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Abstract
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Molecular and behavioral studies corroborate a pivotal role for the innate immune system in
mediating the acute and chronic effects of alcohol and support a neuroimmune hypothesis of
alcohol addiction. Changes in expression of neuroimmune genes and microglial transcripts occur
in post-mortem brain from alcoholics and animals exposed to alcohol, and null mutant animals
lacking certain innate immune genes show decreased alcohol-mediated responses. Many of the
differentially expressed genes are part of the toll like receptor signaling pathway and culminate in
increased expression of pro-inflammatory immune genes. Compounds known to inhibit
inflammation, microglial activation, and neuroimmune gene expression have shown promising
results in reducing alcohol-mediated behaviors in animal models, indicating that neuroimmune
signaling pathways offer unexplored targets in the treatment of alcohol abuse.

Introduction
The interplay between brain, behavior, and immunity in the etiology and progression of drug
abuse is a rapidly expanding area of interest for addiction research. Evidence is
accumulating that the neuroimmune system, encompassing innate immune responses within
the peripheral and central nervous systems, contributes to drug abuse and dependence.
Recent studies point to a role for immune responses in all three stages of the addiction
model, from binge/intoxication, withdrawal/negative affect, to preoccupation/anticipation or
craving [1*–3].
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In the case of alcohol abuse, there is strong evidence for a neuroimmune role of addiction,
with the innate immune system being linked to brain changes associated with acute and
chronic alcohol exposure. An array of behavioral and genetic studies within the past several
years supports a role for innate immunity in alcohol abuse and also highlights neuroimmune
pathways as potential targets in the treatment of alcohol addiction.

