 
Crews 2012a), neuroimmune function 
(Eikelenboom et  al. 2010; Pascual et  al. 2021), 
metabolism (Volkow et al. 2015; Butterfield and 
Halliwell 2019; Tomasi et al. 2019; Popova et al. 
2024), pathogenic tauopathy development and 
spread (Liu et  al. 2012; Mohamed et  al. 2013; 
DeVos et al. 2018; Gibbons et al. 2018; Bell et al. 
2020; Gu and Liu 2020; Annadurai et al. 2021; 
Downs et al. 2022; Tucker et al. 2022), and neu-

ronal excitatory/inhibitory balance (EIB) (Born 
2015; Anastacio et al. 2022; Huang et al. 2022; 
Alberto et  al. 2023; Barbour et  al. 2023). 
Importantly,  all of  these pathologies promote 
neurodegeneration (Andersen 2004; Pasantes- 
Morales and Tuz 2006; González et al. 2014; Jha 
et  al. 2017; Strang et  al. 2019). Thus, alcohol 
misuse may promote AD pathogenesis by initiat-
ing similar insults and/or by exacerbating and 
facilitating those caused directly by AD.  Given 
recent evidence that the brain is more vulnerable 
to alcohol-related damage from adolescence and 
into aging than we had previously appreciated 
(Coleman et al. 2011; Vetreno and Crews 2012; 
Coleman et al. 2014; Vetreno et al. 2014; Salling 
et al. 2018; Tapia-Rojas et al. 2018; Barnett et al. 
2022; Khan et al. 2023; Anton et al. 2024), expo-
sure to alcohol at virtually all stages of life has 
the potential to impact these molecular mecha-
nisms to influence AD outcomes. In the next sec-
tion, we will discuss the shared mechanisms of 
pathogenesis in AD and alcohol misuse through-
out the lifespan.

10.3.1  Oxidative Stress

Alcohol (i.e., ethanol) freely passes through the 
blood–brain barrier (BBB) and is toxic to neu-
rons at high concentrations (Zimatkin and 
Deitrich 1997; Wilson and Matschinsky 2020). 
Although the liver is the primary site of ethanol 
metabolism, ethanol is also locally metabolized 
in the brain via catalase and CYP2E1 leading to 
the creation of acetaldehyde, a toxic intermediate 
(Aragon et  al. 1992). Regardless of where it is 
produced, acetaldehydes are damaging to the 
neural microenvironment through the formation 
of protein and DNA adducts, and the production 
of oxidative species during its metabolism into 
acetate by acetaldehyde dehydrogenase 
(Nakamura et al. 2003). Oxidizing agents such as 
hydrogen peroxide (H2O2) and free radicals 
(superoxide and hydroxyl radical) are also gener-
ated as by-products of CYP2E1 and catalase 
activity (Zimatkin and Deitrich 1997). Free radi-
cals are harmful to the neurons through disrupt-
ing the cell membranes and consequential lipid 
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peroxidation (Hernández et  al. 2016). Ethanol 
also induces permeability of mitochondrial mem-
branes and leakage of superoxide, which further 
perpetuates oxidative stress and can initiate apop-
tosis (González et al. 2007). Thus, ethanol, which 
is mainly metabolized in the liver, can also be 
locally metabolized in the brain and quite toxic to 
neurons, as well as other cell types.

Although all CNS cell types are vulnerable to 
ethanol-induced oxidative stress, glial cells play 
an important role in the production of oxidative 
factors because of their specialized functions 
(Montoliu et  al. 1995; Qin and Crews 2012a). 
Repeated binge ethanol exposure in mice acti-
vates NADPH oxidase (NOX) in microglia, the 
resident macrophages of the CNS, leading to 
superoxide production and subsequent neurode-
generation (Qin and Crews 2012a). Astrocytes 
are an important site of ethanol metabolism in the 
brain and thus are a potent source of superoxide, 
further elevating oxidative-induced damage 
(Montoliu et  al. 1995). Further, the impact of 
ethanol-related oxidative stress is exaggerated by 
depletion of the brain’s natural antioxidant 
defense system by ethanol exposure (Reddy et al. 
1999). Given the numerous pathways through 
which ethanol-induced oxidative stress can be 
amplified, its presence is unsurprising in rodent 
models of excessive ethanol exposure and in 
post-mortem human brain tissue from individuals 
with AUDs (Montoliu et  al. 1995; Reddy et  al. 
1999; Qin and Crews 2012a).

Oxidative stress is also believed to be an early 
participant in AD pathogenesis (Rapoport 2003). 
Markers of lipid peroxidation, protein oxidation, 
and DNA oxidation are increased in the brains of 
individuals with AD compared to healthy con-
trols (Gella and Durany 2009). Recent data have 
shown that this may be due in part to the dysregu-
lation of a few key mitochondria proteins known 
to regulate oxidative stress, so much so that the 
degree of expression is able to predict LOAD 
pathogenesis (Yan et  al. 2024). A mechanistic 
role for oxidative stress has also been demon-
strated in  vitro, where neuroblastoma cell lines 
treated with Aß under oxidative conditions were 
found to promote Aß aggregation (Zheng et  al. 

2006). On the other hand, antioxidant interven-
tion in vivo mitigates neuropathology and cogni-
tive dysfunction in aged 3x-Tg mice (Young and 
Franklin 2019). And finally, to make matters 
worse, the presence of Aß promotes oxidative 
stress itself directly through inhibition of mito-
chondria superoxide dismutase, creating a dam-
aging positive feedback loop of oxidative stress 
in AD (Tamagno et al. 2021). Additional work in 
both a mouse model of tauopathy and antecedent 
AD brain tissue found that soluble tau pathology 
could also exacerbate oxidative stress through 
mitochondrial disruption (Kopeikina et al. 2011). 
Importantly, oxidative stress has been observed 
in many primary tauopathies, like Pick’s disease, 
corticobasal degeneration (Castellani et al. 1995), 
and frontal-temporal dementia (Martínez et  al. 
2008), as well as secondary tauopathies, like AD 
(Stamer et  al. 2002; David et  al. 2005). These 
data suggest that the presence of both pathologic 
species relevant to AD, namely Aß and pathologi-
cal tau, can exacerbate and are mediated by oxi-
dative stress.

Thus, both excessive alcohol use and AD 
prominently feature damage from oxidative 
stress. As oxidative stress is a central mechanism 
of ethanol-related neuronal injury in adolescence 
(Vetreno et al. 2014; Pelicao et al. 2016; Barnett 
et al. 2022), and adolescence is the time exces-
sive alcohol consumption is most initiated, it 
remains possible that cumulative oxidative stress 
beginning in adolescence exhausts neural 
resources that would otherwise be used to miti-
gate AD-induced oxidative stress. Likewise, 
because impaired mitochondria function and 
antioxidant depletion are a hallmark of brain 
aging (Ionescu-Tucker and Cotman 2021), any 
avenue by which ethanol increases oxidative load 
would likely be exacerbated with increasing age. 
Despite the overlap in oxidative stress, to date 
clinical trials using antioxidants for AD have not 
been successful (Polidori and Nelles 2014). 
While more research in this area is needed, to the 
extent that AD outcomes are impacted by oxida-
tive stress, ethanol-induced increases in oxidative 
stress remain an important potential contributor 
to AD risk.
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10.3.2  Neuroimmune Dysregulation

Heightened neuroinflammation is a critical factor 
that facilitates pathogenesis of both AD and 
heavy alcohol use (Cribbs et al. 2012; Qin et al. 
2021; Barnett et al. 2022). In response to alcohol, 
damaged neurons release danger-associated 
molecular patterns (DAMPs), such as high 
 mobility group box 1 (HMGB1) (Crews et  al. 
2013; Coleman et  al. 2017). DAMPs, like 
HMGB1, bind to pattern recognition receptors 
(PRRs) including toll like receptors (TLRs) and 
receptors for advanced glycation end products 
(RAGE) on neurons and glial cells. TLR and 
RAGE activation can initiate pro-inflammatory 
signaling cascades including nuclear factor 
kappa-light-chain-enhancer of activated B cells 
(NF-κb) and inflammasomes (Montesinos et  al. 
2016). These pathways culminate in the produc-
tion of several pro-inflammatory cytokines (TNF- 
α, IL-1β, IL-6) (Alfonso-Loeches et  al. 2010; 
Coleman et  al. 2017). Prolonged production of 
pro-inflammatory cytokines from repeated binge 
or chronic ethanol exposure also upregulates 
cytokine receptors (TNF-R, IL-1R) and TLRs to 
sustain these pro-inflammatory signaling loops 
(Qin and Crews 2012b; Vetreno and Crews 2012). 
Ultimately, the sustained production of pro- 
inflammatory cytokines can lead to neuronal 
death via apoptosis (Liu et  al. 2021; Qin et  al. 
2021). The pro-inflammatory effects of ethanol 
are evident in mouse and rat models of chronic 
ethanol exposure and binge ethanol exposure 
(Crews and Vetreno 2014; Erickson et al. 2018; 
Pascual et  al. 2021), as well as in post-mortem 
brain tissue of individuals with AUD, which spe-
cifically found increases in HMGB1, TLR, cyto-
kines, and neurodegeneration (Qin and Crews 
2012a; Crews et al. 2013; Coleman et al. 2017).

Similar innate immune pathways are impli-
cated in AD. RAGE receptor expression levels in 
the hippocampus of AD patients correlates with 
more severe disease pathology (Lue et al. 2001), 
and microarray analysis of human brain tissue 
reveals an increase in innate immune signaling 
genes in the brains of people with AD compared 
to healthy controls (Cribbs et al. 2012). Increased 
expression of DAMPs, TLRs, and cytokines is 

also elevated in the brains of aged people com-
pared to young controls and may suggest dys-
functional innate immune signaling precedes 
overt AD pathology (Cribbs et  al. 2012). 
Heightened indicators of neuroinflammation are 
present in mouse models of AD as well, and sup-
pression of pro-inflammatory cytokines slows Aβ 
accumulation and neurotoxicity (McAlpine et al. 
2009; Heneka et al. 2013). Notably, the presence 
of pathologic tau is known to accelerate neuroin-
flammation through NLRP3 inflammasome sig-
naling (Heneka et  al. 2013; Ising et  al. 2019; 
Jiang et  al. 2021), and neuroinflammation, in 
turn, is known to influence and increase patho-
logic tau species (Bhaskar et  al. 2010; Weston 
et  al. 2021). HMGB1 promotes neurodegenera-
tion in transgenic mouse models of AD without 
affecting plaque deposition, suggesting these 
immune pathways might also worsen neurode-
generation parallel to Aβ (Fujita et  al. 2016). 
However, the release of HMGB1 promotes oligo-
meric aggregation of pathogenic tau which can, 
in turn, induce cellular senescence, tauopathy 
progression, and cognitive deficits (Gaikwad 
et  al. 2021). Mitigating neuroinflammation 
through anti-inflammatory therapies like minocy-
cline reduces neuropathology in mouse models 
of AD, further supporting a mechanistic role of 
the innate immune system in disease progression 
(Stirling et al. 2005; Seabrook et al. 2006; Choi 
et al. 2007; Noble et al. 2009). A few epidemio-
logical studies (Delanty and Vaughan 1998; in’t 
Veld et  al. 2001; Zandi et  al. 2002; Kotilinek 
et  al. 2008; Vlad et  al. 2008; Imbimbo et  al. 
2010), but not all (ADAPT Research Group et al. 
2007; Szekely et al. 2008), have demonstrated a 
reduced prevalence of AD among users of immu-
nosuppressants like non-steroidal anti- 
inflammatory drugs (NSAIDs), with the strongest 
effect seeming to have been in patients on the 
longest duration (Delanty and Vaughan 1998; 
Etminan et  al. 2003; Vlad et  al. 2008). To that 
end, a 2-year double-masked pharmaco- 
prevention trial, which enrolled 195 AD family 
history-positive elderly with a mean age of 63 
years, administered naproxen 2x daily or placebo 
to their clinical trial participants. Unfortunately, 
naproxen-treated individuals had more adverse 
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events, and no reduction in the rate of AD pro-
gression compared to placebo controls and no 
notable treatment effects on any underlying neu-
roimaging or CSF biomarkers present (Meyer 
et al. 2019). Despite these null findings, interest 
remains high in using NSAIDs as potential AD 
treatments (Hershey and Lipton 2019; Rivers- 
Auty et al. 2020).

Microglia, the brain’s resident macrophages, 
play a critical role in physiology and disease 
(Wolf et al. 2016). They are particularly impor-
tant orchestrators of neuroinflammation in sev-
eral neurodegenerative disorders, like AD 
(Hickman et al. 2018; Gao et al. 2023). Single- 
cell RNAseq revealed the remarkable complexity 
of microglial responses that can occur in a wide 
variety of neurodegenerative disease states 
(Provenzano et  al. 2021). Ethanol acts as a 
DAMP, leading microglia to acquire complex 
phenotypes that can either facilitate recovery 
(Marshall et al. 2013) or promote injury follow-
ing ethanol exposure (Chastain and Sarkar 2014). 
The presence of ethanol and DAMPs induces 
pro-inflammatory polarization of microglia, 
characterized by the upregulation of Iba-1 expres-
sion, increased cell surface receptors like CD68, 
and the production of pro-inflammatory cyto-
kines (Chastain and Sarkar 2014). Altered 
microglia reactivity to ethanol is believed to pro-
mote neurogenesis during recovery from ethanol 
exposure (Nixon et al. 2008). Additionally, etha-
nol has been shown to induce microglial phago-
cytosis, which may aid in debris clearance and 
recovery following ethanol-induced neurotoxic-
ity (Fernandez-Lizarbe et  al. 2009). However, 
pro-inflammatory microglia are also associated 
with neuronal death in models of chronic or 
repeated binge ethanol exposure in mice and rats 
(Chastain and Sarkar 2014; Yang et  al. 2014). 
Microglia contribute to neuronal death in these 
models through potent production of pro- 
inflammatory cytokines. For instance, depletion 
of microglia in vivo in mice and ex vivo in rat 
brain slice cultures mitigates both pro- 
inflammatory cytokine expression and ethanol- 
related injury (Walter et al. 2017; Coleman et al. 
2020). Furthermore, in vivo and ex vivo ethanol 
exposure decreases microglia phagocytosis of Aβ 

in mice and rats (Marsland et  al. 2022). These 
data suggest dysregulated microglia inflamma-
tory responses to ethanol promote neurotoxicity.

Microglia also play critical roles in both pro-
moting and mitigating AD pathology. Similar to 
ethanol exposure, microglia acquire diverse phe-
notypes throughout both aging (Provenzano et al. 
2021) and AD progression (Hamelin et al. 2016; 
Mathys et  al. 2017; Miao et  al. 2023). In AD, 
damage-associated microglia (DAMs) upregulate 
genes associated with phagocytic activity aimed 
at reducing Aβ (Keren-Shaul et al. 2017). Soluble 
and oligomeric forms of Aβ as well as pathologic 
tau can induce pro-inflammatory polarization of 
microglia to promote disease progression 
(Brelstaff et al. 2021; Bo et al. 1995; Walter et al. 
2007; Jin et al. 2008; Song et al. 2011; Solito and 
Sastre 2012; Dalgediene et  al. 2013; Majerova 
et  al. 2014; Koss et  al. 2016; Yang et  al. 2017; 
Luciunaite et  al. 2020; Zhang et  al. 2024). 
However, in the proximity of Aβ plaques, microg-
lia can enhance phagocytic activity (Hamelin 
et al. 2016; Wang et al. 2016; Keren-Shaul et al. 
2017; Ennerfelt et al. 2022). Microglia may also 
play a central role in spreading pathogenic tau, 
since their depletion suppresses tau propagation 
(Asai et al. 2015). Notably, both Aβ and tau may 
act together to induce unique microglia subtypes 
that could define both early- and late-stage AD 
(Kim et al. 2022). As AD advances, chronic stim-
ulation of microglia by Aβ can ultimately impair 
phagocytosis and cause release of pro- 
inflammatory cytokines that promote tau pathol-
ogy and neurodegeneration (Miao et  al. 2023). 
Pathological tau can also prime neuroinflamma-
tion through NF-κb and IL-1β signaling (Jiang 
et al. 2021). Although these data suggest microg-
lia dysfunction is driven by AD neuropathology, 
additional evidence shows microglia dysregula-
tion precedes neuropathology. For example, 
genes associated with impaired microglia phago-
cytosis are identified as strong risk factors for 
LOAD (Efthymiou and Goate 2017; Novikova 
et  al. 2019). Additionally, microglia lose their 
dynamic functions with advanced aging and 
respond to stimuli with exaggerated pro- 
inflammatory responses but reduced phagocytic 
capacity (i.e., “priming”) (Norden and Godbout 
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2013). Therefore, additional activation by envi-
ronmental exposures, such as heavy alcohol use, 
may exaggerate microglia priming and leave 
these cells in a chronically stimulated state that 
could accelerate or promote AD pathology, 
increasing risk for the disease.

Emerging preclinical evidence suggests that 
alcohol exposure in adolescence or advanced age 
has profound impacts on neuroinflammation and 
associated AD-like neuropathology. Intermittent 
ethanol exposure in a 3xTg genetic mouse model 
of AD elevates cytokine expression, markers of 
microglia reactivity, and promotes Aβ accumula-
tion and neuronal death in adulthood compared 
to vehicle-exposed mice (Barnett et  al. 2022). 
Treatment with the anti-inflammatory compound 
minocycline prevented this enhanced pathology. 
These data suggest adolescent exposure has last-
ing impacts on AD progression into adulthood 
that are neuroimmune-dependent. A persistent 
increase in innate immune genes also occurs in 
wild-type mice exposed to binge ethanol (Vetreno 
and Crews 2012), which can lead to deficits in 
cholinergic neuronal populations and cognitive 
inflexibility later in adulthood (Coleman et  al. 
2011, 2014). This is consistent with studies in 
aged wild-type mice and rats, which consistently 
find that ethanol increases markers of neuroin-
flammation and neuronal death more so in aged 
brains compared to young brains (Kane et  al. 
2013; Marsland et al. 2022; Anton et al. 2024). 
These studies suggest a heightened risk of neuro-
degeneration due to ethanol-induced increases in 
neuroinflammation in advanced age. Together 
these data find differences in the effects of etha-
nol exposure on neuroimmune function posi-
tioned to exacerbate AD outcomes.

10.3.3  Metabolic Dysfunction 
in Brain with AUD and AD: 
A Possible Link 
with Neuroinflammation

Both AUD and AD feature metabolic dysfunc-
tion. Glucose is the essential energy source of the 
brain (Mergenthaler et al. 2013), and in the adult 
brain, neurons have the biggest appetite (Howarth 

et  al. 2012). Fortunately, fluorodeoxyglucose 
positron emission tomography (FDG-PET) has 
evolved to be a sensitive neuroimaging bio-
marker. Studies using FDG-PET have found 
hypometabolism in key brain regions over the 
course of both AUD (Thanos et al. 2008; Tomasi 
et al. 2019) and AD (Mosconi et al. 2008; Fouquet 
et  al. 2009; Kobylecki et  al. 2015). In human 
AUD brain, the loss in FDG-PET correlates 
strongly with alcohol-related brain damage 
across brain regions (Tomasi et al. 2019). In AD, 
reductions in FDG uptake predict the conversion 
from mild cognitive impairment to AD (Fouquet 
et al. 2009), although recent work suggests this 
may not be the case (Smailagic et al. 2018). There 
is also evidence that Aβ and tau drive cognitive 
decline early in AD, while glucose hypometabo-
lism drives decline at later stages of the disease 
(Hammond et al. 2020). These reductions in glu-
cose uptake and/or utilization suggest a shift in 
the primary metabolic pathways used by neurons 
in both diseases.

In the setting of AUD, there is evidence to sug-
gest a shift toward acetate metabolism (Volkow 
et al. 2015), likely due to the oxidative metabo-
lism of alcohol. The oxidative metabolism of 
alcohol results in the production of acetate 
(Wilson and Matschinsky 2020), which is either 
converted to acetyl-CoA for use in the tricarbox-
ylic acid cycle (TCA) or converted to malonyl- 
CoA by acetyl-CoA carboxylase to promote 
lipogenesis. Interestingly, although it is well 
known that alcohol promotes lipidosis in the 
peripheral tissues such as the liver, we recently 
found that ethanol-induced neuronal lipidosis 
promotes AD pathology, with pro-inflammatory 
microglia driving neuronal lipidosis (Barnett 
et al. 2024). Thus, alcohol-induced alterations to 
metabolic processes may directly exacerbate AD 
pathology.

The underlying causes of the metabolic shifts 
observed in AUD and AD warrant further investi-
gation. Altered glucose utilization or a shift to an 
alternative energy source such as acetate or lipids 
can lead to neuronal dysfunction with impair-
ments in neurotransmitter production, synaptic 
function, and neuronal hyperexcitability 
(Rorbach-Dolata and Piwowar 2019) that can 
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result in neuron death and cognitive abnormali-
ties (Suh et al. 2003; McDonald et al. 2023). We 
believe studying the impact of pro-inflammatory 
microglia on neuronal function is of particular 
importance following recent evidence that neu-
rons can perform glycolysis independently (Li 
et al. 2023) and that microglia may take up more 
glucose than astrocytes from the periphery, which 
can also be detected using FDG-PET (Xiang 
et al. 2021; Gnorich et al. 2023). Further, microg-
lia take up glucose at high levels in vivo (Xiang 
et  al. 2021; Gnorich et  al. 2023), and pro- 
inflammatory microglia engage in high levels of 
glycolysis (Orihuela et  al. 2016). Changes in 
glial cell activation state may therefore directly 
alter neuronal metabolism and activity during 
disease progression, and as such may represent a 
viable approach to mitigating neurodegeneration 
arising from ethanol exposure and/or AD. This is 
complicated by known differences in neuronal 
metabolism at different stages of life (Dienel 
2019), which have yet to be fully described. 
Investigation into the interactions between age, 
ethanol exposure, and metabolic outcomes may 
reveal how ethanol exposure throughout the lifes-
pan impacts AD development and subsequently 
AD-related pathologies.

10.3.4  Pathological Tau Formation 
and Spread

In AD, although Aβ plaques are likely the first 
pathology to form, pTau levels have been shown 
to be more predictive of AD onset (Malpetti et al. 
2020; Binette et al. 2022) and to correlate better 
with the progression of AD-associated neurode-
generation (brain atrophy) and cognitive decline 
(Thijssen et  al. 2020, 2021; Teunissen et  al. 
2021). In fact, many consider AD to be an 
amyloid- induced tauopathy. Microtubules and 
their accessory proteins, referred to as 
microtubule- associated proteins (MAPs), exist 
throughout the entire organism and play key roles 
in mitotic and meiotic spindle formation, neuro-
nal development, and polarization, among many 
other diverse regulatory cellular processes 
(Goodson and Jonasson 2018). Microtubule- 

associated protein tau (encoded by the gene 
Mapt) is primarily associated with stabilizing 
these microtubules and regulating axonal trans-
port in the brain (Wang and Mandelkow 2016). 
This interaction between microtubules and tau is 
tightly regulated by post-translational modifica-
tions (PTMs), such as phosphorylation through-
out development (Yu et  al. 2009). However, in 
AD, as well as other neurodegenerative tauopa-
thies, tau undergoes a variety of PTMs, like 
hyperphosphorylation (Šimić et  al. 2016), 
throughout the preclinical, prodromal, and symp-
tomatic phases of AD.  Recent work has sug-
gested that these PTMs can be heterogeneous, 
but that they undergo a characteristic pattern of 
pathogenesis (Wesseling et al. 2020). Importantly, 
tau can undergo a variety of other PTMs that 
include acetylation, ubiquitination, methylation, 
oxidation, and nitration (Alquezar et  al. 2021; 
Carroll et al. 2021), among others. Tau is a highly 
modifiable protein with more than 80 potential 
phosphorylation sites (Noble et  al. 2013). 
However, in AD, tau becomes abnormally hyper-
phosphorylated at a ratio 3 times greater than 
physiological tau (Wang et al. 2013), which then 
aggregate into neurofibrillary tangles (NFTs) 
(Dujardin et al. 2020; Wesseling et al. 2020). The 
accumulation of PTMs by tau is dependent on its 
length, which varies due to alternative splicing. 
For instance, the generated tau protein can differ 
in the number N-terminal inserts (0N, 1N, or 
2N), and the microtubule binding repeats 
(MTBRs, 3R or 4R), with 0N3R tau only present 
during fetal development (Andreadis 2005, 2006; 
Liu and Gong 2008; McMillan et al. 2008). All 
six of these isoforms can be present throughout 
the lifespan, but 3R and 4R isoforms are typically 
present in a 1:1 ratio (Goedert et  al. 1989). 
However, the ratio of 3R to 4R tau plays a crucial 
role in maintaining tau homeostasis (Ginsberg 
et al. 2006; Conrad et al. 2007). In AD this bal-
ance is disrupted resulting in a 2:1 ratio of 4R to 
3R, and this imbalance is thought to facilitate 
PTM of tau (Alquezar et  al. 
2021).  Pathological  tau  (pTau) is thought to 
sequentially develop and spread throughout the 
human brain, originating from within the entorhi-
nal cortex (EC), hippocampus (HP), and limbic 
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areas before spreading to neocortical areas 
(Braak and Braak 1991a, b; Mufson et al. 2016). 
This spread can occur in various ways, such as 
through extracellular synaptic vesicle release and 
subsequent endocytosis (Vogels et al. 2019, 2020; 
Robert et  al. 2021). Regardless, relative neural 
activity is a key component of this process (Pooler 
et  al. 2013; Holmes et  al. 2014; Yamada et  al. 
2014; Wu et al. 2016). Thus, pTau production and 
spread, which are exacerbated by neural activity, 
are two pathological hallmarks of AD 
pathogenesis.

Even though levels of CSF tau, indicative of 
neurodegeneration, are transiently elevated in 
Wernicke’s encephalopathy (WE), this neuronal 
damage is different than AD (Matsushita et  al. 
2008). Emerging clinical reports using CSF- 
based biomarkers have found that older, cogni-
tively intact participants in a frequent drinking 
group (≥ 1 time/week) had higher CSF p-Tau/
Aβ42, and higher abnormalities in pTau and 
total-Tau levels, suggesting that AD biomarkers 
like pTau could be a strong indicator of future AD 
risk in this alcohol-consuming population (Wang 
et  al. 2021). While other studies suggest that 
these cognitive deficits and abnormal CSF pro-
files from older demented alcohol-dependent 
patients could be masking an AD diagnosis 
(Azuar et al. 2021). Recent preclinical evidence 
agrees that excessive alcohol use can exacerbate 
intraneuronal Aβ and pTau in areas like the EC 
potentially due to lysosomal dysfunction (Tucker 
et  al. 2022) and/or neuroinflammation (Barnett 
et al. 2022; Anton et al. 2024). Regardless, eluci-
dating alcohol’s role in pathogenic tau develop-
ment and spread as an AD risk factor will be 
crucial moving forward.

10.3.5  Excitatory Inhibitory Balance 
and Tauopathy, Linked 
Pathologic Processes

An observation common to both AUD (Correas 
et  al. 2021) and AD (Lauterborn et  al. 2021; 
Javed et al. 2022; Scaduto et al. 2023; Soula et al. 
2023) is neural hyperexcitability, driven by dis-
ruptions in excitatory inhibitory balance (EIB). 

