
Neuroimmune regulation of alcohol consumption: Behavioral
validation of genes obtained from genomic studies

Yuri A. Blednov1, Igor Ponomarev1, Chelsea Geil1, Susan Bergeson2, George F. Koob3, and
R. Adron Harris1

1University of Texas, Waggoner Center for Alcohol and Addiction Research, Section of
Neurobiology and Dept. Pharmacology/Toxicology, Univ. Texas, Austin, TX 78712, USA.
2Texas TECH University, Health Sciences Center, Lubbock, TX, 79430, USA.
3The Scripps Research Institute, La Jolla, CA 92037, USA.

Abstract
Analysis of mouse brain gene expression, using strains that differ in alcohol consumption,
provided a number of novel candidate genes that potentially regulate alcohol consumption. We
selected six genes [beta-2-microglobulin (B2m), cathepsin S (Ctss), cathepsin F (Ctsf), interleukin
1 receptor antagonist (Il1rn), CD14 molecule (Cd14) and interleukin 6 (Il6)] for behavioral
validation using null mutant mice. These genes are known to be important for immune responses
but were not specifically linked to alcohol consumption by previous research. Null mutant mice
were tested for ethanol intake in three tests: 24 hr two-bottle choice, limited access two-bottle
choice and limited access to one bottle of ethanol. Ethanol consumption and preference were
reduced in all the null mutant mice in the 24 hr two-bottle choice test, the test that was the basis
for selection of these genes. No major differences were observed in consumption of saccharin in
the null mutant mice. Deletion of B2m, Ctss, Il1rn, Cd14 and Il6 also reduced ethanol
consumption in the limited access two bottle choice test for ethanol intake; with the Il1rn and Ctss
null mutants showing reduced intake in all three tests (with some variation between males and
females). These results provide the most compelling evidence to date that global gene expression
analysis can identify novel genetic determinants of complex behavioral traits. Specifically, they
suggest a novel role for neuroimmune signaling in regulation of alcohol consumption.
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INTRODUCTION
Although mechanisms of excessive alcohol consumption have been explored using brain
gene expression profiling, a causal link between changes in expression of specific genes or
gene networks and ethanol consumption has not been established (Spanagel, 2009). Even in
the larger realm of behavioral neuroscience, there are only a few studies that have validated
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microarray targets with subsequent behavioral analysis (Kong et al., 2010; Flint and Mott,
2008). Other examples include the role of glyoxalase-1 and glutathione reductase 1 in
anxiety (Hovatta et al., 2005), prodynorphin and FK506bp in morphine withdrawal
(McClung et al., 2005) and Cdk5 in adaptation to cocaine (Bibb et al., 2001).

Recent microarray studies identified hundreds of genes and functional pathways that may be
involved in regulation of alcohol drinking in mice (Mulligan et al., 2006; Tabakoff et al.,
2008), rats (Kimpel et al., 2007) or humans (Liu et al., 2006, 2007; Flatscher-Bader et al.,
2008), providing numerous candidates for functional (behavioral or biological) validation.
The studies in mice and rats identified innate differences between alcohol-preferring and -
nonpreferring animals based on voluntary ethanol intake in a two-bottle choice paradigm,
while the human studies examined differences in gene expression between human alcoholics
and controls. Because multiple genes were identified, prioritization of targets for functional
validation is challenging. Our approach was to select candidates based on converging
validity of genes and pathways commonly regulated across different related data sets, with
the goal of discovering novel genes not previously implicated in the behavior. This
informatics analysis led to the selection of six genes related to neuroimmune pathways.

There is some evidence linking brain neuroimmune or proinflammatory signaling to alcohol
action. Long lasting increases in levels of several cytokines, including MCP-1 (Ccl2) in
mouse brain, were found after chronic pretreatment with high doses of ethanol followed by
injection of lipopolysaccharide (LPS) (Qin et al., 2008). Interestingly, a similar increase in
MCP-1 (Ccl2) was found in the brain of human alcoholics (He and Crews, 2008) and
deletion of Ccl2 or its receptor in mice decreased alcohol consumption (Blednov et al.,
2005). Recently, Kong et al. (2010) found up-regulation of genes in the Toll and Imd
signaling pathways in Drosophila exposed to ethanol, extending the link between alcohol
and immune mediators to an invertebrate species.

