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Alcohol is the most commonly abused drug worldwide, and chronic
alcohol consumption is a major etiological factor in the develop-
ment of multiple pathological sequelae, including alcoholic car-
diomyopathy and hepatic cirrhosis. Here, we identify regulator of
G protein signaling 6 (RGS6) as a critical regulator of both alcohol-
seeking behaviors and the associated cardiac and hepatic morbid-
ities through two mechanistically divergent signaling actions.
RGS6™'~ mice consume less alcohol when given free access and
are less susceptible to alcohol-induced reward and withdrawal.
Antagonism of GABAg receptors or dopamine D2 receptors par-
tially reversed the reduction in alcohol consumption in RGS6~'~
animals. Strikingly, dopamine transporter inhibition completely re-
stored alcohol seeking in mice lacking RGS6. RGS6 deficiency was
associated with alterations in the expression of genes controlling
dopamine (DA) homeostasis and a reduction in DA levels in the
striatum. Taken together, these data implicate RGS6 as an essen-
tial regulator of DA bioavailability. RGS6 deficiency also provided
dramatic protection against cardiac hypertrophy and fibrosis, he-
patic steatosis, and gastrointestinal barrier dysfunction and endo-
toxemia when mice were forced to consume alcohol. Although
RGS proteins canonically function as G-protein regulators, RGS6-
dependent, alcohol-mediated toxicity in the heart, liver, and gas-
trointestinal tract involves the ability of RGS6 to promote reactive
oxygen species-dependent apoptosis, an action independent of its
G-protein regulatory capacity. We propose that inhibition of RGS6
might represent a viable means to reduce alcohol cravings and
withdrawal in human patients, while simultaneously protecting
the heart and liver from further damage upon relapse.
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Icoholism imparts a large socioeconomic burden on the

healthcare system in the United States, affecting an esti-
mated 12% of the population at any given time, a prevalence
greater than that for all other drugs of abuse combined. Despite
decades of research, our understanding of the mechanisms un-
derlying the acquisition of alcohol dependence remains limited.
As a result, there are few currently approved therapeutics
designed to reduce alcohol cravings or withdrawal symptomo-
logy, and abstinence remains the only effective way to prevent
tissue damage that results from chronic alcohol abuse.

Alcohol dependence is a progressive, neurological disorder char-
acterized by accumulating neuroadaptations resulting from chronic
ethanol (EtOH) exposure. Unlike many drugs of abuse, no specific
molecular target of EtOH has been identified. Instead, EtOH
functions as a CNS depressant through its ability to simultaneously
dampen excitatory neurotransmission mediated by NMDA subtype
glutamate receptors and enhance inhibitory neurotransmission
through ionotropic GABA, receptors (GABAARs) (1). Concomi-
tant alterations in glutamatergic excitatory inputs and GABAergic
inhibitory inputs, in addition to possible direct EtOH-mediated
neuronal excitation, promotes acute neurotransmitter aberrations
and chronic neural adaptations in the mesolimbic neuronal circuit,
a major dopaminergic pathway in the brain implicated in drug ad-
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diction (2-5). This system includes the dopaminergic neurons of the
ventral tegmental area (VTA), GABAergic neurons of the nucleus
accumbens (NAc), and their efferent targets in the amygdala, hip-
pocampus, and medial prefrontal cortex.

The neurotransmitters that facilitate neuronal communication
in the mesolimbic pathway [e.g., dopamine (DA), GABA, opioids,
and serotonin (5-HT)] bind to and activate a variety of G protein-
coupled receptors (GPCRs) located on pre- and postsynaptic
neurons. Indeed, genetic and epigenetic aberrations in dopamine
D2 receptors (D2Rs), GABAgRs, p opioid receptors, and sero-
tonin 1A receptors (5-HT;ARs), have been implicated in alcohol
dependence in human alcoholics (6-10). Recently, preclinical
evidence has indicated that the rewarding properties of multiple
drugs of abuse can be ameliorated by activation of GABAgRSs in
the VTA (7, 11). The GABAgR agonist baclofen has been eval-
uated for clinical utility in alcoholics considered “at high risk” of
continued drug abuse, to help with cravings and withdrawal
symptoms, and is approved for use in Europe (12-14). The use of
baclofen is controversial, however, because of potent sedative and
muscle relaxant actions that are additive with alcohol and addi-
tional interactions with other drugs of abuse. Drugs targeting the
opioid, DA, and 5-HT neurotransmitter systems have also been
proposed as novel alcoholism therapies (15-17), but only one drug
(naltrexone) is Food and Drug Administration approved. Clearly,
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novel mechanistic insight into the GPCR-regulated processes
underlying alcohol dependence could facilitate the development
of novel effective therapeutics.

By facilitating inactivation of heterotrimeric G-proteins, reg-
ulators of G protein signaling (RGS) proteins serve as gate-
keepers of the cellular responses to extracellular signals acting
through GPCRs (18-21). RGS6 belongs to the R7 subfamily,
which share a characteristic three-domain structure. The RGS
domain confers functional GTPase activating protein activity
directed specifically toward Gay, (22). The N-terminal dishev-
eled, EGL-10, pleckstrin homology domain is best known for
mediating interaction between R7 family RGS proteins and the
accessory protein R7 family binding protein (R7BP) required for
shuttling of R7 family RGS proteins between the nucleus and
plasma membrane (23). The Gy subunit-like domain facilitates
complex formation between R7 family members and the atypical
Gp subunit Gps (24-26), an interaction required for stable ex-
pression of both proteins (27). RGS6 regulates Goy,-coupled
GABAgRs, 5-HTARs, and p opioid receptors in the brain (28—
30). Although some RGS proteins have been implicated in the
pathophysiology of addiction, no studies have investigated the
role of RGS proteins in alcohol dependence (31-33).

