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Abstract

Alcohol Use Disorder (AUD) is a prevalent and debilitating condition characterized by an
inability to control alcohol consumption despite adverse consequences. Current treatments for
AUD, including FDA-approved medications such as naltrexone and acamprosate, have limited
efficacy and compliance, underscoring the need for novel therapeutic approaches. The central
amygdala (CeA) plays a crucial role in the development and maintenance of AUD, particularly
aspects associated with stress and binge behaviors. Recent research indicates neuroimmune
signaling in the CeA is emerging as a key factor in this process. Chronic alcohol consumption
disrupts neuroimmune signaling, leading to altered cytokine expression and activation of

glial cells, including astrocytes and microglia. These changes contribute to the dysregulation

of neural circuits involved in reward and stress, perpetuating alcohol-seeking behavior and
relapse. This review delves into how chronic alcohol exposure affects neuroimmune signaling

in the CeA, contributing to the pathophysiology of AUD. By focusing on the impact of

cytokine expression and glial cell activation, this review aims to elucidate the mechanisms

by which neuroinflammation in the CeA influences alcohol-related behaviors. By providing a
comprehensive overview of the current state of research, this review identifies potential therapeutic
targets for AUD. Understanding the complex interplay between neuroimmune signaling and
alcohol-related behaviors may pave the way for more effective treatments and improved outcomes
for individuals struggling with AUD.
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Introduction

Alcohol use disorder (AUD) is a highly prevalent medical condition characterized the
inability to stop or control alcohol use, despite social, occupational, or health consequences.
The risk of AUD is increased by various factors, including drinking at a young age, genetics
and family history of alcohol problems, mental health conditions and trauma, and binge
drinking or heavy alcohol use [1]. Currently, treatments for AUD include support groups,
therapy, and medications. Three medications, naltrexone, acamprosate, and disulfiram,

are approved by the Food and Drug Administration to help stop or control alcohol use.
Naltrexone is an opioid antagonist, disulfiram is an acetaldehyde dehydrogenase inhibitor,
while acamprosate acts on the GABA and GABAg receptors and NMDA receptors,
amongst other targets [2,3]. Of these medications, acamprosate and naltrexone seem to

be more effective compared to disulfiram, which has major compliance issues due to

the unpleasant symptoms when alcohol is ingested [2]. Both naltrexone and acamprosate
are effective in patients who are not currently drinking alcohol [4]. Other therapeutics,
including Nalmafene (an opioid receptor antagonist), Baclofen (a GABAg receptor agonist),
Topimarate (an anticonvulsant medication), and others are emerging pharmacological
approaches in the US and globally for treating AUD [5]. However, due to the various side
effects and low efficacy/compliance of these medications, many studies have been searching
for new therapeutics.

Alcohol differentially affects neurotransmission in various brain regions, such as the central
amygdala (CeA), a finding that both allows for identification of novel therapeutics as

well as challenges in determining which systems might be the most effective targets for
clinical outcomes. Chronic heavy alcohol consumption can increase inflammatory activity
in the body and the brain (for more details on the functioning of the neuroimmune system
itself see [6-10]). A recent meta-analytical study explored the peripheral concentration of
various cytokines in patients with AUD and found that, overall, cytokine concentrations
increased in AUD patients, with the pro-inflammatory cytokines having the greatest effect
size [11]. Interestingly, the concentration of peripheral cytokines vary, with the greatest
cytokine concentrations being observed during active drinking and alcohol withdrawal

[11]. There have only been two studies investigating the central cytokine concentrations
through cerebrospinal fluid [12,13]. Both studies found elevations in inflammatory markers,
including 1L-6 [12] and MCP-1 [13]. In post-mortem samples of individuals with AUD,
studies have found elevated levels of inflammatory markers, such as MCP1, NF-kB and
HMGB1/11-1b heterocomplexes [11,14]. These clinical findings validate the importance of
inflammatory activity in alcohol use, not only peripherally, but also centrally. To further
our understanding of the mechanisms of neuroinflammation in alcohol use, pre-clinical and
foundational research are necessary.

This review will provide an overview of alcohol’s effects on the neuroimmune system
across the translational spectrum. We first discuss potential mechanisms by which alcohol
may modulate neuroimmune signaling in multiple brain regions. We then focus on alcohol-
neuroimmune interactions in the central amygdala (CeA), a brain system shown to be
critical to stress, binge behaviors, and AUD development. We finally discuss current
clinical literature on the use of neuroimmune modulators as potential treatments for AUD.
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Understanding alcohol-neuroimmune interaction in relevant neurocircuits may uncover
novel therapeutic approaches.

Neuroinflammation in AUD

Pre-clinical and foundational studies have extensively shown multiple roles of inflammation
processes in AUD and AUD models. Chronic alcohol consumption has been shown to
persistently increase neuroimmune gene expression [15]. A study examining the changes in
gene expression in response to alcohol in the ventral tegmental area, a brain region critical
for reward processing, found significant changes in several genes indicating an overall
upregulation of pro-inflammatory response and neuronal damage after alcohol exposure
[16]. Neuroimmune changes can also be found outside reward centers. For instance, chronic
alcohol through alcohol drinking and chronic intermittent ethanol (CIE) vapor exposure, a
model for inducing alcohol dependence, upregulates gene expression in the type 1 interferon
and cytokine signaling pathways in the nucleus of the solitary tract [17], part of the dorsal
vagal complex, a brainstem region regulating central and peripheral signaling interactions
that has been critically understudied in the AUD field [18-21]. Additionally, studies have
shown differential gene expression in inflammatory pathways in brain regions like the
prefrontal cortex, including changes in PDE4a[22], interferon signaling, astrocyte-neuron
communication, microglial homeostasis and immune surveillance [23]. Importantly, the
method and access schedule of alcohol exposure may induce changes in distinct gene sets
[24]. These and other studies exploring gene expression changes in response to alcohol have
found alterations in genes associated with astrocytes and microglia as well [16,17,22-25],
implicating the importance of these cells in alcohol responses. However, the broad nature
of alcohol-induced neuroimmune changes creates difficulty in understanding which of these
changes may make for the most efficacious treatment targets.