Because different tests of alcohol consumption may have distinct genetic determinants
(Blednov and Harris, 2008), we selected three tests for behavioral validation of the selected
genes: 24 hour two-bottle choice (2 BC), limited access to one bottle (1B-Drinking in the
Dark, DID) and limited access to two bottles (2B-DID). Preference for non-alcohol tastants
was also evaluated. We found that all the null mutations reduced alcohol drinking, and the
amount of the decrease was dependent on the the null mutant and, the specific drinking test
and sex. These results suggest a key role for neuroimmune signaling in the regulation of
alcohol consumption.

MATERIALS AND METHODS
Microarray data sets

Results from these studies (Mulligan et al., 2006; Kimpel et al., 2007; Liu et al., 2006) were
obtained from either the publishers’ web sites or the authors. Flatscher-Bader et al. (2008)
published only a small subset of the genes available on their microarray platform, therefore,
the complete dataset was downloaded from Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/; GSE9058) and gene expression values in alcoholics and
controls were compared using a two-tail t-test.

Animals
Null B2m (B6.129P2-B2mtm1Unc/J; Stock # 002087), Cd14 (B6.129S-cd14tm1Frm/J; Stock #
003726), Il1rn (B6.129S-IL1rntm!Dih/J; Stock # 004754) and Il6 (B6.129S2-IL6tm1kopf/J;
Stock # 002650) mice were purchased from Jackson Laboratory (Bar Harbor, Maine).
Breeding pairs of Ctss and Ctsf knockout mice were kindly provided by Dr. Chapman
(University of California San Francisco). Il1rn and Ctsf null mice were maintained on
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original mixed C57Bl/6J × 129/SvJ genetic background by heterozygous breeding. Because
B2m, Cd14, Il6 and Ctss knockout mice were backcrossed on C57Bl/6J genetic background
more than 10 times, these four strains were maintained by homozygous breeding and C57Bl/
6J mice from a colony maintained at the University of Texas at Austin (original breeders
were purchased from Jackson Laboratories, Bar Harbor, ME) were used as the control or
wild-type strain. For Il1rn and Ctsf null mice wild type littermates were used as a control.
All of the mutant strains showed normal fertility and there was no evidence of any health
problems. To minimize the potential variability from rearing conditions, all breeding
colonies were contained in the same room of vivarium. Mice were group-housed four or five
to a cage based on gender and litter. Food and water were available ad libitum. The vivarium
was maintained on a 12:12 hr light:dark cycle with lights on at 7.00. The temperature and
humidity of the room were kept constant. Behavioral testing began when the mice were at
least two months old. All experiments were conducted in isolated behavioral testing rooms
in the animal facility to avoid external distractions. All experiments were approved by the
Institutional Animal Care and Use Committee.

Ethanol drinking – 24 hr two-bottle choice
The two-bottle choice protocol was carried out as previously described (Blednov et al.,
2001). Tubes were weighed every other day. Food was available ad libitum, and mice were
weighed every 4 days. Tube positions were changed daily to control for position
preferences. Ethanol consumption (g/kg body weight/24 hr) was calculated for each mouse
and values summarized for every concentrations of ethanol. The range of ethanol
concentrations was varied from % to 18%.

Preference for non-alcohol tastants - 24 hr two-bottle choice
Mice were tested for saccharin and quinine consumption. One tube always contained water
and the other contained the tastant solution. Mice were serially offered saccharin (0.033%
and 0.066%) or quinine hemisulfate (0.03 mM and 0.06 mM) and intake was calculated.
Each concentration was offered for 4 days, with bottle position changed every day. For each
tastant, the low concentration was always presented first, followed by the higher
concentration.

Ethanol drinking - limited access drinking in the dark phase (one-bottle DID)
This method for consumption of ethanol (20% solution) under conditions of limited access
achieves pharmacologically significant levels of ethanol (Rhodes et al., 2005). Briefly,
starting 3 hr after lights off, water bottles were replaced with bottles containing a 20%
ethanol solution. The ethanol bottles remained in place for either 2 (first 3 days) or 4 hr (day
4) and then were replaced with water bottles. Except for this short period of time of ethanol
drinking, mice had unlimited access to water. This procedure was repeated for 4 consecutive
days. The ethanol bottles were weighed before placement and after removal from the
experimental cage.