Glutamatergic and GABAergic neurons are the 
main excitatory and inhibitory neurotransmitters 
in the central nervous system (CNS), and they 
play a crucial role in regulating EIB (Sears and 
Hewett 2021). Proper inhibitory signaling is nec-
essary for regulating the global spatiotemporal 
network activity and proper neural processing 
(Buzsáki et  al. 2007). GABAergic neurons, 
which have significant diversity (Markram et al. 
2004; Huang and Paul 2019), primarily modulate 
inhibitory activity in the brain by interacting with 
excitatory neurons (Fritschy and Brünig 2003; 
Sears and Hewett 2021). Dysfunction in 
GABAergic interneurons, particularly 
parvalbumin- expressing (PV) interneurons 
(Bartos et al. 2007), contribute to hyperexcitabil-
ity in neuronal networks associated with AD 
(Verret et al. 2012; Cattaud et al. 2018; Petrache 
et al. 2019; Chung et al. 2020; Mattson 2020; Xu 
et al. 2020; Aouci et al. 2022).

Excessive alcohol use and the development of 
alcohol dependence can be characterized by 
excessive neural activity and somatic withdrawal 
(Heilig et al. 2010; Koob and Volkow 2016). This 
dysfunctional EIB is thought to be a result of 
alcohol’s direct facilitation of GABAA receptors 
(Valenzuela and Jotty 2015; Olsen and Liang 
2017) and inhibition of glutamatergic receptors 
(Möykkynen and Korpi 2012) acutely leading to 
hypoactivity (Dharavath et al. 2023). In a study 
of young adult binge drinkers, not only were cor-
tical GABA levels reduced (Marinkovic et  al. 
2022), but there were also alterations in theta 
power and synchrony (Huang et al. 2022), sug-
gesting that the GABA system is particularly vul-
nerable with continued high alcohol use. 
Alcohol-induced hyperexcitability, which (1) 
occurs as a compensatory adaptation to its acute 
CNS depressing actions (Valenzuela 1997; 
Correas et al. 2021), (2) is exacerbated by multi-
ple withdrawal periods (Becker 1998), and (3) is 
observed in individuals with a history of exces-
sive alcohol use (Gimenez-Gomez et  al. 2023), 
could be a potential mechanism of alcohol- 
induced increases in pTau production and spread. 
Hence, GABAergic neurons, pivotal for main-
taining inhibitory tone, may undergo selective 
targeting and modification during repetitive alco-
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hol exposure and ensuing withdrawal phases, 
potentially rendering them more susceptible to 
pTau aggregation—this may represent a key 
pathogenic process linking alcohol misuse 
throughout the lifespan to an increased risk of 
AD.

Excessive neuronal activity is a well-known 
driver of pTau spread (Brunello et al. 2019). In 
mouse models of tauopathy, inhibitory cells are 
thought to be the first to undergo tauopathy 
aggregation, while excitatory synapses stayed 
relatively intact leading to increased hyperexcit-
ability (Shimojo et al. 2020; Kudo et al. 2023). 
Moreover, when extracellular vesicles containing 
pTau were injected into the brains of C57BL6/J 
mice, pTau preferentially accumulated in 
GABAergic interneurons (Ruan et al. 2020), sug-
gesting a potential vulnerability within inhibitory 
neurons that drives hyperexcitability in AD. There 
are also reports of reductions in glutamate clear-
ance from the synaptic cleft which would con-
tribute to further increases in hyperexcitability 
(Hunsberger et al. 2015). Emerging work build-
ing on these findings is focusing on using EIB as 
a biomarker for MCI (Cope et  al. 2022; Javed 
et al. 2022). Elevated neural hyperexcitability in 
the hippocampus (HP) and frontal cortex (FC) of 
adults with a first-degree AD-diagnosed relative 
is consistent with these findings (Bassett et  al. 
2006). Interestingly, in patients with mild cogni-
tive impairment (MCI), hyperactivity shifts into 
hypoactivity during the transition from MCI to 
AD (Dickerson et al. 2005; Celone et al. 2006) as 
a direct result of neurodegeneration. While the 
cell-type specificity of pTau vulnerability remains 
an active area of investigation, alterations in EIB 
may be among the first observable markers asso-
ciated with AD pathology.

Pathogenic tau (pTau) in AD is observed early 
in AD in layer II of the entorhinal cortex (EC) 
(Braak and Braak 1991a, b; Kaufman et al. 2017, 
2018) and then propagates throughout intercon-
nected networks like the hippocampus (van 
Groen et  al. 2003; Nilssen et  al. 2019; Ohara 
et al. 2023) at rates thought to be dictated by rela-
tive neuronal activity (Pooler et al. 2013; Yamada 
et  al. 2014; Wu et  al. 2016). This relationship 
between neural activity and tau is likely what 

mediates the ability of CSF total-tau levels to pre-
dict seizure activity in AD cases (Tábuas-Pereira 
et al. 2019), as well as the recent observations of 
seizures and seizure-like activity in AD and 
rodent models of AD (Scharfman 2012). For 
example, recent studies in the 5xFAD mouse 
model of AD found that decreasing hyperexcit-
ability was effective at reducing the development 
of molecular pathology (Barbour et al. 2024) and 
that this may be due directly to decreases in pTau 
propagation known to be exacerbated by seizures 
in the same mouse model (Barbour et al. 2023). 
In fact, there is now emerging evidence from 
multiple groups that seizure activity is a common 
feature of mouse models of AD (Palop et  al. 
2007; Roberson et al. 2011; Bezzina et al. 2015; 
Lisgaras and Scharfman 2022, 2023; Anna et al. 
2023; Hole et al. 2024). Taken together these data 
support neuronal network hyperexcitability as a 
key underlying mechanism behind tau seeding 
and spreading in the context of AD and associ-
ated tauopathies.

Increases in neural EIB (i.e., hyperexcitabil-
ity) have been observed in many animal models 
of alcohol use and are ascribed to compensatory 
alterations in neurotransmission resulting from 
repeated alcohol exposures (Mihic and Harris 
1995; Tabakoff and Hoffman 1996; Valenzuela 
and Harris 1997; Valenzuela 1997). These altera-
tions to EIB appear to occur throughout the brain 
(Pati et al. 2020, 2022; Downs et al. 2022), and as 
discussed above in the context of seizures, this 
relative increase in neural activity may be directly 
responsible for driving increased tau spread. We 
are actively exploring this possibility and to date 
have found some initial evidence that at least 
alcohol consumption in the P301S model of AD 
may indeed increase EIB (Maphis et  al. 2024). 
There is a clear need for further preclinical 
research on the role of alcohol-induced altera-
tions to EIB dysfunction and AD pathology, par-
ticularly focused on brain regions known to be 
involved in the development of both AUD and 
AD.  In addition to exploring alcohol/AD rela-
tionships with preclinical models, advanced neu-
roimaging technologies and new sensitive 
blood-based biomarkers should be combined 
with accurate measures of alcohol use history in 

10 Excessive Alcohol Use as a Risk Factor for Alzheimer’s Disease: Epidemiological and Preclinical Evidence



226

the clinic. Unfortunately, time is likely running 
out for millions of individuals—there is an urgent 
need to combine preclinical and clinical efforts 
toward uncovering the mechanisms responsible 
for alcohol-induced increases in AD risk.

10.4  Alcohol and Alzheimer’s 
Disease: Future Directions

There is now mounting evidence from the past 
two decades which strongly supports alcohol use 
as a major risk factor for AD. Studies examining 
the effects of alcohol misuse in adolescence 
(Pascale et al. 2022), young adulthood (de Goede 
et  al. 2021; Kekkonen et  al. 2021), midlife 
(Anttila et al. 2004; Sabia et al. 2018; Kivimäki 
et al. 2020; Chosy et al. 2022; Zhao et al. 2024), 
and advanced age (Heymann et  al. 2016; 
Kivimäki et  al. 2020) all indicate that alcohol 
exacerbates risk for AD. However, to date there 
are many gaps in our knowledge that need to be 
addressed. First, epidemiological studies often 
fail to track patterns of alcohol use throughout 
the lifespan. Second, these studies typically only 
assess AD-related outcomes at one or two points 
in time. Third, many large studies on alcohol use 
critical to our understanding of AD progression 
have not assessed alcohol use past the age of 65, 
when LOAD is most commonly diagnosed. 
Fourth, while there are active human longitudinal 
studies on the impact of alcohol use during ado-
lescence and young adulthood when drinking 
rates are highest and the brain is still developing 
(Lisdahl et al. 2018), we are unaware of any that 
measure AD-related outcomes. All the above 
issues would be addressed with comprehensive 
lifespan studies that use neuroimaging, blood- 
based biomarkers, and alcohol use assessments 
throughout the preclinical and prodromal phases 
of AD. We argue that additional characterization 
of oxidative stress, neuroinflammation, meta-
bolic dysregulation, pTau pathogenesis, and EIB 
is particularly beneficial to include.

There is a lack of preclinical studies examin-
ing the impact of alcohol on AD so more research 
is needed to gain even fundamental knowledge 

on how alcohol affects the development and pro-
gression of AD. Many alcohol/AD studies utilize 
the 3xTg animal model (Castano-Prat et al. 2019; 
Hoffman et al. 2019; Frausto et al. 2022; Tucker 
et al. 2022; Walter et al. 2022; Sanna et al. 2023), 
characterized by mutations in both APP and tau, 
while others have used tauopathy models featur-
ing tau mutations exclusively (P301S, PS19) 
(Catavero et al. 2022; Downs et al. 2022; Maphis 
et al. 2024). While these mutations are clearly 
useful in driving pathogenesis, they do so at very 
young ages, which is inconsistent with the major-
ity of AD cases (i.e., LOAD) (Drummond and 
Wisniewski 2017; Tai et al. 2020). These studies 
in transgenic mice are currently and will continue 
to be informative to this emerging field, but we 
should be prepared to quickly contextualize them 
using alternative approaches. For example, con-
ducting a study to assess alcohol’s influence on 
survival rates in a range of AD models could pro-
vide invaluable knowledge on which specific 
pathogenic pathways in AD are most perturbed in 
the context of alcohol. These data would also aid 
in prioritizing mouse models and molecular sys-
tems that better recapitulate  LOAD.  Moreover, 
there is a need for improved mouse models of 
LOAD.  Fortunately, the national consortium, 
MODEL-AD (Wilcock and Lamb 2024), is 
actively working on creating and validating novel 
models for LOAD using humanized apolipopro-
tein epsilon 4 varient (APOEε4, strongest genetic 
predictor of LOAD, Sienski et al. 2021), as well 
as incorporation of non-mutant humanized Aβ 
and tau. These models will be particularly instru-
mental in evaluating the effects of alcohol expo-
sure on AD at a variety of developmental stages 
and can do so in a timeframe that is greatly accel-
erated compared to human studies.

In summation, both epidemiological and pre-
clinical studies implicate alcohol use as a risk 
factor for AD and AD-related dementia. These 
studies identify key molecular pathways that 
include oxidative stress, neuroimmune dysfunc-
tion, metabolic dysregulation, pTau formation/
spread, and excitatory/inhibitory balance. We 
have outlined some potential future work that we 
believe will be essential to fully define the nature 
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of alcohol-related risk in AD, which we are hope-
ful will identify key pathological mechanisms 
setting the stage for the development of therapeu-
tic targets.
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Abstract

Understanding factors that alter the effect of 
alcohol in biological systems has been an area 
of active investigation for several decades. 
Recently, it has become clear that age is one of 
the most salient factors influencing how both 
acute and chronic alcohol exposure alters 
behavioral function. The following book 
chapter discusses how alcohol produces dif-
ferential effects in adolescent animals in com-
parison to adult and aged (i.e., older) animals. 
Furthermore, where possible, relevant research 
identifying possible brain mechanisms medi-
ating the differential effects of alcohol will be 
discussed. Finally, we highlight a small num-
ber of studies where sex and age of the subject 
interact to modify cognitive impairments pro-
duced by alcohol. We conclude that much 
work still needs to be done to fully understand 
how age, sex, and alcohol interact to produce 
the wide range of effects caused by consump-
tion of the drug.

Keywords

Cognition · Alzheimer’s disease · Ataxia · 
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11.1  Introduction

Understanding the interaction of factors that led 
to excessive alcohol use and misuse is a critical 
public health concern due to the dramatic and 
often negative effects that alcohol has on both 
people and society. For example, in the United 
States, over 174 million individuals used alcohol 
in the previous year, and 61 million people report 
binge drinking (5+ drinks in males, 4+ drinks in 
females over 2  h that produce a blood alcohol 
level greater than 0.08  mg/dl) in the previous 
month while greater than 16 million people report 
heavy alcohol drinking in the past month 
(NSDUH survey 2022). In addition, the onset and 
continued impact of the COVID-19 pandemic 
has only exacerbated the increase in alcohol con-
sumption (Castaldelli-Maia et al. 2021) magnify-
ing unhealthy life states including increases in 
death rates due to alcohol misuse (White et  al. 
2022). The impact of high levels of alcohol use 
and misuse are staggering in that alcohol misuse 
results in 178,000 deaths each year reducing the 
average lifespan of those who die by greater than 
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24 years in the United States (CDC fact sheet 
2021). Unfortunately, the problems produced by 
alcohol are not limited only to the United States 
as over 2.6 million deaths in 2019 occurred 
worldwide due to alcohol misuse. Finally, alco-
hol misuse results in a loss of over $249 billion in 
the United States (Sacks et al. 2015).

Most people initiate alcohol use and misuse 
during adolescence, a life stage characterized by 
exploration and risk-taking behavior (Witt 2010; 
Patrick and Terry-McElrath 2019; Patton et  al. 
2018; US Department of Health and Human 
Services 2019). A large body of research has 
investigated factors that increase the likelihood 
of alcohol use and misuse in younger, adolescent 
populations including alcohol use and misuse in 
different racial and ethnic groups (Tam et  al. 
2024; Chung et  al. 2018; Tapert and Eberson- 
Shumate 2022). Recently, it has been reported 
that overall alcohol use rates in adolescents are 
declining, (NSDUH data) even though use rates 
in the female population are increasing (White 
2020). Furthermore, the overall decrease in alco-
hol consumption in adolescence has not been 
universally reported in all age demographics. 
Somewhat surprisingly, a consistent body of lit-
erature has revealed that in the older, aged demo-
graphic, alcohol use and misuse is increasing 
(Breslow et  al. 2017; Calvo et  al. 2020; Han 
et  al. 2017, 2019; Keyes 2023; White et  al. 
2023). Furthermore, the increase in alcohol  
consumption in the older population is sex-
dependent with older females without children 
identified as a possible at-risk group of alcohol 
users (McKetta and Keyes 2019, for review see 
White 2020).

The increased alcohol use and misuse in the 
older population is particularly concerning. Due 
to various medical, health, and nutritional fac-
tors, the average age of the population in most 
countries is increasing. It is predicted that by 
2050 the number of people over the age of 60 will 
increase from 900 million to 2.1 billion people 
(United Nations 2022). In addition, the percent-
age of the global population older than 65 years 
will likely increase from 10% in 2022 to 16% by 
2050 (United Nations 2022). Furthermore, older 
adults use healthcare systems significantly more 

than younger adults as represented by dollars 
spent on healthcare (Lassman et al. 2014). This 
increase in the percentage of older adults threat-
ens to produce a “silver tsunami” that may over-
whelm healthcare systems (Tampi et al. 2015). In 
addition, alcohol use and misuse has been linked 
to a variety of disease states that further necessi-
tates investigating how the drug impacts the older 
population. Given these factors, it is critical to 
further explore how alcohol affects the aged pop-
ulation (Matthews and Koob 2023).

The focus of the current review is to detail the 
preclinical animal research that highlights how 
animals of different ages are uniquely impacted 
by alcohol exposure. Our focus will be on both 
alcohol exposure that occurs at different ages 
(e.g., aged vs. adult vs. adolescent exposure) as 
well as alcohol exposure that occurs early in life 
(during adolescence) and the longitudinal effects 
of this exposure that manifest across the lifespan. 
In doing so, we hope to highlight neurobiological 
changes that occur due to aging, particularly late- 
in- life changes, as a factor that is critical to 
understanding the effect of alcohol on behavior.

11.2  Effect of Acute Alcohol 
Exposure

Acute alcohol exposure produces a variety of 
behavioral effects that are age-dependent (see 
Table  11.1). For example, administration of a 
high dose of alcohol produces a loss of con-
sciousness which is termed “sleep time” or loss 
of the righting reflex (Majchrowicz 1975; 
Matthews et  al. 2008). Lower doses of alcohol 
can induce hypothermia (Abel and York 1979; 
Freund 1973; York 1982), produce ataxia (Bogo 
et al. 1981; Frye et al. 1981; Rustay et al. 2003) 
and an anxiolytic effect that can be modeled in 
rodents using a variety of techniques (Bertoglio 
and Carobrez 2002; Criswell et al. 1994). Finally, 
acute alcohol exposure can selectively impair 
hippocampal-dependent learning and memory 
while leaving hippocampal independent cogni-
tion relatively unaffected (Matthews et al. 1995; 
Hoffmann and Matthews 2001; for review see 
Van Skike et al. 2019). As expected, chronic alco-
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Table 11.1 Summary of differential effects of acute alcohol on a variety of behaviors as a function of the subject’s age. 
The down arrows indicate the magnitude of the effect while a flat arrow indicates no effect

Behavioral effect Adolescent Adult Aged Reference
Loss of righting reflex Novier et al. (2015); Gano et al. (2017); Perkins 

et al. (2018)
Hypothermia Watson et al. (2020)

Ataxia Van Skike et al. (2010); Matthews and Mittleman 
(2017)

Hippocampal-dependent memory Chin et al. (2011); Matthews et al. (2020)

Non-hippocampal-dependent 
memory

Chin et al. (2011); Matthews et al. (2020)

Anxiolytic
Female Matthews et al. (2024)

Male

Motor simulating
Female Matthews et al. (2024)

Male

hol exposure impacts each of these behavioral 
endpoints, often by producing a tolerance state to 
an acute challenge as seen in the loss of righting 
reflex task (Swartzwelder et al. 1998; Matthews 
et  al. 2008), hypothermia (Swartzwelder et  al. 
1998), ataxia (White et  al. 2002), and 
hippocampal- dependent cognition (Silvers et al. 
2006). Furthermore, termination of chronic alco-
hol exposure can produce a withdrawal state that 
causes an anxiogenic-like effect in rodents (Van 
Skike et al. 2015). Interestingly, age of the sub-
ject is a critical factor to understanding the mag-
nitude of behavioral alterations produced in each 
of these endpoints, and, with many of the end-
points, central nervous system mechanisms have 
been proposed that mediate these alterations.

Research has focused on investigating the dif-
ferential effects of acute alcohol exposure 
between adolescent and adult rodents, mostly 
rats, and identified biological and brain factors 
that may produce differential effects between the 
two ages (see Chin et al. 2010; Spear 2018). As 
previously stated, most individuals first begin to 
experiment with alcohol consumption during 
adolescence, a developmental time point that can 

lead to severe consequences for drug use 
(National Survey on Drug Use and Health, 
SAMHSA 2022; Green et al. 2024), and as such, 
it is important to understand the effects of alcohol 
in this age group (for review of this literature see 
Novier et al. 2015). After many years of investi-
gation, we concluded that adolescent animals are 
less sensitive to the effects of acute alcohol com-
pared to adult animals. For example, adolescent 
rats have significantly shorter loss of righting 
reflex due to a high-dose alcohol challenge com-
pared to adult animals (Little et  al. 1996; 
Matthews et  al. 2008; Silveri and Spear 1998; 
Vetreno et  al. 2023) and adolescent animals 
regain the righting reflex at significantly higher 
blood alcohol concentrations compared to adult 
animals (Silveri and Spear 1998) demonstrating 
the lack of sensitivity in adolescent rats to alco-
hol is likely due to central nervous system 
mechanism(s). However, adolescent rats can be 
significantly more sensitive to the hypothermic 
effects of alcohol compared to adults (Ristuccia 
et al. 2007; Watson et al. 2020) demonstrating the 
effect of alcohol in adolescence is task and/or 
behavior dependent.
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Ataxia due to acute alcohol administration has 
been more extensively studied, and, once again 
results consistently demonstrate that adolescent 
rats are significantly less sensitive to the motor 
impairing effects of alcohol compared to adult 
animals. For example, adolescent rats are less 
impaired by acute alcohol administration on the 
tilting plane task (White et al. 2002; Vetreno et al. 
2023) and accelerating rotarod compared to adult 
animals (Ornelas et al. 2015). In our laboratory 
we have frequently used the aerial righting reflex 
to investigate the ataxic effects produced by acute 
alcohol administration (e.g., see Van Skike et al. 
2010). The aerial righting reflex is a valid and 
reliable behavioral task to investigate the effect 
of acute alcohol on general motor ability. In the 
task, an initial baseline score is determined by 
holding the subject in a supine position 5″ over a 
soft foam pad and released. If the subject suc-
cessfully rights itself two out of three times the 
subject is given a score of 5″; however, if the sub-
ject does not successfully right itself, the height 
the animal is held over the foam pad is increased 
by 5″ and the animal is retested. Animals are 
never tested at a height greater than 20  in. 
Following determination of the baseline score, 
animals are injected with either saline or an alco-
hol dose and retested several times over a 60–90- 
min post-injection window to determine the 
effect of alcohol on ataxia. While quite simplis-
tic, the aerial righting reflex task has several 
advantages. First, as a reflex it takes no training 
and therefore data can be quickly collected in a 
single day; second, age and sex do not produce 
baseline differences and hence any resultant dif-
ferential effect in subjects’ performance is most 
likely due to the alcohol challenge; and third, 
minimal experimental training of researchers is 
necessary for data collection.

Employing the aerial righting reflex, we have 
consistently found that adolescent animals are 
less sensitive to the motor impairing effects of 
acute alcohol administration (Van Skike et  al. 
2010; Ornelas et  al. 2015; Matthews and 
Mittleman 2017). Initially we sought to deter-
mine if the effect was primarily driven by dif-
ferential blood alcohol levels which would 
suggest the behavioral difference seen between 

adolescent and adult animals was not due to a 
central nervous system mechanism. Interestingly, 
we found that differential blood alcohol levels 
between adolescent and adult animals could not 
explain the differential aerial righting reflex data 
(Van Skike et al. 2010). We then sought to deter-
mine if we could identify a neuronal effect that 
mirrors the behavioral impairment produced by 
acute alcohol exposure. Given we were measur-
ing a behavior that was dependent on the sub-
jects’ motor function and balance, we 
investigated the effect of an acute alcohol chal-
lenge on the spontaneous activity of individual 
Purkinje neurons from adolescent and adult rats 
while under urethane anesthetic. Interestingly, 
we found that acute alcohol, at the doses used in 
the aerial righting reflex task, inhibited the spon-
taneous activity of cerebellar Purkinje neurons 
significantly less in adolescent rats than it did in 
adult rats thereby mirroring the reduced behav-
ioral effect found in adolescent rats compared to 
adult rats (Van Skike et al. 2010). The comple-
mentary behavioral and single unit, in vivo elec-
trophysiological data supported further 
investigation into the cerebellum as the site of 
action impacting age-dependent effects of acute 
alcohol on ataxia. Consequently, we next investi-
gated if differential expression of protein kinase 
C gamma (PKCγ) due to age existed in the cer-
ebellum. We selected PKCγ to investigate due to 
data from targeted genetic research demonstrat-
ing that PKCγ knockout mice are significantly 
less sensitive to the ataxic effects of acute alco-
hol (Harris et al. 1995). We therefore predicted 
differential PKCγ expression in cerebellum due 
to biological aging where adolescent rats would 
have less PKCγ compared to adult rats. This is 
what was found via Western blot analysis. 
Specifically, adolescent rats were found to have 
modest, but significantly less, PKCγ in their cer-
ebellum compared to adult animals (Van Skike 
et al. 2010). As such we proposed that the nor-
mal aging process produces changes in protein 
expression in the cerebellum that alters the elec-
trophysiological effect of acute alcohol in the 
same brain region. The alteration in the electro-
physiological effect of alcohol consequently 
altered the behavioral effect of the drug.
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Acute alcohol administration also selectively 
impairs hippocampal-dependent memory as 
exhaustively reviewed by Van Skike et al. (2019). 
Briefly, when tested approximately 30 minutes 
following an acute alcohol challenge, adult rats 
have impaired spatial memory (Matthews et  al. 
1995, 1999; Hoffmann and Matthews 2001; 
García-Moreno and Cimadevilla 2012), contex-
tual memory (Hefner and Holmes 2007; Melia 
et al. 1996; Weitemier and Ryabinin 2003) which 
may be sex- and age-dependent (Sircar 2019), 
trace conditioned memory in rats (Weitemier and 
Ryabinin 2003; Hunt et  al. 2009) and in mice 
(Tipps et al. 2015), and novel object recognition 
in both rats and mice (Ryabinin et  al. 2002; 
Swartzwelder et  al. 2012). To identify potential 
electrophysiological correlates of the cognitive 
impairment, we investigated if similar doses of 
alcohol (1.5  g/kg alcohol) degrade the spatial 
specificity of hippocampal place cells. Place cells 
are individual hippocampal CA1 or CA3 cells 
that display higher firing rates when an animal is 
in a specific location as opposed to the activity 
the animal is engaging in the location (Best et al. 
2001). We found that similar doses of alcohol 
that impair hippocampal-dependent cognitive 
performance also degrade the spatial specificity 
of hippocampal place cells recorded in awake 
freely behaving animals (Matthews et  al. 1996) 
primarily by reducing the spontaneous activity of 
the neurons as the animal navigates an environ-
ment (White and Best 2000). Furthermore, recent 
investigations using tetrode arrays confirmed 
these early findings by demonstrating that the 
spatial representation of place cells is reduced by 
two components, a significant reduction in “in- 
field” place cell firing and a significant increase 
in place fields that disappear (i.e., a dramatic 
reduction in the location-specific firing of a par-
ticular place cell) while under the effects of alco-
hol (Miyake et al. 2020). This and related work 
allow for the leveraging of behavioral and elec-
trophysiological studies to begin providing 
insights into how alcohol alters cognitive pro-
cessing (see Lapish 2024).

Given the reduced sensitivity to the effects of 
alcohol in adolescents, like what we reviewed for 
ataxia, one might predict that hippocampal- 

dependent memory would be less degraded in 
adolescent animals compared to adult animals 
following an acute alcohol challenge. In fact, it 
was initially reported using the Morris water 
maze that adolescent rats were more sensitive to 
the cognitive impairing effects of acute alcohol 
administration compared to adult animals 
(Markwiese et  al. 1998). However, follow-up 
research has shown that adolescent and adult rats 
have similar impaired spatial memory by acute 
alcohol (Chin et al. 2011) and additional research 
from several other laboratories suggests that the 
memory impairing effects of acute alcohol are 
not age-dependent but instead dependent on sev-
eral experimental factors (see Novier et al. 2015 
for an extensive discussion). While hippocampal 
place cell analysis has been applied to prenatal 
alcohol-exposed animals (Harvey et  al. 2020), 
unfortunately, the effect of acute alcohol admin-
istration on hippocampal place cell spatial speci-
ficity in adolescent subjects has yet to be 
conducted. Consequently, it is still an open ques-
tion as to whether hippocampal function is dif-
ferentially affected by the age of subjects 
following an alcohol challenge.

Recently, our lab and others have been investi-
gating the effect of acute alcohol exposure in 
aged animals and comparing the results to 
younger age groups to determine if changes dur-
ing normal aging continue to alter the effect of 
the drug across the lifespan. As previously men-
tioned, the older demographic is continuing to 
consume alcohol, often in dangerous binge-like 
patterns (Blazer and Wu 2009; Breslow et  al. 
2017; Calvo et al. 2020; Han et al. 2019; Laberge 
et  al. 2020; Keyes 2023) and this demographic 
uses healthcare significantly more than younger 
demographics (Tampi et  al. 2015). Therefore, 
understanding behavioral health risks that impact 
the older demographic is important. However, 
little is known if the age-dependent effects of 
acute alcohol that have been reported between 
adolescent animals and adult animals extends to 
aged animals or if older animals respond simi-
larly to alcohol as younger animals.