In addition to changes in gene expression, there are changes in the release of cytokines

and chemokines in response to alcohol, and these changes vary based on the brain region

and neuroimmune cell type studied. Alcohol’s effects on microglial activity are complex.
Microglia exist in a range of anti-inflammatory to pro-inflammatory states, and can release
both pro- (e.g. TNFa, IL-1pB, IL-6) and anti-inflammatory (e.g. IL-10) cytokines. Alcohol
application to microglial cells in vitro increases microglia activity as examined by changes
in morphology, phagocytic activity, and pro-inflammatory gene expression [26]. In alcohol-
treated rats through the Majchrowicz AUD model, a model for inducing alcohol dependence,
there is a reduction in the number of microglia in the hippocampus and an increase in the
number of degenerating microglia [27]. The degenerating microglia are hypothesized to have
impaired pro-inflammatory responses and reduced capacity to release anti-inflammatory
factors which are vital for cellular repair [27,28]. It is possible that microglial activation

and apoptosis are dependent on the length and severity of alcohol exposure. In adolescent
mice, a single alcohol exposure led into increased microglia number and activation states
[29]. However, after a 5-day alcohol exposure, there was an increase in the number of
apoptotic microglia, while a 14-day alcohol exposure followed by a 21-day withdrawal
reduced the number of microglia in the hippocampal dentate gyrus but showed the remaining
microglia stayed in an activated state [29]. Together, these findings suggest that microglia
may become pro-inflammatory after a short-term alcohol exposure [26,30,31], but with
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chronic alcohol, the microglia may become apoptotic and decline in number [27,29]. The
changes in microglia number may also be sex dependent, as a study exploring the effect
of binge alcohol and exercise on microglia numbers in the hippocampus found that female
mice have more microglia in the hippocampus compared to males after binge alcohol
consumption [32].

Like microglia, astrocytes also produce and release cytokines, including, but not limited to
IL-6, IL-8, IL-1p, and TNFa [33]. Alcohol causes increased glial fibrillary acidic protein
(GFAP) synthesis, suggesting an increase in the number of pro-inflammatory astrocytes
[34]. However, similar to microglia, alcohol can have a spectrum of effects on astrocytes,
not only increasing the immunoreactivity of these cells, but also leading to a reduction

in the number of astrocytes with long-term exposure [35]. The astrocyte density changes
are dependent on the time, brain region, and method of alcohol administration [36]. Some
studies show increased GFAP+ astrocyte density in the rat cerebral cortex following repeated
gavage [34] and in a period of alcohol withdrawal [37], while others show a reduction in
the number of GFAP+ astrocytes in the orbitofrontal cortex after 3 weeks of abstinence
from operant alcohol self-administration [38]. Activating astrocytes in the prefrontal cortex
(PFC) of alcohol-naive mice via chemogenetic approaches led to an increase in alcohol
consumption [39]. Additionally, reducing astrocyte calcium activity in the PFC resulted

in reduced alcohol intake in alcohol-naive mice [39]. Interestingly, chemogenetic PFC
astrocyte activation did not alter alcohol intake in mice with established drinking behaviors
[39].

Alcohol-induced cytokine expression varies by brain region

Some of the most common cytokines involved in AUD are TNFa, IL-1p, and IL-6
[11,27,40,41]. In pre-clinical models, chronic alcohol exposure has been shown to
upregulate the expression of IL-1p and IL-6 in the serum and the hippocampus [42]. In
the cerebellum of chronic alcohol-fed mice, the levels of TNFa and IL-1p were elevated,
in a toll-like receptor 4 (TLR4) dependent mechanism [43]. Chronic vapor alcohol exposure
also increases TNFa expression in the nucleus accumbens (NAc) and the expression of
IL-6 in ventromedial prefrontal cortex (vmPFC) and the NAc in both males and females
[44]. A single 14-hour vapor exposure led to an increase in TNFa expression not only in
the NAc, but also the basolateral amygdala (BLA) and the ventral tegmental area (VTA)
[44]. This single alcohol vapor exposure also led to an increase in IL-6 expression in the
NAc and the VTA, but not in the vmPFC, and this upregulation was specific to males only
[44]. Therefore, the effect of alcohol on cytokine expression throughout the brain may be
dependent on sex, the timing of alcohol exposure, and the region of the brain.

A critical brain region for AUD development is the central amygdala (CeA). The CeA is not
only integral to the emotional and motivational aspects of AUD, but also plays a pivotal role
in binge behaviors and acts as an integrative hub for numerous alcohol related circuits [45].
The remainder of the review will focus specifically on the CeA, discussing the role of CeA
in AUD development and CeA neuroimmune activity in alcohol behaviors and mechanisms
of action.
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The role of central amygdala mechanisms in alcohol behavior

To understand how the CeA neuroimmune activity is involved in alcohol related behaviors, it
is important to first understand how alcohol affects CeA neurocircuit function and how these
mechanisms lead to changes in alcohol behaviors.