Ethanol drinking – limited access in the dark phase (two-bottle choice DID)
This was similar to the one-bottle DID test described above by Rhodes et al. (2005) except
that two bottles (instead of one) containing either 20% ethanol or water were used (Blednov
and Harris, 2008). The ethanol and water bottles remained in place for 3 hr. After their
removal, mice had unlimited access to one bottle of water. Bottle positions during 3 hr
access were changed daily to avoid potential side preferences. The ethanol and water bottles
were weighed before placing and after removal from experimental cages.
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Statistical Analysis
Data are reported as the mean ± S.E.M. The statistics software program GraphPad Prizm
(Jandel Scientific, Costa Madre, CA) was used throughout. To evaluate differences between
groups, analysis of variance (two-way ANOVA for repeated measurement) with post-hoc
Bonfferoni corrections and Student’s t-tests were carried out. To evaluate changes in
preference for ethanol in dependence on time, analysis of variance (one-way ANOVA for
repeated measurement) was carried out.

RESULTS
Gene Selection

We began with a meta-analysis of gene expression changes associated with genetic
predisposition to high alcohol consumption in mice (based on the 24 hr two-bottle choice
test) (Mulligan et al., 2006). Initial examination of this data set showed statistically
significantly regulation of functional pathways related to immune/inflammatory responses,
including IL-1, IL-2, IL-6, NF-kB, Toll-like receptor and TNF receptor 1 signaling
pathways. We then compared functional groups and individual genes identified in mice with
expression studies in rats with genetic predisposition to high alcohol consumption (Kimpel
et al., 2007) and in human alcoholics (Liu et al., 2006, 2007; Flatscher-Bader et al., 2008),
Examination of data from these four gene expression studies showed that a number of genes
differentially expressed in each study could be classified into a functional category broadly
defined as “immune/inflammatory/defense/stress response” and we chose this pathway for
our validation study. We applied five criteria for selection of genes from this functional
category: 1) Statistical differences in gene expression (individual gene or over-represented
pathway) related to predisposition to alcohol consumption in mice (Mulligan et al., 2006); 2)
Statistical differences in gene expression in a rat or human study (Flatscher-Bader et al.,
2008 Kimpel et al., 2007; Liu et al., 2006); 3) Availability of knockout mice; 4) Functional
commonality and 5) Absence of publications linking the genes to alcohol consumption. This
resulted in four genes that fulfilled all criteria and two genes that fulfilled three criteria and
were found only in the Mulligan et al. (2006) data (Table 1). Thus, we evaluated null mutant
mice for six genes: B2m (beta-2 microglobulin), Cd14 (cluster of differentiation 14 or CD14
antigen), Il1rn (interleukin 1 receptor antagonist, also known as IL-1ra and IRAP), Il6
(interleukin 6), Ctss (cathepsin S) and Ctsf (cathepsin F).

One question that arises is whether we should expect a relationship between gene expression
changes in human alcoholics and high drinking mice. An important consideration is that the
human cases used in the gene expression studies were chosen for levels of alcohol
consumption, not for alcohol dependence (Liu et al. 2006). In addition, we do not know
which rodent behaviors or tests are consilent with human alcoholism (Crabbe, 2010) but
there is evidence that chromosomal regions important for human alcohol dependence are
syntenic with regions that influence alcohol consumption in mice (Ehlers et al., 2010).

Ethanol consumption in 24-hr two-bottle choice paradigm
In a two-bottle free-choice paradigm in which mice could drink either water or a series of
increasing ethanol concentrations, the preference for ethanol was significantly reduced in all
six mutant strains of male mice as shown in Fig. 1 [main effect of genotype: F(1,80) = 7.4,
p<0.01 for B2m mice; F(1,90) = 81, p<0.001 for Ctss mice; F(1,64) = 5.2, p<0.05 for Ctsf
mice; F(1,58) = 15, p<0.001 for Il1rn mice; F(1,90) = 19, p<0.001 for Cd14 mice; F(1,90) =
41, p<0.001 for Il6 mice]. The amount of ethanol consumed was also significantly reduced
in B2m, Ctss, Ctsf, Il1rn and Il6 knockout male mice. Total fluid intake was reduced in B2m
and Ctss null male mice and increased in Cd14 knockout male mice (for complete results see
Supplemental Fig. 1 and Fig. 2; for detailed statistics see Supplemental Table 1).
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Similar results were obtained in female mice. Preference for ethanol was significantly
reduced in five of six mutant strains of female mice as shown in Fig. 2 [main effect of
genotype: F(1,96) = 9.2, p<0.01 for B2m mice; F(1,85) = 47, p<0.001 for Ctss mice; F(1,63)
= 130, p<0.001 for Il1rn mice; F(1,80) = 40, p<0.001 for Cd14 mice; F(1,90) = 20, p<0.001
for Il6 mice]. The amount of ethanol consumed was also significantly reduced in these same
five strains of knockout female mice. However, no differences in preference for ethanol or
amount of ethanol consumed were found between wild type and Ctsf female mice. Total
fluid intake was reduced in B2m and Ctss null female mice (as it was for the male mice in
these two strains) and increased in Cd14 and Il6 knockout female mice (for complete results
see Supplemental Fig. 3 and Fig. 4; for detailed statistics see Supplemental Table 2).