Aged rats are significantly more sensitive to 
the effects of acute alcohol administration com-
pared to both adolescent and adult rats. For 
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example, it has been demonstrated that aged rats, 
both male and female subjects, are significantly 
more sensitive to the hypnotic effect (i.e., the loss 
of righting reflex) produced by acute alcohol 
administration compared to adult rats (Ornelas 
et al. 2015; Gano et al. 2017; Perkins et al. 2018). 
In addition, aged rats regain the loss of righting 
reflex at significantly lower blood alcohol con-
centrations than do younger animals further sup-
porting the conclusion of increased sensitivity 
(Perkins et al. 2018). In agreement with the loss 
of righting reflex studies are additional experi-
ments that demonstrate that aged male rats are 
significantly more sensitive to the hypothermic 
effects of an acute alcohol challenge compared to 
younger animals (Watson et  al. 2020). In addi-
tion, acute alcohol administration produces sig-
nificantly more motor impairment in aged male 
rats compared to younger male rats as measured 
via the aerial righting reflex (Van Skike et  al. 
2010; Ornelas et  al. 2015; Matthews and 
Mittleman 2017). Our laboratory is currently 
investigating potential molecular mechanisms 
that may mediate the increased ataxic effect of 
acute alcohol in aged subjects, once again focus-
ing on differential expression of various PKC iso-
forms in the cerebellum (gamma, delta, and 
epsilon) (Matthews et al. 2023b).

Acute alcohol administration produces an 
anxiolytic-like response in most studies, a 
response that is often investigated in rats and 
mice using the elevated plus maze, where sub-
jects administered low to moderate doses of alco-
hol enter the open arms of the maze significantly 
more than control animals (Criswell et al. 1994; 
LaBuda and Hale 2000; LaBuda and Fuchs 2001; 
Wilson et al. 2004). In addition, administration of 
low-dose alcohol can also facilitate stimulatory 
movement in rodent models (Rodd et  al. 2004; 
Da Silva et al. 2005; Karlsson and Roman 2016). 
A recent study investigated the impact of sub-
jects’ age (adolescent, adult, or aged) and sex on 
the anxiolytic and motor stimulator effect of 
1.0 g/kg alcohol in rats and found the effect of 
acute alcohol was both age- and sex-dependent. 
Specifically, aged female rats showed a signifi-
cantly greater anxiolytic-like response to acute 
alcohol compared to aged male rats or younger 

animals while aged males had a significantly 
greater motor stimulating effect compared to 
aged females or younger animals (Matthews 
et al. 2024).

As previously discussed, acute alcohol selec-
tively impairs hippocampal-dependent memory 
but does not impair hippocampal-independent 
memory such as procedural or cue-response 
memory (reviewed in Van Skike et al. 2019). We 
recently investigated the effect of an acute alco-
hol challenge on spatial and nonspatial memory 
via the Morris water maze in “cognitively spared” 
aged animals compared to younger animals. In 
this experiment, we defined cognitively spared 
aged subjects as subjects that could learn the non-
spatial or spatial task to a level similar to young 
adult animals. Interestingly, we found that while 
acute alcohol administration did not produce a 
significant impairment in nonspatial cognitive 
performance, the alcohol challenge also did not 
interact with age to increase the spatial memory 
impairment in 18–24-month-old male rats. In 
addition, when we tested 29–33-month-old male 
rats, an acute ethanol challenge produced signifi-
cantly greater nonspatial and spatial memory 
impairments compared to younger animals 
(Matthews et al. 2020).

The increased sensitivity by aged, older ani-
mals to the effects of acute alcohol administra-
tion can be due to a variety of factors including 
central nervous system mechanisms. However, it 
is also important to determine if the increased 
sensitivity can be due to altered (typically slowed) 
metabolism of alcohol in aged animals thereby 
resulting in higher blood alcohol levels compared 
to younger animals. If such was the case, then 
aged animals are not more sensitive to alcohol 
but instead simply break down the drug slower 
resulting in elevated blood alcohol levels and 
increased behavioral effects. However, it has 
been shown that aged rats have similar blood 
alcohol concentrations following intraperitoneal 
injections if the amount of alcohol is less than 
~2.5  g/kg and if blood alcohol levels are taken 
within 60 min of the injection. Given all the pre-
viously reported behavioral data occurred within 
this period, it is likely that the central nervous 
system is altered due to biological aging such that 

D. B. Matthews et al.



249

older animals are significantly more sensitive to 
alcohol compared to younger animals.

These data demonstrate several important 
facts related to the effect of acute alcohol in aged 
animals. First, aged animals are clearly more sen-
sitive to the behavioral effects of alcohol com-
pared to younger animals. Second, given that 
adolescent animals are typically less sensitive to 
the effects of alcohol than adults, but aged ani-
mals are more sensitive to the effects of alcohol 
than adults it appears that the natural aging pro-
cess produces changes that increase the sensitiv-
ity to alcohol. Third, the magnitude of the 
increased effect in aged animals to alcohol varies 
based on behavior with ataxic effects being sensi-
tive while cognitive effects are less sensitive. 
Fourth, sex and different lifespan ages interact to 
impact the effect of alcohol on behavior. Fifth, it 
is important to remember that subjects (rats or 
mice) may respond differently to the stress of 
injection or intoxication based on age and sex 
and confounds such as these may impact findings 
and conclusions. Finally, it is important to deter-
mine when conducting cognitive studies if the 
subjects are, or are not, cognitively impaired 
prior to an alcohol challenge. Given cognition 
can be compromised in aging and the continued 
increase in cases of mild cognitive impairment 
and Alzheimer’s disease and related dementia 
(ADRD), this is likely to be an important field of 
study to fully investigate.

11.3  Effect of Chronic 
Intermittent Alcohol 
Exposure During 
Adolescence on Behavior 
Across the Lifespan

Most individuals begin drinking alcohol during 
adolescence (National Institute on Alcohol Abuse 
and Alcoholism 2025) and age of drinking onset 
is a strong predictor of alcohol-related problems 
later in life (DeWit et al. 2000). As reviewed in 
the current paper and in other chapters in the cur-
rent issue (Match et al in this volume; Sicher and 
Crowley, in this volume), much is known about 
the behavioral effects and underlying brain 

changes due to adolescent alcohol use. However, 
little has been investigated concerning the impact 
of alcohol administration during adolescence on 
behavioral changes over a majority of the lifes-
pan. To address this, research has begun investi-
gating the behavioral and central nervous system 
alterations produced by adolescent alcohol expo-
sure over the lifespan. Specifically, in our first 
study on this topic (Matthews et  al. 2017), we 
exposed adolescent male rats to either saline or 
4.0 g/kg alcohol every other day during adoles-
cence (postnatal day 30–48) for a total of ten 
alcohol exposures and ten alcohol withdrawals. 
After this exposure period, animals were admin-
istered alcohol or saline prior to a series of behav-
ioral tests at specific time points over the next 
~500 days. A final experimental group was 
exposed to saline during adolescence and before 
each test session except the final test session at 
postnatal days 530–532 where they received 
alcohol to test the effect of the drug late in life. 
This project demonstrated that adolescent alco-
hol exposure had long-lasting effects on the sub-
jects’ later responses to an alcohol challenge. 
Specifically, we reported long-lasting tolerance 
to a high-dose alcohol challenge as measured by 
the loss of righting reflex, and potentiated spatial 
memory impairments to a moderate alcohol chal-
lenge. In fact, these effects were found approxi-
mately 500 days following the chronic 
intermittent alcohol-exposure period during ado-
lescence (Matthews et al. 2017). These data dem-
onstrate that life-long changes in biological 
function occur following adolescent alcohol 
exposure and highlight the limbic system, par-
ticularly the hippocampus and related structures, 
as brain areas that may be compromised by 
chronic intermittent alcohol exposure during 
adolescence.

In our follow-up longitudinal studies, we 
sought to further explore cognitive deficits that 
may exist across the lifespan in animals exposed 
to alcohol during adolescence. In addition, we 
focused on directly investigating sex-dependent 
differences that may exist by treating and testing 
both female and male rats. To this end, we treated 
male and female rats on postnatal day 30–48 with 
either water, 3.0 g/kg, or 5.0 g/kg alcohol gavaged 
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every other day for 20 days resulting in 10 intoxi-
cation and 10 withdrawal periods. The day fol-
lowing the completion of the alcohol-exposure 
period, animals’ nonspatial learning, spatial 
learning, and behavioral flexibility were tested in 
the Morris water maze. We selected each of these 
tests for specific reasons: nonspatial learning 
tested for general motivation to escape the water 
maze and later tests to confirm visual ability in 
aged animals as recommended by Foster (2023); 
spatial learning tested the function of the hippo-
campal system; behavioral flexibility was accom-
plished by a 2-day reversal task in the Morris 
water maze which tested orbital frontal/prefron-
tal cortex functioning (Stalnaker et  al. 2015; 
Rudebeck and Murray 2014). The chronic inter-
mittent alcohol-exposure paradigm during ado-
lescence did not impair nonspatial learning or 
spatial learning in the Morris water maze 
although aged animals (~postnatal day 630), par-
ticularly males, did show general impairments in 
spatial learning compared to their performance 
earlier in life. However, a significant impairment 
was found in behavioral flexibility performance 
due to alcohol exposure during adolescence and 
the impairment in behavioral flexibility was sex- 
dependent. Specifically, for male subjects the 
impairment in behavioral flexibility as a function 
of alcohol exposure was found primarily on the 
last test almost 600 days following the adolescent 
alcohol exposure. For female subjects the impair-
ment in behavioral flexibility was observed at 
approximately 300 days post alcohol exposure 
(~10 months of age) and was present throughout 
the study until normal biological aging in the 
control animals began to impair performance 
(Matthews et al. 2022).

These data are important for a variety of rea-
sons. First, they further extend our earlier results 
(Matthews et  al. 2017) demonstrating that ado-
lescent alcohol exposure can impair cognition in 
aged animals. In addition, the research supports 
the conclusion that sex is an important factor to 
investigate as it relates to the interaction of age 
and alcohol exposure. Finally, the impairment in 
behavioral flexibility is important. Significantly, 
recent research studies have begun to reveal a 
potential relationship between an alcohol use 

diagnosis and the development of Alzheimer’s 
disease and related dementia (ADRD) 
(Schwarzinger et  al. 2018; Rehm et  al. 2019; 
Zhang et al. 2022; Anton et al, in this volume). 
Similarly, in clinical studies, research using tasks 
such as the Wisconsin Card Sorting Task often 
finds deficits in behavioral flexibility in patients 
diagnosed with Alzheimer’s disease and related 
dementia (see Guarino et  al. 2019 for a recent 
review of this literature).

Given the consistent cognitive deficits in aged 
animals following adolescent alcohol exposure 
and the finding that such cognitive deficits vary 
as a function of sex, we further investigated how 
adolescent alcohol exposure impacts cognition 
late in life and queried if chronic intermittent 
alcohol exposure during adolescence alters an 
anxiety-like state over the course of the lifespan. 
Once again, we exposed female and male rats to 
either water, 3.0 g/kg, or 5.0 g/kg alcohol during 
adolescence in a chronic intermittent fashion 
from postnatal day 30–48 via gavage. This 
resulted in ten alcohol intoxication episodes and 
ten alcohol withdrawal episodes. The day follow-
ing the adolescent alcohol exposure period and 
two other times over the next ~16 months, ani-
mals’ anxiety-like behavior was assessed in the 
elevated plus maze and the open field task. 
Finally, on postnatal day 582, animals were 
trained on the standard spatial version of the 
Morris water maze followed by a 2-day reversal 
task to measure behavioral flexibility as previ-
ously done. Chronic intermittent alcohol expo-
sure during adolescence initially produced an 
anxiogenic effect in male rats that resolved over 
the course of the lifespan. In addition, and consis-
tent with our previous results (Matthews et  al. 
2022), male rats exposed to alcohol during ado-
lescence had significantly impaired spatial learn-
ing and significantly impaired behavioral 
flexibility (Matthews et al. 2023a). Furthermore, 
within 2 days of the last water maze test, brains 
were removed and [3H]PK11195 binding was 
used to measure microglial reactivity in selected 
brain regions. We found that [3H]PK11195 bind-
ing was not altered by previous alcohol exposure 
during adolescence but did display differential 
sex- and brain-region dependent expression 
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(Matthews et  al. 2023a). These studies further 
solidify the conclusion that early life binge-like 
alcohol exposure produces cognitive deficits late 
in life that are (a) sex-dependent and (b) mirror 
cognitive deficits found in individuals diagnosed 
with Alzheimer’s disease or related dementia.

11.4  Does Chronic Alcohol 
in Aged Animals Produce 
Dementia-Like Effects?

As previously stated, research is beginning to 
develop a possible relationship between chronic 
alcohol exposure and the development of 
Alzheimer’s disease or related dementia 
(Schwarzinger et  al. 2018; Rehm et  al. 2019; 
Zhang et al. 2022). In fact, it has been proposed 
that being diagnosed with an alcohol use disorder 
is a behavioral predictor of developing early 
onset ADRD (Schwarzinger et al. 2018). In addi-
tion, the possible connection between alcohol 
exposure and ADRD has been supported by pre-
clinical animal models (Downs et  al. 2023; 
Tousley et al. 2023; Marsland et al. 2023; how-
ever see Kang et al. 2023). Based on these over-
lapping lines of evidence, we sought to further 
investigate in aged animals the impact of chronic 
intermittent alcohol exposure on behavioral flex-
ibility in the Morris water maze. Specifically, we 
sought to test the hypothesis that chronic inter-
mittent alcohol exposure would produce differen-
tial cognitive impairments in aged male rats 
compared to adult male rats and then, we wanted 
to investigate protein-specific pathways in the 
hippocampus via proteomics and phosphopro-
teomics that may be differentially altered by the 
interaction of the alcohol exposure and subjects’ 
age (Ho et al. 2022).

We trained male aged (postnatal 19 months) 
and young male adult (postnatal 3 months) rats 
the standard spatial version of the Morris water 
maze task to a criterion of about 10 s average per-
formance per day for 2–3 days to ensure we were 
testing cognitive spared rats as previously done 
(Matthews et  al. 2020). Animals were then 
administered via gavage either 5.0 g/kg alcohol 
or water every other day for 20 days resulting in 

10 intoxication and 10 withdrawal periods before 
a reversal task was administered to determine the 
effect of chronic intermittent alcohol exposure on 
behavioral flexibility. We found that aged male 
rats, but not adult male rats, had impaired behav-
ioral flexibility following the alcohol exposure. 
In addition, proteomic analysis revealed altered 
relative expression of multiple proteins and pro-
tein pathways in the hippocampus that are com-
promised by the alcohol exposure paradigm 
including relative PKC delta expression and 
CamK2a expression, proteins that also have been 
linked to ADRD.  In addition, iron transporter 
proteins were altered suggesting increased iron 
concentration in the hippocampus of aged sub-
jects. Finally, KEGG and Reactome pathways for 
proteomic and phosphoproteomics were also 
altered in a manner like that found in ADRD 
patients (Ho et al. 2022). These data further sup-
port the hypothesis that chronic alcohol exposure 
can produce cognitive deficits and underlying 
changes in brain protein pathways that can mirror 
those that are found in Alzheimer’s disease and 
related dementia. However, significant work is 
needed to determine if there is a causal link 
between chronic alcohol exposure and 
Alzheimer’s disease or if chronic alcohol expo-
sure produces a dementia state that is unique to 
alcohol due to accelerated brain changes (Zhao 
et al. 2020; Sullivan and Pfefferbaum 2023; Zahr 
2024; Zillich et al. 2024)

11.5  Conclusion

The age of a subject is a primary factor impacting 
the effect of alcohol on behavior and brain sys-
tems. The current work reviews our research 
focused on understanding how alcohol produces 
differential effects in adolescent animals com-
pared to adult animals and our recent work high-
lighting the differential effects of alcohol in aged 
animals compared to adult animals. In addition, 
we have reviewed recent neurological changes 
due to the interaction of age and alcohol exposure 
that may mediate the differential behavioral 
effects. The general conclusion of this work is 
that as an individual ages, their sensitivity to 

11 Recent Investigations Designed to Unravel the Interaction of Age and Alcohol on Behavior…



252

alcohol increases in most, if not all, behavioral 
and neurobiological effects. Stated more directly, 
the older population is more sensitive to alcohol 
compared to the adult population which is more 
sensitive to alcohol compared to the adolescent 
population. In addition, it does not appear as if 
this effect is driven by alterations in liver function 
and alcohol clearance if behavioral effects are 
measured within a short (<90 min) time periods 
following alcohol administration. As such, we 
have investigated, and are continuing to expand 
our investigations, into potential central nervous 
system mechanism(s) that may underlie the effect 
of alcohol in different age groups.

In addition to the normal aging process result-
ing in greater sensitivity to alcohol, we have also 
investigated the interactive effect of adolescent 
alcohol exposure and sex on later cognitive func-
tion. Specifically, adolescent alcohol exposure in 
both female and male rats results in impairments 
in behavioral flexibility across the lifespan but 
the impairments manifest themselves signifi-
cantly faster in female subjects compared to male 
subjects. This differential effect on cognitive 
function by sex requires further investigation to 
understand biological factors that may cause the 
disparate deficits in cognition.

Finally, we and others have shown that chronic 
alcohol exposure in aged animals can alter rela-
tive protein expression and change protein path-
ways in a manner like what is found in patients 
with Alzheimer’s disease or related dementia. 
Given there is some evidence that an alcohol use 
disorder may impact the development of ADRD, 
it is imperative to further investigate the causal 
link between chronic alcohol use and degenera-
tive neurological diseases.

Alcohol has long been and still is the most 
used and misused drug in the world (Ferreira and 
Willoughby 2008; Sudhinaraset et al. 2016) and 
is consumed by almost every age demographic 
from adolescents to adults to the older popula-
tion. As individuals age, their neurobiological 
and physical bodies change resulting in an 
increase in the effect of alcohol. Understanding 
the impact of the subjects’ age and the interaction 
of sex and aging will allow researchers to better 
understand how alcohol can negatively impact 

people and reduce the harmful outcomes of alco-
hol use and misuse.
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12Adolescent Alcohol 
and the Spectrum of Cognitive 
Dysfunction in Aging

Terrence Deak, Hannah E. Burzynski, 
Polliana T. Nunes, Stephen M. Day, 
and Lisa M. Savage

Abstract

Among the many changes associated with 
aging, inflammation in the central nervous 
system (CNS) and throughout the body likely 
contributes to the constellation of health- 
related maladies associated with aging. 
Genetics, lifestyle factors, and environmental 
experiences shape the trajectory of aging- 
associated inflammation, including the devel-
opmental timing, frequency, and intensity of 
alcohol consumption. This chapter posits that 
neuroinflammatory processes form a critical 
link between alcohol exposure and the trajec-
tory of healthy aging, at least in part through 
direct or indirect interactions with cholinergic 
circuits that are crucial to cognitive integrity. 
In this chapter, we begin with a discussion of 
how inflammation changes from early devel-
opment through late aging; discuss the role of 
inflammation and alcohol in the emergence of 
mild cognitive impairment (MCI); elaborate 
on critical findings on the contribution of 
alcohol- related thiamine deficiency to the loss 
of cholinergic function and subsequent devel-
opment of Wernicke–Korsakoff syndrome 

(WKS); and present emerging findings at the 
intersection of alcohol and Alzheimer’s dis-
ease and related dementias (ADRD). In doing 
so, our analysis points toward inflammation- 
mediated compromise of basal forebrain cho-
linergic function as a key culprit in cognitive 
dysfunction associated with chronic alcohol 
exposure, effects that may be rescuable 
through either pharmacological or behavioral 
approaches. Furthermore, our chapter reveals 
an interesting dichotomy in the effects of alco-
hol on neuropathological markers of ADRD 
that depend upon both biological sex and 
genetic vulnerability.
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Ethanol · Aging · Cognition · Adolescence · 
Cholinergic · Dementia · Neuroinflammation

12.1  Introduction

Excessive alcohol use is a major risk factor for 
early cognitive decline and dementia (Rehm et al. 
2019), the emergence of neurodegenerative states 
(Crews and Nixon 2009), and all-cause mortality 
(World Health Organization 2019). In particular, 
recent studies have shown that early-onset 
dementia was especially prevalent among indi-
viduals diagnosed with alcohol use disorder 
(AUD) (Schwarzinger et al. 2018). In contrast, a 
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systematic review of studies on light-to-moderate 
drinking reported a slightly reduced risk of 
dementia relative to individuals who largely 
abstained from alcohol consumption (Ilomaki 
et  al. 2015). Despite these long-standing 
 associations, alcohol misuse was historically an 
exclusion criterion for evaluating dementia prev-
alence worldwide but is now listed as one of the 
top three modifiable risk factors for dementia 
(Livingston et  al. 2020). These findings have 
motivated extensive research into the mecha-
nisms contributing to alcohol-mediated disrup-
tion in cognitive dysfunction across the lifespan, 
which can manifest in a wide spectrum of neuro-
compromised states.

The immune system transforms across early 
development and later aging, showing progres-
sive deterioration throughout the lifespan 
(Lynch et al. 2010). Even in healthy individu-
als, aging produces sustained inflammation due 
to exacerbated inflammatory responses of 
immune cells and their eventual senescence 
(Rozovsky et  al. 1998), which often takes the 
form of delayed or impaired “shutoff” by late-
acting, anti- inflammatory mechanisms (Norden 
and Godbout 2013; Norden et al. 2015). Though 
this transformation occurs throughout the body, 
it is especially harmful in the central nervous 
system (CNS) as neuroinflammation is a key 
driver of age-related cognitive decline. While 
natural aging is inevitable, certain lifestyle 
choices, such as alcohol use, can exacerbate 
these sensitized immune responses (Carlson 
et al. 2023). Indeed, a substantial challenge for 
the field is to identify how the developmental 
timing, frequency, and intensity of alcohol con-
sumption might influence the trajectory of 
healthy brain aging and cognitive integrity 
(Deak et  al. 2022; Deak and Savage 2019; 
Nunes et al. 2019). The overarching goal of this 
chapter is to integrate what is known about the 
relationship between binge-like alcohol con-
sumption (or exposure models) and the spec-
trum of cognitive dysfunction that is commonly 
associated with prolonged alcohol misuse (see 
Fig. 12.1). To do this, we will first discuss con-
sequences of natural aging, specifically age-
related impairments in neuroimmune function, 

and then highlight how alcohol can aggravate 
and advance such dysfunction. Subsequent sec-
tions will describe cholinergic mechanisms by 
which alcohol can accelerate normal, age-
related cognitive decline to progress into mild 
cognitive impairment (MCI) and more severe 
pathological states such as Wernicke–Korsakoff 
syndrome (WKS) and Alzheimer’s disease and 
related dementias (ADRD).

12.2  Alcohol Interactions 
with Natural Aging

12.2.1  The Neuroimmunology 
of Aging

Natural aging is accompanied by a decline in the 
efficiency and accuracy of the neuroimmune sys-
tem that first emerges in middle age and amplifies 
in later ages (Moca et  al. 2022). Such impair-
ments have been observed in a variety of immune- 
derived cells within the CNS, and extensive work 
has described age-related changes in microglia 
and astrocytes (Lynch et al. 2010; Fonken et al. 
2016; Frank et al. 2016; Clarke et al. 2018). For 
example, multiple studies have suggested that 
aged microglia adopt a sensitized or “primed” 
state that is characterized by excessive and pro-
longed inflammatory responses (Fonken et  al. 
2016; Norden and Godbout 2013). Under normal 
conditions, microglia are extremely dynamic and 
rapidly transition from their homeostatic resting 
state to a reactive, pro-inflammatory state when 
stimulated by an injury or pathogen (Yirmiya 
et al. 2015). Reactive microglia secrete a host of 
inflammatory cytokines, chemokines, and 
 reactive oxygen species (ROS) in order to remove 
the insult and limit damage to surrounding tissue 
(Safaiyan et  al. 2016; Eggen et  al. 2013). This 
process differs based on the type of insult, and 
activated microglia respond differently to an anti-
gen compared to cerebral infarct or injury. When 
a pathogen-associated antigen is detected, acti-
vated microglia initiate a signaling cascade of 
inflammatory mediators that may recruit periph-
eral leukocytes to the CNS, which then remove 
the pathogen through phagocytosis (Rock et  al. 
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Fig. 12.1 Cascading 
impact of chronic 
alcohol use across the 
lifespan

2004). Microglia themselves are phagocytic, 
meaning they are also able to clear cellular waste 
and debris, including dead and dying cells (Sierra 
et al. 2010; Neumann et al. 2009). This is espe-
cially important after CNS injuries and infarcts as 
reactive microglia can remove damaged cells, 
including neurons that are secreting toxic 
amounts of excitatory signals, and limit damage 
to surrounding cells (Loane and Byrnes 2010). 
Importantly, healthy microglia can quickly tran-
sition back to their resting state when the threat is 
resolved and the anti-inflammatory response is 
initiated (Eggen et al. 2013).

Unlike activated microglia found in healthy 
adults, microglia in aged brains are much less 
efficient at transitioning back to a resting state, 
resulting in their sustained activation and release 
of pro-inflammatory mediators (Norden and 
Godbout 2013). Preclinical studies reported sig-
nificant elevations in the pro-inflammatory cyto-
kines interleukin (IL)-1β and IL-6 in the brains of 
aged rodents relative to adults after they were 
challenged with the endotoxin lipopolysaccha-
ride (LPS) (Godbout et  al. 2005; Henry et  al. 
2009). Furthermore, this heightened inflamma-
tion persisted in the aged brains while adult 
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brains quickly resolved the immune challenge 
(O’Neil et al. 2022). Additional ex vivo studies 
suggested that aged microglia are primed for 
these heightened responses because even in the 
absence of a stimulus, they exhibit increased 
major histocompatibility complex II (MHCII) 
expression, which is indicative of a reactive, pro- 
inflammatory phenotype (Henry et  al. 2009; 
Frank et al. 2010). As immune threats are a com-
mon occurrence throughout the lifespan, sensi-
tized microglia likely contribute to age-related 
increases in basal inflammation. Indeed, basal 
expression of IL-1β, IL-6, and MHCII is signifi-
cantly higher in the brains of aged rodents and 
humans (Gano et  al. 2017; Frank et  al. 2006; 
Streit et al. 2004). Similar age-related increases 
have been observed in the pro-inflammatory 
cytokine, high mobility group box 1 (HMGB1), 
and toll-like receptors (TLRs), which are also 
considered a result of primed microglia (Fonken 
et  al. 2016). Along with aberrant inflammatory 
responses, aging also influences microglia’s 
phagocytic activity as aged microglia express 
less phagocytic receptors and exhibit reduced 
debris clearance (Thomas et al. 2022). It has been 
proposed that such dysfunction is due to increased 
lipid burden within aged microglia that inhibits 
phagocytic activity (Marschallinger et al. 2020). 
While the mechanisms driving this impairment 
have not been fully elucidated, the accumulation 
of waste within the CNS is known to produce 
cytotoxic amounts of inflammatory mediators 
and cause widespread cell death (Neumann et al. 
2009). Thus, age-related increases in neuroin-
flammation are not solely due to microglial prim-
ing but are a product of multifaceted alterations 
in the functional state of the neuroimmune 
defense network.