Innate Immunity
The innate immune system is also known as the non-specific immune system and is the first
line of defense against pathogens. It defends the host in a rather generic, albeit immediate
manner, by acting as a physical or chemical barrier to infection but does not provide longlasting immunity, which is the role of the adaptive immune system.
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Innate immune cells outside of the brain consist of macrophages (including liver Kupffer
cells), dendritic cells, mast cells, neutrophils, and other leukocytes. Microglia are brainspecific macrophages and are the main immune-derived cells in the brain while astrocytes, a
subtype of glial cells, are also involved in mediating innate immunity in the CNS. Although
microglia activation can be pro- or anti-inflammatory, it is the pro-inflammatory
mechanisms induced by alcohol that will be discussed here. Innate immune signaling
pathways are shared among major tissues; thus brain microglia respond to and initiate innate
immune signaling via similar pathways to immune cells in the liver, intestines, and lungs.
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Activation of innate immune cells stimulates endogenous toll like receptors (TLRs), a family
of highly conserved pattern recognition receptors found in invertebrates and vertebrates.
TLRs have been implicated in everything from neural plasticity to disease, demonstrating
their dichotomous role from neurogenesis to pathogenesis [4]. The most widely studied TLR
to date is TLR4 (the receptor for bacterial endotoxin), although 13 TLRs have now been
identified [5]. Microglial cells express high levels of TLR4 and respond rapidly to the gramnegative bacterial endotoxin lipopolysaccharide (LPS) to produce inflammatory mediators
[6]. Microglial activation of TLR4 is required for astrocyte pro-inflammatory responses
[7*]. Neurons have also been shown to express TLR4 [4,8–10] and propagate LPS-induced
signaling [11], indicating an unexpected role for neurons in innate immunity and eluding to
significant cross-communication among microglia, astrocytes, and neurons that likely
characterizes innate immune signaling in the CNS. Brain endothelial cells also express
TLR4 and are able to receive neuroimmune stimulation from the brain side and secrete
cytokines into the blood or receive stimulation from the blood and secrete cytokines into the
brain, suggesting that the blood brain barrier (BBB) may be a fourth component involved in
the cross-talk between neurons, microglia, and astrocytes [12]. Further study is needed to
determine the exact cellular location of TLR4 in the brain and to decipher the contribution of
neurons versus glia in innate immune responses. Nonetheless, the diverse roles of TLRs no
doubt depend on the specific TLR, its agonists, mediators, and cellular location.
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In addition to recognizing conserved molecular components of microbes (such as the
endotoxin LPS), TLRs across the innate immune system respond to other cellular stressors
called danger signals [13]. Danger signals include endogenous TLR agonists, such as highmobility group box 1 (HMGB1) protein (Fig. 1). HMGB1 is a nuclear protein with cytokinelike actions that activates microglia-TLR signaling, further fueling expression of innate
immune genes via activation of NF-κB, nuclear factor κ light-chain-enhancer of activated B
cells (Fig. 1). Pro-inflammatory signals spread through signaling loops that amplify within
and across peripheral and central immune cells. The extent to which CNS inflammation and
immune gene expression rely on central or peripheral TLR4 signaling cascades remains
unknown, but there is evidence for peripheral TLR4 signaling, at least partly, mediating
CNS immune responses [14,15].
Since LPS is a large molecule, it is unlikely that it crosses the BBB and has a direct effect on
the brain [16]. Instead, LPS is thought to activate peripheral TLR4 signaling cascades
(including TLR4 on cerebral endothelial cells) that initiate the release of pro-inflammatory
cytokines and other immune mediators (Fig. 1) that then cross the BBB by diffusion or
active transport mechanisms [12]. Alcohol compromises the tight junctions in the gut
epithelium and increases its permeability to LPS [17] which initiates immune responses in
liver, blood, and other tissues. In fact, intestinal permeability, LPS, and peripheral proinflammatory cytokines were largely increased in non-cirrhotic alcohol-dependent subjects
compared to healthy controls and the increased pro-inflammatory cytokines in the alcoholdependent subjects were correlated with alcohol craving [18*]. Once these cytokines have
crossed the BBB, they affect the brain and have been linked to sickness behavior and
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depression in rodent models [14], suggesting a role for the gut-brain axis in alcohol
dependence (Fig. 2).
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Genomic and Behavioral Evidence for a Role of Alcohol in Innate Immunity
The influence of innate immunity on the etiology and progression of alcohol abuse is a
rapidly expanding area of interest in alcohol research. Changes in expression of
neuroimmune genes and microglial transcripts were first identified in post-mortem brains
from alcoholics [19–22]. In addition, alcoholics showed altered levels of microRNAs that
are known to regulate immune function [23] and which may also contribute to changes in
neuroimmune gene expression.
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In agreement with human studies, brain gene expression studies in animal models indicate a
role for immune and microglial transcripts in mediating alcohol action. Chronic alcohol
treatment in mice induced pro-inflammatory gene expression that persisted for at least one
week of abstinence [24], while LPS-induced neuroimmune activation persisted for months
[25]. LPS treatment in mice also produced a prolonged increase in alcohol drinking and
preference [26]. Moreover, animals lacking specific innate immune genes showed reduced
preference for drinking alcohol [2,3,27] as well as altered acute responses to the motor and
sedative effects of alcohol [28*]. In a multivariate analysis of 37 different mutant mice
chronically treated with alcohol using a two-bottle choice drinking paradigm, a highly
correlated phenotypic cluster was identified, suggesting a role for genes involved in GABA
(Gad2, Gabra1), glycine (Glra1), and neuroimmune signaling (Ccr2, Il6) [29].
Many of the differentially expressed genes found in the human and mouse studies are part of
the TLR signaling pathway. In fact, ethanol-mediated increases in glial activation,
inflammatory mediators, and apoptosis are prevented in microglia lacking TLR4 and in
microglia from TLR4-deficient mice [30*,31]. Ethanol activation of NF-κB in brain
microglia is dependent on TLR4 [30*,31] and roles for TLR4 accessory proteins, MD2 and
CD14, have been demonstrated following alcohol exposure in TLR4-deficient cells [30*].
Blockade of TLR4 receptors prevented ethanol-induced inflammatory signaling in
astrocytes, including prevention of NF-κB activation and cell death [32]. Also, brain protein
expression of TLR2, TLR3, and TLR4 increased in post-mortem alcoholic brain and in
mouse brain following ethanol treatment [19]. The association between TLRs and alcohol
has even been reported in Drosophila, where an upregulation of genes in toll and immune
deficiency pathways was produced by alcohol exposure [33]. Thus, there is substantial
support for alcohol action on innate immune genes and specific evidence for an overlap of
TLR signaling by alcohol among different species.
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Behavioral studies provide in vivo validation for the pivotal role of TLR4 in mediating
alcohol action. For example, C3H/HeJ mice have defective TLR4 function and showed
decreased alcohol consumption [3]; although there were no changes reported in alcohol
intake and preference in TLR4 knockout mice, the learning and memory deficits observed in
wild type mice following ethanol treatment were not observed in TLR4 knockout mice [34].
In addition to preventing cognitive impairments, mice lacking TLR4 were protected against
alcohol-induced glial activation and anxiety [34]. Genetic deficiency of either TLR4 or
MyD88 reduced acute alcohol-induced sedation and motor impairment in mice, suggesting
involvement of the TLR4-MyD88 dependent pathway in the acute behavioral actions of
alcohol [28*]. Moreover, deficiency of TLR4 prevents LPS-induced sickness behavior and
provides resistance to chronic alcohol consumption [35]. When TLR4 is targeted in rat
amygdala using small inhibitory RNAs, self-administration of alcohol is reduced [36*],
showing that reduction of TLR4 in a single brain region is sufficient to reduce alcohol
administration. Furthermore, knockout mice lacking the TLR4 adaptor protein, CD14, drink
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less alcohol [26] and are resistant to the LPS-induced increase in alcohol consumption,
consistent with TLR4 being the site of action of LPS and mediating the behavioral actions of
alcohol [26].
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Alcohol-induced TLR signaling culminates in increased expression of pro-inflammatory
immune genes via NF-κB activation (Fig. 1). Although NF-κB is expressed in most cells, it
is transcriptionally active in brain primarily in glia [37]. Ethanol treatment activates brain
microglia and NF-κB-induced transcription of pro-inflammatory immune genes, increasing
expression of cytokines, proteases, and oxidases. For example, chronic ethanol increases
expression of TNFα, monocyte chemoattractant protein (MCP-1), interleukin-1β (IL-1β),
interleukin-6 (IL-6), and NOX (NADPH oxidase) in mouse and rat brain slice cultures
[24,38,39]. Increased expression of IL-1β[40] and MCP-1 (CCl2) [20] was also found in
post-mortem brains from alcoholics. Chronic ethanol treatment in rat brain cultures
increases HMGB1 and TLRs in vitro in agreement with increased in vivo protein expression
of HMGB1 and TLRs in mouse brain following ethanol treatment and in post-mortem brains
from alcoholics [19]. Increased frontal cortical HMBG1, TLR3, and TLR4 were also
observed in rats exposed to intermittent alcohol using a binge-drinking model [41]. A role
for cytokines and NF-κB in innate immune gene expression was reported in rat brain slice
cultures given that blockade of the cytokine TNFα or blockade of NF-κB reduced ethanol
induction of pro-inflammatory target genes [39]. There is also evidence in humans for
involvement of the NF-κB system in prefrontal cortex of alcoholics [42]. Furthermore,
ethanol consumption and preference in mice was decreased slightly following administration
of caffeic acid phenethyl ester (CAPE), an inhibitor of NF-κB activation, providing
behavioral evidence for NF-κB activation mediating alcohol behavior [3].
Further evidence for innate immunity in alcohol abuse and dependence comes from human
genetic association and linkage studies. For example, human studies found a link between
NFKB1 [43] and TNF [44,45] polymorphisms and alcohol abuse. Genetic linkage of the
IL-1 and IL-1 receptor antagonist genes to alcoholism has also been reported [46,47]. In
addition, CYP2E1, a gene involved in alcohol metabolism, is associated with risk of
alcoholism [48]. CYP2E1 leads to increased expression of reactive oxygen species and
propagation of inflammatory NF-κB responses in liver Kupffer cells [49]. Collectively, an
array of molecular, behavioral, and genomic studies substantiate a prominent role for the
innate immune system in the neurobiology of alcohol action.