CeA involvement in alcohol-related behaviors

Early studies implicating the CeA in alcohol consumption and alcohol-directed behaviors
showed that GABA receptor antagonism and opioid receptor antagonism in the CeA
decrease alcohol self-administration [46—48]. Lesions of the CeA reduce alcohol intake,
with no effect on overall fluid intake [49]. Intraperitoneal (i.p.) injections of alcohol lead to
increased immediate early gene (IEG) activation, namely c-fosand FosB, in the CeA [50].
Further studies indicate potential sex difference in alcohol effects on IEGs, as males exposed
to alcohol-containing diet had an increase in FosB activity, while females had an increase in
c-fos activity in the CeA [51].

In addition to IEG activation, studies showed that neuronal ensembles in the CeA may

be involved in alcohol seeking, especially in rats with a history of alcohol binge drinking
[52,53]. Inactivation of CeA neuronal ensembles during alcohol abstinence from two-bottle
choice and from chronic intermittent alcohol vapor exposure resulted in a reduction in
alcohol drinking in both alcohol-dependent and non-dependent rats [53]. Further studies
indicate meta-ensembles encoding alcohol and saccharin reward found that the CeA is one
of the most important nodes of the alcohol network in rats that self-administered alcohol.
Although the amygdala played a role in the saccharin network in rats, the CeA involvement
in the alcohol network was ranked much higher than in the saccharin network [54]. This
result suggests that the CeA is preferentially involved in the processing of alcohol-associated
stimuli, as opposed to general reward-associated stimuli. Combined, these data suggest that
alterations to CeA function is critical to alcohol intake in multiple models, and that these
alterations likely occur via cellular and synaptic mechanisms. A deeper understanding of
alcohol effects on CeA neurotransmission in cell-type dependent mechanisms may shed
light on the mechanisms driving development of alcohol use disorder and uncover potential
new treatment strategies.

CeA neurotransmission in alcohol-related behaviors and mechanisms

The CeA receives inputs from various cortical and subcortical regions and primarily
contains GABAergic cells, with some glutamatergic cells [45,55], all of which have been
shown to be modulated by alcohol exposure. To date, research on alcohol’s effects on
CeA neurotransmission has predominantly focused on GABAergic neurotransmission in
the medial subdivision of the CeA. Studies in the medial subdivision of the CeA mostly
show an increase in GABAergic transmission after acute bath application of alcohol to
CeA-containing brain slices or following a history of alcohol consumption or alcohol
dependence induction [56-59]. For instance, after chronic 14-day intragastric alcohol gavage
to induce dependence phenotypes, alcohol withdrawal decreases GABAA receptor a.l
subunit expression and increases & subunit expression in the CeA in male rats [60]. This
model of chronic alcohol exposure increases inhibitory transmission in males, which may
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be specific to PKC & and calbindin 2 cell populations [60]. In contrast, female rats were
not shown to exhibit cell-type specific changes in inhibitory transmission after alcohol
exposure but show increased excitability in somatostatin cells in the CeA [60]. The effect
of GABAergic transmission in the lateral subdivision of the CeA on alcohol has yet to be
determined.

Similar to GABAergic transmission, the effects of alcohol on glutamatergic transmission

in the medial subdivision of the CeA may be dependent on sex, strain, type of
electrophysiological recording, and history of alcohol exposure (for further review see [55]).
Overall, alcohol exposure both acutely in a slice and in AUD models reduces glutamatergic
signaling in the medial subdivision of the CeA [55]. The role of glutamatergic transmission
in the lateral subdivision of the CeA is less explored. Studies from our lab show acute bath
alcohol application increases presynaptic glutamatergic activity in the lateral subdivision of
the CeA in alcohol naive mice [61,62]. In addition to modulation by corticotropin releasing
factor receptor (CRFR) antagonists [62], alcohol enhancement of glutamatergic transmission
in the lateral CeA is mediated by astrocytes, but not microglia [61]. This result suggests

that alcohol requires functional activation of astrocyte-specific signals to modulate CeA
glutamatergic transmission, at least in alcohol-naive mice. Combined, these findings suggest
that the alcohol-induced changes in inhibitory transmission and neuronal excitability in the
medial and lateral CeA are cell-type specific.

CeA cell-type specific changes in response to alcohol

The alcohol effect on the various CeA cell types and their effects on alcohol-directed
behaviors has been widely explored. Notably, corticotropin-releasing factor (CRF)-
containing neurons are one of the most well studied cell types in the CeA in alcohol-related
research. CRF signaling is critical for regulation of alcohol effects on both GABAergic

and glutamatergic neurotransmission in the CeA [45,59,63]. Studies found that repeated
binge alcohol intake increased the excitability of CeA CRF neurons, particularly in a
subset of CRF neurons that were activated pre-lick [64]. Rats in alcohol withdrawal had
increased Fos+ and CRF neuron colocalization, suggesting that in alcohol withdrawal, CRF
neurons are activated [65]. Additionally, optogenetic inactivation of CeA CRF neurons led
to reductions in alcohol consumption in alcohol-dependent but not non-alcohol-dependent
rats [65]. Chemogenetic inhibition of CRF neurons in the CeA reduces alcohol intake in a
drinking-in-the-dark (DID) paradigm, a model of binge drinking and alcohol dependence
[66]. However, chemogenetic activation or inhibition of CeA CRF neurons does not

have an effect on escalation of alcohol intake in CIE-withdrawn mice [67], suggesting