Preference for non-alcohol tastants
Altered alcohol consumption in mutant mice can be related to changes in taste (Blednov et
al., 2008). We studied consumption of saccharin and quinine in the mutant mice in a 24 hr
two bottle choice test to determine if taste could account for the reduced alcohol
consumption. Of the six knockout strains, only B2m null male mice showed a slight change
(reduction) in preference for saccharin. Total fluid intake was reduced in B2m and Ctss null
male mice and increased in Cd14 and Il6 knockout male mice. Only Ctss null male mice
showed slightly reduced avoidance (increased preference) for quinine. Ctss null male mice
also demonstrated reduced total fluid intake whereas in Cd14 knockout males, total fluid
intake was increased (for complete results see Supplemental Table 3; for detailed statistics
see Supplemental Table 5).

For females, Ctss and Il1rn null mice showed slightly reduced preference for saccharin
whereas Ctsf knockout mice demonstrated slightly increased preference for the sweet taste.
Total fluid intake was reduced in Ctss and Il1rn null female mice and increased in Cd14
knockout females. Similar to male mice, only Ctss null female mice showed reduced
avoidance (increased preference) for quinine. Total fluid intake was reduced in B2m, Ctss
and Il1rn null females and increased in Cd14 and Il6 knockout female mice (for complete
results see Supplemental Table 4; for detailed statistics see Supplemental Table 6).

Ethanol consumption in limited access in the dark phase (two-bottle choice DID)
In a two-bottle free-choice paradigm with limited access to ethanol, the preference for
ethanol was significantly reduced only in Il1rn null male mice [main effect of genotype:
F(1,135) = 85, p<0.001] (Fig. 3b). Amount of ethanol consumed was significantly reduced
in Ctss and Il1rn mutant male mice. Total fluid intake was reduced in B2m, Ctss and Il6 null
male mice and increased in Cd14 and Il1rn knockout male mice (for complete results see
Supplemental Fig. 5; for detailed statistics see Supplemental Table 7).

In female mice, the amount of ethanol consumed was significantly reduced in all six null
strains. Ctss, Il1rn and CD14 null strains showed reduced preference for ethanol in the 2B-
DID test [main effect of genotype: F(1,162) = 5.7, p<0.05 for Ctss mice; F(1,126) = 490,
p<0.001 for Il1rn mice; F(1,162) = 9.1, p<0.01 for Cd14 mice] (Fig. 3 d,e,f). Total fluid
intake was significantly reduced in B2m, Ctss and Il6 null female mice and increased in
Il1rn and Cd14 knockout female mice (for complete results see Supplemental Fig. 6; for
detailed statistics see Supplemental Table 8). Some strains appeared to increase their alcohol
consumption over days, but this was not a consistent finding for either the wild-type or
mutant mice (statistics in Supplemental Table 9). Because Ctsf null mice of both sexes
showed very low preference for ethanol in the 24 hr two-bottle choice test, these mice were
not tested in either 2B-DID or 1B-DID.
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Ethanol consumption in limited access in the dark phase (one-bottle DID)
Only Ctss and Il1rn null male mice showed reduced ethanol intake during three consecutive
days with 2 hr access to ethanol [main effect of genotype: F(1,39) = 43, p<0.001 for Ctss
mice; F(1,36) = 71, p<0.001 for Il1rn mice] (Fig. 4 b,c). During 4 hr access to ethanol, male
mice of both mutant strains also demonstrated a large reduction in amount of ethanol
consumed.