EtOH consumption is a major etiologic factor in the de-
velopment of additional pathological sequelae, including non-
ischemic dilated cardiomyopathy and chronic liver disease that
progresses from fatty liver to hepatitis, cirrhosis, and eventual or-
gan failure. It is estimated that 1 in 10 deaths in working-age adults
result from excess alcohol consumption. Although a majority of the
mortality associated with alcohol drinking can be attributed to
accidents and violent crimes, a substantive portion results from the
long-term consequences of alcohol exposure, including heart and
liver disease. Interestingly, the mechanisms underlying these dis-
tinct pathologies both involve the accumulation of reactive oxygen
species (ROS) that contribute to cell death, inflammation, fibrotic
remodeling, and loss of tissue functional integrity (34, 35). Al-
though the exact pathogenic ROS source remains unclear, scav-
enging or inhibition of superoxide anion generation from activated
NADPH oxidase (Nox) complexes protects against EtOH-induced
tissue injury (36, 37). Although originally discovered as a G-protein
regulator with the demonstrated capacity to modulate multiple
GPCR-dependent physiological processes (28, 29, 38), our recently
published studies have shown that RGS6 is also involved in ROS-
dependent cardiomyopathy induced by doxorubicin (Dox) (39),
and promotes ROS generation and ROS-mediated apoptosis in
cancer cells through G protein-independent mechanisms (40).
Both Dox- and EtOH-induced cardiomyopathies require Nox-
dependent ROS generation (37, 41), leading us to the novel hy-
pothesis that RGS6 also promotes EtOH-induced, ROS-mediated
apoptosis, and subsequent pathology.

The dual G protein-dependent and -independent signaling
actions of RGS6 afforded us the unique opportunity to interrogate
the role of RGS6 in multiple aspects of alcohol pathology. Based
on previous work, we hypothesized that RGS6 might promote
alcohol-seeking behaviors through its ability to negatively regu-
late neuronal GPCR signaling, while simultaneously mediating
ROS-dependent hepatic and cardiac toxicity. Here, we confirm
that mice lacking the RGS6 gene are less susceptible to alcohol
dependence and are largely protected from hepatic steatosis and
alcoholic cardiomyopathy. This work identifies RGS6 as a novel
therapeutic target in the treatment of human alcoholics, with the
potential to reduce alcohol cravings and protect tissues from
alcohol-induced damage.

Results

RGS6 Loss Ameliorates Alcohol Seeking, Conditioned Reward and
Withdrawal in Mice Without Impacting EtOH-Induced Sedation and
Ataxia. To evaluate the impact of RGS6 loss on alcohol con-
sumption, WT and RGS6~'~ mice were provided free access to
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two bottles of drinking water with and without EtOH [8% (vol/vol)]
according to the schematic outlined in Fig. S14. Remarkably,
mice lacking RGS6 consume significantly less EtOH (Fig. 14) and
exhibit a reduction in EtOH preference (Fig. 1B). No differences
were observed in water consumption or forced EtOH consump-
tion (Fig. S1B). Mice of both genotypes were also subjected to
a long-term model of binge drinking. Mice were given a free
choice between tap water and an EtOH-containing solution, with
the EtOH concentration increased weekly from 3% to 20% (vol/
vol) for a total period of 1 mo. As shown in Fig. 1C, RGS6™'~ mice
were significantly less susceptible to alcohol-seeking behaviors
compared with WT mice. We confirmed that these results were
not secondary to alterations in taste preference in RGS6~'~ mice
for either bitter (quinine) or sweet (saccharin) solutions in exper-
iments depicted in Fig. S1 C and D, respectively.

Voluntary EtOH consumption and preference are known to
correlate well with measures of EtOH reward (42). Consistent
with the reduction in alcohol drinking, RGS6™~ mice were less
susceptible to EtOH-mediated conditioned reward (Fig. 1D).
Furthermore, mice lacking RGS6 experienced less-severe with-
drawal symptomology and recovered faster from EtOH with-
drawal compared with their WT counterparts (Fig. 1 E and F). In
contrast, no differences were observed in EtOH-induced seda-
tion (Fig. 1G), and although RGS6™'~ mice exhibit a baseline
ataxic phenotype as we previously reported (28), the net effect of
EtOH on motor coordination was equivalent (Figs. S2 C-E) or
reduced (Fig. 1H and Fig. S2 A and B) in mice lacking RGS6.
This is an important advantage of RGS6 inhibition over drugs
such as baclofen, which possess potent sedative and ataxic
actions that are additive with alcohol.