CeA CRF neuron activity may have distinct roles in various stages of the AUD cycle.
However, CRF receptor 1 (CRFR1) inhibition did lead to reductions in alcohol intake this
study [67]. Furthermore, it is known that alcohol acts on CeA excitatory and inhibitory
neurotransmission. Studies from our lab have shown that in the lateral subdivision of the
CeA, brain slice application of alcohol increases glutamatergic transmission [61,62]. CRFR
antagonism reduces this increase in glutamatergic transmission, however, CRF neuron
ablation in the CeA and in the whole brain does not alter this effect [62]. Together, these
results suggest a potential dichotomy between CRF neurons and CRFRs in the effect of
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alcohol in the CeA, potentially suggesting other CRF sources [68] or CRF analogues like
urocortins [69] may be important regulators of CeA signaling in AUD.

Other CeA cell types/peptides involved in alcohol consumption include neuropeptide Y
(NPY), protein kinase C (PKC), nociceptin/orphanin (NOP), neurotensin, dynorphin, and
others. Briefly, infusion of NPY into the CeA significantly reduced alcohol intake in

a two-bottle choice paradigm [70]. PKCe antagonist infusion into the CeA alone or in
combination with metabotropic glutamate receptor antagonists reduces alcohol intake in
the DID paradigm [71]. NOP antagonist microinjection into the CeA reduces voluntary
alcohol drinking in a two-bottle choice paradigm [72]. Ablation of neurotensin neurons
in the CeA significantly decreases alcohol intake, with no effect on sucrose, saccharin, or
quinine intake, in a two-bottle choice paradigm [73]. The targeted chemogenetic silencing
of dynorphin neurons and kappa opioid receptor antagonism in the CeA reduced stress-
enhanced alcohol consumption in mice [74]. Overall, the manipulation of the various cell
types in the CeA leads to changes in alcohol-motivated behaviors.

The question remains as to how these various cell-type and circuit specific mechanisms
integrate into a unifying mechanism regulating alcohol intake. We posit that neuroimmune
signaling may play a role in coordinating alcohol effects between CeA cell-types and
circuits. The following section will focus on the specific roles of astrocytes, microglia, and
neuroimmune signals in the effect of alcohol on CeA neurotransmission.

The role of CeA neuroinflammation on alcohol effects

Astrocytes

Despite playing an important role in the brain’s response to alcohol, there is limited research
into how neuroimmune signaling in CeA impacts, or is impacted, by alcohol use. Recent
studies have explored the role of neuroinflammation in the CeA in terms of alcohol-induced
changes to neurotransmission, gene and protein expression, and alcohol-related behaviors.
Overall, the results of these studies are highly dependent on strains of rodents used,
subregions of the amygdala, model of alcohol exposure, and the heterogeneity of not only
the neurons, but also the neuroimmune cells being studied. To parse out these differences,
this section will go through findings on the roles of astrocytes, microglia, and cytokines on
alcohol effects in the CeA.

Studies from our lab indicate the critical importance of astrocytes in the effects of

alcohol on glutamatergic transmission in the CeA, showing that both pharmacologic

and chemogenetic inhibition of astrocytes attenuates bath alcohol-induced increase in
glutamatergic transmission in the lateral subdivision of the CeA of naive mice [61].
Expanding the scope of these findings, a recent study using the CIE vapor model found an
overrepresentation of astrocyte-specific genes and overrepresentation of functional groups
related to glial cell, endothelial cells and innate immune response regulation in rats
exposed to CIE [75]. These findings suggest that after chronic alcohol, there is an overall
upregulation of neuroimmune systems, particularly through astrocyte mediated processes
[75]. In contrast, another study showed that 14 intake sessions via the every-other-day
intermittent 2-bottle choice (a model for escalation of alcohol intake and alcohol preference)
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or the DID models did not alter CeA GFAP+ cell numbers, an immunohistochemical
marker of astrocytes [76], but did not assess functional relationships. Combined, we
propose a mechanism of alcohol actions on the CeA, where acute alcohol exposure to

the slice increases glutamatergic transmission in the lateral CeA through the involvement
of astrocytes. These effects may be engaged in certain alcohol exposure models, and the
mechanisms for this differentiation should be further examined. In the larger picture, lateral
CeA neurons are known to provide GABAergic projections to the medial CeA. Therefore,
increased excitatory glutamatergic transmission onto lateral CeA neurons may be directly
related to the known effects of alcohol to increase GABAergic transmission in the medial
subdivision [55]. Overall, further studies are needed to fully elucidate the role of CeA
astrocytes in alcohol consumption and alcohol-induced effects in the CeA.