As seen in males, only Ctss and Il1rn null females showed reduced ethanol intake during
three consecutive days with 2 hr access to ethanol [main effect of genotype: F(1,39) = 52,
p<0.001 for Ctss mice; F(1,36) = 111, p<0.001 for Il1rn mice] (Fig. 5 b,c). During 4 hr
access to ethanol, female mice in both mutant strains also demonstrated reduced
consumption of ethanol. Because only one-bottle is offered at a time, ethanol preference
can't be measured in this test.

DISCUSSION
Remarkably, all six genes originally selected from large and diverse gene expression
datasets were associated with changes in alcohol consumption in mice. Apart from the gene
expression studies, none of these genes had previously been implicated in alcohol actions
and most are ‘immune/inflammatory’ genes with limited visibility in neurobiology. These
findings support the validity of our strategy for selection of gene targets from microarray
data using convergent statistical, informatics and functional approaches. A unique aspect of
the present study is the behavioral validation for use of multiple microarray datasets to
predict targets important for alcohol action and indeed the actual validation of this approach
for any behavioral trait. It is important to note that the most consistent and robust changes
occurred in the 24 hr two-bottle choice test, the test that was the basis for selection of these
genes. The 24 hr two-bottle choice test showed reduced alcohol preference and consumption
in most male and female null mutant mice. However, in limited access 1B-DID tests, only
deletion of the Il1rn and Ctss genes decreased ethanol consumption, indicating differences
in the genetic control of these behaviors (Supplemental Table 10).

The high success rate (6 out of 6) of our validation raises the question of whether a global
KO of any gene with a significant brain function will result in behavioral disturbance that
would to, at least, some degree affect alcohol consumption. This is not consistent with the
literature as a review of 93 null mutants tested for alcohol responses noted that only about
1/3 showed a decrease in alcohol consumption (Crabbe et al., 2006), A more specific test of
this hypothesis is whether negative microarray findings would be followed by negative
behavioral results. Our data and results of others indicate that this is indeed the case. For
example, genetic deletion of some key brain receptors, such as the beta2 subunit of GABAA
receptors or metabotropic glutamate receptors (mGluR4, mGluR5) did not change alcohol
consumption (Blednov et al., 2003; Blednov et al., 2004; Blednov and Harris, 2008;) and
none of these genes passed the statistical threshold of significant regulation in Mulligan et
al. (2006). On the other hand, genetic differences in GABAA alpha2 subunit expression
were found (Mulligan et al., 2006) and these differences corresponded to the altered
drinking in Gabra2 null mutants (Boehm et al., 2004).

All six genes selected for validation have important roles in peripheral immune and
inflammatory signaling and global deletion of these genes may affect multiple tissues. For
example, mice deficient in β2-microglobulin fail to express major histocompatibility
complex (MHC) class I products (Rothenberg and Voland, 1996), and Cd14-deficient mice
are resistant to LPS (Schütt, 1999). Ctss is a key enzyme controlling MHC class II-mediated
antigen presentation by epithelial cells in vivo (Beers et al., 2005), and inflammatory
responses are compromised in Il6-deficient mice (Kopf et al., 1994). In addition, we found
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that deletion of related proinflammatory mediators (the chemokines Ccl1 and Ccl2 or the
chemokine receptor Ccr2) reduced alcohol preference and intake and also reduced the
motivational effect of ethanol in a conditioned taste aversion paradigm (Blednov et al.,
2005). Thus, we now have nine genes with roles in immune and inflammatory processes that
regulate alcohol consumption. However, as discussed below, these genes should not be
considered as exclusively ‘immune’ or ‘inflammatory’ as their role in normal brain signaling
is an area of intense investigation. This raises the possibility that the altered alcohol
consumption produced by deletion of these ‘immune’ genes is due to changes that occur in
brain. Studies of some of these immune mediators in central nervous system function are
just beginning, but roles for each of these genes in brain are emerging.

In humans, alcohol abuse is associated with disruption of immune defenses against
infections (Nelson and Kolls, 2002) and increases in serum proinflammatory cytokines
(McClain and Cohen, 1989; McClain et al., 1999). It is not known if voluntary alcohol
consumption in mice changes these immune and inflammatory processes, and it is possible
that alcohol's action on these pathways is altered in the null mutants.