While dysfunctional microglia greatly con-
tribute to the sustained neuroinflammation seen 
in aging, astrocytes undergo a similar deteriora-
tion that further drives this inflammatory state 
(Jyothi et al. 2015). Astrocytes regulate a number 
of processes within the CNS including neu-
rotransmitter release and blood flow, as well as 
synapse formation and elimination (Sofroniew 
and Vinters 2010). Additionally, astrocytes play 
an important role in the glymphatic system, 

which clears cellular waste through fluid 
exchange between the brain’s interstitial fluid 
and cerebral spinal fluid (Iliff et al. 2012). Such 
actions are impaired in aging brains as there is an 
age-associated reduction in the expression of 
aquaporin 4 (AQP4), the astrocytic water channel 
responsible for this exchange (Kress et al. 2014). 
As a result, the accumulation of cellular debris 
and neuroinflammation produced by aged 
microglia and their impaired phagocytic activity 
were potentiated by aging astrocytes (Verkhratsky 
and Semyanov 2023). Lastly, much like microg-
lia, astrocytes can adopt a pro-inflammatory phe-
notype to respond to an immune threat, and such 
responses can become dysregulated in aging 
(Clarke et al. 2018). Reactive astrocytes are often 
characterized by an upregulation in glial fibril-
lary acidic protein (GFAP), and numerous pre-
clinical and clinical studies report elevated GFAP 
expression in aging brains (Verkhratsky and 
Semyanov 2023; Nichols et  al. 1993; Robillard 
et  al. 2016). Other studies suggest that like 
microglia, aging astrocytes adopt a primed state 
that sensitizes their inflammatory responses to 
immune threats and increases basal inflammation 
(Clarke et al. 2018).

Another shared consequence of aging that 
affects both microglia and astrocytes is that these 
cells become resistant to anti-inflammatory 
mechanisms (O’Neil et al. 2022). Normally, once 
an immune threat is contained, anti-inflammatory 
mediators regulate the transition of reactive 
microglia to their homeostatic resting states or an 
anti-inflammatory, reparative state (Eggen et al. 
2013). However, activated microglia from aged 
brains show reduced sensitivity to these markers, 
especially the prominent anti-inflammatory 
mediators IL-4 and transforming growth factor 
beta (TGFβ) (Fenn et  al. 2012, 2014; Tichauer 
et  al. 2014; Rozovsky et  al. 1998). Reactive 
microglia are also regulated by astrocytes through 
their release of the anti-inflammatory cytokine 
IL-10 which stimulates the production of TGFβ 
and inhibits microglial activation (Norden et al. 
2014). Unfortunately, aged astrocytes exhibit a 
similar decline in anti-inflammatory actions as 
reduced IL-10 expression was observed in astro-
cytes from aged rats both 4 and 24 h after LPS 
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challenge and they were unable to prevent 
microglial activation (O’Neil et al. 2022; Norden 
et al. 2016). These age-related resistant and erro-
neous immune responses are referred to as immu-
nosenescence, which is thought to propagate 
neuroinflammation as it is no longer contained by 
critical regulatory feedback systems (O’Neil 
et al. 2022).

Interestingly, the priming and eventual immu-
nosenescence of aging astrocytes and microglia 
appear to be region specific, with some areas 
showing extreme sensitivity to these age-related 
effects. One such region is the hippocampus, 
which plays an integral role in cognitive func-
tion, particularly learning and memory (Golomb 
et  al. 1993). Aging studies consistently report 
exaggerated levels of pro-inflammatory media-
tors, including IL-1β and IL-6, in the hippocam-
pus of aged rodents relative to adults (Gano et al. 
2017; Sierra et al. 2007). There is extensive evi-
dence that these elevations are due to increased 
microglial priming in this brain region as an LPS 
challenge elicited much larger inflammatory 
responses in the hippocampi of aged rats 
(Barrientos et  al. 2006; Frank et  al. 2010). 
Similarly, there is evidence from both rodent and 
human studies that hippocampal astrocytes are 
also more susceptible to age-related dysfunction 
as they show the largest upregulation of GFAP 
and undergo the most transcriptomic changes 
that promote a primed, pro-inflammatory state 
(Nichols et  al. 1993; Soreq et  al. 2017; Clarke 
et al. 2018; David et al. 1997). As the hippocam-
pus is a critical integration center for learning 
and memory, it is unsurprising that sustained 
neuroinflammation in this region has been iden-
tified as a key contributor to age-related cogni-
tive decline. Beyond the hippocampus, 
neuroinflammation in other regions such as the 
cortex, thalamus, and cerebellum are thought to 
contribute to age- associated impairments in 
executive function, sensory processing, speech, 
and coordination (Carlson et  al. 2023; Ownby 
2010). Given the growing number of aged indi-
viduals in the global population, it is important 
to identify which lifestyle choices may acceler-
ate or prevent such detrimental changes in neu-
roimmune function.

12.2.2  Interactive Effects of Alcohol 
and Aging

One lifestyle/experiential variable that can greatly 
accelerate age-related inflammation, especially 
within the CNS, is alcohol exposure across the 
lifespan (Carlson et al. 2023; Deak et al. 2022). A 
major challenge facing the alcohol field is to better 
understand the relationship between alcohol con-
sumption patterns and its influence on overall 
health outcomes, including and especially for 
CNS function. Not only is it difficult for individu-
als to accurately reconstruct their history of alco-
hol consumption across prolonged periods of time, 
but self-report of alcohol intake is also influenced 
by a variety of factors such as individual expectan-
cies, positive self- presentation, and memory 
impairments associated with drinking (Maisto 
et al. 1995; Tevik et al. 2021). Although objective 
biomarkers of alcohol exposure such as phosphati-
dylethanol (PETH) concentrations offer some 
promise (Harris et al. 2021), PETH levels persist 
in blood and organs on the timescale of days to 
weeks, which is probably not adequate for realistic 
assessments of lifetime alcohol exposure. PETH is 
also not an effective measure in preclinical (rodent) 
models, further limiting its use in research and 
development (Aradóttir et al. 2004). For these rea-
sons, many investigators have now changed tactics 
to incorporate objective measures of senescence 
markers as a means to determine the influence of 
alcohol exposure and/or consumption on the tra-
jectory of aging, further cementing a transition in 
focus from chronological aging to biological aging 
(e.g., Zillich et al. 2024).

A second significant challenge in evaluating 
the influence of alcohol consumption patterns 
across the lifespan on aging-related CNS func-
tion is the developmental period in which alcohol 
exposure was incurred. As discussed in Chap. 11 
by Matthews and colleagues, developmental 
stage is a critical issue because alcohol exposure 
is not uniform across the lifespan, nor are the bio-
logical substrates on which alcohol acts. For 
instance, it is estimated that between 1 and 9% of 
individuals worldwide have been exposed to 
alcohol in utero, making fetal alcohol spectrum 
disorders (FASD) the leading cause of prevent-
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able intellectual disabilities (May et  al. 2018). 
Prenatal development is undoubtedly a period 
during which the organism may be especially 
vulnerable to accelerated aging outcomes (e.g., 
Smith et al. 2022; Church et al. 1996) as well as 
neurodegenerative diseases (Araujo et al. 2021), 
with many of these effects involving long-lasting 
changes in microglial activity and other features 
of neuroimmune signaling later in life (Walter 
et  al. 2023; Bake et  al. 2023; Reid et  al. 2015; 
Boots et al. 2023; Pinson et al. 2021; Gano et al. 
2020). These conclusions are built upon a long 
history and strong foundation of preclinical and 
clinical studies elaborating hippocampal and cor-
tical deficits associated with prenatal alcohol 
exposure (PAE) and form the basis for broader 
concerns about early alcohol effects on later cog-
nitive function as a result.

Similarly, binge drinking peaks among ado-
lescents and emerging adults, a developmental 
period marked by dynamic re-architecture of the 
CNS that involves substantial changes in glial 
cell activity and function (Doremus-Fitzwater 
and Deak 2022). For instance, synaptic pruning 
and paring mechanisms involve the active clear-
ance of complement-tagged synapses through 
microglial phagocytic activity (Kopec et al. 2019; 
Germann et  al. 2021), which thereby increases 
the strength of remaining synaptic contacts in an 
experience-dependent manner. Ongoing angio-
genesis formalizes its delivery of blood perfusion 
to gross anatomical regions of the CNS (Rowan 
and Maxwell 1981; Ogunshola et al. 2000), while 
astrocytes envelop microcapillaries in a final 
sealing of the blood–brain barrier (BBB) 
(Molofsky and Deneen 2015). Similarly, progres-
sive myelination of axons by oligodendrocytes 
during adolescence is critical to improvements in 
processing speed and connectivity across distal 
regions of the neuroaxis (Jessen et al. 2015; Rice 
and Barone 2000). The extent to which these pro-
cesses are immediately responsive to acute alco-
hol consumption/exposure during adolescence is 
a somewhat open question for the field because 
most studies fail to include critical tests of alco-
hol action at multiple ages. However, the few 
studies comparing adolescent to adult neuroim-
mune sensitivity suggest that induction of neuro-

immune genes is severely muted in adolescents 
(relative to adults), regardless of whether they 
have been challenged with alcohol, LPS, or an 
acute stress (Doremus-Fitzwater and Deak 2022; 
Doremus-Fitzwater et  al. 2015; Marsland et  al. 
2022). Thus, it will be critical for the alcohol 
field to determine how and why the adolescent 
brain seems to show such categorically distinct 
sensitivity to alcohol relative to the mature adult 
brain.

Nevertheless, because binge drinking peaks 
during late adolescence and early adulthood, a 
considerable number of studies have examined 
long-lasting effects of adolescent alcohol expo-
sure in preclinical models. By and large, studies 
suggest adolescent intermittent ethanol (AIE) 
substantially influences neuroimmune reactivity 
even after a protracted period of alcohol absti-
nence. For instance, a multi-day binge alcohol 
exposure in rodents sent microglia into a dystro-
phic state (Marshall et  al. 2020; McClain et  al. 
2011; Marshall et al. 2016). Consistent with this, 
several studies have shown prolonged microglial 
activation after AIE, with at least some of these 
studies showing that the adverse effects of AIE 
were prevented by CSF1 inhibitors (Coleman 
et al. 2020), minocycline (Khan et al. 2023; Hu 
et  al. 2020; Barnett et  al. 2022), or other drugs 
with anti-inflammatory properties such as indo-
methacin (Pascual et al. 2007; Vetreno and Crews 
2018; Vetreno et  al. 2018; Macht et  al. 2023; 
Monleón et al. 2020, 2022). Additionally, recent 
studies have shown sensitized neuroimmune 
gene induction in adult rats with a history of AIE 
(Vore et  al. 2021) as well as a sensitized fever 
response to Poly I:C, a synthetic form of double- 
stranded RNA that mimics a viral infection (Gano 
et al. 2024). Additional findings on the neuroim-
mune consequences of adolescent alcohol are 
discussed in Chap. 9 by Macht and coworkers. 
These findings need to be kept in perspective, 
however, as other studies have shown reduced 
extracellular cytokine concentrations using large 
molecule microdialysis (Gano et  al. 2019) and 
impaired fever responses provoked by LPS in 
AIE-exposed males (Telles et al. 2017; Cruz et al. 
2020). Together, these studies paint a more com-
plex portrait of neuroimmune reorganization 
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after adolescent alcohol, with many of these 
effects persisting for 30 days or more after the 
final ethanol exposure.

Historically, studies examining patterns of 
alcohol intake across the lifespan have shown 
that for most individuals, alcohol intake (and 
binge drinking in particular) peaks in adolescents 
and emerging adults and then decreases gradu-
ally as individuals advance in age from adulthood 
into later life (Deak et al. 2022). However, some 
studies have found that rates of alcohol consump-
tion among elderly individuals are on the rise and 
at a historic high (Grant et al. 2017; Blazer and 
Wu 2009; Breslow et al. 2017). Although the rea-
sons for this shift toward greater alcohol con-
sumption later in life remain unclear, several 
factors may contribute. For instance, social isola-
tion tends to increase for many aging individuals 
as they lose friends/companions and become less 
mobile (Perkins et al. 2019; Perkins et al. 2016; 
Ravenel et al. 2024). Social isolation is especially 
challenging, and even rodents will increase alco-
hol intake during prolonged periods of social iso-
lation (Karkhanis et  al. 2016; McCool and 
Chappell 2009). As social occasions become less 
frequent, especially through the recent pandemic, 
older adults tend to consume more alcohol during 
such functions and adopt binge-like drinking 
behaviors (Kuerbis et al. 2014). Related to this, 
many elderly individuals experience painful 
bereavement and consume larger amounts of 
alcohol for its euphoric, relaxing, and anxiolytic 
effects (Kuerbis et  al. 2014). Alternatively, it is 
possible that the rise in alcohol consumption 
among aged individuals reflects overall better 
health and longevity compared to previous 
decades. Indeed, both the overall lifespan and 
quality of life in later aging (termed the “healths-
pan”) have increased substantially over the past 
five decades, perhaps setting the stage for alcohol 
consumption patterns to mirror what would pre-
viously have been observed at younger ages. 
Regardless, this troubling pattern of heightened 
alcohol intake among aging individuals requires 
additional studies to clarify the psychosocial fac-
tors that contribute.

As mentioned above, alcohol is a powerful 
toxicant, making increased alcohol consumption 

among older adults especially dangerous as alco-
hol produces many of the same neuroimmune 
deficits as aging (Carlson et  al. 2023). In adult 
non-aged rodents, chronic ethanol has been shown 
to stimulate a pro-inflammatory state within the 
CNS by increasing levels of IL-1β, IL-6, and 
tumor necrosis factor alpha (TNF-α) (Qin et  al. 
2008; Lippai et al. 2013; Alfonso- Loeches et al. 
2010). Similarly, elevated HMGB1 and TLR3 
expression was observed in non-aged rodent 
brains following chronic ethanol exposure and in 
post-mortem brain tissue of individuals with alco-
hol use disorder (AUD) (Crews et al. 2013). Since 
these elevations in pro- inflammatory mediators in 
non-aged adults mirror the neuroimmune altera-
tions seen in aging, it has been suggested that 
ethanol may produce a similar primed phenotype 
within microglia. For example, microglia isolated 
from non-aged rodents after a 4-day binge-like 
ethanol exposure displayed increased MHCII 
expression, a marker of activation, and similar 
findings have been reported in microglia isolated 
from aged rodents (Peng et al. 2017; Frank et al. 
2006; Henry et  al. 2009). Furthermore, mice 
exposed to chronic ethanol and then challenged 
with LPS showed exaggerated levels of brain 
IL-1β and TNF-α, which is reminiscent of the 
sensitized responses to LPS observed in the brains 
of aged rodents (Qin et al. 2008; Godbout et al. 
2005; Henry et  al. 2009). Beyond microglial 
priming, ethanol also mirrors age-related changes 
in the phagocytic activity of these cells as studies 
report that microglia isolated from mice exposed 
to chronic ethanol exhibit reduced expression of 
the phagocytic marker, CD68 (Lowe et al. 2020). 
Additionally, in vitro studies reported a decline in 
cultured microglia’s ability to phagocytose amy-
loid beta after being exposed to ethanol for 24 h 
(Kalinin et al. 2018).

Though there is substantial evidence support-
ing the hypothesis that alcohol primes microglia 
and exaggerates immune responses, other studies 
have reported contrasting findings suggesting that 
alcohol may be better characterized as immuno-
modulatory, not purely neuroinflammatory. 
Specifically, studies have shown that relative to 
adult rats, adolescent rats display a blunted pro- 
inflammatory response within the CNS (IL-1β, 
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TNF-α) after an acute ethanol challenge 
(Doremus-Fitzwater et al. 2015). The same group 
exposed adult rats to multiple ethanol challenges 
and again observed a suppression of IL-1β and 
TNF-α in the CNS (Gano et al. 2016). Proteomic 
studies support this immunomodulatory role of 
alcohol as cultured microglia exposed to ethanol 
express more anti-inflammatory mediators com-
pared to microglia exposed to LPS which primar-
ily express pro-inflammatory signals (Guergues 
et al. 2020). These findings suggest that instead of 
priming microglia, alcohol may be causing these 
cells to become senescent as they are not produc-
ing the expected immune responses. For example, 
young rats given an acute ethanol challenge show 
increases in hippocampal IL-6 expression, 
whereas aged rats exhibited exaggerated basal 
levels of hippocampal IL-6 but no change after 
ethanol administration (Gano et al. 2017). A simi-
lar debate has occurred over the effects of alcohol 
on astrocytes as some studies report increased 
GFAP expression and astrocyte reactivity in the 
hippocampus and prefrontal cortex after chronic 
ethanol exposure (Evrard et  al. 2006; 
Vongvatcharanon et al. 2010; Dalçik et al. 2009), 
while others report reduced GFAP expression in 
these regions which is more indicative of senes-
cent cells (Franke 1995; Rintala et al. 2001). It is 
important to note that these contrasting studies 
used various alcohol exposure procedures, high-
lighting that consequences of alcohol on neuroim-
mune function differ greatly based on the age of 
consumption, route of administration, and the 
length of exposure (Deak and Savage 2019). 
Thus, more consistent studies are needed before 
the consequences of alcohol within the CNS and 
how they mirror or potentially accelerate age-
related impairments can be fully understood.

Regardless of the mechanisms driving alco-
hol’s deleterious actions in the CNS, aging can 
greatly increase an individual’s alcohol sensitiv-
ity, making older adults more susceptible to its 
neurotoxic effects. This heightened sensitivity 
and lower tolerance to alcohol is likely due, at 
least in part, to age-related reductions in alcohol 
pharmacokinetics, including changes in body 
composition and ethanol metabolism. Aged indi-
viduals show reduced activity of acetaldehyde 

dehydrogenase and cytochrome P-4502E1, two 
major enzymes responsible for metabolizing alco-
hol (Meier and Seitz 2008). Additionally, aging is 
often associated with changes in body composi-
tion and lower water content, creating less volume 
for alcohol distribution (Vestal et al. 1977). As a 
result, the blood ethanol content (BEC) of an 
elderly individual will likely be larger than the 
BEC of a younger adult who consumed an equal 
amount of alcohol (Cederbaum 2012). This 
enhanced sensitivity increases the likelihood that 
elderly individuals will experience impaired 
motor coordination and greater confusion while 
intoxicated which can be extremely dangerous 
(Kalant 1998). Such impairments have been reca-
pitulated in rodent studies that report greater etha-
nol-induced impairments in motor function and 
Morris water maze performance in aged rodents 
relative to adults (Ornelas et  al. 2015; Perkins 
et al. 2018; Novier et al. 2013).

Interestingly, the cognitive impairments 
observed after ethanol exposure in rodents and 
humans closely resemble those seen in aging, 
which suggests that certain brain regions may be 
more sensitive to both. The hippocampus is one 
region that is vulnerable to age-related neurode-
generation as well as alcohol toxicity and both 
are associated with cognitive decline (Beresford 
et  al. 2006; Golomb et  al. 1993; Wilson et  al. 
2017; Jack et al. 2000). Though the hippocampus 
is the most widely studied, similar effects of 
aging and alcohol have been implicated in the 
frontal cortex, parietal cortex, temporal cortex, 
and the hypothalamus, which are also important 
mediators of cognitive function (Toledo Nunes 
et al. 2019; Harper and Kril 1989). These studies 
highlight an intersection of aging and alcohol, as 
any alcohol-induced impairments in these 
regions, whether a result of primed or immunose-
nescent cells, are likely amplified in the aged 
brain and vice versa. In sum, alcohol and aging 
have synergistic effects on brain health, espe-
cially neuroimmune function, which likely accel-
erates age-related cognitive decline. The 
following sections will discuss how this accelera-
tion creates a sensitized environment that can 
rapidly progress into more severe neurodegenera-
tive pathologies.
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12.3  Developmental Alcohol 
Exposure 
and the Progression 
of Pathological Age-Related 
Cognitive Impairment

12.3.1  Alcohol Use Disorder (AUD) Is 
a Risk Factor for Pathological 
Aging

Excessive alcohol use over the lifespan can 
increase the risk for alcohol-related brain damage 
(ARBD) and cognitive decline. Over 70% of 
individuals with chronic AUD display some 
degree of brain pathology (Goldstein and Shelly 
1980; Harper 1998), and many of the brain 
regions implicated in AUDs mirror those vulner-
able to degeneration during advanced aging and 
Alzheimer’s disease and related dementias 
(ADRD). This includes reductions in brain vol-
ume in several regions critical for cognition, 
including the frontal, temporal, parietal, cingu-
late, and insular cortices, cerebellum, thalamus, 
and hippocampus, and this loss can be more pro-
nounced in adults with AUDs who are 65 years 
and older (Sullivan et al. 2018; Zahr et al. 2019).

Several cross-sectional human studies support 
the idea that chronic alcohol misuse alters normal 
aging as patients with AUD exhibit accelerated 
brain shrinkage by middle age, and other longitu-
dinal studies revealed age–AUD neuropathologi-
cal interactions in the frontal cortex and 
hippocampus (Zahr et  al. 2019; Sullivan et  al. 
2018). Such studies have developed the hypothe-
sis that heavy alcohol use (greater than 5 drinks 
per day) is associated with accelerated cognitive 
aging (Woods et al. 2016) and can also increase 
an individual’s risk of developing Alzheimer’s 
disease (AD) if they carry the ApoE e4 allele 
(Anttila et al. 2004; Kivipelto et al. 2008). Thus, 
AUD is an enduring, complex disease that con-
tinues to evolve during the aging process and 
likely exacerbates cognitive decline.

12.3.2  Mild Cognitive Impairment 
(MCI) as Pathological Aging

A diagnosis of mild cognitive impairment (MCI) 
is often made when cognitive difficulties are sig-

nificantly greater than typical age-related cogni-
tive decline, often over the age of 65. Both 
cross-sectional and quasi-longitudinal studies 
indicate modest declines in memory and reason-
ing abilities until about age 65, after which the 
decline accelerates (Salthouse 2019). However, 
there is individual variability in cognitive aging in 
humans and other species, and different domains 
are affected by aging. Specifically, aging has been 
associated with declines in processing speed, 
short-term memory, language, and visuospatial 
and executive functions (Harada et al. 2013).

The Mayo Clinic’s Petersen/Winblad criteria 
for MCI include four aspects (Petersen et  al. 
2014; Winblad et al. 2004): (1) reported change 
in cognition; (2) impairment in one or more cog-
nitive domains relative to a person’s age and edu-
cation; (3) spared independence in functional 
abilities; and (4) lack of dementia. In addition, 
MCI is classified into four subtypes: single- 
domain amnestic MCI, multi-domain amnestic 
MCI, single-domain non-amnestic MCI, and 
multi-domain non-amnestic MCI (Winblad et al. 
2004). The amnestic subtypes are associated with 
higher risk of progression to AD, compared with 
non-amnestic subtypes.

Hippocampal volume has been identified as a 
significant predictor of cognitive decline in many 
cases of MCI (Mieling et  al. 2023; Morrison 
et al. 2023; Richter et al. 2022). Recent research 
has extended this predictive capacity to basal 
forebrain volume, particularly in patients under-
going pharmacotherapy with cholinergic drugs to 
treat cognitive and memory dysfunction. 
Consistent with this, larger basal forebrain vol-
ume was associated with slower global cognitive 
decline, while greater left hippocampus volume 
was linked to slower memory decline.

In the transition from prodromal MCI to AD, 
the volume of the basal forebrain region has been 
found to predict cognitive decline (Richter et al. 
2022; Tiernan et  al. 2018). Basal forebrain 
 structural changes seem to precede cortical atro-
phy in the progression of AD (Schmitz and 
Nathan Spreng 2016). Thus, alterations in basal 
forebrain structure serve as presymptomatic bio-
markers for MCI and progression to AD (Richter 
et  al. 2022; Tiernan et  al. 2018; Nicolas et  al. 
2020). Dysregulation of basal forebrain circuitry 
in MCI and AD is not limited to cognitive decline; 
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it is also associated with dysregulation of the 
default mode network, which is critical for exec-
utive function and episodic memory (Nair et al. 
2018). In addition, basal forebrain degeneration 
predicts AD-specific pathology. In vivo MRI 
studies have demonstrated a correlation between 
the degree of basal forebrain atrophy and amy-
loid-beta burden (Grothe et  al. 2013; Kerbler 
et  al. 2015). Notably, baseline volumes of the 
nucleus basalis of Meynert (NbM) predict pro-
gressive cortical degeneration and a trans- 
synaptic spread of amyloid-β that starts in the 
NbM (Kerbler et al. 2015; Schmitz and Nathan 
Spreng 2016). Furthermore, changes in cognition 
were associated with the development of pre-
tangle markers in basal forebrain cholinergic 
neurons before frank tau deposition occurred 
throughout the brain (Vana et  al. 2011). Such 
results suggest that cholinergic basal forebrain 
neurons are an early vulnerable target to 
AD-related pathology.

Lower cortical cholinergic innervation is also 
associated with cognitive decline and MCI (Xia 
et al. 2022). However, a higher educational level 
in MCI patients is linked to increased cholinergic 
activity, suggesting an initial compensatory 
effect, but it is unknown whether this prevails in 
later AD stages (Xia et al. 2022). Recent resting- 
state functional MRI studies have found reduced 
basal forebrain functional connectivity in several 
cholinergic projection sites (cortex, hippocam-
pus, amygdala) during the early phases of AD (Li 
et al. 2017; Qi et al. 2021). NbM disconnectivity 
in early AD specifically targets cortical regions 
enriched with astrocytes/microglia cells and/or 
immune process-related genes (Ren et al. 2023).

In addition, there is a significant reduction in 
the number of adult-born neurons within the hip-
pocampus in both MCI and AD patients, com-
pared to normal age-matched controls (Salta 
et al. 2023). There is also a significant reduction 
in the number of neural progenitor cells in MCI 
and AD (Moreno-Jiménez et al. 2019; Tobin et al. 
2019). Importantly, the number of new astrocytes 
increased in MCI and AD, compared to NCI, sug-
gesting changes in the cell fate for newly born 
cells within the hippocampus during pathological 
aging (Ginsberg et al. 2019).

Thus, degeneration within the septohippo-
campal pathway appears critical to the transition 
from healthy aging toward MCI and ultimately in 
the development of AD. There are several factors 
such as genetics, sex, and the environment, 
including drug and alcohol exposure, which can 
delay or accelerate the progression of pathologi-
cal aging (McQuail et  al. 2020). Next, we will 
review the role of early developmental exposure 
to alcohol in the progression of pathological 
aging and the use of animal models to reveal crit-
ical behavioral changes and neurobiological 
mechanisms, with a focus on the septohippocam-
pal circuit.

12.3.3  Aging and the 
Septohippocampal Circuit

Rodent models have shown that the septohippo-
campal circuit is vulnerable to both aging and 
chronic ethanol exposure, in particular AIE. It is 
important to note that age-related cognitive 
decline is not absolute; only a subset of aged 
rats display cognitive impairment as a conse-
quence of natural aging (Fischer et  al. 1989; 
Gage et al. 1989). In the rodent, cognitive defi-
cits emerge in middle age (12–18 months), and 
impaired spatial memory begins to appear 
around 12 months of age, but cognitive perfor-
mance can be highly variable (Guidi et al. 2014; 
Bizon et  al. 2009). A longitudinal study also 
found impairments in episodic spatial memory 
using the water maze in middle-aged male rats 
(Febo et al. 2020).