Similar to astrocytes, the role of microglia in alcohol-induced effects on CeA transmission
is becoming increasingly studied. Microglia can exist in a spectrum of pro- and anti-
inflammatory states which makes interpretation of various studies on alcohol effects on
microglia often difficult to interpret. For instance, using flow cytometry, 4-day binge
alcohol exposure increased markers of microglial activity in the hippocampus of adolescent
male rats, however, the cell markers and the cytokine profile suggested that the activated
microglia populations may have been in pro-inflammatory and anti-inflammatory states
[77,78]. Using Iba-1 immunoreactivity to examine microglia morphology as an assessment
of activation states, a study exploring the time course of microglial activation in response to
CIE exposure and withdrawal found increased Iba-1 density in the amygdala immediately
after the end of vapor, 1 day and 28 days into withdrawal compared to control rats

[79]. Other types of alcohol exposures paradigms, such as 1-3 cycles of DID, may not
produce significant effects on microglia function in the CeA, at least as measured by

Iba-1 immunoreactivity [80], suggesting that microglia regulation of CeA function may be
altered in various alcohol exposure models. In support of this hypothesis, a recent study
showed that mice given CIE to mimic dependence phenotypes have a trending increase

in Ibal-positive cells in the CeA [81]. The study also showed that microglia depletion
through a special diet containing an inhibitor of colony-stimulating factor 1 receptor, a
receptor important for microglia survival, reduced alcohol intake in alcohol dependent mice,
with no effect on non-alcohol dependent mice [81]. In alcohol dependent mice, microglia
depletion also reduced excitatory transmission in a presynaptic manner, with no differences
in non-alcohol dependent mice compared to control diet [81]. Microglia depletion reduced
inhibitory neurotransmission in both alcohol dependent and non-alcohol dependent mice

in a presynaptic and a postsynaptic manner [81]. The dichotomy between the effect of
microglial depletion on glutamatergic transmission in alcohol dependent and non-alcohol
dependent mice aligns with previous findings from our lab showing that pharmacologic
microglial inhibition does not significantly alter alcohol-induced increases in glutamatergic
transmission in the CeA in naive mice [61]. Taken together, these findings suggest that
microglia may be more involved in the alcohol effect on CeA excitatory transmission after
induction of alcohol dependence, but not in an acute or non-alcohol dependent state. Future
studies will be needed to further explore this dichotomy of microglial involvement in alcohol
consumption between alcohol dependence and non-alcohol dependence.
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Regulators and mediators of neuroimmune signaling in AUD

Interleukins. Interleukins (ILs), one of the most prominent and widely expressed cytokines
in the body, play an important role in nearly every aspect of immune signaling and can
ultimately induce pro- and anti-inflammatory outcomes. Given the pro-inflammatory nature
of chronic alcohol use, it is unsurprising that the ILs have been implicated in alcohol
dependence, particularly in the CeA and can directly alter CeA neurotransmission without
alcohol exposure as well as modulate the effects of alcohol on CeA neurotransmission.
IL-1B has been widely studied in the CeA in alcohol dependence models. In alcohol
exposed mice IL-1p levels were elevated in neurons and microglia compared to no alcohol
exposure, and this effect was exacerbated in alcohol-dependent mice [82]. Conversely,
long-term abstinence after chronic alcohol administration in rhesus macaques did not

affect the levels of IL-1p or IL-1ra (interleukin-1 receptor 1 antagonist) in the CeA [83].
Electrophysiological recordings examining GABAergic activity in the CeA showed that
macaques in alcohol abstinence are less sensitive to the dampening effect of IL-1 compared
to controls [83]. IL-1p bath application on slices from naive, non-alcohol dependent or

from alcohol dependent mice led to dual effects, with some cells showing an increase in
action-potential dependent inhibitory neurotransmission both pre- and post-synaptically, and
others showing a decrease [82]. The same result was seen with IL-1ra. However, acute
alcohol sensitivity to GABAergic synapses in the CeA does not seem to be modulated by
IL-1B or IL-1ra in naive, non-dependent or in dependent mice, since co-application of IL-1p
and alcohol or IL-1ra and alcohol did not result in any significant changes or correlations

in the neurons’ response [82]. Conversely, an earlier study from the same group showed

that alcohol’s enhancement of action-potential independent inhibitory neurotransmission is
lost in IL-1pP responsive neurons [84]. However, the study did not find any effect of IL-18
on alcohol mediated increase in evoked inhibitory neurotransmission [84]. These effects
appear to important across species, as studies in rhesus macaques also indicate significant
alterations to IL-1p function following chronic alcohol exposure and abstinence [83]. These
findings suggest an interplay between the IL-1 system and alcohol-induced facilitation of
certain forms of inhibitory transmission in the CeA.

The pro-inflammatory cytokine IL-6 has also been implicated in alcohol effects in the CeA
and may have interactions with IL-1 signaling discussed above. CeA inhibitory transmission
is decreased in astrocytic 1L-6 knockout mice compared to IL-6 homozygous mice [85].
These homozygous mice also have increased CNS excitability compared to knockout

mice during alcohol withdrawal, as shown by an increased handling-induced convulsions
score [85]. /L-6is also a significant differentially expressed gene in CIE vapor exposed
mice [75]. These findings point to the significance of IL-6 in alcohol behaviors due to
their effect on CeA neurotransmission and their involvement in alcohol dependence and
withdrawal. A study investigating the impact of IL-6 and IL-1p on conditioned responses
to alcohol (such as cues or odors) found that IL-6 levels increased while IL-1p levels
decreased [86]. These changes in cytokine concentrations were observed only 3 h after

the intubation of lemon-flavored alcohol, suggesting that the timing of intoxication may
influence these effects [86]. It is worth noting that even though both IL-1p and IL-6 act

as pro-inflammatory cytokines, IL-6 can also act in an anti-inflammatory manner [87].
Therefore, it is possible that when alcohol is first ingested, the neuroimmune system is
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activated, and anti-inflammatory processes are triggered to battle the negative effects of
alcohol on the neuroimmune system, but with more chronic alcohol consumption, the
concentration of pro-inflammatory cytokines is increased.