The immune proteins have important roles in neuronal plasticity and some are found in
neurons as well as microglia or astrocytes (Boulanger, 2009; Rivest, 2003), and we will
briefly review the role of the six proteins tested in this study in brain function (shown
schematically in Fig. 6). CD14 is critical for the function of two Toll-Like receptors, TLR 2
and 4, which are expressed by microglia as well as astrocytes and neurons (Bsibsi et al.,
2002; van Noort and Bsibsi, 2009). Cathepsins, including Ctsf and Ctss, are found in
microglia where they are important for the function of MHC class II molecules and are also
secreted from microglia and may be involved in cytokine processing (Nakanishi, 2003;
Wang et al., 1998). B2m, which is part of the MHC class I complex, is found in many
neurons, including dopaminergic neurons, and is critical for neuronal plasticity, including
long-term potentiation (Corriveau et al., 1998; Huh et al., 2000; Linda et al., 1999). IL-1 is
one of the most prevalent and important cytokines and its actions are regulated by an
endogenous antagonist, IL-1rn. Both are released from microglia and glia and act on
receptors on neurons and glia (Molina-Holgado et al., 2003; Tsakiri et al., 2008), and
elevated levels of IL-1rn interfere with memory consolidation (Spulber et al., 2009). IL-1
also stimulates the release of IL-6 from neurons and glia (Tsakiri et al., 2008). IL-6 acts on
neuronal receptors to suppress inhibitory transmission by reducing GABA-A and glycine
receptor function (Kawasaki et al., 2008). Deletion of Il1rn produced some of the most
pronounced changes in drinking in both tests and it is of interest to note that activation of
cannabinoid (CB1 and CB2) receptors mediate release of IL-1rn and that IL-1rn disrupts
BDNF-ERK1/2 signaling (Molina-Hidalgo et al, 2003: Spulber et al., 2009). Thus, deletion
of Il1rn should reduce some effects of endocannabioids and enhance BDNF signaling.
Importantly, treatments that reduce CB1 receptor signaling or enhance BDNF activity
reduce alcohol consumption (Wang et al., 2003; Jeanblanc et al., 2009), suggesting
mechanisms by which deletion of Il1rn may reduce drinking. Thus, the six genes and gene
products manipulated in our study are critically involved in signaling among microglia, glia
and neurons (Fig. 6) and most of them have been implicated in synaptic plasticity.

It is somewhat surprising that deletion of each of these genes caused either a decrease or no
change (depending on the test) in drinking and none of the deletions increased drinking. This
is particularly true for deletion of Il1rn which should cause an increase in IL-1 signaling,
whereas the other deletions might be expected to decrease cytokine activity. However, given
the complexity of this signaling system, this is likely an incorrect over-simplification. It is
important not to assume that levels of mRNA and protein are always positively correlated
and that the direction of mRNA changes reflects the direction of functional changes.
Although in many cases changes in levels of mRNA predict changes in protein, no
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correlation or even a negative correlation has been observed because transcription,
translation and mRNA and protein degradation are intrinsically dynamic processes regulated
by independent mechanisms and time constraints (Lewandowski and Small; 2005; Jayapal et
al., 2008). For example, activation of microglia or macrophages increases the secretion of
cathepsin S, but decreases the level of the transcript (Liuzzo et al., 1999). The important
point is the the current experiments validated previous microarray findings by confirming a
phenomenological link between molecular and behavioral changes. An understanding of the
mechanisms responsible for the decreased alcohol consumption will require studies of
neuronal or cellular function.