RGS6-Mediated Regulation of Multiple GPCRs and DA Bioavailability
Contributes to Alcohol-Seeking Behaviors in Mice. Alcohol’s hedonic
value results from hijacking of the endogenous reward system in
the brain, beginning with the release of DA from neurons in the
VTA (2-5). Under control conditions, a dramatic reduction
(~70%) in DA content and the levels of DA metabolites 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid but
not 3-methyoxytyramine were observed in the whole striatum of
RGS6™"~ mice (Fig. 24). The steady-state content of serotonin
and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) were
similar in WT and RGS6~"~ mice (Fig. 24). No changes in the
tissue content of the various biogenic amines was observed in
the NAc in the absence of a stimulus (Fig. 2B). Nevertheless, the
observed alterations in steady-state DA levels in striatum identify
RGS6 as an important regulator of DA homeostasis.

A population of RGS6 and tyrosine hydroxylase (TH)-positive
neurons were identified in the VTA of WT mice with RGS6
expression lost in RGS6™~ mice (Fig. 2C). The VTA, like cer-
ebellum, expresses multiple RGS6 splice forms (28, 43), and
although readily detectable in naive animals, alcohol exposure
caused a large increase in RGS6 expression in the VTA (Fig. 2D)
but not the cerebellum, cortex, or striatum (Fig. S3). In fact,
RGS6 is down-regulated in the cortex and striatum following
a month of EtOH treatment (Fig. S3). Gfs, an RGS6 binding
partner required for RGS6 stability, followed an identical trend
in VTA, although the fold-induction was lower in magnitude
(Fig. 2D). Gp5 expression was unchanged during prolonged ex-
posure in non-VTA brain regions (Fig. S3). Changes in RGS6
expression appear to require prolonged EtOH exposure because
a single dose of EtOH was insufficient to cause alterations in
RGS6 expression in any tissue surveyed (Fig. S4).

The mRNA expression of the DA synthesizing enzyme (TH)
and the protein responsible for transporting DA into vesicles
for synaptic release, the vesicular monoamine transporter 2
(VMAT?2), are reduced in the VTA of RGS6~'~ mice (Fig. 2E).
Interestingly, although no difference was observed under control
conditions, we observed a dramatic increase in expression of the
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Fig. 1.

RGS6 deficiency reduces alcohol consumption, withdrawal, and reward without impacting sedation and ataxia. WT (n = 12) and RGS6™"~

(n=11) mice

were tested in the short-term two-bottle free-choice alcohol consumption paradigm depicted in Fig. S1A. (A) EtOH consumption in free-choice and forced
phases of the experiment normalized to body weight (gram of EtOH per kilogram body weight per day) and (B) EtOH preference are shown. (C) EtOH
consumed by WT (n = 14) and RGS6~'~ mice (n = 14) given free access to increasing concentrations of EtOH containing solutions [3%, 6%, 10%, 20% (vol/vol)]
for 1 wk each. (D) Time spent by WT (n = 9) and RGS6™'~ (n = 8) mice in the EtOH box during the testing phase of the conditioned place preference paradigm.
EtOH withdrawal severity in WT (n = 9) and RGS6~'~ mice (n =9) as depicted by (E) hourly handling-induced convulsions score and (F) area under the curve
from E. (G) Duration of the loss of righting reflex (LORR) in EtOH-treated WT (n = 8) and RGS6~"~ (n = 9) mice. (H) Net impact of EtOH challenge on the
rotarod speed at which WT (n = 8) and RGS6~"~ (n = 8) mice fell from the rod. **P < 0.01; ***P < 0.001 vs. WT by Student’s t test (single variable) or ANOVA
with the Bonferroni post hoc adjustment (multivariable). Data are presented as mean + SEM.

dopamine transporter (DAT) specifically in the VTA of RGS6™/~
mice following chronic EtOH exposure (Fig. 2E). Increased
DAT, combined with reduced expression of TH and VMAT?2 in
the VTA of RGS6-deficient mice, would be expected to limit the
availability of synaptic DA. In contrast, striatal DAT and TH
expression were increased under control conditions in RGS6™/~
mice (Fig. 2E).

Gayjo-coupled D2Rs expressed presynaptically on dopami-
nergic neurons act as autoreceptors blocking vesicular DA re-
lease and activating DAT through multiple mechanisms (44-46).
In addition, stimulation of GABAgRs, which also signal through
Gayyo, in the VTA reduces alcohol consumption (2, 7, 47). RGS6
functions to impede the ataxic (28) and sedative actions of
GABAgR agonists (Fig. S54) and RGS6 loss prolongs the time
course of GABAgR-induced activation and deactivation of the
MAPK signaling cascade (Fig. S5B). However, no studies have
evaluated the impact of RGS6 loss on D2R-dependent behav-
iors. To directly test the involvement of GABAgR and D2R
signaling in the reduction in alcohol-seeking behavior seen in
RGS6™~ mice, we repeated the short-term free-choice EtOH
consumption paradigm with the addition of daily GABAgR
(SCH-50911) or D2R (raclopride) antagonist treatments. Treat-
ment with either SCH-50911 or raclopride partially reversed
the reduction in alcohol consumption observed in RGS6™'~ mice
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(Fig. 2F), indicating that potentiation of GABAgR or D2R sig-
naling underlies, in part, the reduction in voluntary alcohol
consumption observed in mice lacking RGS6. Clearly, both
GABAgRs and D2Rs are involved in the aberrant alcohol-seeking
behaviors in RGS6~"mice, but it remained unclear whether these
receptors were acting through a similar mechanism in the VTA to
achieve this end. Strikingly, we found that singular inhibition of
DAT with the inhibitor GBR-12909 completely restored EtOH
consumption in RGS6~~ animals to levels observed in WT mice
(Fig. 2F). These data indicate that, although at least two GPCRs
contribute to alcohol indifference in mice lacking RGS6, increased
DAT activity is the predominant mechanism underlying this
phenomenon. Thus, RGS6 is a critical novel regulator of DAT
expression and activity, actions that would be expected to limit the
pool of synaptic DA capable of propagating the response to
rewarding stimuli.