Neuroimmune Targets for Potential Treatment of Alcohol Abuse
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Given the limited treatment options currently available for alcohol abuse, effective
therapeutic targets for medication development are of critical importance. Since
neuroinflammation is implicated in the etiology of alcoholism and other brain diseases,
neuroimmune pathways offer unexplored targets for treating alcohol abuse.
Several FDA-approved drugs with anti-inflammatory and immune inhibitory actions (Fig. 1)
have been shown to modulate alcohol responses in animal models. For example, the
antibiotics minocycline and doxycycline are anti-inflammatory and modestly decrease
alcohol consumption in mice, increase sensitivity to the motor-impairing effects of alcohol,
and decrease alcohol-induced sedation [50–52]. Anakinra, the IL-1 receptor antagonist used
in the treatment of rheumatoid arthritis, also reduces alcohol-induced sedation in mice [52].
The anticonvulsant topiramate is anti-inflammatory and decreases alcohol consumption in
alcohol-preferring rats [53–55] and improves treatment outcome in alcoholics [56,57].
Moreover, indomethacin, a cyclooxygenase enzyme inhibitor and non-steroidal antiinflammatory, reduces induction of innate immune genes and decreases behavioral deficits
in rats exposed to ethanol [58]. Pioglitazone treats insulin resistance and diabetes and is an
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agonist of peroxisome proliferator-activated type gamma receptors (PPAR) located on
neurons and glia in brain. PPAR activation reduces innate immune signaling, and
pioglitazone suppresses alcohol drinking and relapse to alcohol seeking in rats [59].
Additional subtypes of PPAR agonists may prove effective in the treatment of addictions
given that clofibrate, a PPAR alpha agonist, blocks the rewarding effects of nicotine in
monkeys and rats [60], and another PPAR alpha agonist prevents fatty liver in ethanol-fed
animals [61]. Naltrexone is an opioid inhibitor approved for the treatment of alcoholism and
is also known to inhibit ethanol-induced microglial activation and neurodegeneration in
mice [62]. The commercially available (−) isomers of naltrexone and naloxone interact with
both opioid and TLR4 receptors, whereas the synthetic (+) isomers interact specifically with
TLR4 [63]. (+) Naloxone reduces alcohol-induced sedation and motor impairment in mice,
indicating a specific role of TLR4 signaling in mediating the behavioral action of acute
alcohol [28*]. It should be noted that while there is evidence that the anti-inflammatory
properties of these drugs are responsible for modifying the ethanol-related behaviors above,
other mechanisms cannot be ruled out without further investigation. These examples
indicate there are FDA-approved drugs currently available that inhibit innate immune
signaling and, therefore, may offer promise in treating the neuroimmune component of
alcohol abuse.