Several studies have shown that hippocampal 
ACh efflux was reduced as a result of aging (Shao 
et al. 2019; Chang and Gold 2008; Stanley and 
Fadel 2012). Age-related declines in ACh efflux 
have been found as early as 10 months old (Chang 
and Gold 2008). Aged rats that are cognitively 
impaired also show a significant loss of choliner-
gic neurons in the MS/DB compared to young 
rats, but show no change in the pontine reticular 
cholinergic neurons, implicating the basal fore-
brain as a key structure in age-associated mem-
ory impairment (Baskerville et al. 2006). There is 
also evidence that the age-related loss of integrity 
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of basal forebrain cholinergic neurons occurs to a 
greater extent in aged rats with impaired spatial 
learning (Sugaya et al. 1998). Studies have also 
reported age-related reductions in the density of 
cholinergic fibers within the dentate gyrus, which 
was more profound in aged male rats relative to 
aged female rats (Lukoyanov et  al. 1999). In 
addition, cortical cholinergic innervation became 
less dense as rats aged, and this was further aug-
mented when the expression of tropomyosin- 
related kinase A receptors was suppressed by 
viral vector-based RNA interference (Parikh 
et al. 2013). This suppression also decreased the 
ability of cholinergic neurons to release ACh, 
more so in aged-suppressed rats compared to 
aged or young controls (Parikh et al. 2013), sug-
gesting that cholinergic transmission declines 
slowly over the lifespan.

Drugs that enhance ACh levels increase hip-
pocampal adult neurogenesis (Kotani et al. 2006), 
and the survival of newly born neurons is regu-
lated in part by nicotinic α7 nicotinic ACh recep-
tors (AChR α7) (Kita et al. 2014). However, the 
neurogenic effect of AChRα7 may be limited to 
males (Otto and Yakel 2019). In a reciprocal fash-
ion, neurogenesis appears to be critical for main-
taining and stabilizing the cholinergic 
septohippocampal circuit, which is critical to 
successful spatial memory during normal aging 
(Kirshenbaum et al. 2023). Although hippocam-
pal neurogenesis was decreased as rodents aged 
(as much as 80% by middle age) (Kuhn et  al. 
1996; Wu et al. 2023), there does not appear to be 
an association between decreased neurogenesis 
and degree of spatial memory impairment 
(Stepanichev et al. 2023). Although some studies 
reported that increased neurogenesis led to 
improvements in age-related cognitive decline 
(Marlatt et al. 2012), other studies reported that 
the decreased hippocampal neurogenesis that 
occurs with age did not predict the presence or 
severity of cognitive impairment (Bizon et  al. 
2004). Neurogenesis is not just involved in initial 
learning and pattern separation but is also a 
mechanism for ameliorating proactive memory 
interference (Akers et al. 2014; Scott et al. 2021), 
so this issue needs to be considered carefully in 
aging studies.

12.3.4  Adolescent Ethanol Exposure 
and the Septohippocampal 
Circuit

Heavy intermittent alcohol exposure during early 
adolescence is associated with persistent changes 
in brain structure and connectivity (Spear 2018). 
Two inter-related pathologies that have been con-
sistently observed in rodent models of adolescent 
binge ethanol exposure (AIE) are a suppression 
of hippocampal neurogenesis (30–60%) (Macht 
et  al. 2021; Vetreno and Crews 2015) and a 
decrease in the number of cholinergic basal fore-
brain neurons (25–30%) (Fernandez and Savage 
2017; Vetreno et al. 2020). The loss of hippocam-
pal neurogenesis and the reduction in cholinergic 
basal forebrain neurons seen following AIE were 
persistent into advanced adulthood (Reitz et  al. 
2021), but were not evident if the alcohol expo-
sure occurred during adulthood (Broadwater 
et al. 2014; Vetreno et al. 2014). These findings 
suggest that the adolescent brain may be espe-
cially sensitive and/or vulnerable to long-lasting 
effects of AIE on cholinergic function. Despite 
the evidence surrounding the loss of forebrain 
cholinergic phenotype and the decrease in hippo-
campal neurogenesis following AIE, 
hippocampal- dependent spatial behavioral defi-
cits are not consistently observed (Vetreno and 
Crews 2012; Swartzwelder et  al. 2015; Macht 
et  al. 2021). Indeed, there are certain cognitive 
tasks that are more sensitive to AIE than others 
(Crews et al. 2019).

12.3.5  Interactions Between 
Developmental Ethanol 
Exposure and Pathological 
Aging

Some studies have revealed that heavy but not 
light-to-moderate alcohol consumption increased 
the risk for dementia in humans after a diagnosis 
of MCI (Lao et al. 2021; Rehm et al. 2019; Xu 
et al. 2009). Thus, heavy alcohol use has emerged 
as a risk factor for progression from pathological 
aging to dementia. Recently, interest in the inter-
actions between chronic alcohol exposure and 
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pathological aging has intensified (White et  al. 
2023). This includes an interest in whether early 
developmental alcohol exposure alters the trajec-
tory of healthy aging and animal models can be 
used to directly review the role of developmental 
alcohol exposure in the progression to pathologi-
cal aging. An emerging hypothesis is that the sep-
tohippocampal pathway is a critical neural circuit 
that is especially sensitive to early developmental 
ethanol exposure and aging (Reitz et al. 2024).

An early study found that learning of place 
location was not impaired in young mice, but a 
deficit emerged when mice that underwent prena-
tal alcohol exposure (PAE) reached middle age 
(White et al. 2023). Another PAE study in male 
rats found spatial navigation deficits in the Morris 
water maze in both young and middle-aged ani-
mals (Gabriel et al. 2002). However, a progres-
sive change in age-related cognitive decline 
(spontaneous alternation, novel object recogni-
tion, and fear conditioning) were not found in 
C57BL/6J mice exposed to PAE (Smith et  al. 
2022), and no aging effects were observed on 
these behaviors at 17 months of age. These data 
suggest that PAE may accelerate pathological 
aging, dependent on the PAE model and the 
behavioral paradigms used to assess cognitive 
function.

A few studies have examined the effects of 
adolescent ethanol exposure on successful cogni-
tive aging. Intermittent alcohol exposure during 
adolescence (from PD 30 to PD 48) facilitated 
spatial memory impairments to acute ethanol 
challenges at 18 months of age (Matthews et al. 
2017). Another study (Matthews et  al. 2023) 
found that when rats exposed to AIE were tested 
for spatial memory at 19.5 months, male but not 
female rats exposed to AIE displayed heightened 
anxiety and significantly longer swim path 
lengths on several training days. In addition, 
changing the platform location to test behavioral 
flexibility following spatial learning revealed that 
AIE impaired performance in a sex-dependent 
manner (males not females) over age-matched 
controls. However, in a longitudinal design 
assessing cognition multiple times across 20 
months following AIE, spatial memory in the 
water maze was not affected by alcohol, whereas 

reversal learning was impaired by AIE—but 
without alcohol–age-dependent interactions 
(Matthews et al. 2022). One concern with longi-
tudinal studies is that repeated cognitive testing 
can serve to “boost” later cognitive performance 
as either a “learning to learn” or “practice effect” 
or a form of enrichment (Cnops et  al. 2022; 
Zheng et  al. 2022). This needs to be balanced 
with the benefits of longitudinal aging studies, 
which can better identify the onset of cognitive 
impairment and control for cohort effects 
(McQuail et al. 2020).

In a cross-sectional study, male and female 
rats underwent AIE and were tested as either 
young adults (4 months old) or at middle age (14 
months old) on two hippocampal behavioral 
assays. These assays were concurrent with the 
assessment of behaviorally evoked Ach efflux 
and followed by histological assessment of cho-
linergic neurons in the medial septum-diagonal 
band and hippocampal neurogenesis (Reitz et al. 
2021). We found that AIE-induced impairments 
on an object location task resembled age-related 
cognitive decline. Aging, regardless of AIE sta-
tus, led to suppression of hippocampal choliner-
gic tone during the object location task. In 
contrast, hippocampal neurogenesis was sensi-
tive to the synergistic interaction between AIE 
and aging, as young adult AIE rats had a higher 
number of doublecortin staining cells than 
middle- aged AIE rats. On a different 
hippocampal- dependent task, spontaneous alter-
nation, we found a sex-dependent effect: Middle- 
aged males were impaired relative to young 
males, but middle-aged females performed simi-
lar to young females. As in previous studies 
(Kipp et al. 2021a; Fernandez and Savage 2017), 
AIE had no effect on spontaneous alternation. 
However, regardless of age, male AIE rats had 
lower behaviorally evoked ACh during spontane-
ous alternation, compared to male control rats: an 
effect not seen in female rats and not observed 
previously when only young males were assessed 
(Kipp et al. 2021a; Fernandez and Savage 2017). 
Middle age did not lead to the suppression of the 
cholinergic phenotype, which other studies have 
not observed until advanced age (20–24 months; 
Martínez-Serrano and Björklund 1998; Pitkin 
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and Savage 2004). Thus, our findings support the 
hypothesis that developmental ethanol exposure 
may lead to accelerated age-related cognitive 
decline in spatial location memory and that this 
may be associated with reduced hippocampal 
neurogenesis and Ach deficits.

12.3.6  Conclusions: Developmental 
Alcohol Is a Factor That Drives 
Pathological Aging

Emerging evidence suggests that binge-like alco-
hol exposure during adolescence contributes to 
accelerated pathological aging—particularly in 
male rodents starting at middle age and progressing 
into advanced age. A dysfunctional septohippo-
campal system may make an organism more vul-
nerable to normal and pathological aging processes, 
and whether adaptive aging responses are able to 
compensate under such disease states is unknown 
(Gray and Barnes 2015). In contrast, in rodents 
with AD transgenes, the progression of cognitive 
decline and AD-associated pathology occurred 
more in females than males, raising important 
questions about mechanisms contributing to sex-
specific vulnerabilities to alcohol, aging, and the 
progression of ADRD (more on this below).

In humans, there is evidence that basal fore-
brain pathology is critical for the transition from 
healthy aging to pathological aging, including the 
development of MCI and ultimately 
AD.  Degeneration of cholinergic neurons in the 
basal forebrain is a hallmark of pathological aging, 
contributing to the reduction of cortical innerva-
tion and ACh activity—thereby reducing activity 
of cortical regions involved in memory and cogni-
tion. Basal forebrain volume predicts longitudinal 
limbic cortical degeneration and the spread of 
amyloid biomarkers in MCI and AD (Schmitz and 
Nathan Spreng 2016). Cholinergic neurons in the 
basal forebrain accumulate both intraneuronal tau 
and Aβ, and this becomes more profound with the 
transition to MCI (Schmitz et al. 2018).

A key pathology that arises from adolescent 
alcohol exposure is loss of the basal forebrain 
cholinergic phenotype, suppression of behavior-
ally activated ACh activity in the hippocampus 

and frontal cortex, and reduced hippocampal 
neurogenesis (Kipp et  al. 2021b; Reitz et  al. 
2021). Given the overlap in septohippocampal 
pathology between pathological aging and AUD, 
it is critical to understand how these neurobio-
logical changes associated with developmental 
exposure to alcohol drive the brain into patho-
logical aging.

12.4  Thiamine Deficiency 
as a Driver of Adult Alcohol- 
Related Brain Damage 
and Memory Impairment

12.4.1  Thiamine Deficiency Related 
and Unrelated to Alcohol Use 
Disorders in Humans

Prolonged and excessive alcohol use has been 
related to different forms of dementia as well as 
structural and functional changes in the brain. 
One of the critical drivers of alcohol-related brain 
damage (ARBD) is thiamine deficiency (TD). 
Thiamine (vitamin B1) is an important nutrient 
required by all tissue with an essential role in the 
development and maintenance of brain function. 
During TD, the metabolism of lipids, glucose, 
and amino acids and syntheses of neurotransmit-
ters—aminobutyric acid (GABA), ACh, and glu-
tamate—are affected in both neurons and glial 
cells (Abdou and Hazell 2015; Gibson et  al. 
2016). These effects in the brain (human and 
experimental models) have been associated with 
development of ARBD (Butterworth 2003; 
Nardone et al. 2013). It is estimated that TD is 
prevalent in 15–80% of patients with AUD (Li 
et  al. 2008; Morgan 1982). Alcohol-related 
dementia (ARD), a chronic AUD in the absence 
of TD, or other complicating factors, has a less 
distinct pathophysiological profile than TD 
(Ridley et  al. 2013). Furthermore, it has been 
questioned whether ARD is a distinct neurocog-
nitive disorder, or has a multifactorial etiopathol-
ogy that includes TD, head injury, or liver disease 
(Palm et al. 2022). Given this, we will focus on 
AUD with TD.  Among individuals with AUD, 
TD occurs due to a combination of poor dietary 
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intake and a decrease in gastrointestinal absorp-
tion of thiamine. The high calories and low nutri-
ents in alcoholic beverages require more thiamine 
to maintain metabolic function, affecting glucose 
metabolism by inhibiting phosphorylation of thi-
amine and its incorporation into enzymes leading 
to TD (Butterworth et  al. 1993; Chandrakumar 
et al. 2018; Donnino et al. 2007; Harper 2006). 
TD is common in developing countries due to the 
prevalence of acute malnutrition (Attias et  al. 
2012); however, TD is also reported in developed 
countries and occurs as a result of many health 
conditions, including diseases associated with 
aging (e.g., Alzheimer’s disease, Parkinson’s dis-
ease), bariatric surgery, eating disorders, HIV, 
diabetes, and hyperemesis gravidarum (for 
review: Dhir et al. 2019).

If left untreated, TD can manifest into 
Wernicke’s encephalopathy (WE) and if thiamine 
is not restored the chronic neurological sequela, 
Wernicke–Korsakoff syndrome (WKS), may 
develop (Nardone et al. 2013). The classic triad 
of signs and symptoms associated with WE are 
abnormal eye movements, gait ataxia, and cogni-
tive impairment (Harper et  al. 1986). Studies 
have shown that if WE patients are treated with 
thiamine before the development of significant 
brain damage, the associated cognitive dysfunc-
tions may be reversible. However, irreversible 
lesions can develop and persist if TD continues 
(Isenberg-Grzeda et  al. 2012; Ogershok et  al. 
2002), and the disorder can progress to a long- 
lasting amnestic state, Korsakoff’s amnesic syn-
drome, or WKS.  This progression happens in 
approximately 56–84% of individuals with AUD, 
with less frequency in cases unrelated to alcohol 
misuse (Arts et al. 2017; Harper 2006; Kopelman 
et al. 2009; Victor et al. 1971).

The primary cognitive signs of WKS include 
psychosis, confabulation, memory loss, and 
learning deficits (Marrs and Lonsdale 2021). 
Individuals with WKS have difficulty in forming 
new memories, as well as retaining or recalling 
new information, due to the profound antero-
grade amnestic state. Although the anterograde 
memory is usually more affected than retrograde 
memory in WKS patients, retrograde amnesia is 
observed with deficits in temporal gradient, 

where the memory impairments could extend ret-
rospectively for up to 30 years (Arts et al. 2017; 
Kopelman et al. 1999, 2009; Victor et al. 1971).

The neural underpinnings of the profound 
amnesia in WKS have been studied in both post- 
mortem studies and imaging studies with damage 
to the mammillary bodies and the thalamic nuclei 
as key regions of interest (Harding et  al. 2000; 
Mayes et  al. 1988; Kopelman 1995; Pitel et  al. 
2012; Sullivan and Pfefferbaum 2009). Although 
shrinkage of frontal cortical structures (gray and 
white matter), hippocampus, and cerebellar cell 
loss is seen in WKS, it occurs to a lesser degree 
and with less frequency than diencephalic dam-
age (Nunes et  al. 2019; Sambon et  al. 2021; 
Sullivan and Pfefferbaum 2009). Importantly, 
pathology of the thalamus has been considered 
one of the critical predictors of memory dysfunc-
tion in alcohol-related WKS (Harding et al. 2000; 
Pitel et al. 2012, 2015; for review: Savage et al. 
2021; Sullivan and Pfefferbaum 2009). The thal-
amus plays an important role as a node of two 
networks that are implicated in AUD patients 
with WKS: The Papez circuit that subserves epi-
sodic memory and the frontocerebellar circuit 
involved in working memory and executive func-
tions (Fadda and Rossetti 1998; Nunes et  al. 
2019; Pitel et al. 2011; Pitel et al. 2015). Segobin 
et al. (2019) showed that atrophy of different tha-
lamic nuclei is dissociated in these two brain cir-
cuits where atrophy of the anterior thalamus was 
found uniquely impacted in WKS patients. 
Decreased connectivity between anterior tha-
lamic nuclei and hippocampus was also observed 
in WKS (Segobin et  al. 2019), likely a 
 consequence of disruption of the fornix. This 
finding supports the hypothesis that amnesia in 
WKS is associated with a disrupted neural circuit 
involving medial temporal lobe and diencephalic 
regions (Nahum et al. 2015).

Investigating cognitive and brain changes in 
patients with WKS over months and up to 10 
years after the diagnosis, Maillard and colleagues 
(Maillard et  al. 2021) showed that even after 
years of alcohol abstinence, only a mild recovery 
of the volume in three brain regions of frontocer-
ebellar circuit (cerebellum, pontine crossing 
tract, and middle cerebellar peduncle) was 
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observed, and there was no significant improve-
ment in cognitive performance (especially epi-
sodic memory). In addition, structural and 
metabolic alterations of the Papez circuit in WKS 
persisted: the thalamus, hypothalamus, and for-
nix were severely atrophied at all times (early, 1, 
and 10 years after diagnosis; Maillard et  al. 
2021). In contrast, studies have shown that in 
individuals with AUD, without TD, prolonged 
abstinence led to the recovery of memory and 
restoration of brain volume (Segobin et al. 2014; 
Pfefferbaum et  al. 1995). These results empha-
size that irreversible anterograde amnesia is 
observed in WKS from TD and not the alcohol 
damage per se (Arts et al. 2017; Maillard et al. 
2021).

Considering that WE is underdiagnosed and 
the existence of high mortality rates of untreated 
patients (20%; (Harper et  al. 1986)), thiamine 
supplementation has been considered as a treat-
ment for suspected WE. It should also be consid-
ered as a treatment for AUD patients with or 
without diagnosis of WE, to avoid the progres-
sion to WE (Pruckner et al. 2019). Praharaj et al. 
(2021) also suggested that other neuropsychiatric 
syndromes associated with TD—in the context of 
AUD—such as alcohol cerebellar syndrome, 
Marchiafava–Bignami syndrome, alcoholic poly-
neuropathy, and delirium tremens should also 
receive thiamine replacement therapy (Praharaj 
et al. 2021).

Oral thiamine supplementation has also been 
suggested to prevent the development of WE in 
AUD as well as to improve alcohol-induced cog-
nitive impairment (Dhir et al. 2019; Lagercrantz 
et  al. 1986; Smith et  al. 2021). Examining 
alcohol- dependent persons during routine inpa-
tient detoxification with oral thiamine supple-
mentation (oral dose of 200  mg thiamine/day, 
scheduled for 14 days), a recent study showed 
that thiamine replacement together with alcohol 
abstinence improved thiamine blood levels and 
cognitive function (Bonnet et al. 2023). Listabarth 
et al. (2023) also revealed an association between 
improvements in memory and thiamine replace-
ment, showing that both oral and intravenous 
thiamine administration had equal efficiency in 
increasing the blood thiamine pyrophosphate lev-

els (Listabarth et al. 2023). These findings sug-
gest that thiamine supplementation should be 
implemented as a clinical practice to prevent cog-
nitive impairment in AUD. Aside from the intra-
venous thiamine replacement therapy and oral 
supplements, there is no optimal treatment for 
AUD, WE, or WKS since the treatment varies 
depending on symptoms and severity (Alosco 
and Stern 2019). Furthermore, the thiamine dose, 
duration of treatment, and type or frequency of 
administration are still unclear (Isenberg-Grzeda 
et al. 2012; Latt and Dore 2014; Pruckner et al. 
2019).

12.4.2  Developmental Thiamine Is 
Rare and Understudied

As described earlier, TD is frequently associated 
with alcohol consumption; however, TD can also 
occur during pregnancy and in the months fol-
lowing parturition (Fattal et  al. 2011; Guerrini 
et al. 2007). Pregnant women are at risk of TD 
development when there is severe malnutrition 
(especially reported in low- and middle-income 
countries), excessive alcohol use, or hyperemesis 
gravidarum. In a recent review, Kareem et  al. 
(2023) presented a broad range of clinical mani-
festations of TD during pregnancy and their con-
sequences to the mother and fetus, e.g.: 
subclinical TD, wet beriberi, dry beriberi (WE 
and WKS), and infantile beriberi (Kareem et al. 
2023).

Scattered clinical cases have reported WE’s 
symptoms and the risk of the WKS development 
in pregnant and lactating women due to hyper-
emesis gravidarum, characterized by persistent 
severe nausea and vomiting during pregnancy 
that causes a rapid loss of thiamine (Hillbom 
et  al. 1999; Ismail and Kenny 2007; Oudman 
et al. 2019; Rane et al. 2022). Fetal and maternal 
mortality was reported in half of the patients 
diagnosed with WE from hyperemesis gravi-
darum; however, there was not a relation between 
fetus survival and thiamine dose used to treat WE 
symptoms (Oudman et  al. 2019). Breastfed 
infants of TD mothers are at highest risk for 
developing TD, resulting in infantile beriberi. If 
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left untreated, infantile beriberi can result in 
death or the emergence of neurodevelopmental 
problems later in life (Allen 2012; Mimouni- 
Bloch et al. 2014). For instance, in 2003, several 
infants were hospitalized in Israel with severe 
neurological symptoms, prolonged vomiting, 
nystagmus, seizures, and coma. After investiga-
tion, they were diagnosed with infantile TD, 
which was caused by a non-dairy, soy-based 
infant formula that was not supplemented with 
thiamine. These TD infants were responsive to 
thiamine treatment; however, years later, some 
children who had infantile TD had persistent cog-
nitive and language impairments (Fattal-Valevski 
et al. 2005, 2009; Fattal et al. 2011).

In 1990, a clinical study showed that mothers 
with fetuses with severe intrauterine growth 
retardation exhibited lower blood cell thiamine 
content compared to women with normal preg-
nancies, suggesting that thiamine supplementa-
tion should be included during pregnancy (Heinze 
and Weber 1990). The thiamine-depleting effects 
of alcohol are expected to result in adverse health 
outcomes since thiamine levels are crucial for 
neurodevelopment and function, and alcohol is a 
potent teratogen in humans (Bâ 2017). Indeed, 
the high incidence of intrauterine growth retarda-
tion and other abnormalities observed in children 
born to alcohol-consuming mothers in the 1960s 
was later characterized as “fetal alcohol spec-
trum—FAS” (Butterworth 1993). Although both 
TD and early developmental alcohol exposure 
separately cause FAS characteristics such as 
intrauterine growth retardation, microcephaly, 
and language impairments, the lack of develop-
mental data on TD-alcohol synergism during 
pregnancy and lactation in humans and how it 
can interfere in fetal brain development in human 
population is still unresolved (Bâ 2011, 2017; for 
review see: Kloss et al. 2018).

Experiments with TD in female rats during 
pregnancy support the idea that adequate intake 
of thiamine during pregnancy is essential for suc-
cessful development of offspring. Maternal thia-
mine deficiency induces delayed development of 
the fetus, decreased brain weight, myelination, 
and neurochemical changes in the CNS (Fournier 
and Butterworth 1990; Roecklein et  al. 1985; 

Trostler et  al. 1977). Additionally, de Freitas- 
Silva et al. (2010) have shown that maternal thia-
mine restriction in the perinatal period induced 
spatial learning deficits that were observed in 
peri-adolescent but not adult rats (de Freitas- 
Silva et al. 2010). Extensive work with different 
patterns of maternal TD, with or without chronic 
ethanol intake, supports cellular differentiation as 
the critical period for alcohol–thiamine syner-
gism (Bâ 2009, 2011). This synergism also pro-
vokes extensive cellular death and tissue necrosis 
related to FAS. Thus, understanding how apop-
totic mechanisms compromise the trajectory of 
neurodevelopment and brain aging in cases of 
ethanol exposure and TD will be crucial for 
developing therapeutic strategies for FAS treat-
ment (Bâ 2017).

12.4.3  Animal Models for Thiamine 
Deficiency and Pathological 
Aging

Rodent models of thiamine deficiency have been 
used to reproduce neurological, neuropathologi-
cal, and neurochemical changes described in WE 
and WKS patients. TD is induced by feeding 
adult rats/mice with TD diet in combination with 
i.p. injections of pyrithiamine, a thiamine pyro-
phosphokinase inhibitor that accelerates thiamine 
depletion (review: Savage et  al. 2012; Vetreno 
et al. 2012). As such, pyrithiamine-induced thia-
mine depletion (PTD) provides a useful and 
highly tractable model for examining the neuro-
logical consequences of prolonged thiamine 
depletion in preclinical (rodent) models. A few 
studies have also used a prolonged ethanol con-
sumption model with or without PTD to under-
stand better how the treatments interact and the 
independent effects of each treatment (review: 
Nunes et al. 2019; Vetreno et al. 2011).

Over the years, studies have shown that TD in 
rodents using the PTD model can affect the 
expression of genes/proteins related to energy 
metabolism, neuroinflammation, neurotransmit-
ter synthesis (cholinergic, GABAergic, glutama-
tergic systems), and myelin production in the 
brain. Additionally, PTD increased oxidative 
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stress and mitochondrial dysfunction, contribut-
ing to neurological symptoms like impaired cog-
nitive function and motor incoordination (Liu 
et  al. 2017; Nardone et  al. 2013; Nunes et  al. 
2018, 2019; Vetreno et  al. 2012). Given that 
molecular and behavioral changes related to TD 
have been observed in many aging-related neuro-
degenerative diseases, such as Alzheimer’s dis-
ease and Parkinson’s disease, animal models of 
TD are also being used in research of degenera-
tive processes associated with aging (Ke and 
Gibson 2004; Nunes et al. 2019).

Significant changes in the thalamus observed 
in WKS patients have been confirmed by histo-
logical and immunohistochemical assessment in 
brains of PTD rats, with neuronal loss (44–83%) 
in many thalamic nuclei and thalamic mass loss 
(20–30%) (Anzalone et al. 2010; Hall and Savage 
2016; Kipp et  al. 2021b; Savage et  al. 2021; 
Vemuganti et  al. 2006). Although most studies 
using the PTD model have been conducted in 
young male rats (3 months), studies have shown 
that aging can potentiate the neuropathology 
associated with TD—where thalamic lesions 
were more prevalent in middle-aged (10 months) 
and aged (22–23 months) rats exposed to PTD 
treatment compared to young rats of 2–3 months 
(Pitkin and Savage 2001, 2004). In addition, stud-
ies have shown that thalamic shrinkage/lesions 
were prominent in middle-aged rats (8–10 
months) after months of recovery from PTD treat-
ment (Kipp et  al. 2021b; Vedder et  al. 2015). 
Furthermore, middle-aged rats (9–10 months) 
treated with PTD in combination with prolonged 
chronic ethanol consumption also displayed tha-
lamic shrinkage (Kipp et  al. 2021b). However, 
chronic ethanol alone did not result in thalamic 
lesions (Kipp et  al. 2021b; Vedder et  al. 2015). 
The induction of thalamic lesions and the severity 
of the lesions may be explained by the possible 
contribution of rapid neuroimmune changes 
observed in response to TD. Our previous study 
showed that PTD treatment led to a profound 
increase of neuroinflammation markers within the 
thalamus of middle-aged rats (9 months) while 
chronic ethanol exposure showed small fluctua-
tions in inflammatory genes regardless of brain 
region examined. In addition, fluctuations in neu-

roimmune genes varied as a function of vulnera-
bility of brain regions by TD where the thalamus 
showed distinct and rapid neuroinflammation pro-
file during PTD treatment compared with other 
two regions of interest in ARBD (hippocampus 
and frontal cortex). The neuroimmune gene 
induction also varied significantly as a function of 
stage of TD and time of recovery (Nunes et  al. 
2019). These results suggested that the severity of 
TD, the order of the TD that co-occurs with etha-
nol exposure, the age of the animals, and the 
mechanisms that contribute to ARBD, such as 
neuroinflammation, are important determinants 
for the extent of thalamic pathology associated 
with AUD (Nunes et al. 2019; Savage et al. 2021).