Our results demonstrate the validity of convergent genomic analyses to nominate genes that
might be important for genetic regulation of complex behaviors. The subtlety of such
regulation is emphasized by the observation that although three different tests of alcohol
consumption show effects of deletion of some of the genes, only the 24 hr two-bottle choice
test, which was the primary basis of gene selection, showed effects of all six genes. In
addition, our findings indicate a novel and unexpected role for proinflammatory signaling in
regulation of alcohol consumption. Although the brain proinflammatory system has most
often been studied in relation to neuropathology, emerging evidence shows that it represents
a signaling network that regulates normal behavior (Boulanger, 2009; Rihel et al., 2010).
Our results raise the possibility that rewarding (or aversive) effects of alcohol may be
determined by cytokine signaling. This may be related to the observation that activation of
cytokine signaling (e.g., by lipopolysaccharide) produces a ‘sickness’ behavior that includes
decreases in reward function (measured by intracranial self-stimulation) (Borowski et al.,
1998; Henry et al., 2008) similar to that observed in alcoholism. A possible neurochemical
mechanism for neuroimmune regulation of drinking behavior is activation of glutamatergic
transmission as Crews et al. (2006) proposed that cytokines can induce a hyperglutamatergic
state and Spanagel et al. (2005) proposed that a hyperglutamate state drives drinking
behavior. Reversal of the dysregulation of glutamatergic and reward function produced by
alcohol and other drugs by neuroimmune signals may provide new opportunities for
pharmacotherapy of alcoholism and other addictions.

Several caveats apply to studies of null mutant mice, including the fact that most gene-
targeted mice, including those used in this study, are developed on a mixed genetic
background, usually C57Bl/6J and a 129 substrain and these parental strains differ in
responses to ethanol and many other drugs (Phillips et al., 1999). Four of the lines of
knockout mice used in this study were backcrossed on the C57Bl/6J strain for many
generations, reducing the potential confounding effects of the mixed genetic background,
but genetic background may have a role in the phenotypes of Ctsf (−/−) and Il1rn (−/−)
which were not backcrossed. Another concern is that homologous recombination places
additional "hitchhiking" (e.g., 129 strain) DNA near the disrupted gene (Crusio, 1996;
Gerlai, 1996). The complete replacement of 129 alleles is limited by the probability of
recombination; even after 12 backcrosses a segment of 129-derived chromosome (about 16
centiMorgans) remains surrounding the mutated gene (Festing, 1992) and these neighboring
genes can potentially influence the phenotype of the null mice. To distinguish the role of
null genes and "hitchhiking" genes, it is necessary to determine the overlap between the
known QTLs for alcohol consumption and chromosomal regions of derived from the
parental strains. The behavioral QTLs for alcohol preference were compiled by Saba et al.
(2006) and are on Chr2 (9–49 cM and 107 cM), Chr3 (48–83 cM), Chr4 (59–75 cM), Chr5
(44 cM) and Chr9 (9–61 cM). For genes tested in our study, Cd14 and Ctsf are not on any of
these chromosomes (Table 1). Il6 is located on Chr5 but is far away from the suggested
QTL. B2m is located on Chr2 and Ctss is located on Chr3, but out of suggested QTL regions
for these chromosomes. One gene – IL1rn - is located within a suggested QTL region on
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Chr2. Thus, the strong reduction of drinking seen in IL1rn mutants may be result of a
combination of gene deletion and "hitchhiking" genes derived from the 129 strain.