Mice Lacking RGS6 Are Protected Against Alcohol-Induced Car-
diomyopathy. Having established a critical role for RGS6 in
promoting alcohol-seeking behaviors, we next sought to in-
vestigate the involvement of RGS6 in the pathogenesis of cardiac
damage induced by EtOH. We reasoned that, given the ability of
RGS6 to promote ROS-dependent apoptosis in the Dox-treated
myocardium (39) and studies implicating ROS in the development
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Fig. 2. RGS6-mediated regulation of multiple GPCRs and DA bioavailability contributes to alcohol-seeking behaviors in mice. The content of the various
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quantification was performed with protein levels (n = 3) normalized to tubulin loading control and expressed relative to control conditions (Right). (E) DAT,
TH, and VMAT2 mRNA expression in the striatum and VTA of WT (n = 3-6) and RGS6™'~ mice (n = 3-6) fed on an isocaloric control or EtOH [5% (vol/vol)]
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with the addition of daily injections of SCH-50911 (12.5 mg/kg), raclopride (3 mg/kg), or GBR-12909 (10 mg/kg) to inhibit GABAgR, D2R, and DAT, respectively.
EtOH consumption in the free-choice phase of the experiment is depicted normalized to body weight (grams of EtOH per kilogram body weight per day).
None of the drugs tested impacted water or forced EtOH consumption (data not shown). *P < 0.05; **P < 0.01; ***P < 0.001 vs. WT control and P <0.05; P <
0.001 vs. RGS6~'~ control by Student's t test or ANOVA with the Bonferroni post hoc adjustment where appropriate. Data are presented as mean + SEM.

of alcoholic cardiomyopathy (37), RGS6 might mediate oxidative
stress-induced cytotoxicity in alcohol-exposed hearts. To test this
hypothesis, we used a “forced” EtOH feeding paradigm, which
eliminates genotype effects on EtOH seeking and reward behav-
iors and has been shown to cause detectable loss of cardiac con-
tractility in addition to compromising liver function after 2 mo (36,
37). During the course of treatment, both WT and RGS6~~ mice
lost weight (Fig. S64). However, although the weight loss was
accelerated in mice lacking RGS6, they consistently drank more of
the alcohol-containing food compared with their WT counter-
parts, with their consumption more closely resembling that of mice
consuming the control diet (Fig. S6B).

We have previously shown that cardiotoxic stimuli can induce
up-regulation of RGS6 in heart (39). A transient rise in RGS6
protein levels was observed in the heart after 2 wk of EtOH ex-
posure, which returned to baseline by 1 mo (Fig. 34). Consistent
with previous reports, chronic EtOH treatment resulted in cardiac
hypertrophy (Fig. 3B), fibrosis (Fig. 3C), and myofilament disarray
(Fig. 3D). However, mice lacking RGS6 were significantly pro-
tected from these pathogenic aberrations (Figs. 3 B-D), despite our
observation that they in fact consumed more of the EtOH-con-
taining diet (Fig. S6B). Importantly, the differences in the cytotoxic
actions of RGS6 in the heart were not a result of differential EtOH
absorption and metabolism, as blood alcohol concentration fol-
lowing oral EtOH administration was equivalent in WT and
RGS6™~ mice (Fig. S6C). These results provide intriguing new
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evidence implicating RGS6 as a critical component of the signaling
cascades contributing to alcoholic cardiomyopathy.

RGS6 Promotes Apoptosis in Alcohol-Treated Ventricular Cardiac
Myocytes via a Nox-Dependent Mechanism. Alcohol induces apo-
ptosis in isolated ventricular cardiac myocytes (VCM) by trig-
gering Nox-dependent ROS generation (37). We observed
a striking reduction in apoptotic nuclei in the myocardium of
mice lacking RGS6 (Fig. 4 4 and B) In keeping with the known
requirement for ROS generation in the cytotoxic actions of al-
cohol, EtOH-induced ROS production was reduced in RGS6~/~
VCM (Fig. 4C). To determine the enzymatic source of RGS6-
dependent ROS production, we treated VCM with the Nox
complex inhibitor diphenyleneiodonium (DPI). Nox-dependent
ROS generation in response to alcohol was completely RGS6-
dependent as DPI significantly reduced ROS generation in WT
but not RGS6~'~ VCM (Fig. 4C). The alcohol-induced apoptotic
response was also dependent on Nox-mediated ROS generation
in WT, but not RGS6~~ VCM (Fig. 4D). These results provide
new evidence that RGS6 has a critical role as an upstream
activator of Nox-derived ROS required for alcohol-induced
VCM apoptosis.