There is a close relationship between thalamic 
pathology, learning and memory impairments, 
and loss of cholinergic neurons in the medial sep-
tum/diagonal band (MS/DB) in the PTD rodent 
model (Hall and Savage 2016; Langlais and 
Savage 1995; Nardone et  al. 2013). However, 
aging appears to cause greater dysfunction in the 
MS/DB cholinergic system following PTD treat-
ment; this neuropathology was intensified by the 
duration of PTD treatment where aged PTD rats 
exhibited the greatest decline in cholinergic cell 
numbers with increasing duration of PTD treat-
ment (Pitkin and Savage 2001, 2004). In addi-
tion, thalamic pathology found in rats co-exposed 
to PTD during chronic ethanol (over 9–10 
months) correlated with suppression of ACh lev-
els in the frontal cortex measured through in vivo 
microdialysis during spontaneous alternation but 
did not correlate with ACh levels in the 
 hippocampus (Kipp et al. 2021b). These findings 
suggest that aging with TD and chronic ethanol 
disrupted the thalamocortical circuits to the 
greatest degree. In order to explore conditions 
that contribute to the development WKS and the 
mechanisms underlying the pathological changes, 
recent studies have explored the effects of TD 
and chronic ethanol consumption alone or com-
bined on behavior tasks dependent on the frontal 
cortex, cerebellum, and hippocampus. In a study 
by Moya and colleagues (Moya et  al. 2022), 
behavioral tests were performed during TD and 
at the end of EtOH exposure, without a with-
drawal period. Hyperactivity and deficits in rec-
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ognition memory were observed in rats treated 
with EtOH independent of TD; however, spatial 
memory was not affected by any treatments. The 
combination of chronic ethanol and PTD resulted 
in disinhibited-like behavior evidenced by more 
time spent in the inner zone of an open-field 
arena and in the open arm of the elevated plus 
maze, suggestive of heightened anxiety. The 
measures used on the disinhibition tests were 
correlated with changes in markers of lipid per-
oxidation (4-hydroxynonenal), apoptosis (cas-
pase 9), and cell damage (HSP70 and HMGB1) 
in the frontal cortex, as well as a marker of nitro-
sative stress (nitrite) in the plasma. These changes 
suggest a synergism between chronic ethanol and 
PTD aggravates the molecular and behavior 
changes dependent on the frontal cortex in 
middle- aged rats (Moya et al. 2022).

A recent study (Kipp et  al. 2021b), which 
included both sexes, also found spatial working 
memory impairments associated with chronic 
ethanol with or without PTD in male and female 
rats as they approached middle age (10 months of 
age). The memory deficit was correlated with 
reductions in acetylcholine efflux in the prefron-
tal cortex and hippocampus. The combination of 
TD and ethanol appeared to affect frontal cortical 
activity, assessed by acetylcholine efflux, and 
decision times during attention set shifting. 
Although there was no sex difference on behav-
ioral and neurochemical disruption, female rats 
displayed similar impairments even with lower 
BECs than males, suggesting that female rats 
may become more sensitive to ethanol toxicity as 
they advance into middle age.

In summary, data across several studies con-
firm that TD causes severe neurobehavioral 
impairments, including deficits in spatial and 
working memory, and behavioral inflexibility 
when compared with ethanol exposure alone. 
Consistent with this, chronic alcohol appears to 
exacerbate the effects of TD across the lifespan 
on behavioral deficits and suppression of frontal 
cortical activity. Overall, chronic ethanol con-
sumption, TD, or both conditions together dam-
age critical neural circuits, but to different 
degrees, and these differences can be modulated 
by the age of the animals, severity of treatment, 
ethanol concentration, timing, recovery, and sex.

12.4.4  Conclusions: Similarity 
Between WKS and Dementia

AUDs are associated with an elevated risk of all 
types of dementia (Rehm et al. 2019). Some stud-
ies have used the term alcohol-related brain dam-
age to include neurocognitive disorders related to 
chronic alcohol use, including WKS and 
ARD. Similar to WKS, ARD seems to be a direct 
result of TD and possibly ethanol neurotoxicity, 
suggesting that ARD has a multifactorial etiopa-
thology (Arts et  al. 2017; Ridley et  al. 2013). 
Although evidence suggesting that the two disor-
ders have overlapping clinical symptoms, such as 
peripheral neuropathology and ataxia, the cogni-
tive profile of ARD entails impairments in visuo-
spatial function, memory, and executive tasks, 
whereas WKS patients show deficits on executive 
tasks in conjunction with memory deficits (Ridley 
et al. 2013; Smith and Atkinson 1995). A recent 
study showed that both disorders are more preva-
lent in men (Palm et al. 2022). In addition, WKS 
most commonly is first diagnosed in people aged 
50–59 years, in contrast to ARD that occurs com-
monly in people aged 70–79 years. Both diseases 
tend to be diagnosed at a younger age (middle 
age to middle old) relative to other progressive 
neurocognitive disorders (Palm et al. 2022).

In summary, WKS and AD are two major neu-
rocognitive disorders that lead to memory 
 impairment. Diencephalic amnesia is most 
described in WKS patients (Segobin and Pitel 
2021). In contrast, AD shows a medial temporal 
lobe amnesia, with hippocampal atrophy at the 
early stage and progressively extending to neo-
cortical areas (Braak and Braak 1991). However, 
both disorders damaged to the same extent the 
anterior thalamic nuclei, cingulate cortex, and 
hippocampus (only in moderate AD), with the 
mediodorsal thalamic nuclei and mammillary 
bodies more severely damaged in WKS than AD 
(Segobin et  al. 2023). These findings reinforce 
the importance of examining brain networks 
involved in memory function and how they are 
disrupted in these neurocognitive disorders.

According to Gibson et al. (2022), WKS and 
AD have similarities in clinical manifestations 
and molecular mechanisms, and both diseases 
have TD as a common factor. Neuronal loss, 
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increased neuroinflammation, cholinergic dys-
function, alteration of neurofilaments, and exac-
erbation of amyloid plaques are common features 
of TD in rodents (review: Gibson et  al. 2022; 
Hazell et  al. 2001; Ke and Gibson 2004; 
Kopelman 1991) with aggravation of these effects 
in transgenic models of AD (Calingasan et  al. 
1996; Karuppagounder et  al. 2009). In conclu-
sion, thiamine deficiency, chronic ethanol con-
sumption, and aging are key factors that increase 
susceptibility to ARBD and other dementias. 
Alone or combined, thiamine deficiency and eth-
anol become increasingly relevant as individuals 
age, causing serious health issues, including cog-
nitive impairments and dementia, which appear 
to be more pronounced with aging. However, 
future research is needed to better understand the 
genetic, molecular, and neurobehavioral changes 
that emerge across the lifespan due to natural 
aging, TD, and chronic ethanol consumption.

12.5  Alcohol Use Disorder 
as a Risk for AD and Related 
Dementias

AD is the most common form of dementia, 
affecting ~30 million people worldwide 
(Holtzman et al. 2011). It is characterized by the 
aggregation of extracellular amyloid plaques, the 
accumulation of intracellular neurofibrillary tau 
tangles, and neurodegeneration, which begins to 
accumulate 15–20 years before the onset of clini-
cal symptoms (Jack et  al. 2010). Thus, it is 
important to identify factors that can reduce or 
prolong this presymptomatic period. While a few 
studies suggest that low-to-moderate ethanol 
consumption may reduce the risk of AD (Koch 
et al. 2019; Luchsinger et al. 2004), several epi-
demiological studies have identified alcohol use 
disorder (AUD) as a risk factor for AD and 
AD-related pathology (Harwood et  al. 2010; 
Rehm et  al. 2019; Schwarzinger et  al. 2018). 
Preclinical studies provide additional evidence 
that chronic ethanol exposure drives AD-related 
pathology; however, the biological mechanisms 
linking the two conditions are poorly understood. 
In the following sections, we will review the cur-

rent literature describing the relationship between 
AUD and AD. We will begin by describing the 
pathological biomarkers associated with AD, 
namely, amyloid-β (Aβ) and tau. We will then 
review clinical and preclinical studies character-
izing how alcohol impacts AD pathology in 
humans and transgenic animal models. Lastly, 
we will review potential mechanisms by which 
chronic alcohol misuse promotes AD pathology.

12.5.1  AD-Related Pathological 
Markers

Amyloid plaques are primarily comprised of 
Aβ, a post-translational cleavage product of 
amyloid precursor protein (APP). APP is a 
transmembrane cell surface protein that is bro-
ken down through competing pathways that pro-
duce pathologically inert substrates 
(non-amyloidogenic) or Aβ (amyloidogenic) 
(Haass et  al. 2012). In the non-amyloidogenic 
pathway, APP is cleaved midway through the 
Aβ domain by an α-secretase enzyme, which 
produces a truncated APP C-terminal fragment-α 
(CTF-α). CTF-α is subsequently broken down 
by γ-secretase (Haass et al. 2012). In the amy-
loidogenic pathway, APP is cleaved by a 
β-secretase enzyme at the N-terminus end of the 
Aβ domain, producing a CTF-β  peptide. CTF-β 
is then processed by γ-secretase to produce Aβ 
peptide. Aβ40 and Aβ42 are the most abundant 
Aβ products, with this pathway favoring Aβ40 
production over Aβ42 (Citron et al. 1992; Haass 
et  al. 2012). Of the two, Aβ42 is more aggre-
gate-prone than Aβ40 and CSF Aβ42 levels 
decrease with AD progression, indicating 
increased deposition in the brain; CSF Aβ40 
levels are unchanged with AD progression 
(Blennow et  al. 2015). In fact, a reduced CSF 
Aβ42/40 ratio is a biomarker of AD progression 
and is a predictor of elevated phosphorylated tau 
levels (Wiltfang et  al. 2007; Hansson et  al. 
2007). In neurons, Aβ is produced in endosomes 
and released at the synapses in an activity-
dependent manner (Bero et  al. 2011; Cirrito 
et al. 2008, 2005; Hettinger et al. 2018; Verges 
et al. 2011). Once in the extracellular space Aβ 
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forms oligomers and aggregates into extracellu-
lar plaques in a concentration-dependent man-
ner (Yan et al. 2009). While the severity of Aβ 
pathology does not correspond to cognitive 
decline, plaque pathology precedes tau pathol-
ogy and neurodegeneration by several years 
(Jack et al. 2010; Musiek and Holtzman 2015). 
Tau protein is primarily expressed in neurons, 
where it binds to tubulin and functions to stabi-
lize microtubules and helps regulate axonal 
transport (Wang and Mandelkow 2016). Tau 
contains 85 phosphorylation sites and is phos-
phorylated by several kinases (e.g., GSK3, 
Cdk5, MAPK, PKA, CaMKII) (Guo et al. 2017). 
Normal phosphorylation of tau regulates its dis-
tribution and function along the axon. However, 
tau hyperphosphorylation decreases its binding 
affinity to microtubules, subsequently promot-
ing aggregation into paired helical filaments and 
neurofibrillary tangles (Castellani and Perry 
2019). Tau pathology is a better predictor of 
cognitive impairment than Aβ and correlates 
with cognitive decline and neurodegeneration 
(Giannakopoulos et  al. 2003; Nelson et  al. 
2012).

In AD, tau pathology begins to accumulate in 
the entorhinal cortex, locus coeruleus, and medial 
temporal lobes (Beardmore et  al. 2021; Crary 
et al. 2014). As AD progresses, pathological tau 
propagates trans-synaptically in a prion-like 
manner eventually spreading throughout the neo-
cortex (Guo and Lee 2011). Recent studies have 
provided evidence that basal forebrain degrada-
tion precedes neurodegeneration in the entorhinal 
cortex. Longitudinal neuroimaging data showed 
that degradation in the nucleus basalis precedes 
neurodegeneration in the entorhinal cortex, and 
this degradation is exacerbated by the presence of 
Aβ and tau (Fernández-Cabello et  al. 2020; 
Schmitz and Nathan Spreng 2016). According to 
the A/T/N (amyloid/tau/neurodegeneration) 
framework model of AD, Aβ, tau, and neurode-
generation are all required for a diagnosis of 
AD.  Therefore, we will discuss how alcohol 
drives these pathological biomarkers in humans 
and rodent models of pathology in the following 
sections.

12.5.2  Human Studies: The Role 
of AUD as a Risk Factor for AD

While epidemiological studies have begun to 
identify AUD as a risk factor for AD, there are 
conflicting studies on the degree to which alcohol 
use and misuse impact dementia, and the mecha-
nisms by which it promotes cognitive decline. A 
2004 study conducted on the Washington 
Heights-Inwood Columbia Aging Project cohort, 
which included Medicare beneficiaries aged 65 
and over, reported that light and moderate alco-
hol intake (1 serving/month to 3 servings/day) 
was associated with a lower risk of dementia in 
individuals without the ApoE4 allele (Luchsinger 
et al. 2004). Similarly, a meta-analysis evaluating 
alcohol intake and dementia risk from 15 epide-
miological studies conducted across multiple 
countries found that moderate drinkers (<40  g/
day) had a lower dementia risk than individuals 
who abstained from alcohol (Mewton et  al. 
2023). One study using Pittsburgh Compound-B 
([11C]PiB) PET imaging compared amyloid 
deposition and cortical thickness in healthy 
middle- aged adults (40–65 years old, n = 20), and 
those with a history of AUD (40–65 years old, 
n = 19). The researchers hypothesized that indi-
viduals with a history of AUD would show 
greater Aβ deposition; however, Aβ was not 
detected in either group (Flanigan et  al. 2021). 
Despite this, the study reported that individuals 
with AUD showed reduced cortical thickness in 
the inferior temporal gyrus, middle temporal 
gyrus, and fusiform gyrus, as well as reduced 
gray matter volumes in the hippocampus 
(Flanigan et al. 2021). An MRI study conducted 
in 2021 reported that individuals with AUD 
showed smaller gray matter volume in the senso-
rimotor complex and hippocampal formation 
(Zhornitsky et al. 2021). While reduced cortical 
thickness and gray matter in these areas is associ-
ated with AD progression, it is typically preceded 
by the presence of amyloid and tau pathology 
(Dickerson et  al. 2009; Mattsson et  al. 2014). 
Thus, alcohol misuse may promote AD-related 
neurodegeneration before the onset of amyloid 
and tau pathology.
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Conversely, several epidemiological studies 
have reported a stronger relationship between 
heavy alcohol misuse and dementia or AD.  A 
nationwide cohort study conducted in France 
from 2008 to 2013 reported men and women with 
a history of AUD had a threefold increased risk of 
dementia, while 16.5% of men and 4% of women 
with dementia had a history of AUD 
(Schwarzinger et al. 2018). Another nationwide 
cohort study from Finland identified alcohol mis-
use as the strongest modifiable risk factor for 
dementia and found that it was associated with a 
2.2-fold increased risk for vascular dementia and 
a 1.6-fold increased risk for AD (Kauko et  al. 
2024). In the DELIVER cohort (Decoding the 
Epidemiology of LIVER disease in Sweden; 
1987–2020), individuals with AUD had a 4.6- 
fold increased risk of dementia (Zhao et al. 2023). 
Finally, in the Whitehall II study, 35–55-year-old 
participants were recruited in London between 
1985 and 1988. Alcohol consumption was fre-
quently assessed (8 times between 1985 and 
2016) and dementia outcomes were reported 
through national databases until 2017. This study 
reported an interesting relationship between 
dementia outcomes and alcohol abstinence, mod-
erate alcohol use (1–14 units/week), and heavy 
alcohol use (>14 units/week). The association 
between alcohol use and dementia appeared to 
follow a U-shaped curve, with moderate alcohol 
use conferring a lower risk for dementia than 
abstinence or heavy alcohol use (Sabia et  al. 
2018). This study links conflicting studies dis-
cussed above, demonstrating that moderate alco-
hol consumption may be protective against AD 
and dementia, whereas heavy alcohol misuse 
may exacerbate dementia. Collectively, these epi-
demiological, population cohort, and clinical 
studies have identified alcohol misuse as a novel 
risk factor for AD and AD-related dementias and 
have laid the foundation for a new field of 
research.

It is important to note, however, that these 
approaches have a few important limitations. 
First, many of these studies rely on self-reporting 
for alcohol intake assessment, which could be 
unreliable in some cases. Furthermore, individual 
differences in biological variables that impact 

ethanol metabolism (e.g., sex/gender, height, age, 
body composition, genetics) could influence AD 
risk and progression. Next, many of these studies 
did not report the diagnostic criteria with which 
an AD diagnosis was made. Thus, it is unknown 
whether individuals in these studies identified as 
AD patients truly met the appropriate diagnostic 
standard (i.e., A/T/N framework). Lastly, studies 
using human subjects are limited in their ability 
to manipulate environmental or genetic factors 
and their ability to characterize clinical and path-
ological outcomes in individuals. Thus, preclini-
cal studies using animal models can provide 
further details on the genetic and environmental 
factors that drive AD-related pathology under the 
influence of alcohol. In turn, these studies can 
identify treatments or interventions that will limit 
the risk of AD in AUD patients.

12.5.3  Preclinical Evidence for AUD 
as a Driver of AD-Related 
Pathology

As discussed in Chap. 10 by Anton and col-
leagues, preclinical studies have begun to charac-
terize and explore the mechanistic links between 
alcohol exposure and AD-related pathology. In 
one study, adult 3-month-old 3xTg-AD mice 
(Table 12.1) were exposed to voluntary ethanol 
intake for 4 months and then euthanized 1 month 
after ethanol cessation. Ethanol exposure was 
associated with increased Aβ42 levels in the lat-
eral entorhinal cortex and prefrontal cortex 
(Hoffman et  al. 2019). Tau levels were also 
increased in the lateral entorhinal cortex, medial 
prefrontal cortex, and amygdala, and there was 
increased p-tau in the CA1 region of the hippo-
campus (Hoffman et al. 2019). In another study, 
10 weeks of ethanol exposure via a moderate 
two-bottle choice drinking paradigm, 8-month- 
old APP/PS1 mice (Table  12.1) showed an 
increased number of plaques in the hippocampus. 
Interestingly, there were a greater number of 
smaller plaques in the hippocampus and cortex in 
ethanol-treated mice, suggesting that ethanol 
may be either limiting plaque growth or promot-
ing greater plaque proliferation. Despite this 
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increased Aβ deposition and proliferation, etha-
nol exposure did not increase APP, CTF-β, or 
BACE-1 protein levels (Day et al. 2023). Ethanol- 
treated APP/PS1 mice also had reduced brain 
mass compared to APP/PS1 controls, indicating 
that long-term ethanol exposure may promote 
neurodegeneration in the presence of Aβ overex-
pression (Day et  al. 2023). In another study, 
5-month-old 3xTg-AD mice were treated with 
5 g/kg of ethanol 5 days/week for 3 months and 
then aged to 14 months without any additional 
ethanol. Western blot experiments showed that 
hippocampal Aβ42 levels were increased in 
ethanol- exposed female mice, but not males. 
Ethanol exposure also increased cortical and hip-
pocampal t-tau as well as cortical p-tau levels, 
but only in female mice (Tucker et  al. 2022). 
Collectively, these studies demonstrate that etha-
nol exposure during adulthood can exacerbate 
amyloid burden, tau pathology, and 
neurodegeneration.

Adolescence is an especially vulnerable 
period of neurodevelopment and binge-like etha-
nol exposure during this period can have long- 
lasting neurobehavioral consequences (Crews 
et al. 2019; Spear 2018), which may extend to an 
increased risk for AD and AD-related pathology. 
Six-week-old APP23/PS45 mice (Table  12.1) 
were exposed to ethanol via a drinking-in-the 
dark paradigm for 4 weeks (4 h of ethanol expo-
sure during their dark cycle). Mice were eutha-
nized after two days of withdrawal and brains 
were homogenized for Western blot experiments. 
In these mice, ethanol exposure increased APP, 
BACE-1, and Aβ40 and Aβ42 protein levels, 
which translated to an increased number of amy-
loid plaques in the hippocampus (Huang et  al. 

2018). In another study, adolescent 3xTg-AD 
mice were exposed to an adolescent intermittent 
ethanol (AIE) exposure paradigm for 30 days 
(5  g/kg; 2 days on, 2 days off; P25–P55), and 
pathology was assessed when mice were 6 
months old. AIE-exposed mice had greater intra-
cellular Aβ42 staining in the subiculum, entorhi-
nal cortex, and amygdala (Barnett et  al. 2022). 
Western blot experiments also showed that AIE- 
treated mice had increased p-tau-181 in the hip-
pocampus, but not in the cortex (Barnett et  al. 
2022). Lastly, adolescent ethanol exposure also 
led to increased hippocampal Aβ42 protein levels 
at 6 and 12 months of age (Ledesma et al. 2021).

There is also evidence that ethanol exposure 
during the adolescent period accelerated the 
appearance of cognitive decline in AD models. In 
female 3xTg-AD mice, AIE did not induce 
impairments in novel object memory, but did 
reduce recall of spatial memory in the Morris 
water maze and decreased exploration (Barnett 
et  al. 2022). In the APP/PSEN model, AIE dra-
matically increased time to reach the goal box and 
errors made in the Hebb maze selectively at mid-
dle age (Ledesma et  al. 2021). Prenatal alcohol 
exposure (PAE) may also accelerate AD-related 
cognitive decline. 3xTg-AD mice exposed to a 
PAE paradigm showed spatial memory impair-
ments and behavioral inflexibility at 4 months of 
age, compared to unexposed 3xTg-AD mice. 
Interestingly, PAE and unexposed 3xTg- AD mice 
showed similar behavioral deficits by 6 months of 
age (Tousley et al. 2023). These cognitive deficits 
also corresponded with reduced GABAergic 
interneuron function. PAE-treated 3xTg-AD mice 
showed deceased spontaneous inhibitory postsyn-
aptic current (sIPSC) frequency which corre-

Table 12.1 Selective list of transgenic rodent models of AD-related pathology used in alcohol studies described in this 
chapter. Included are the model names, strain background, species, and types of AD-related pathology expressed

Model Strain, species Amyloid pathology Tau pathology References
3xTg-AD B6;129, mouse Yes Yes Oddo et al. (2003)
APP23/PS45 C57BL/6, mouse Yes No Huang et al. (2018)
APP/PS1 C57BL/6J, mouse

B6C3, mouse
Yes No Jankowsky et al. (2004)

Tg2576 B6SJL, mouse Yes No Hsiao et al. (1996)
P301S C57BL/6J, mouse No Yes Yoshiyama et al. (2007)
Tg-F344-AD Fischer 344, rat Yes Yes Cohen et al. (2013)
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sponded with reduced PV+ GABAergic 
interneurons in the mPFC at 4 months of age, 
indicating a potential hyperexcitability phenotype 
(Tousley et al. 2023). In the same study, 4-month-
old PAE 3xTg-AD mice showed elevated Aβ 
immunofluorescence in the medial prefrontal cor-
tex (mPFC); however, these particular results 
should be viewed skeptically given a small n 
(n = 3 per group), as the findings are likely under-
powered (Tousley et  al. 2023). Future studies 
examining how PAE drives AD-related pathology 
should seek to expand these findings. Collectively, 
these emerging studies demonstrate that ethanol 
has a clear impact on Aβ deposition, and identify 
alcohol misuse as an early, modifiable risk factor 
for AD.  Importantly, these studies also provide 
evidence that chronic ethanol exposure during 
multiple phases of life (i.e., prenatal, adolescence, 
early adulthood, middle adulthood) leads to 
increased AD-related pathology during late adult-
hood. Despite this growing body of evidence 
clearly showing a relationship between chronic 
ethanol exposure and AD-related pathology, the 
mechanisms linking the two remain unknown. 
The data suggest that alcohol exposure signifi-
cantly influences the trajectory of AD-like brain 
pathology, effects that appear to compound with 
age. Therefore, any potential mechanism must be 
one that is both persistent after the cessation of 
ethanol and one that drives AD-related pathology. 
Thus, the following section will discuss two 
potential mechanisms that preclinical studies are 
currently focused on neuroinflammation and neu-
ronal hyperexcitability.

12.5.4  Potential Mechanisms Driving 
AD-Related Pathology

12.5.4.1  Neuroinflammation
A few studies have begun to investigate how eth-
anol exposure impacts microglia and neuroin-
flammation in the context of AD-related 
pathology. In one study, Aβ42 phagocytosis was 
reduced in rat microglia cultures after ethanol 
exposure in vitro (Kalinin et al. 2018). Conversely, 
another study showed that ethanol exposure may 
promote Aβ phagocytosis when ethanol con-

sumption occurred between the ages of 10–14 
months in F344 rats. Specifically, immunofluo-
rescent labeling showed that iba1+ cells co- 
localized with Aβ42  in female, but not male, 
F344 rats who consumed 10% ethanol following 
a 2-day on/2 day off, single-bottle procedure for 
6 months (Marsland et al. 2023). These conflict-
ing results may be due to differences in models 
(cell culture vs animal model) or ethanol expo-
sure length (acute vs chronic) but are certainly in 
accord with human studies showing that patterns 
of drinking (moderate vs heavy consumption) 
may produce opposite outcomes (Livingston 
et al., 2020). Thus, further studies are needed to 
better understand how ethanol influences Aβ 
phagocytosis. Despite these differences there 
appears to be consensus on the long-term impact 
of chronic ethanol exposure on neuroinflamma-
tion. In one study, 3xTg-AD mice were exposed 
to a binge-like ethanol exposure paradigm (5 g/
kg; 2 days on/2 days off) for 30 days during ado-
lescence (P25–P55) and then aged to 6.5 months 
without any additional ethanol. Ethanol-exposed 
mice showed increased levels of the pro- 
inflammatory cytokines INFα, IL1β, MCP1, 
TNF-α, and TLR4. Interestingly, cytokine levels 
positively correlated with Aβ42 and p-tau-181 
protein levels (Barnett et  al. 2022). In another 
study, female 3xTg-AD mice were exposed to a 
binge-like ethanol exposure (5.0 g/kg; 5 days/2 
days off) for 3 months (at age 5–8 months) and 
then aged to 14 months without any additional 
ethanol; t-tau and p-tau-214 were increased in the 
cortex while Aβ42 was increased in the hippo-
campus. Importantly, tau and Aβ levels were 
positively correlated with neuroimmune gene 
expression (Tucker et al. 2022).

Our laboratories have recently used the 
TgF344-AD model to examine whether adoles-
cent ethanol, both chronic drinking and AIE, 
alters the progression of AD-related cognitive 
decline and neuropathological markers. In the 
chronic drinking models, with moderate BECs 
relatively minimal effects of lifelong alcohol 
consumption on cognitive function were found, 
despite signs of increased anxiety in multiple 
neurobehavioral tasks. When plaque pathology 
was examined, we observed sex-specific effects 
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in which females showed increased colocaliza-
tion of Aβ42  in iba1+ cells (Marsland et  al., in 
prep). In contrast, heavy binge-type ethanol 
exposure using the AIE model found sex-specific 
effects of AD transgenes, AIE, and their interac-
tion manifested in distinct behavioral and neuro-
biological outcomes. In male rats carrying AD 
transgenes, spatial navigation deficits were evi-
dent by 3 months of age that were unaffected by 
adolescent ethanol exposure. Furthermore, AD 
transgenes combined with AIE led to pathologi-
cal changes characterized by increased p-Tau lev-
els and a shift in the balance of proNGF/NGF 
receptors favoring cell death mechanisms. 
Conversely, in female TgF344-AD rats, AIE 
accelerated AD-induced cognitive decline. This 
was accompanied by a reduction in tropomyosin 
receptor kinase A (TrkA) receptors due to AIE 
and a decrease in vesicular acetylcholine trans-
porter (VAChT) resulting from AD transgenes. 
The observed dysregulation in the cholinergic 
system suggests its potential contribution to the 
exacerbated behavioral impairments in female 
rats carrying AD transgenes exposed to adoles-
cent ethanol.