Summary and Future Directions
NIH-PA Author Manuscript

The role of neuroimmune signaling in alcohol and other addictions has evolved as a key area
of future research in the treatment of addiction disorders. A neuroimmune hypothesis of
addiction may be a common mechanism for alcohol and other drugs of abuse [1*]. It is
important to note that this mechanism must work in conjunction with the neurocircuitry of
the extended amygdala and mesolimbic dopamine reward pathways and is unlikely to
promote drug abuse and dependence solely by activation of microglia. For example,
pretreatment of mice with LPS reduces the neuronal firing rate of dopamine neurons in the
ventral tegmental area [26], providing an example of neuroimmune signaling directly
affecting neuronal reward circuitry.
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The next several years hold promise for important advances in the treatment of alcoholism,
from preventing alcoholic liver disease to targeting non-neuronal central neuroimmune
responses associated with chronic alcohol abuse. Further investigation is needed to
determine whether indirect effects from peripheral cytokines crossing the BBB or direct
effects of TLR signaling in the brain are responsible for neuroinflammation. Another
limitation that needs to be addressed is an incomplete knowledge of the cellular location of
cytokine receptors in the brain, which impedes our ability to tease apart glial and neuronal
contributions in neuroimmune modulation of the development, progression, and persistence
of alcohol addiction.
Given the role of neuroimmune activation in drug reward, dependence [1*–3], depressionnegative affect [64], and neurodegeneration [65] and the involvement of all of these
pathologies in alcohol abuse, the possibility of an overactive immune system promoting
alcohol consumption is a hypothesis that we can now consider. Interestingly, abstinence
from alcohol and other drugs of abuse is regulated by a common gene network that includes
the transcription factor NF-κB [66], which may also regulate development of dependence to
alcohol [42]. Thus, common gene networks containing neuroimmune genes may be a
hallmark of adaptive molecular mechanisms of drug dependence and abstinence. Although
the translocation and amplification of neuroimmune signaling complicates our
understanding of alcohol’s direct effect on innate immunity, the role of alcoholism as a
chronic inflammatory disease opens a new chapter in alcohol research. Treatment strategies
that target innate immune responses in the peripheral and central nervous systems may
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uncover revolutionary therapies for this neurodegenerative disease and address the pivotal
role of neuroimmune signaling in the neurobiology of alcoholism.
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1.