RGS6 Deficiency Ameliorates Alcoholic Hepatic Steatosis and
Apoptosis. The most common long-term health complication
associated with chronic alcohol abuse is hepatic cirrhosis.
Like alcoholic cardiomyopathy, removal of Nox-derived ROS
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RGS6 expression in the ventricle of WT mice given free access to graduated
alcohol containing solutions [0-20% (vol/vol)] for increasing periods of time
(Top). Densitometric quantification was performed with protein levels (n =
3) normalized to actin loading control and expressed relative to control
conditions (Bottom). Animals (WT, n = 8-10 ; RGS6~'~, n = 8-10) were fed on
5% (vol/vol) EtOH containing or isocaloric maltose dextrin Lieber deCarli
liquid diet for 2 mo. At the end of the treatment regimen (B) heart weight
was measured (WT, n = 8-10; RGS6~'~, n = 7-10), and (C) Masson trichrome
(blue, fibrotic remodeling) and (D) H&E staining were performed in the right
ventricle. Black arrows indicate areas of microfilament disarray in the H&E-
stained sections. Images are representative of at least three independent
experiments. (Scale bars, 100 um.) *P < 0.05 vs. WT control and #P < 0.01 vs.
WT EtOH-treated samples by ANOVA with the Bonferroni post hoc adjust-
ment. Data are presented as mean + SEM.

ameliorates alcoholic hepatic steatosis (36, 48). Very little RGS6 is
detectable in the liver under basal conditions, but 2 wk of chronic
alcohol consumption is sufficient to up-regulate RGS6 by several-
fold (Fig. 54). Strikingly, mice lacking RGS6 were substantially
protected against alcohol-induced liver hypertrophy (Fig. 5B),
fatty acid accumulation (Fig. 5C), and macrovesicular hepatic
steatosis (Fig. 5D). Liver function tests revealed an alcohol-
dependent increase in plasma aspartate transaminase (AST) (Fig.
SE), alanine transaminase (ALT) (Fig. 5F), and triglycerides (Fig.
5G). Although mice lacking RGS6 exhibited a similar increase in
AST compared with their WT counterparts, RGS6™'~ mice were
protected against alcohol-induced increases in circulating ALT
and triglyceride levels (Fig. 5 E-G). To provide some mechanistic
insight into the role of RGS6 in fatty acid metabolism in the liver,
we measured the cellular content of various genes involved in fatty
acid synthesis and oxidation in the liver. mRNA levels of the
nuclear receptors peroxisome proliferator-activated receptors-o
(PPAR«) and -y (PPARY) were lower in the livers of RGS6™~
mice irrespective of EtOH treatment (Fig. S7). Because PPARY is
involved in fatty acid synthesis, this reduction would be expected
to protect mice against pathological fatty acid accumulation.
Similarly, although expression of fatty acid synthase (FASN) was
increased in the livers of alcohol-treated WT mice, no such in-
crease was observed in RGS6™~ mice, which also exhibit a base-
line reduction in FASN and acetyl-CoA carboxylase (ACACA)
(Fig. S7). Together, these data indicate that RGS6 modulates
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baseline expression of multiple genes impinging upon fatty acid
homeostasis in the liver.

Finally, we wished to determine whether RGS6 deficiency
protects against hepatic ROS generation and apoptosis in alco-
hol-treated cells via a hepatocyte-intrinsic mechanism. Similar to
results observed in heart, the number of apoptotic cells in the
liver of RGS6~'~ mice was dramatically reduced (Fig. 6.4 and B).
Interestingly, as we observed in vivo, alcohol exposure triggered
up-regulation of RGS6 in isolated hepatocytes (Fig. 6C). Fur-
thermore, similar to trends we observed in isolated VCM, the
ability of alcohol to trigger increases in ROS levels (Fig. 6D) and
cellular apoptosis (Fig. 6E) in hepatocytes was compromised in
cells lacking RGS6. These results indicate that RGS6 protects
hepatocytes from alcohol-induced damage via, at least in part,
hepatic parenchymal actions of RGS6.