Another pro-inflammatory cytokine, IL-18, has also been implicated in alcohol use and
stress, although not many studies have been conducted in the CeA. Immediately after the
last vapor exposure in CIE, rats had decreased serum IL-18 concentration [79]. However,
this decrease was not evident 1 or 28 days into withdrawal [79]. A study explored the role

of 1L-18 on rats that received concurrent shock exposure in addition to 2-bottle choice in
familiar and novel environments [88]. The study revealed that in male rats with access to
alcohol but no stress, the expression of 1L18r1 remained unchanged across different contexts
[88]. However, exposure to stress in a familiar environment significantly reduced IL-18
binding protein expression and increased IL-18+ cells. This finding suggests that the role of
IL-18 may be influenced by stress exposure and environmental context. Electrophysiological
findings in the same study indicated that IL-18 decreases inhibitory neurotransmission in the
alcohol-exposed, unstressed males, but not in the stressed males [88]. In contrast, females
showed a reduction in inhibitory response in response to 1L-18 across all conditions [88].
These findings suggest that the effect of IL-18 on neuroinflammatory responses to alcohol
and stress is complex and sex dependent, warranting further investigation to understand the
mechanisms and the potential therapeutic targets.

IL-10, an anti-inflammatory cytokine, presents mixed findings. Some studies show
decreased levels of CeA IL-10 following chronic alcohol exposure and show that 1L-10
exposure attenuates alcohol’s effect on inhibitory neurotransmission [89]. Other studies
show that 1 or 3 cycles of DID do not affect the IL-10 levels in the CeA, however, the levels
of this cytokine are decreased in the basolateral amygdala [90]. When looking at protein
expression through ELISA throughout the entire amygdala, the study found decreased IL-10
levels in mice that were exposed to alcohol through DID. Other work has found that prenatal
alcohol exposure combined with early life adversity in rat models can lead to increased
IL-10 levels in the amygdala at postnatal day 12 [91]. Therefore, the role of IL-10 may

be dependent on the type of alcohol exposure and may be more evident in the basolateral
amygdala instead of the CeA.

TNFa. TNFa, while widely studied in the CeA in terms of stress [92], has been less
explored in the alcohol context compared to other cytokines such as interleukins. Though
limited, there is some support for TNFa being involved in the effects of alcohol on CeA.
Chronic alcohol exposure leads to increased CeA 7NFa gene expression during withdrawal
[93]. By contrast, acute ethanol intoxication leads to decreased 7N/Fa in amygdala [94].
Microinjection of TNFa into CeA sensitized withdrawal-induced anxiety in rats compared
to vehicle in a social interaction test [95]. Conversely, when paired with a familiar or novel
stressor, alcohol led to a reduction in CeA 7A/Fa levels in rats [86]. A gene expression study
exploring the roles of various cytokines in response to intermittent alcohol exposure found
no differences 7N/Fa compared to the control group [96]. These contradictory findings point
to the need to further study the role of CeA TNFa in alcohol use.
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Toll-like receptors (TLRs). TLRs are a family of pathogen detecting receptors that
modulate pro-inflammatory signaling cascades in both the body and the brain. Under healthy
conditions, levels of these receptors are low in brain [97]. Alcohol has been shown to
activate several TLR subtypes though the majority of its pro-inflammatory actions are linked
to TLR4 [98,99]. In CeA electrophysiological recordings, a pretreatment with a TLR4
inhibitor had no effect on GABAergic neurotransmission on its own but blunted alcohol
induced potentiation of GABAergic transmission [100]. Further work indicates that TLR4
inhibition leads to decreased alcohol intake with no effect on saccharin intake in both
control and CIE mice [101]. Additionally, TLR4 deficiency is protective against alcohol-
induced glial activation, induction of other inflammatory mediators, and eventual apoptosis
[98]. TLR4 inhibition also leads to a reduced overall abundance of Iba-1 in the CeA and
normalizes the number of microglia after CIE to a level similar to the control group [101].
The mechanism of TLR4 involvement in alcohol use may be downstream of the a2-subunit
containing GABA, receptors (GABRAZ2), since the GABRAZ2 siRNA vector infusion in

the CeA reduced alcohol binge drinking and significantly decreased the levels of GABRA2
and TLR4 in the CeA [102]. TLR4 siRNA in the CeA also reduced alcohol intake, further
suggesting similarities, and potentially interplay, in the mechanisms of alcohol modulation
of TLR4 and GABRAZ signaling [102]. It is important to note that TLR4 levels may also be
dependent on patterns of alcohol intake, therefore the changes in TLR4 levels in response to
alcohol may be due to various mechanisms [103]. For example, in naive rats, bath alcohol
exposure to the slice increases GABAergic activity in the CeA TLR4 KO rats. However,

in CIE exposed rats, this effect is reversed, with TLR4 KO attenuating the increase in
GABAergic transmission in response to bath alcohol exposure [104]. In alcohol preferring P
rats TLR4 has been shown to colocalize with MCP-1 (Monocyte chemoattractant protein-1),
a chemokine involved in recruitment and activation of microglia and playing an important
role in the stimulation of inflammatory pathways in alcohol use [105]. MCP-1 siRNA vector
infused into the CeA reduced bhinge alcohol consumption [106], similar to findings with
TLR4 siRNA, suggesting that MCP-1 may be an important factor in alcohol effects on

CeA function via TLR4 signaling. Interestingly, GABAA-TLR4-MCP1 interactions may

be downstream of the critical CeA CRF system in alcohol intake and dependence models,
as the CeA antagonism of CRFR1 has been shown to inhibit the expression of TLR4 in
alcohol-drinking P rats [106].