Together, these studies provide evidence that 
chronic ethanol exposure has lasting effects on 
AD biomarkers and a pro-inflammatory pheno-
type (see also Sect. 12.2.2 in this chapter), espe-
cially in models of heavy ethanol exposure. 
However, another central problem facing the field 
is the extensive reliance on transgenic models of 
AD in determining the relationship between alco-
hol exposure and AD risk, which may overstate 
this association due to the relatively low incidence 
of familial AD. Therefore, future studies should 
investigate whether ethanol drives neuroinflam-
mation through increased pathology or drives 
pathology through increased neuroinflammation 
in both genetically vulnerable (familial AD) and 
genetically typical (sporadic AD) rodent models.

12.5.4.2  Neuronal Excitability
AUD is characterized by neuronal hyperactivity 
during periods of withdrawal (Ariwodola and 
Weiner 2004; Cheaha et al. 2014; Slawecki et al. 
2006; Wang and Mandelkow 2016). In one study, 
chronic intermittent ethanol (CIE) exposure 

increased the frequency of spontaneous interictal 
spikes and lowered seizure thresholds throughout 
the brain (Alberto et al. 2023). Ethanol exposure 
bidirectionally altered N-methyl-D-aspartate 
receptor (NMDAR)-mediated synaptic activity in 
multiple regions of the brain during periods of 
intoxication and withdrawal. In the agranular 
insular cortex, acute ethanol exposure inhibited 
NMDAR currents and disrupted long-term poten-
tiation (LTP) (Shillinglaw et  al. 2018). In CIE- 
treated mice, acute ethanol exposure reduced 
NMDAR-mediated excitatory synaptic transmis-
sion in the central amygdala (Roberto et  al. 
2004). During withdrawal from a 10-day CIE 
treatment, NMDAR function was increased in 
the basolateral amygdala during withdrawal 
(McGinnis et  al. 2020). Withdrawal from CIE 
treatment also enhanced Glun2B-dependent LTP 
in the bed nucleus of the stria terminalis (Wills 
et  al. 2012). These findings are relevant in the 
present context because neuronal activity also 
regulates Aβ and tau pathology in rodent models 
of Aβ and tau overexpression. In vivo microdial-
ysis experiments demonstrated that pharmaco-
logical stimulation of neuronal activity increased 
tau levels in vivo, whereas pharmacological inhi-
bition had no effect on tau (Yamada et al. 2014). 
Electrical, pharmacological, and optogenetic 
stimulation of neuronal activity also increased 
Aβ levels in vivo, whereas pharmacological inhi-
bition decreased Aβ levels in Tg2576 mice (Bero 
et al. 2011; Cirrito et al. 2005, 2008; Yamamoto 
et  al. 2015). Consequently, targeting neuronal 
activity may reduce Aβ deposition over time. 
Consistent with this, treatment with the NMDAR 
antagonist memantine decreased Aβ levels, amy-
loid plaque formation, and behavioral deficits in 
mouse models of Aβ overexpression (Dong et al. 
2008; Stazi and Wirths 2021). In 7-month-old 
APP/PS1 mice, 28 days of unilateral vibrissal 
deprivation reduced amyloid plaque formation 
and growth in the barrel cortex of the correspond-
ing hemisphere (Bero et  al. 2011). Given the 
innervation between the vibrissae and the barrel 
cortex, this decrease was likely due to reduced 
neuronal activity as there were no differences 
between microglial and astrocytic activation 
(Bero et al. 2011). Thus, ethanol-induced disrup-

T. Deak et al.



281

tions in the brain’s excitatory/inhibitory balance 
may ultimately exacerbate the activity-dependent 
production and propagation of Aβ and tau.

A few studies have begun to investigate how 
chronic ethanol alters brain excitability in rodent 
models of AD-like pathology. In one study, 
5.5-month-old APP/PS1 mice were exposed to a 
moderate two-bottle choice drinking paradigm 
(20% ethanol, 12  h/day, 4 consecutive days/
week) for 10 weeks. Ethanol-treated APP/PS1 
mice had increased cortical GluN2B mRNA lev-
els, compared to ethanol-treated wildtype mice. 
In the same study GABAAR, α5 subunit mRNA 
levels were elevated in water-treated APP/PS1 
mice, which were decreased in ethanol-exposed 
APP/PS1 mice (Day et al. 2023). This data sug-
gests that even moderate levels of ethanol expo-
sure may disrupt the brain’s excitatory/inhibitor 
balance in APP/PS1 mice. In another study, 
3-month-old P301S mice were exposed to an 
intermittent two-bottle choice drinking paradigm 
(20% ethanol, 24  h/day, Monday/Wednesday/
Friday) for 16 weeks. In locus coeruleus (LC) 
neurons, the action potential threshold was 
decreased in ethanol-exposed males and females, 
in both wildtype and P301S mice. This translated 
to increased neuronal excitability in the LC of 
ethanol-exposed male and female, wildtype and 
P301S mice; ethanol-exposed P301S female 
mice showed the greatest increase in excitability 
(Downs et al. 2023). Thus, chronic ethanol expo-
sure throughout early and middle adulthood ren-
dered LC neurons to a hyperexcitable state, 
potentially driving AD-related pathology. 
Collectively, these studies demonstrate that 
chronic ethanol exposure during early and mid-
dle adulthood exacerbated brain excitability in 
the context of AD-related pathology. In these 
studies, measures of excitability were taken dur-
ing an early withdrawal period (~72  h post- 
ethanol). Furthermore, these studies were also 
conducted in animals at an age when amyloid or 
tau pathology first begins to appear. It is unclear 
how ethanol-induced brain excitability changes 
over time and with age. Thus, future studies 
should consider the long-term consequences of 
ethanol exposure during different phases of 
development on brain excitability and AD-related 

pathology. Furthermore, as discussed with the 
ethanol-associated neuroinflammatory pheno-
type, it is unclear whether ethanol-induced hyper-
excitability is the cause or consequence of 
increased pathology. Thus, future studies investi-
gating this mechanism should seek to character-
ize the directionality of this relationship.

12.5.5  Concluding Remarks

Ongoing research continues to provide evidence 
that alcohol misuse or chronic ethanol exposure 
increases the risk of AD and drives AD-related 
pathology; however, there are a few key issues 
that need to be addressed in this growing field. 
While epidemiological and clinical studies pro-
vide evidence that heavy alcohol misuse increases 
the risk for dementia and AD, mild-to-moderate 
alcohol usage may offer a protective effect rela-
tive to complete abstinence. Here, we identified 
neuroinflammation and neuronal hyperexcitabil-
ity as potential mechanisms by which alcohol 
misuse exacerbates AD-related pathology. It is 
important to note, however, that alcohol has 
widespread effects on the nervous system and 
peripheral organs and that AD is a multifaceted 
disease with many genetic and environmental 
risk factors. Thus, the relationship between AUD 
and AD may not be limited to a single mecha-
nism. Moreover, it is also important to account 
for bidirectionality between the systems dis-
rupted by alcohol misuse and those exacerbating 
AD-related pathology. Thus, future research in 
this field should be done from a multidisciplinary 
approach.

12.6  General Conclusions

Natural aging is associated with a wide range of 
cellular, structural, and circuit-level disruptions 
that collectively contribute to aging-related cog-
nitive decline, mild cognitive impairments, and 
for some individuals, ADRD. The contribution of 
lifestyle factors such as patterns, frequency, and 
intensity of alcohol consumption appears to mod-
ify the trajectory of healthy brain aging, and the 
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mechanisms contributing to these changes are 
just now beginning to emerge. The aged brain is 
associated with both heightened basal inflamma-
tion and delayed recovery of inflammatory pro-
cesses, at least in part due to deficits in 
anti-inflammatory shutoff mechanisms that gov-
ern inflammation in the young brain. Emerging 
evidence suggests that natural aging-related 
changes in inflammation may contribute to ear-
lier emergence of dementia, development of 
alcohol- related brain damage due to excessive 
inflammation (directly), or through thiamine 
deficiency (indirectly). Binge-like alcohol expo-
sure during adolescence, a developmental period 
during which ethanol consumption typically 
peaks for most individuals, is also associated 
with reduced cholinergic output from basal fore-
brain cholinergic neurons. In this sense, it is per-
haps noteworthy to mention that cholinergic 
signaling has been shown to have moderate anti- 
inflammatory effects itself. If caught early, loss 
of the cholinergic phenotype after chronic etha-
nol (with or without thiamine depletion) may be 
rescued by thiamine replacement, regular exer-
cise, and other corrective measures that provoke 
a pro-neurotrophic response. However, once 
diencephalic damage associated with severe thia-
mine depletion is instantiated, cognitive deficits 
become irreversible. The same also appears to be 
true in the case of ADRD; as alcohol consump-
tion and aging progress, the accumulation of car-
dinal neuropathological features of ADRD 
(amyloidopathy and tauopathy) appears to set the 
aging brain onto an irreversible course of cogni-
tive dysfunction for which no effective treatments 
currently exist.

Some caveats to this framework should also 
be considered. For instance, substantial evidence 
from human epidemiological studies supports the 
notion that low to moderate levels of alcohol con-
sumption may confer a slight protective benefit 
against dementia relative to non-drinkers. 
Furthermore, most preclinical studies examining 
alcohol-induced modulation of ADRD-like 
pathology have shown effects predominantly in 
transgenic rodent models of AD, which may bear 
relevance more to familial AD (~5% of AD) than 
sporadic AD (~95% of AD cases). In contrast, 

there is a relative paucity of studies examining 
the myriad of genetic and environmental factors 
that might confer a protective benefit that miti-
gates the untoward effects of alcohol consump-
tion on the progression of cognitive dysfunction 
into dementia and its associated neurological 
diagnoses (MCI, WKS, ARBD, ADRD). To be 
sure, much work remains to be done.
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13Changes in the Properties 
of Ethanol-Sensitive Molecular 
Targets During Maturation 
and Aging
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Macarena Konar-Nie, and Scarlet Gallegos

Abstract

At present, there is a good understanding of the 
negative neurobiological impacts that ethanol 
has on adolescent and adult brains; the effects of 
this drug on the aging brain, both normal and 
pathological, are only now starting to emerge. 
Biomedical research involving the effects of 
alcohol on aging is limited; however, studies in 
human subjects show that older adults perform 
worse in tests assessing working memory, atten-
tion, and cognition as compared to younger 
adults. The neurobiological basis for these 
effects in the elderly is largely unknown. In the 
last 30 years, important molecular targets for 
ethanol actions in the adolescent and adult brain 
have been identified. Yet, we know very little 
about whether these targets are still affected by 
ethanol in the older brain. The brain structure 
changes during aging, and the targets and their 
functional characteristics may also change. 
Thus, one can expect that ethanol will have dis-
tinct effects on the brain of an aged organism.

This chapter discusses the available data 
showing how aging influences critical proteins 
that affect neuronal excitability, nerve conduc-
tion, and synaptic transmission and how aging 
modifies the sensitivity of these proteins to 
ethanol. The data show limited information on 
ethanol’s effects in the aged brains of mice 
and rats.

Keywords

Voltage-activated ion channel · Ligand-gated 
ion channel · Synapse · Ethanol · Aging

13.1  Overview of Ethanol Effects 
in the Brain and Body

Ethanol (C₂H₆O) is a simple aliphatic molecule 
that depresses some brain functions and has gen-
eral anesthetic properties. However, it is not clin-
ically used as an anesthetic agent because of its 
low therapeutic ratio. Other effects that might be 
of pharmacological and toxicological interest are 
that it produces a dose-dependent increase in 
pain threshold and a successive central nervous 
depression (Urban 2008; Egervari et al. 2021).

Because of its myriad of actions, including 
anxiolytic and rewarding effects on the central 
nervous system (CNS), either alone or co-abused 
with other drugs, this alcohol is currently the 
most widely used and abused legal drug (Burnette 
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et al. 2022). More than half of the world popula-
tion aged 15 years and over have reported that 
they consumed alcohol in the previous year, pro-
ducing 3,000,000 deaths worldwide (5.3% of all 
global deaths) and 132.6 million disability- 
adjusted life years. For instance, in the United 
States, excessive consumption is responsible for 
13% and 20% of total deaths among adults 20–64 
and 20–49 years old, respectively (Esser et  al. 
2022a, b).

Upon oral consumption, ethanol quickly 
enters the blood. It reaches the central nervous 
system, interacting with several membrane pro-
teins primarily involved in neuronal excitability 
and fast-acting neurotransmitters (e.g., GABA, 
glycine, glutamate). The many effects of etha-
nol on brain functions occur across a narrow 
range of concentrations, from low millimolar 
(5  mM) up to 100  mM, indicating a complex 
myriad of actions likely produced by interact-
ing with several targets. The acute and depres-
sive effects of ethanol on the brain grow 
progressively greater as its concentration 
increases in the blood, causing first anxiolytic 
and then euphoric effects (H12  mM). With 
higher intake, blood concentration reaches lev-
els that cause legal intoxication (H18  mM), 
characterized by slower reaction times, motor 
incoordination, and cognitive impairment. At 
concentrations up to 50 mM, locomotor disrup-
tion, cognitive impairment, and sedation levels 
are more prominent causing falls and increas-
ing the incidence of accidents (Fig.  13.1). 
Above this level, strong sedation and respira-
tory depression can lead to coma or death 
(Alifimoff et al. 1989; Abrahao et al. 2017).

It has been reported that the abuse of ethanol 
intake is increasing among the elderly (Han et al. 
2019; Grant et al. 2017), and it is widely accepted 
that older brains are more sensitive to sedation 
and alterations in motor coordination and cogni-
tive functions produced by ethanol (Watson et al. 
2020). Evidence has emerged during the last 30 
years that acute ethanol administration causes the 
modification of several critical molecular targets 
responsible for the effects in the CNS at the rele-
vant dose range (no more than 100  mM). The 
accompanying long-term, chronic effects of etha-
nol likely result from changes originating from 
its sustained presence and the neuroplastic modi-
fications produced by changes in excitability and 
synaptic transmission (Crews et  al. 1996). This 
chapter will not deal with the chronic effects of 
ethanol, but it will focus on the main targets 
affected by its acute exposure, its molecular sig-
natures, and the evidence supporting its effects 
on aging.

Because the conformation of molecular tar-
gets changes with age, both normal and abnor-
mal, one can expect that their sensitivity to 
ethanol will also change. This concept is not 
unexpected because studies show that immature 
brains are more sensitive to the effects of ethanol 
(Quoilin et  al. 2014; Spear and Swartzwelder 
2014; Kulkarny et  al. 2011). However, as will 
become apparent in this chapter, few studies have 
examined the effects of ethanol on older brains, 
and most experimental models to study ethanol 
effects have used animals 3 months old or less. 
Thus, little is known about ethanol on its CNS- 
relevant targets during aging. Interestingly, as a 
result of a large survey of mice ages used in pre-

Fig. 13.1 The scheme 
shows the sensitivity to 
ethanol of critical 
ligand-gated and 
voltage-activated ion 
channels. The ethanol 
(mM) concentration 
indicates the associated 
behavioral effects it 
produces at the stated 
level
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clinical research and the notion that important 
characteristics of brain development are still in 
progress at 5–6 months, it was suggested that 
3–4-month-old mice should be the minimum age 
for an adulthood model (Jackson et  al. 2017). 
Therefore, the most updated consensus on the 
stages of aging in the C57BL/6J mice considers 
an adolescent animal at <3 months of age, with a 
young adult corresponding to 3–6 months, a 
12-month-old corresponding to a middle-aged 
adult, and an aged (old) mouse corresponding to 
22–28 months (Fox 2007). These ages can be 
compared to mature (20–30 years), middle age 
(38–47 years), and old (>56 years) in humans 
(Konar-Nie et al. 2023; Jackson et al. 2017). This 
chapter will first examine the effects of ethanol 
on key protein targets (effectors) involved in neu-
ronal excitability and fast-acting neurotransmit-
ters (e.g., GABA, glycine, glutamate) and then 
discuss the limited data available on aged targets. 
The information presented will show that despite 
an increasingly aging population, studying what 
makes us sensitive to ethanol is still of limited 
interest to investigators and research 
foundations.

The molecular targets in the nervous systems 
where ethanol interacts and affects diverse 
 behaviors have been defined by (1) existence of a 
molecular entity (protein) affected by a low phar-
macologically relevant concentration of ethanol; 
(2) mutations of amino acids important for etha-
nol affecting the ethanol sensitivity of the pro-
tein; (3) structural biological evidence indicating 
that ethanol inhabits a putative binding site; and 
(4) genetic alteration of the target protein (KO or 
KI) that affects the ethanol phenotype (Harris 
et al. 2008). However, the fulfillment of all these 
criteria for molecular targets is not so straightfor-
ward due to the following: (1) genetic manipula-
tions can cause significant alterations in the 
normal function of the protein, (2) lack of struc-
tural evidence on ethanol occupation in the 
mutated binding site, and (3) the criteria do not 
consider allosteric regulatory mechanisms on the 
target protein (Abrahao et al. 2017; Yevenes et al. 
2008; Kuntamallappanavar and Dopico 2017).

13.2  Effects of Ethanol 
on Behavior with Aging

Currently, there is little information on the effects 
of ethanol in aged individuals. As expected, some 
differential neuropsychological effects have been 
reported at different levels of ethanol consump-
tion. Studies in humans, for instance, showed that 
older individuals have worse performances in 
psychological tests assessing working memory, 
attention, and cognition when compared to 
younger counterparts (Garcia et  al. 2020; Han 
and Jia 2021; Price et  al. 2018). Using animal 
models under well-defined laboratory conditions, 
the main effects of ethanol that have been evalu-
ated are cognition, ataxia, hypothermia, and 
sedation. For ataxia, hypothermia, and sedation, 
an age-dependent level of impairment was 
reported when comparing adolescent, adult, and 
aged rats (Watson et  al. 2020; Matthews et  al. 
2019; Perkins et al. 2018). No differences were 
observed between adolescent and adult animals 
following an acute dose of ethanol on spatial 
memory, suggesting that aging does not affect 
hippocampal-dependent behaviors (Chin et  al. 
2011; Matthews et al. 2020). However, acute eth-
anol administration to the 29–33-month-old 
group showed significantly greater cognitive 
impairment in the Morris water maze (Matthews 
et al. 2020). Thus, ethanol targets playing roles in 
ataxia, hypothermia, sedation, and motor control 
seem to be more affected by aging and by the 
drug (Blednov et al. 2023; Beleslin et al. 1997; 
Aguayo et al. 2014; Zamudio et al. 2020). These 
different effects can be due to several changes 
occurring during brain aging, such as loss of syn-
aptic reserves, reduction in synaptic contacts and 
proteins, and alterations in their molecular con-
formations. Here, we aim to discuss the main tar-
gets reported and changes in functions with acute 
ethanol. After this, and where data on ethanol 
actions on the aged central nervous system are 
available, we will review whether a particular tar-
get is more or less sensitive to ethanol and might 
contribute to behavioral changes after its 
administration.

13 Changes in the Properties of Ethanol-Sensitive Molecular Targets During Maturation and Aging
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13.3  Effects of Ethanol 
on Voltage-Activated 
Sodium Channels

Sodium channels are among the most important 
ion channels in neuronal excitability and nerve 
conductivity. Indeed, voltage-gated sodium chan-
nels mediate the rising phase of nerve depolariza-
tion during the propagation of action potentials. 
These proteins have been proposed as possible 
anesthetic targets because of their central role in 
neuronal communication and integration. The 
action potential elicited in the squid giant axon, 
resulting from the successive activation of inward 
sodium and outward potassium channels, was 
found to be quite resistant to high molar concen-
trations of ethanol (Rosenberg and Bartels 1967), 
suggesting that they might not serve as signifi-
cant mediators of clinical anesthesia. Similarly, a 
high concentration (>100 mM) of ethanol did not 
affect the membrane conductance for sodium and 
potassium membrane responses (Moore et  al. 
1964). Studies in rats showed that ethanol acts as 
a general anesthetic at concentrations varying 
from 97  mM in adults to 235  mM in neonates 
(Fang et  al. 1997). At this range of concentra-
tions, it is apparent that ethanol inhibits neuro-
transmission in isolated rat spinal cords, 
indicating that ethanol can inhibit neurotransmis-
sion without changes in nerve firing and intrinsic 
excitability (Wong et al. 1997).

A direct analysis of the sensitivity of the pre-
dominantly adult brain-expressed sodium chan-
nel IIA (NaV1.2a) showed that they were 
inhibited only by high ethanol concentrations, 
e.g., IC50 of 690 mM at –120 mV and 292 mM  
at –60 mV (Rehberg et al. 1996). In another study 
where the Nav1.2 was co-expressed with the β1 
subunit in Xenopus oocytes, it was reported that 
100 mM ethanol caused less than 20% of current 
inhibition (Shiraishi and Harris 2004). Additional 
studies showed that ethanol (190 mM) inhibited 
several sodium channel subtypes Nav1.2, Nav1.4, 
Nav1.6, and Nav1.8 tested in oocytes (Horishita 
and Harris 2008). The data suggest that ethanol- 
induced anesthesia might not be associated with 
inhibiting these types of voltage-dependent tar-
gets in the CNS (Fig. 13.1).

Some studies have examined the effects of 
aging on Nav1.2 channels. For instance, wild- 
type dopaminergic neurons of the substantia 
nigra from 8- to 40-week-old-wild-type mice 
exhibited stable cell capacitance, input resis-
tance, and spike width. Still, these membrane 
properties were significantly altered in a MitoPark 
mice model for accelerated brain aging (Branch 
et al. 2016).

In addition, pacemaker firing was disrupted 
together with an upregulation of Nav1.2, NavB3, 
Cav1.2, Cav1.3, and HCN1 expression in older 
MitoPark mice. Interestingly, a genome-wide 
association study of the C allele of the SCN1A 
variant rs10930201 was associated with poor 
short-term memory performance in healthy vol-
unteers between 21 and 82 years of age. The vari-
ant rs10930201 was further determined to be 
associated with differences in neural activity dur-
ing a working memory task and on brain struc-
ture, indicating reduced gray matter densities in 
the frontal and insular regions in the C allele car-
riers, especially during aging (Meier et al. 2012).

Regarding the excitatory role of sodium chan-
nel function on pathological brain aging, a recent 
study showed that Navβ2, a sodium channel 
accessory subunit, regulated the toxicity of Aβ1- 
42 hippocampal and cerebellar neurons (Li et al. 
2022). For example, using a Navβ2 expression 
interference lentivirus, the investigators showed 
that neuronal cell viability was restored, together 
with an increased level of brain-derived growth 
factor. In addition, the treatment decreased the 
expression of the amyloid precursor protein. 
Another study showed that reduction of Nav1.6 
following the injection of an adeno-associated 
virus with short hairpin RNA shRNA into the 
hippocampus of 5-month-old APP/PS1 trans-
genic mice rescued cognitive impairments and 
long-term potentiation (Yuan et  al. 2022). In 
addition to Alzheimer’s disease (AD), sodium 
channels are associated with other types of aging- 
related neurodegenerative diseases. For example, 
several subunits have been implicated in 
Parkinson’s disease (Vaidya et al. 2024). In con-
clusion, sodium channels appear to influence nor-
mal and abnormal aging. However, there are no 
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available studies indicating whether their sensi-
tivity to ethanol is affected by age.

13.4  Effects of Ethanol 
on Voltage-Activated 
Calcium Channels

Voltage-operated calcium channels play a funda-
mental role in the control of neuronal excitability. 
Early studies showed that ethanol inhibits 
depolarization- induced Ca2+ influx through 
voltage- gated Ca2+ channels in synaptosomes and 
presynaptic nerve terminals (Leslie et  al. 1983) 
(Skattebol and Rabin 1987). These studies also 
showed that ethanol reduced voltage-dependent 
Ca2+ influx in cultured neuronal and PC12 cells 
(Messing et  al. 1986). Twombly et  al. (1990) 
reported that both T-type (transient) and L-type 
(sustained) voltage-gated Ca2+ channels in N1E- 
115 neuroblastoma and NG108-15 neuroblas-
toma x glioma hybrid cells were inhibited by 
ethanol (>30  mM), with L-type voltage-gated 
Ca2+ channels showing significantly more inhibi-
tion at the same ethanol concentration. 
Concentration–response curves showed that 100 
and 300 mM ethanol blocked the T- and L-current 
by approximately 15 and 40%, respectively. The 
voltage dependence of type L channel inactiva-
tion and activation was not altered by ethanol 
concentrations as high as 300  mM.  The results 
did not find evidence of a use-dependent block-
ing action of the calcium-permeable pore by eth-
anol. In another early study, using whole-cell 
patch-clamp techniques in PC cells, it was 
reported that acute exposure to 25  mM ethanol 
inhibited macroscopic L-type Ca2+ (possibly 
Cav1.2) currents in undifferentiated PC-12 cells. 
In addition, intracellular application of guanosine- 
5′-O-(2-thio)diphosphate or pretreatment with 
pertussis toxin reduced the effect of ethanol inhi-
bition in undifferentiated cells, suggesting the 
involvement of a G protein in ethanol inhibition 
of Ca2+ channel cells (Mullikin-Kilpatrick et al. 
1995). The specific molecular targets of the 
inhibitory effects of ethanol reported studying 
whole-cell calcium current are currently 
unknown, but more recent studies examining 

mRNA and protein levels for CaV1.2 and CaV1.3 
α1 subunits after ethanol administration indi-
cated that they are potential targets (N’Gouemo 
et  al. 2015). Interestingly, these subtypes (with 
the respective gene loci CACNA1C and 
CACNA1D) are primarily expressed in the cen-
tral nervous system (Hell et al. 1993), and both 
have been implicated in alcohol use disorder 
(AUD), specifically in alcohol-dependent rats 
during protracted abstinence (Uhrig et al. 2017). 
However, the reported upregulated expression of 
these ion channels might represent neuroplastic 
changes resulting from reduced excitability dur-
ing the chronic administration of ethanol (Ratkai 
et  al. 2021) and not actual sensitive molecular 
targets for the drug.

Studies in aged rats (19–23 months) showed 
that aged hippocampal CA1 neurons had a higher 
somatic expression of Cav1.2 subunits and exhib-
ited larger afterhyperpolarization (AHP) and 
lower excitability compared with adult (6–9 
months) neurons. On the other hand, pyriform 
cortex neurons from aged rats showed higher 
excitability without differences in AHP. However, 
adult and aged pyriform cortex showed similar 
expression of Cav1.2 (Maziar et  al. 2023). 
Additional studies in pyriform cortex neurons 
showed a significant increase in synaptic Cav1.2 
as the rats aged from 2 to 25 months. This change 
was suggested to play a role in the observed shift 
in synaptic plasticity from an NMDA-dependent 
to a low threshold calcium channel-dependent 
long-term depression (LTD) (Rajani et al. 2021).