Alcohol exposure causes differential expression of neuroimmune genes.

2.

Genetic deficiency of innate immune genes reduces alcohol action.

3.

Toll like receptor signaling mediates alcohol action and produces proinflammatory gene expression.

4.

Anti-inflammatory compounds show potential for treating the neuroimmune
component of alcohol abuse.

5.

Innate immune signaling mediates alcohol action, suggesting a neuroimmune
hypothesis of alcohol addiction.
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Figure 1. Summary diagram of TLR4 signaling cascade
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TLRs signal as dimers and heterodimers that recruit adaptor proteins such as CD14 and
MD2. Depending on the adaptors recruited by the activated TLR, different pathways can be
triggered, all of which culminate in activation of the pro-inflammatory transcription factor
NF-κB. One pathway involves MyD88 and TIRAP and results in activation of NF-κB via
IκB kinase. Another pathway uses NADPH oxidase that can activate NF-κB through ROS.
TRIF and TRAM signaling proteins also initiate signal cascades, culminating in the
activation of NF-κB and other pro-inflammatory transcription factors. RAGE is another
transmembrane receptor operating in innate immune cells that is known to respond to
HMGB1, and this pathway also induces pro-inflammatory gene transcription via NF-κB
activation. The release of cytokines such as TNF-α, HMGB1, IL-1β, chemokines, proteases,
and ROS activate adjacent cells. These cytokines affect the brain and are thought to
contribute to the etiology, progression, and persistence of alcohol addiction. “Off-the-shelf”
FDA-approved drugs (shown here in boxes along with their site of action) are antiinflammatory and interfere with the TLR4 signaling cascade. These examples are discussed
in the text and represented here because they have been shown to decrease alcohol
consumption and modify other alcohol behaviors. Bold red font indicates a gene that has
been manipulated and shown to affect ethanol-related behavior.
NF-κB: Nuclear factor κ light-chain-enhancer of activated B cells
MyD88: Myeloid differentiation primary response gene 88
TIRAP: Toll-interleukin 1 receptor (TIR) domain containing adaptor protein
ROS: Reactive oxygen species
TRIF: TIR-domain-containing adaptor-inducing IFNβ
TRAM: Trif-related adaptor molecule
RAGE: Receptor for advanced glycation endproducts
TNF-α: Tumor necrosis factor-α
IL-1β: Interleukin-1 beta
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Figure 2. Gut-brain axis and alcohol dependence

NIH-PA Author Manuscript

Lipopolysaccharide (LPS), a gram-negative bacterial endotoxin, is normally localized to the
gut. Ethanol jeopardizes the tight junctions of the intestinal mucosa allowing LPS to enter
systemic circulation. Once in the bloodstream, LPS binds to TLR4 receptors on liver
macrophages, Kupffer, and stellate cells and activates signaling cascades that result in an
increase of pro-inflammatory genes (cytokines, chemokines, proteases, ROS) via activation
of the transcription factor NF-κB. This process is known to be a key factor in the
development of alcoholic liver disease. These cytokines then enter the bloodstream, cross
the BBB, and activate microglia, the brain’s resident macrophages. Microglial activation
increases the expression of pro-inflammatory genes in the brain which is hypothesized to
increase alcohol consumption behavior.
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