RGS6~'~ Mice Exhibit a Reduction in Alcohol-Induced Gastrointestinal
Apoptosis and Endotoxemia. Although the aberrations in gene
expression and a loss of alcohol-induced, proapoptotic ROS
generation in VCM and hepatocytes likely contributes sub-
stantially to the protective effect of RGS6 loss on alcoholic
cardiomyopathy and hepatic steatosis, further experiments
revealed an additional endocrine mechanism that likely also
plays a role in these processes. Acute EtOH exposure causes
damage to the gastrointestinal mucosa, leading to an increase
in the permeability of the gut mucosa to intragastric macro-
molecules, such as bacterial-derived endotoxin. The resultant
endotoxemia triggers the release of ROS and proinflammatory
cytokines (e.g., TNF-a), which act in an autocrine, paracrine, and
endocrine manner to cause tissue damage (49). We now show
that RGS6 is expressed in appreciable levels in the epithelium of
the stomach and small and large intestines (Fig. S84). Based on
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Fig. 4. RGS6 promotes cardiomyocyte apoptosis by facilitating Nox-
dependent ROS generation. Animals (WT, n = 8-10; RGS6™'~, n = 8-10) were
fed on 5% (vol/vol) EtOH containing or isocaloric maltose dextrin Lieber
deCarli liquid diet for 2 mo. At the end of the treatment regimen (A) TUNEL
staining was performed in the right ventricle. Black arrows indicate apo-
ptotic cells in the TUNEL-stained sections. Images are representative of at
least three independent experiments. (Scale bar, 100 um.) TUNEL* cells were
quantified from 10 random microscope fields in B. (C) ROS generation (CM-
H,-DCFDA fluorescence) was measured in neonatal VCM isolated from WT
and RGS6'~ mice (n = 4) and treated with alcohol following pretreatment
with DPI to inhibit Nox. (D) VCM were treated as in B (n = 3) and apoptosis
measured.*P < 0.05; **P < 0.01; ***P < 0.001 vs. WT controls and *P < 0.01
vs. WT EtOH-treated samples by ANOVA with the Bonferroni post hoc ad-
justment. Data are presented as mean + SEM.
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Fig. 5. RGS6~'~ mice are protected against alcoholic hepatic steatosis. (A)
RGS6 expression in the liver of WT mice given free access to graduated al-
cohol containing solutions [0-20% (vol/vol)] for increasing periods of time
(Top). Densitometric quantification was performed with protein levels (n =
3) normalized to actin loading control and expressed relative to control
conditions (Bottom). Animals (WT, n = 8-10 ; RGS6~'~, n = 8-10) were fed on
5% (vol/vol) EtOH-containing or isocaloric maltose dextrin Lieber deCarli
liquid diet for 2 mo. At the end of the treatment regimen (B) liver weight
(WT, n = 8-10; RGS6~'~, n = 7-10) was measured and (C) Oil Red O (red, fatty
acid deposition) and (D) H&E were performed. Black arrows indicate areas of
macrovesicular hepatic steatosis in the H&E-stained sections. Images are
representative of at least three independent experiments. (Scale bars,
100 um.) Plasma (E) AST, (F) ALT, and (G) triglycerides were measured in WT
(n = 6) and RGS6~~ mice (n = 6-10) following the 2 mo alcohol feeding
regimen. *P < 0.05; **P < 0.01 vs. WT controls and #P < 0.01 vs. WT EtOH-
treated samples by ANOVA with the Bonferroni post hoc adjustment. Data
are presented as mean + SEM.

this observation, we sought to evaluate the impact of RGS6 loss
on alcohol-induced gastric barrier dysfunction.

Because a robust increase in gastrointestinal epithelium apo-
ptosis and leakage of endotoxin into the blood is detectable
rapidly after alcohol exposure (50), we used an acute three-dose
alcohol treatment regimen for these studies (51). We observed
no up-regulation of RGS6 in the gut following this short treat-
ment regimen (Fig. S8B), and histological analysis revealed
similar intestinal crypt architecture in mice of both genotypes
(Fig. S8C). However, whereas large clusters of apoptotic cells
were evident in intestinal sections from WT mice, more diffuse
apoptosis was seen in the intestinal epithelium of RGS6™'~ mice
(Fig. 7 A and B). Mice lacking RGS6 were also protected from
alcohol-induced gastric hemorrhage (Fig. S8D). Consistent with
our histopathological analyses, levels of serum endotoxin were
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significantly lower in RGS6~'~ mice (Fig. 7C). Furthermore, al-
though we were unable to detect a difference in serum and
stomach TNF-a levels in mice of the two genotypes, TNF-a
content was lower in the intestine, liver, and heart of RGS6™/~
mice exposed to alcohol compared with their WT counterparts
(Fig. 7D). Taken together, these results demonstrate that RGS6
deficiency allows for maintenance of the intestinal barrier, pre-
vents leakage of endotoxin into the circulation, and reduces
endotoxin-stimulated release of proinflammatory cytokines in
multiple susceptible tissues.

Discussion

The results depicted herein describe a unique and multifarious
role for RGS6 in the pathogenesis of alcoholism and alcohol-
induced cardiac, gastrointestinal, and hepatic damage. To our
knowledge, RGS6 is the only gene with a demonstrated ability to
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Fig. 6. Alcohol-induced hepatic ROS generation and apoptosis is reduced in
RGS6™'~ hepatocytes. Animals (WT, n = 8-10 ; RGS6~~, n = 8-10) were fed on
5% (volivol) EtOH-containing or isocaloric maltose dextrin Lieber deCarli
liquid diet for 2 mo. (A) At the end of the treatment regimen, TUNEL
staining was performed. Black arrows indicate apoptotic cells in the TUNEL-
stained sections. Images are representative of at least three independent
experiments. (Scale bar, 100 pm.) TUNEL" cells were quantified from 11
random microscope fields in B. (C) RGS6 expression in the hepatocytes of
alcohol treated WT and RGS6~~ hepatocytes (Left). Densitometric quantifi-
cation was performed with protein levels (n = 3) normalized to actin loading
control and expressed relative to control conditions (Right). (D) ROS gener-
ation (CM-H,-DCFDA fluorescence) was measured in hepatocytes isolated
from WT and RGS6~'~ mice (n = 3-4) and treated with alcohol. (E) Apoptosis
was measured in lysates from WT and RGS6~~ hepatocytes (n = 3-4) treated
with alcohol and expressed as the fold-increase in cytoplasmic histone-
associated DNA fragments (enrichment factor). **P < 0.01 and ***P < 0.001
vs. WT alcohol treated cells and #P < 0.05; TP < 0.01 vs. WT control samples by
ANOVA with the Bonferroni post hoc adjustment. Data are presented as
mean + SEM.
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Fig. 7. RGS6 deficiency ameliorates alcohol-induced gastrointestinal dys-
function. Animals (WT, n = 8; RGS6'~, n = 8) were treated with EtOH
according to a three-dose acute protocol. At the end of the treatment
regimen (A) TUNEL staining was performed in intestine. (Scale bar, 50 um.)
Black arrows indicate large clusters of apoptotic cells in TUNEL-stained sec-
tions. Images are representative of at least three independent experiments.
TUNEL" cells were quantified from 10 random microscope fields in B. (C)
Serum endotoxin levels (WT, n = 3-8; RGS6™'~, n = 3-8) and (D) serum, liver,
stomach, intestine, and heart TNF-« levels (WT, n = 3; RGS6™"~, n = 3) were
measured in WT and RGS6~~ mice following 1 mo of EtOH exposure [5%
(vol/vol) Lieber deCarli liquid diet]. *P < 0.05; ***P < 0.001 vs. EtOH-treated
WT samples by ANOVA with the Bonferroni post hoc adjustment; *P < 0.05
vs. WT control via Student’s t test; and TP < 0.001 vs. WT control by ANOVA
with the Bonferroni post hoc adjustment. Data are presented as mean + SEM.