Downstream signaling factors in the TLR4 pathway may also be involved in alcohol effects
in the CeA. Inhibitor of nuclear factor kappa-B kinase (IKKb) is crucial for the translocation
of nuclear factor kappa B (NFxB) to the nucleus inducing pro-inflammatory cytokines and
is directly modulated via TLR4 signaling. IKKb knockdown in the CeA decreased alcohol
consumption and alcohol preference, with no changes in total fluid intake [107]. In an
every-other-day 2-bottle choice paradigm, there was a decrease in IKKe and an increase in
interferon regulatory factor 3 (IRF3) both of which are critical nodes in the TLR signaling
pathway, 24 h after the removal of alcohol [108]. In addition to changes in IKKe and IRF3,
there was a decrease in TLR4 transcript in the CeA 24 h after the removal of alcohol, with
no changes immediately after the removal of alcohol. The increased IRF3 could have been
a compensatory increase due to the decreased TLR signaling [108]. Together, these studies
suggest CeA TLR signaling is a promising target for studying the effects of alcohol and

Addict Neurosci. Author manuscript; available in PMC 2025 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Melkumyan et al.

Page 12

further studies are needed to understand the role of CeA TLRs in alcohol seeking/craving,
consumption, and withdrawal.

CD11b and CD14. CD11b is a microglial activation marker and has been implicated

in alcohol use, with binge alcohol intake increasing CD11b levels [77]. Even though
CD11b has been widely studied for alcohol use, to our knowledge there has only been

one study examining the effect of alcohol exposure on CeA CD11b levels. The study

found that one time intragastric alcohol exposure in adult rats resulted in no changes in
CD11b immunoreactivity compared to control [109]. However, in adolescent mice, through
a chronic intragastric alcohol exposure on a 2-days on/2-days off schedule and following an
acute stressor, there was a significant increase in CD11b immunoreactivity [109]. Further
studies are needed to parse out these differences in CeA CD11b immunoreactivity between
age and acute and chronic alcohol administration.

CD14 is a co-receptor for TLRs and is highly involved in immune regulation [110].

CD14 knockout (KO) mice had altered alcohol response in a dose-specific manner.
Specifically, bath alcohol application (44 and 66 mM) to the CeA did not alter the inhibitory
neurotransmission in the CeA in CD14 KO mice, but did increase inhibitory activity in WT
mice [100]. However, the effect of alcohol was the same between CD14 KO and wildtype
mice at the 100 mM concentration [100]. These results suggest that at physiologically
relevant concentrations, alcohol’s effect on GABAergic transmission is partially mediated by
CD14, but that CD14 is not required for the effects of higher alcohol concentrations. Further
studies are needed to understand the role of CD14 in alcohol use.

Cannabinoids

The endocannabinoid (eCB) system is highly involved in both GABAergic and
glutamatergic transmission in the CeA. CBL1 receptors are present on astrocytes in the
CeA, and eCBs released from neurons in the medial subdivision of the CeA activate
astrocytic CBL1 receptors, leading to an increase in astrocytic calcium levels [111].

This rise in astrocytic calcium levels subsequently enhances inhibitory transmission in

the CeA. This increase in inhibitory activity is abolished in the presence of a CB1

receptor antagonist or in mice lacking CB1 receptors in astrocytes [111]. Furthermore,

the application of an adenosine A receptor antagonist, a receptor important for astrocyte-
neuron communication [112], also abolishes the enhancement of inhibitory activity [111].
Therefore, the activation of the CB1 receptors mediates the evoked increase in inhibitory
currents and leads to the activation of adenosine Ay receptors in astrocytes to potentiate the
inhibitory synaptic transmission in the medial CeA subdivision [111]. Such results suggest
CB signaling may mediate or modulate alcohol effects on CeA signaling via regulation of
neuroimmune signaling.

CB1 receptor manipulations lead to divergent changes in inhibitory and excitatory
transmission in the CeA. Activation of CB1 prevents alcohol-induced increase in
GABAergic transmission, while antagonism of the CB1 receptor increases GABAergic
transmission in both naive and CIE rats [113,114]. In the medial subdivision of the CeA,
CB1 agonist exacerbates the alcohol-induced decrease in evoked glutamatergic transmission
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in a sex and strain specific manner [115]. In the lateral subdivision, CB1 suppresses the
release of glutamate [116], although the interaction between CB1 and alcohol in the lateral
CeA has not yet been extensively studied. To that end, our recent studies showed that
cannabinoid treatment can reduce aspects of acute alcohol withdrawal induced anxiety-like
behaviors in mice, which may be due to CB interactions with neuroimmune signaling in the
lateral CeA [117]. Additional work will be needed to further test the mechanism(s) by which
this occurs.

Further findings suggest that alcohol downregulates the CB1 function [114,115] in the CeA
and that the CB1 receptor is an important target for the inhibition of alcohol-induced
effects on CeA transmission. Considering the interplay between CB1 and alcohol to

alter glutamatergic activity in the CeA, it is possible that astrocytic modulation of the
alcohol effects on glutamatergic transmission in the CeA is in part due to CB1 receptor
inhibition. Therefore, this interaction between the eCB system and astrocytes to mediate
neurotransmission in the CeA needs to be further explored in the context of alcohol.

Clinical studies on neuroimmune modulators as treatment for AUD

Clinical studies have started to examine various neuroinflammatory system components as
potential therapeutics for AUD. Here we provide an overview of recent clinical studies
examining neuroimmune modulators as AUD treatments.