Using specific antibodies against Cav1.2 and 
Cav1.3 subunits, another study compared subunit 
expression in the hippocampus from young 
(3–4-months-old) and aged (30–32-months-old) 
rats. Western blot analysis of the total expression 
levels revealed significant reductions in both Cav 
1.2 and Cav 1.3 subunits, together with a higher 
expression of the subunits in the plasma mem-
brane in the CA3 region from aged rats (Nunez- 
Santana et al. 2014). Regulation of these channels 
by ethanol during aging is important because cal-
cium serves as a second messenger, and it is 
believed that altered neuronal calcium homeosta-
sis participates in brain remodeling and excitoxic-
ity during aging in the hippocampus (Khachaturian 
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1987; Power et al. 2002). Additionally, reduction 
in the expression of CaV 1.2 prevented object rec-
ognition deficit and expression of the channels in 
the hippocampus of aged mice (4–18 months) 
(Zanos et al. 2015). More recent studies have pro-
vided further experimental confirmation that cal-
cium dysregulation can affect brain aging. Using 
a transgenic mouse line that displays an enhanced 
expression of the L-type voltage-gated calcium, 
CaV1.3, it was found that pyramidal neurons in 
the CA1 region of the hippocampus showed a 
larger postburst afterhyperpolarization, together 
with a deficit in spatial learning and memory 
when compared to wild-type littermates (Moore 
et  al. 2023). Calcium channels are also seen to 
play a role in neurodegeneration. For instance, 
silencing of striatal CACNA1D transcription with 
rAAV- CaV1.3-shRNA in male and female parkin-
sonian rats of advanced age conferred protection 
against dyskinesia scalation (Caulfield et  al. 
2023). Similar to sodium channels, no reports are 
available on the ethanol sensitivity of these criti-
cal ion channels in the aged brain. This informa-
tion is relevant because of their key role in the 
calcium dysregulation hypothesis of brain accel-
erated aging.

13.5  Effects of Ethanol 
on Potassium Channels

The family of potassium channels can be allo-
cated into four classes: (1) outward rectifiers 
voltage-gated K channels (Kv) responsible for 
repolarizing the membrane during the action 
potential, (2) inwardly rectifying K channels 
(Kir) acting to maintain a negative resting poten-
tial, (3) two-pore potassium channels (K2P) 
maintaining leak K currents, and (4) Ca2+-
activated potassium channels (KCa) with roles in 
synaptic transmission and microvasculature 
vasodilation (Taura et al. 2021).

Historically, one of the first studies that sug-
gested that ethanol interfered with a type of 
potassium channel was performed in locus coeru-
leus neurons. These neurons show a classic type 
of inward rectification, which is highly sensitive 
to blockade by Ba2+, and the application of etha-

nol (40–200 mM) increased the amplitude of the 
inward rectification in the neurons. Suggestive of 
a molecular interaction, the effect of ethanol was 
concentration-dependent and fully reversible 
when the tissue was exposed to an ethanol-free 
solution (Osmanovic and Shefner 1994). The 
effects of ethanol (20 mM) were also studied on 
hippocampal dentate granule neurons in brain 
slices from young-mature (6–8 months) and old 
(25–29 months) Fischer-344 rats. Supporting 
actions on potassium channels, ethanol caused a 
hyperpolarizing effect on the resting membrane 
potential and a prolongation of spike afterhyper-
polarization (AHP) in young neurons. On the 
contrary, it caused a depolarizing action and 
decreased AHPs in older neurons (Niesen et al. 
1988). There are no more updated indications, 
using more definitive molecular targets, on the 
differential effects of ethanol on aging neurons. 
Data studying neuronal excitability in the pres-
ence of ethanol indicated that it did not affect the 
main properties of the action potential, i.e., 
amplitude, threshold, or half-time, thus discount-
ing Na+, Ca2+, and outward rectifying potassium 
channels from the list of potential ethanol- 
sensitive targets (Rosenberg and Bartels 1967; 
Moore et al. 1964).

Distinct types of G-protein-gated inwardly 
rectifying potassium (GIRK) subunits (GIRK1, 
GIRK2, and GIRK3) are expressed in the brain 
(Zhao et al. 2021). These ion channels can form 
either homotetramers of GIRK2 or heterotetra-
mers (e.g., GIRK1/GIRK2) in distinct brain 
regions (Luscher and Slesinger 2010; Lujan and 
Aguado 2015). The opening of these potassium 
channels require G protein-coupled receptor 
(GPCR) activation leading to the dissociation of 
Gβγ subunits from the heterotrimeric G protein 
complex and the activation of GIRK channels via 
Gβγ binding to the channel. Studies had indi-
cated that these potassium channels are sensitive 
to ethanol. For example, an electrophysiological 
study in oocytes showed that ethanol rapidly and 
reversibly enhanced the inward current associ-
ated with GIRK1/GIRK2 or GIRK1/GIRK4 sub-
units (50–100  mM). Interestingly, the effect of 
ethanol was blocked by Ba2+, which was indepen-
dent of the activation of a G protein-coupled 
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receptor (GPCR) (Kobayashi et al. 1999). In con-
trast, the IRK3 channel was not affected by 
200 mM ethanol, suggesting molecular specific-
ity. The current induced in the GIRK1/GIRK2 
complex was examined in the presence of 
n- alcohols, showing that from methanol to 
1-butanol, an inward potassium current was 
induced and that the potencies of these n- alcohols 
increased as the carbon chain length increased, 
except that 1-pentanol inhibited basal GIRK1/2 
currents. Finally, examination of mice with muta-
tions in GIRK2 implicated these potassium chan-
nels in pain processing, but not in the sedative 
effects of ethanol. Studies using GIRK2 KO and 
GIRK3 KO mice showed different effects of eth-
anol on two behaviors. The weaver mutant mice 
with a missense mutation in the GIRK2 channel 
showed a loss of ethanol-induced analgesia 
(Kobayashi et al. 1999). In contrast, the GIRK3 
KO mice showed increased ethanol binge-like 
drinking behavior (Herman et  al. 2015). Not 
much is known about the effect of aging on the 
expression of these ion channels in the brain. 
However, a recent study in the hippocampus of 
wild-type and APP/PS1 Alzheimer’s disease 
mice model reported that age reduced the expres-
sion of GIRK2, together with an increase in 
GIRK3 between 6 and 12 months (Temprano- 
Carazo et  al. 2022). In addition, when the ani-
mals were challenged to perform spatial memory 
training, the deficit in GIRK2 was restored.

In another study, electrophysiological record-
ings in hippocampal slices showed that ethanol at 
low concentrations (22–44  mM) reduced the 
amplitude of the M-current amplitude at depolar-
ized membrane potentials. In addition, 1  μM 
atropine (and TTX) did not alter the ethanol 
effect on the M-current, suggesting that the site 
of ethanol action is far from the muscarinic 
receptor (Moore et al. 1990). The nature of this 
slow-activating, not inactivating current is the 
KV7 voltage-gated subunit that is sensitive to 
muscarinic receptor activation. Type KV7 chan-
nels play an important role in regulating the 
action potential threshold in dentate gyrus gran-
ule neurons by activating at subthreshold poten-
tials (Mateos-Aparicio et al. 2014; Cannady et al. 
2018). The effect of ethanol (>100  mM) was 

assessed in Kv7.2/7.3 channels expressed in 
superior cervical neurons and HEK 293 cells 
(Kim et  al. 2019). The study also showed that 
ethanol inhibited the M-type and increased neu-
ronal excitability by resetting the resting mem-
brane potential. Examination of a series of 
n-alcohols showed that ethanol depressed, 
whereas long-chain n-alcohols increased the 
amplitude of the current response (Jeong et  al. 
2023). The authors suggest that the effect of etha-
nol was coupled with a selective EtOH-binding 
site. A recent study has revealed an association 
between Kv7 channels with alcohol-related 
quantitative trait loci (QTLs) and chronic alcohol 
consumption and withdrawal (Mcguier et  al. 
2018).

Finally, ethanol increased the decay time of a 
transient outward potassium current at concentra-
tions above 200  mM (Treistman and Wilson 
1987; Weight 1992), and examination of several 
potassium channels in oocytes showed that sub-
units from the Shaker and Shab subtypes were 
insensitive to 200 mM (Anantharam et al. 1992).

Not many studies on the aging of potassium 
channels are available. For instance, the expres-
sion of potassium channels KCNQ4 (KV7.4) in 
outer hair and KCNQ1 (KV7.1) in marginal cells 
of the stria vascularis were studied at 6 weeks 
(juvenile), 12 weeks (young adult), and 24 weeks 
(adult), revealing that aging reduced their expres-
sion. How these changes in the expression of 
potassium channel subunits modify neuronal 
excitability and perhaps some ethanol behaviors 
is largely unknown (Peixoto Pinheiro et al. 2021).

The KCa (Ca2+-activated) channels, with large 
conductance (BK, slo1 channels), are affected by 
exposure to pharmacologically relevant alcohol 
concentrations. For example, the current ampli-
tude induced by BK channels was enhanced in 
response to rapid application to 10–100 mM eth-
anol in rat neurohypophysial nerve endings 
(Dopico et al. 1996). More recent studies using 
recombinant slo1 α subunit that form BK chan-
nels (Bukiya et al. 2014; Dopico et al. 2014) have 
provided definitive evidence for a selective inter-
action between ethanol and the protein. 
Interestingly, the current that results from the 
activation of native BK channels can be 
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 differentially affected by ethanol, causing an 
increase, decrease, or no effects on the function 
when these channels are exposed to ethanol, thus 
suggesting complex interactions with the regula-
tory sites in the ion channel (Dopico et al. 2016). 
Nevertheless, the actions of ethanol on this target 
appear to be selective because it occurs without 
altering potassium outward rectifiers (Dopico 
et al. 1996) or slo2 and slo3 channels (Liu et al. 
2013).

Potassium channels also play a role in normal/
abnormal aging. For example, in an oxidative 
stress-based cellular model of aging, it was 
reported that the activation of catalase and super-
oxide dismutase was accompanied by a signifi-
cant reduction in the current density of Kv3.1/
KCNC1 (Spinelli et al. 2024). In addition, it was 
reported that the inhibition of Kv3.1 was able to 
increase lifespan in Caenorhabditis elegans, 
affecting the production of free radicals (Admasu 
et al. 2022). The large-conductance BK channel 
also appears to regulate auditory processing in 
the aging brain. An age-related reduction in BK 
expression was reported using a selective potas-
sium channel modulator, where equivalent doses 
produce a smaller effect with age (Brecht et al. 
2022). Studying rat middle cerebral artery, it was 
found that an age-dependent increase in BK β1 
protein levels paralleled the progressive increase 
in the susceptibility of cerebral arteries to ethanol 
(Bukiya et al. 2016). The results support the con-
clusion that this BK component regulates age- 
dependent ethanol-induced vasoconstriction. The 
function of the inward rectifying potassium chan-
nel Kir2.1 was recently studied in a model of oxi-
dative stress-related aging neuroglia exposed to 
D-galactose. The results suggest that inhibition 
of the channel might contribute to neuronal 
hyperexcitability during aging (Remigante et al. 
2024). The APPSw,Ind J9 transgenic AD mice 
(6–18 months) showed a progressive amyloid-β 
(Aβ) accumulation and decreased GIRK2 expres-
sion in the hippocampus (Temprano-Carazo et al. 
2022). A similar reduction was also found in 
aged WT mice, suggesting that aging is associ-
ated with reduced GIRK2 expression. A recent 
report explored the link between glucose metabo-
lism and AD by examining KATP channel sub-

units Kir6.2/KCNJ11 and SUR1/ABCC8 
expressed in excitatory and inhibitory neurons in 
the human brain (Grizzanti et al. 2023), finding 
that their expression changed with AD pathology 
in human and mice models. The data in excit-
atory neurons showed that KCNJ11 expression 
was increased in early and late AD, while ABCC8 
expression was decreased. The role of ATP- 
sensitive channels was also reported in 
Parkinson’s disease-associated neurodegenera-
tion. Using 3-, 6-, and 9-month-old A53T 
α-synuclein transgenic (α-SynA53T+/+) mice, it 
was reported that only the expression of the 
KATP subunit sulfonylurea receptor 1 (SUR1) 
subunit was upregulated, accompanied by neuro-
nal damage in nigral dopaminergic neurons (Liu 
et al. 2022). Despite the availability of a body of 
information indicating that physiological and 
pathological aging affects the structure and func-
tion of potassium channels, to our knowledge, 
there are no studies on changes in ethanol sensi-
tivity with aging.

13.6  Effects of Ethanol 
on N-Methyl-d-Aspartate 
(NMDA) and α-Amino-3- 
Hydroxy-5-Methyl-4- 
Isoxazolepropionic Acid 
Receptor (AMPA) Ion 
Channels

Previous electrophysiological studies showed 
that ethanol (100 mM) reduced the NMDA cur-
rent activated in brain slices and cultured neurons 
by 20–35% (Xu and Woodward 2006; Lovinger 
et al. 1990). These results suggested that inhibi-
tion of NMDA receptors by ethanol played an 
important role in ethanol depressive actions 
(Zamudio et  al. 2021; Ron and Wang 2009). A 
series of mutagenesis studies performed in sev-
eral laboratories identified domains in GluN1 and 
GluN2 subunits that influenced ethanol inhibition 
of this receptor complex (Zamudio et  al. 2020; 
Honse et al. 2004; Ronald et al. 2001). These data 
were valuable in creating KI mice to test the 
behavioral changes produced by the mutation. 
For example, GluN2A(A825W) knock-in (KI) 
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male mice showed reduced sedation with ethanol 
(Zamudio et al. 2020) and decreased or delayed 
drinking escalation after intermittent ethanol 
vapor exposure (Zamudio et al. 2021). Although 
less is known about ethanol in AMPARs, studies 
in cultured neurons showed that they are inhib-
ited at a similar concentration as NMDARs 
(Wirkner et  al. 2000; Lovinger 1993). 
Nevertheless, the molecular mechanisms under-
lying ethanol’s inhibition of AMPARs and 
NMDARs are largely unknown. Because some 
mutations that make NMDARs resistant are in 
transmembrane regions critical for gating and 
permeation, their pharmacological significance is 
currently discussed (Zamudio et al. 2020).

NMDARs and AMPARs are key regulators of 
synaptic plasticity (Jurado 2017; Henley and 
Wilkinson 2013) and are significantly less func-
tional with aging, even causing a reduction in 
dopamine release in the nucleus accumbens 
(Pandey et  al. 2015; Kumar and Foster 2019; 
Segovia and Mora 2005). Also, their reduced 
function likely accounts for decreased cognition 
with aging (Kumar and Foster 2019). For 
instance, impairment in memory and learning in 
aged rodents was associated with reduced 
NMDARs function and expression in the hippo-
campus and cortex (Guidi et al. 2015; Kumar and 
Foster 2019). For comprehensive recent reviews 
of the role of glutamatergic transmission, cal-
cium regulation overload, and therapeutic strate-
gies to retard normal and pathological aging, the 
following should be considered (Yu et al. 2023; 
Castillo-Vazquez et al. 2024).

Sadly, the study of ethanol actions on these 
important neurotransmitters signaling during 
aging is quite underdeveloped, thus limiting our 
understanding of potential neurobiological tar-
gets and mechanisms for drinking (Konar-Nie 
et al. 2023).

13.7  Effects of Ethanol on GABAA 
Cl– Channels

Analysis of several protein targets associated 
with critical brain neurotransmitters has shown 
that ethanol can affect their functions. An early 

indication that ethanol directly affected the func-
tion of brain gamma amino butyric acid (GABAA) 
receptors was reported more than 40 years ago 
from recordings in cat cortical neurons. This 
report is relevant since it was the first demonstra-
tion that ethanol selectively affected an ion chan-
nel gated by a neurotransmitter at concentrations 
that did not affect excitability. In addition, it initi-
ated a long, still not completely unresolved, path-
way of research that showed the complexity of 
defining some ethanol-sensitive targets. Using 
electrophysiological techniques, the study in cat 
cortical neurons showed that local ethanol appli-
cations enhanced GABA-mediated responses 
(Nestoros 1980). Supporting this finding, follow-
 up biochemical experiments in several laborato-
ries showed that ethanol (>10  mM) potentiated 
GABAA-activated 36Cl– flux in rat brain synapto-
somes and cultured spinal neurons (Allan and 
Harris 1987; Mehta and Ticku 1988; Suzdak 
et  al. 1986; Engblom and Akerman 1991). 
However, these studies did not provide evidence 
supporting a mechanism, such as pre- or postsyn-
aptic localization for ethanol action. 
Electrophysiological studies performed in rat 
brain slices and dorsal root neurons could not 
confirm the existence of ethanol effects on post-
synaptic GABAAR (Siggins et  al. 1987; White 
et al. 1990), supporting the notion that this het-
erogeneity was due to differential expression of 
receptor subunits (Aguayo et al. 2002; Pritchett 
et  al. 1989; Levitan et  al. 1988). Additionally, 
around this time, it became evident that intracel-
lular mechanisms, such as intracellular Ca2+ and 
phosphorylation states, highly regulated the func-
tion of GABAA receptors (Stelzer et  al. 1988; 
Inoue et al. 1986).

Regarding the differential sensitivities for eth-
anol in the distinct GABAA subunits expressed in 
the brain, an early study on recombinant recep-
tors reported that the long γ2L, but not the short 
γ2S splice variant of GABAAR, affected the etha-
nol potentiation (Wafford et  al. 1991, 1993). 
Interestingly, the phosphorylation S343 site 
mutation in the γ2L variant and the addition of 
kinase inhibitors abolished ethanol potentiation 
(Wafford and Whiting 1992). In another recent 
study supporting subunit specificity for ethanol 
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actions, GABAAR-containing δ subunits exhib-
ited a potentiation of up to 50% with ethanol con-
centrations of 10 mM in oocytes (Wallner et al. 
2003). However, other studies did not report 
potentiation using the same GABAA subunit, sug-
gesting the role of intracellular regulations 
(Borghese et  al. 2006; Yamashita et  al. 2006). 
Thus, after 40 years of work in this area, we still 
cannot conclude if some subunit conformation of 
GABAAR plays a role in the effect of ethanol on 
this critical inhibitory neurotransmitter system.

The other alternative to explain the differences 
in ethanol sensitivity on this molecular target can 
be associated with changes in the neuronal intra-
cellular state that affect the sensitivity of the tar-
get to ethanol, thereby explaining the diversity in 
the postsynaptic effects of ethanol reported in the 
literature. For example, ethanol potentiated the 
GABA-induced Cl− current in hippocampal and 
cortical neurons (Aguayo 1990). This study 
showed cellular heterogeneity and found that 
ethanol affected about half of the cortical and 
hippocampal neurons examined. It was also dem-
onstrated that the potentiating effects of ethanol 
on GABAAR were not mediated by sites related 
to diazepam or barbiturate actions; also, the drug 
itself could not gate the ion channel directly. The 
potentiating effects of ethanol in mouse hippo-
campal neurons occurred at lower concentrations 
(10 mM) than in rats (300 mM) (Aguayo et  al. 
1994). Other electrophysiological studies also 
reported the heterogeneity of ethanol effects 
using cultured and acutely dissociated Purkinje 
cells (Sapp and Yeh 1998). The positive modula-
tion of the GABAAR in cerebellar Purkinje neu-
rons by ethanol was made more apparent after 
sensitizing β-adrenergic receptor pathways, thus 
supporting the notion that intracellular pathway 
signaling, in this case, the cyclic AMP-PKA, 
played a role in the modulation of ethanol sensi-
tivity (Lin et  al. 1994; Yang et al. 1998). Other 
studies indicated that the potentiation of 
GABAAR by ethanol and flunitrazepam, two allo-
steric modulators, was significantly increased in 
PKCε KO mice mutants (Hodge et al. 1999), and 
the potentiation of GABAAR was affected by 
exogenous activation of PKC and G protein 
(Weiner et al. 1994a; Aguayo et al. 1994, 2002). 

The effects of PKC on the allosteric actions of 
ethanol on GABAAR were distinct in rat and 
mice-derived neurons. For example, PKC activa-
tion reduced ethanol sensitivity in cultured hip-
pocampal mouse neurons, whereas it had the 
opposite effect in rat hippocampal slices (Weiner 
et al. 1994b; Aguayo and Pancetti 1994). Finally, 
the developmental state of the GABAAR affected 
its sensitivity to ethanol (Aguayo et  al. 2002), 
similar to the sensitivity to other drugs such as 
benzodiazepines acting on GABAAR (Kapur and 
Macdonald 1999).

There is little information regarding the effects 
that physiological aging has on the GABAAR 
complex. In the normal human aging brain 
(40–90 years), a negative correlation between age 
and the level of the α1 subunit was reported in the 
female CA1 hippocampal region. In contrast, a 
negative correlation was found for β1, β3, and γ2 
subunit expression in the male dentate region 
(Ethiraj et  al. 2021). A positive correlation was 
reported in the female brain between age and γ2 
subunit expression in the entorhinal cortex. A 
recent study in aging mice hippocampus, from 
young (6 months) to old (21 months) age groups, 
using Western blotting and immunohistochemis-
try, found that the GABAergic signaling is highly 
stable, with no significant age-related differences 
in α1, α2, α3, α5, β3, and γ2 subunit expression 
levels (Palpagama et al. 2019). Interestingly, an 
electrophysiological study in young (1–3 months) 
and aged rats (19–25 months) showed that aging 
increased the allosteric effect of midazolam in 
GABAAR (Griffith and Murchison 1995). The 
same study found that the amplitude of the cur-
rent was larger and presented similar EC50 in the 
older neurons. Although limited in scope, the 
results indicate that GABAAR subunit expression 
in the normal brain is quite stable during aging. 
On the other hand, recent data indicate that path-
ological aging causes transcriptional downregu-
lation of several GABAAR subunits, namely, α1, 
α2, α3, α5, β1, β2, β3, δ, γ2, γ3, and θ, in the 
middle temporal gyrus of AD patients 
(Govindpani et al. 2020). Because of the inhibi-
tory action of GABAAR on neuronal activity, a 
reduction in its expression would likely lead to 
alterations in the excitatory/inhibitory balance 
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that might cause the high incidence of epilepti-
form activity reported in AD (Vossel et al. 2017). 
Regarding the reduced synaptic plasticity and 
memory processes in AD, a disruption in 
GABAA-mediated inhibition appears to alter key 
nuclear calcium signals, including neuroprotec-
tive genes in hippocampal neurons (Lobos et al. 
2023).

No data on the effects of ethanol on the aged 
GABAAR are available. Because the elderly are 
more sensitive to ethanol’s sedative actions, this 
target may be more affected by ethanol, similar to 
benzodiazepines (Griffith and Murchison 1995).

13.8  Effects of Ethanol on Glycine 
Receptors (GlyRs)

Unlike GABAAR, postsynaptic GlyRs are pre-
dominantly found in spinal and medulla regions. 
Interestingly, upper regions of the CNS express a 
large number of postsynaptic GlyRs in the 
absence of a significant level of glycinergic neu-
rotransmission (Muñoz et  al. 2020). GlyRs are 
made of α1, α2, α3, and β subunits, thus generat-
ing a small number of potential conformations 
during development and adulthood. This is a sig-
nificant advantage compared to GABAAR and 
makes it possible to explore more precisely their 
expression and sensitivity to ethanol. Mature spi-
nal GlyRs are composed of α1β subunits 
(Legendre 2001; Lynch 2009). Previous studies 
showed that ethanol potentiates α1β GlyRs by a 
left shift on its activation curve (Aguayo et  al. 
1996), altering various brain functions that are 
affected by activation of these receptors (Schmid 
et al. 1991; Chang and Martin 2011). It is well 
known that the expression and function of GlyRs 
subunits are highly controlled during brain devel-
opment. For instance, α2 subunits predominate in 
neonatal spinal cord and decline in adulthood 
when α1 and β predominate (Aguayo et al. 2004; 
Hruskova et al. 2012; Takahashi et al. 1992).

Examining GlyRs function and conformation 
in aging is important because they are highly sen-
sitive to ethanol and play a role in sedation and 
drinking in young animals (Gallegos et al. 2021; 
Muñoz et al. 2020). For example, α1 and α2 β are 

highly sensitive ethanol targets and may be 
responsible for changes in ethanol-modified 
behaviors with aging. The role of α2 GlyRs was 
demonstrated by studying α2 KI and α2 KO mice 
that showed a reduced LORR (Gallegos et  al. 
2021; San Martin et al. 2020). Similarly, the α1 
KI mice were sedated to a lesser extent (Aguayo 
et al. 2014). Notably, these mutations only affect 
ethanol potentiation since gating and general 
anesthetic actions were not affected, and KI mice 
did not display behavioral alterations such as 
those produced by mutations in TM domains 
(Findlay et al. 2003). It is believed that α1β and 
α2β are important for ethanol-induced behaviors 
(Blednov et al. 2015; Muñoz et al. 2021). Unlike 
α1−2, the β subunit cannot assemble into func-
tional homomeric complexes and is only a struc-
tural component (Van Zundert et  al. 2004) that 
modulates GlyRs properties (Grudzinska et  al. 
2005; Muñoz et  al. 2021) including ethanol 
action (Muñoz et al. 2021).

During aging, a reduction in GlyR α1 and α2 
subunit levels and [3H] strychnine binding in the 
dorsal cochlear nucleus have been found in old 
rats (28–33 months old) (Wang et  al. 2009). 
Nakayama et  al. (1999) reported a significant 
decrease in strychnine binding in the vestibular 
nucleus complex of the rat as a function of age 
(3–26 months). The level of binding in the 
26-month-old rat was about half that in the 
3-month-old rat. In addition, a significant reduc-
tion in the expression and function of GlyRs, but 
not GABAAR, was reported in a pathological 
aging model in the nucleus accumbens 
(Fernandez-Perez et al. 2020). Therefore, changes 
in the expression of these subunits in the aging 
brain might impact ethanol drinking and prefer-
ence, and future studies should examine these 
possibilities.

Finally, GlyRs are found in synaptic and extra- 
synaptic (non-synaptic) sites, and several studies 
have shown that non-synaptic are the most 
ethanol- sensitive GlyRs (Muñoz et  al. 2020, 
Mccracken et  al. 2017, Maguire et  al. 2014, 
Muñoz et  al. 2018). It is currently unknown if 
these non-synaptic GlyRs are affected by aging, 
including their sensitivity to ethanol and capacity 
to modulate dopamine release in the nucleus 
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Fig. 13.2 The scheme 
shows how the 
expression of some 
critical ethanol-sensitive 
targets is affected during 
the life cycle (increase/
decrease/no changes). 
Only data for changes in 
the ethanol sensitivity of 
glycine receptors with 
brain maturation is 
available. The data 
summarizes reported 
effects at 3, 6, 12, and 
19–23 months in rodent 
models

accumbens. Because GlyRs expressed in this 
region are important for the release of dopamine 
and the intake of ethanol (Lido et  al. 2011; 
Molander et al. 2005; Molander and Soderpalm 
2005), it seems possible that changes in the con-
formations and density of this receptor with age 
might impact the pharmacological effects in the 
elderly (Fig. 13.2).

13.9  Conclusions

As reviewed, there is little information on the 
changes that occur during the complicated and 
little-known states of brain aging, even in a nor-
mal setting. Besides the processes of neuronal 
atrophy and loss of synaptic connectivity occur-
ring with age, it is likely that the molecular tar-
gets of ethanol will undergo profound changes in 
their conformations. Under aged conditions, eth-
anol would increase its effect on the brain and 
further alter the functions because the native cog-
nitive reserve is already reduced or because of 
changes in the sensitivity of the target protein to 
ethanol. The global lack of studies on the proper-
ties of these critical proteins that control excit-
ability and connectivity with age is noteworthy. It 
is likely associated with the high cost of using 
aged animals in the laboratory and the fact that 
funding agencies are only now, with an increased 
aging population, realizing how important it is to 
have preclinical data on this subject. For the 
effects of ethanol on aging, the data are quite lim-

ited, affecting our capacity to propose new, more 
effective, evidence-based medical and psycho-
logical treatments for AUD in the elderly.
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