In summary, these findings provide links between a group of genes regulating immunity and
voluntary alcohol drinking. This initial validation allows prioritization of targets for the
future mechanistic studies of proimmune signaling in alcohol reward.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lack of B2m, Ctss, Ctsf, Il1rn, Il6 or Cd14 reduces ethanol preference in two-bottle
choice test in male mice
A. B2m knockout mice, (p<0.01, effect of genotype). B. Ctss knockout mice, (p<0.001,
effect of genotype). C. Ctsf knockout mice. (p<0.05, effect of genotype). D. Il1rn knockout
mice, (p<0.001, effect of genotype). E. Cd14 knockout mice, (p<0.001, effect of genotype).
F. Il6 knockout mice, (p<0.001, effect of genotype). n = 9 – 10 for all groups.
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Figure 2. Lack of B2m, Ctss, Il1rn, Il6 or Cd14 reduces ethanol preference in two-bottle choice
test in female mice
A. B2m knockout mice, (p<0.01, effect of genotype). B. Ctss knockout mice, (p<0.001,
effect of genotype). C. Ctsf knockout mice, (p>0.05, effect of genotype). D. Il1rn knockout
mice, (p<0.001, effect of genotype). E. Cd14 knockout mice, (p<0.001, effect of genotype).
F. Il6 knockout mice, (p<0.001, effect of genotype). n = 9 – 10 for all groups.
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Figure 3. Effect of deletion of B2m, Ctss, Il1rn, Cd14 or Il6 on preference for ethanol in two-
bottle DID procedure (2B-DID)
Males: A. B2m and Ctss knockout mice. B. Il1rn knockout mice. (p<0.001, effect of
genotype). C. Cd14 and Il6 knockout mice. Females: D. B2m and Ctss knockout mice.
(p<0.05, effect of genotype for the Ctss knockout mice) E. Il1rn knockout mice. (p<0.001,
effect of genotype) F. Cd14 and Il6 knockout mice. (p<0.01, effect of genotype for the Cd14
knockout mice) n = 10 – 14 for all groups. Ethanol was used in concentration 20%.
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Figure 4. Effect of deletion of B2m, Ctss, Il1rn, Cd14 or Il6 on preference for ethanol in one bottle
DID procedure (1B-DID) in male mice
A. B2m knockout mice. B. Ctss knockout mice, (p<0.001, effect of genotype for the period
with 2 hrs access). C. Il1rn knockout mice, (p<0.001, effect of genotype for the period with
2hrs access). D. Cd14 knockout mice. E. Il6 knockout mice. ** - p<0.01, *** - p<0.001 –
statistically significant differences between mutant and correspondent wild type mice for the
period with 4 hrs access (Student’s t-test). n = 7 – 9 for all groups. Ethanol was used in
concentration 20%.
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Figure 5. Effect of deletion of B2m, Ctss, Il1rn, Cd14 or Il6 on preference for ethanol in one bottle
DID procedure (1B-DID) in female mice
A. B2m knockout mice. B. Ctss knockout mice, (p<0.001, effect of genotype for the period
with 2hrs access). C. Il1rn knockout mice, (p<0.001, effect of genotype for the period with
2hrs access). D. Cd14 knockout mice. E. Il6 knockout mice. *** - p<0.001 – statistically
significant differences between mutant and correspondent wild type mice for the period with
4 hrs access (Student’s t-test). n = 6 – 8 for all groups. Ethanol was used in concentration
20%.
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Figure 6.
Schematic diagram linking genes that were targeted for functional validation using null
mutant mice. The diagram is based on existing pathways from KEGG
(http://www.genome.jp/kegg/) and BioCarta (http://www.biocarta.com/) as well as published
literature (see Discussion for references). Cd14 is a key component of the Toll-like receptor
pathway resulting in production of proinflammatory cytokines, such as IL-1 and IL-6.
IL1RN is an antagonist for IL-1 receptor. Cathepsins S and F are cysteine proteases that
degrade the invariant polypeptide of major histocompatibility complex, class II (Cd74) and
promote the presentation of antigens by antigen-presenting cells. This function is served by
microglia and astrocytes in brain. B2m also plays a role in antigen presentation.
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Table 1

“Immune” candidate genes for functional validation.

Gene Symbol: Gene Name Chromosome (cM) Evidence Reference

B2m:
Beta-2-microglobulin

2 (69.0) B2m is upregulated in brain of alcohol-preferring mice
B2m is downregulated in brain of alcohol-preferring rats
B2m is upregulated in VTA of human alcoholics

Mulligan et al., 2006
Kimpel et al., 2007
Flatscher-Bader et al.,
2008

Il1rn: Interleukin 1 receptor
antagonist

2 (10.0) Il1rn is downregulated in brain of alcohol-preferring
mice and is a part of over-represented “Signal
Transduction Through IL1R” pathway
Interleukin 1 receptor (IL1R1) gene is upregulated in
VTA of human alcoholics

Mulligan et al., 2006
Flatscher-Bader et al.,
2008

Il6:
Interleukin 6

5 (17.0) “IL6 Signaling Pathway” is over-represented in alcohol-
preferring mice
Interleukin 6 receptor (Il6r) gene is upregulated in brain
of alcohol-preferring rats

Mulligan et al., 2006
Kimpel et al., 2007

Cd14:
CD14 antigen

18 (31.0) Cd14 is downregulated in brain of alcohol-preferring
mice and is a part of over-represented “Toll-Like
Receptor Pathway”

Mulligan et al., 2006

Ctss:
cathepsin S

3 (42.7) Ctss is upregulated in brain of alcohol-preferring mice
Ctss is downregulated in Frontal Cortex of human
alcoholics

Mulligan et al., 2006
Liu et al., 2006

Ctsf:
cathepsin F

19 (Syntenic) Ctsf is upregulated in brain of alcohol-preferring mice Mulligan et al., 2006

cM – centiMorgans.
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