Phosphodiesterase inhibitors

Phosphodiesterases (PDES) are enzymes that degrade second messengers cyclic adenosine
monophosphate (cCAMP) and cyclic guanosine monophosphate (cGMP) [118]. These second
messengers are involved in inflammatory activity, with low levels of cAMP increasing
inflammation in the brain [118]. PDE4 inhibition, via the degradation of cyclic AMP, is
correlated with decreased production of pro-inflammatory cytokines and an increase in
anti-inflammatory cytokines [119]. PDEs are widely expressed in the brain, including in

the amygdala [120,121]. Given positive results in preclinical studies [122], PDE4 inhibitors
have been studied clinically for the treatment of AUD.

Ibudilast, a PDE inhibitor acting on PDE3, PDE4, PDE10, and PDE11, has been extensively
studied in clinical trials in the context of AUD. In a clinical trial in 2017, after an infusion of
alcohol, ibudilast did not affect subjective response to alcohol craving, stimulation, sedation,
or mood [123]. In stress-induced alcohol craving, ibudilast promoted faster recovery to a
positive mood compared to placebo, although the difference was not significant [123]. A
follow up study in 2018 suggested that ibudilast modulates mood states, making happiness
and depression a stronger predictor of alcohol craving compared to placebo [124]. In a
further trial in 2021, ibudilast reduced the number of heavy drinking days compared to
placebo and attenuated alcohol cue-elicited activation in the ventral striatum, although it did
not affect mood, contrasting previous findings [125]. A secondary analysis of this clinical
trial found that ibudilast reduced alcohol cue-induced functional connectivity between the
ventral striatum and reward processing regions of the brain compared to control, potentially
reducing alcohol reward processing [126]. A separate analysis of this study found no effect
of ibudilast on levels of stimulation and sedation during alcohol drinking [127]. However,
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participants on ibudilast reported consuming more alcohol when feeling more stimulated
or sedated. Related studies showed participants with ibudilast had significantly lower levels
of both peripheral and central neuroimmune markers compared to placebo [128]. Overall,
ibudilast modulates the relationship between mood and alcohol craving and consumption,
suggesting neuroimmune signaling may be an important target for treatment development
but increased selectivity is needed.

Apremilast, a PDE4 specific inhibitor, has been tested in a phase lla double-blind clinical
trial for reduced alcohol intake in AUD patients. The study found that apremilast was mostly
well-tolerated and significantly reduced the number of drinks per day compared to placebo
during an 11-day period [129]. Participants who were given apremilast had a greater decline
in drinking, with individuals with higher baseline craving scores reducing their drinking

at a faster rate [129]. Further studies, with larger study population are needed to explore

the efficacy of apremilast in alcohol seeking and drinking long-term. Overall, these studies
suggest that targeting pathways to mitigate inflammation may show promise in reducing
alcohol intake but that further studies are needed to better understand the mechanisms by
which this occurs to increase target specificity.

Minocycline is an FDA approved tetracycline antibiotic. Minocycline is also commonly
used to inhibit microglial activation in preclinical studies [130]. There have been a limited
number of clinical trials exploring the efficacy of minocycline for alcohol use. In a double-
blind, placebo-controlled trial, even though minocycline administration did not result in
many side effects, the participants did not feel any change in subjective response to alcohol
or alcohol-induced craving after minocycline treatment at two different doses for 10 days
[131]. At the time of this review, a robust phase 1 clinical trial to explore the efficacy and
mechanisms of action of minocycline for AUD was recently completed but the findings have
not yet been published (ClinicalTrials.gov ID: NCT04210713).

These clinical studies indicate the therapeutic potential of targeting neuroimmune signaling
in AUD. To improve on these medications, it is imperative to understand how the
neuroimmune system interacts with critical neurocircuits in the development of AUD. We
posit such studies, particularly in brain regions heavily involved in alcohol use such as the
CeA, will help determine novel neuroimmune-related treatment targets.

Conclusions

Alcohol and inflammation go hand in hand. This review discussed the numerous clinical and
preclinical studies implicating the neuroimmune system in alcohol use and alcohol-related
behaviors, with an emphasis on the understudied role of CeA neuroimmune signaling in
alcohol use. Significant gaps remain in our understanding of the mechanisms underlying
interactions between CeA neuroimmune signaling, CeA neurotransmission, and alcohol-
related behaviors. As such, it is imperative to further explore the various neuroimmune
factors, including glial cells, cytokines, and inflammatory pathway signaling factors, and

the interaction of these neuroimmune factors with neurotransmission in the CeA in healthy
and in alcohol-exposed brain. The mixed findings on alcohol’s effect on neuroimmune
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activity suggest a diversity in neuroimmune response, similar to the diversity in CeA
neurotransmission across different cell types and subregions. It is possible that microglia
and astrocytes heterogeneously respond to the actions of alcohol based on subtypes

and/or activation states, and this gap in knowledge should be directly examined in future
studies. Differentiating immune cell subtypes by their cytokine profiles and involvement in
synaptic transmission may help uncover novel mechanisms of alcohol in the CeA. Increased
examination of pharmacologic manipulations on CeA neuroimmune function and impacts on
CeA neuronal subtypes is also critical. The understanding of the mechanism behind alcohol
use in terms of neuroimmune functions should also extend beyond the CeA, exploring other
cortical and subcortical regions in the brain implicated in alcohol use. Advancing research
on these neuroimmune factors in alcohol use could provide new insights for effective AUD
treatments.
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