promote alcohol-seeking behaviors while simultaneously exac-
erbating the pathological impact of alcohol consumption on the
heart, stomach, intestine, and liver. Of particular note, the ability
of RGS6 to regulate these processes involves very distinct cel-
lular mechanisms. In the CNS, the canonical function of RGS6
as a G-protein regulator affords it the capacity to inhibit G
protein-coupled GABAgR and D2R signaling disrupting DA
synthesis, release, and reuptake (Fig. 84). Conversely, in the
gastrointestinal epithelium, cardiac myocytes and hepatocytes
RGS6 promotes alcohol-induced apoptosis in part via its ability
to promote Nox-derived ROS generation (Fig. 8B). Our previous
studies have demonstrated that the ability of RGS6 to facilitate
ROS generation is independent of its ability to regulate G pro-
teins (40). These dichotomous actions of RGS6 in alcohol pa-
thology highlight its distinctive utility as a potential therapeutic
target, not only to reduce alcohol cravings in alcoholics but also
to ameliorate the pathologic effects of chronic alcohol con-
sumption in multiple susceptible tissues.

Our results provide striking new evidence that RGS6 functions
as a critical mediator of alcohol-seeking behaviors in mice. Ge-
netic ablation of RGS6 resulted in reduced alcohol consumption
in both acute and chronic EtOH free-choice feeding paradigms.
In the brain, alcohol produces a comparatively rapid and robust
RGS6 up-regulation that appears to be unique to the VTA, a re-
gion of the brain heavily implicated in addiction. Elevations in DA
release from the VTA are known to mediate the initial stages in
the acquisition of alcohol dependence (2, 52). In this brain region,
Gay,-coupled GPCRs block vesicular DA release and activate
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DAT, which reduces synaptic DA bioavailability (44). Of note,
although inhibition of either GABAgRs or D2Rs partially rescued
EtOH drinking in RGS6™'~ mice, blockade of DAT completely
restored alcohol consumption to levels comparable to WT mice.
Thus, the predominant mechanism contributing to RGS6-medi-
ated alcohol-seeking behaviors appears to occur via suppression of
DA reuptake. Although RGS6 may also impact vesicular DA re-
lease via inhibition of D2Rs, these actions appear to be dispens-
able for the ability of RGS6 to promote alcohol consumption in an
acute alcohol-drinking paradigm.

Canonically, D2 autoreceptors increase DAT activity through
a direct protein—protein interaction that facilitates recruitment
of intracellular DAT to the plasma membrane enhancing DA
clearance (44-46). If RGS6-dependent suppression of DAT oc-
curred solely via inhibition of D2R signaling, the behavioral effects
of D2R antagonists and DAT inhibitors should be equivalent.
Instead, D2R inhibition was only able to partially restore alcohol
consumption in mice lacking RGS6, whereas DAT blockade
resulted in full phenotype reversal. Although this observation may
be simply a result of differences in potency of the pharmacological
agents used, it could also reflect the involvement of additional
GPCRs capable of modulating DAT (e.g., GABAgRs) or RGS6-
regulated, GPCR-independent mechanisms contributing to DAT
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Fig. 8. Schematic outlining the role of RGS6 in alcohol seeking behaviors
and the resultant cardiac, hepatic, and gastrointestinal damage. (A) Our
results indicated that, by inhibiting GPCR signaling and DAT, RGS6 promotes
alcohol seeking behaviors. As a result, deletion of RGS6, normally up-regu-
lated by EtOH in the VTA, ameliorates alcohol reward and withdrawal by
impacting DA bioavailability. (B) At the same time, RGS6 normally functions
to promote the cytotoxic actions of EtOH in the heart and liver through
multiple mechanisms. First, in VCM, RGS6 promotes Nox-dependent ROS
generation to facilitate alcohol-induced cell loss and also hypertrophy and
fibrosis. In hepatocytes, RGS6 increases apoptosis and ROS generation and
also increases the expression of genes involved in fatty acid synthesis leading
to hepatic steatosis and compromised liver function after EtOH exposure.
Finally, RGS6 also promotes apoptosis in the gut epithelium that contributes
to intestinal leakage leading to the release of endotoxin and the in-
flammatory cytokine TNF-a into the peripheral circulation.
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expression or function. In line with this supposition, there is no
evidence that D2R signaling effects DAT transcription, whereas
RGS6 deficiency results in a marked increase in DAT mRNA in
both dorsal striatum and the VTA following EtOH exposure.
Future work will likely focus on identifying the specific mecha-
nisms whereby RGS6 modulates DAT activity, which clearly has
a profound impact on alcohol-seeking behaviors.

Mice lacking Gps, a protein responsible for stabilizing R7 sub-
family RGS6 proteins including RGS6, exhibit a reduction in basal
DA levels in the dorsal striatum, indicating that RGS protein—Gps
complexes are important determinants of DA bioavailability (53).
No changes were observed in serotonin levels in the NAc or
striatum of RGS6™~ mice, consistent with the lack of 5-HT4
autoreceptor regulation by RGS6 (29). However, we now report
DA depletion in the striatum of mice lacking RGS6, indicating
that the biochemical phenotype identified in Gfs~~ mice likely
results from destabilization of RGS6. These results are consistent
with regulation of D2 autoreceptors by RGS6 in the substantia
nigra pars compacta (SNc), the population of dopaminergic neu-
rons projecting to the dorsal striatum.

There is evidence that the magnitude of DA release in re-
sponse to addictive substances differs between the VTA and
SNc, with DA release onto the NAc dominating (54). However,
we saw no difference in baseline DA levels in the NAc. Although
this observation may appear to go against our assertion that
RGS6 regulates D2R expressed on VTA neurons projecting to
the NAc, it is in fact consistent with our biochemical and phar-
macological data. We propose a mechanism whereby RGS6 in-
duction in the VTA prevents EtOH-induced DAT up-regulation
and impedes rapid DA clearance from the synapse. In the ab-
sence of RGS6, the differential DAT activity is only unmasked in
the presence of an EtOH challenge. There are two observations
to support this hypothesis. First, EtOH-induced RGS6 up-reg-
ulation is unique to the VTA and striatal RGS6 levels remain
unchanged in response to EtOH. Second, DAT up-regulation in
the VTA of RGS6-null mice, a primary contributor to suppres-
sion of alcohol drinking in the absence of RGS6 (Fig. 2F),
requires EtOH treatment (Fig. 2E). In addition, the methodolo-
gy used in this work does not differentiate between intracellular
and extracellular DA levels and, thus, cannot specifically mea-
sure released DA or DA sequestered in vesicles or the intra-
cellular space, which may also be impacted by RGS6 gene
deletion because TH and VMAT?2 expression are altered in the
VTA of RGS6™'~ mice. Additional experiments are necessary to
identify the exact impact of RGS6 on DA synthesis, packaging
into synaptic vesicles, release, and clearance. Based on the data
reported herein, it is possible that RGS6 deletion perturbs
multiple aspects of DA homeostasis, which culminates in loss of
DA-mediated reward.

The functional consequence of the increased DAT expression
observed in the striatum of RGS6™'~ mice remains unclear be-
cause this brain region consists primarily of GABAergic medium
spiny neurons expressing D2R heteroreceptors, but not DAT.
However, there is evidence that D2 heteroreceptors contribute to
DA release specifically from dopaminergic afferents projecting to
the dorsal striatum (55). Thus, this DAT up-regulation could re-
sult from loss of RGS6-mediated suppression of D2 hetero-
receptor signaling in the dorsal striatum, which also expresses
a large quantity of RGS6 (Fig. S4). It is important to note that
mice lacking RGS9-2, another R7 family RGS protein, develop
dyskinesias resulting from dysregulation in D2R signaling. How-
ever, RGS9-2 expression is restricted to GABAergic neurons in
the NAc and dorsal striatum, and as a result, RGS9-2 is thought
to only regulate D2R heteroreceptor populations (31, 56, 57).
Investigations into the impact of RGS6 on DA homeostasis in
each region may aid in the identification of divergent mechanisms
responsible for controlling D2R signaling and dopaminergic
neuron function in both the mesolimbic and nigrostriatal circuits.

Stewart et al.

Studies in rodents have identified Nox-derived ROS as critical
determinants of the apoptotic and fibrotic response to long-term
EtOH exposure in heart (37). We now show that RGS6™'~ mice
are protected against alcoholic cardiomyopathy, including heart
hypertrophy, fibrosis, microfilament disarray, and apoptosis.
RGS6 mediates Nox-derived ROS generation and Nox-
dependent apoptosis in alcohol-treated VCM. Hypertrophic and
profibrotic factors are released from dying and damaged myo-
cytes to promote repair, maintain the functional integrity of the
heart, and ensure proper cardiac output (58). Because VCM in
the myocardium of RGS6™~ mice fail to undergo apoptosis to
the extent observed in WT tissue, the lack of heart hypertrophy
and amelioration of fibrosis likely result from a lack of alcohol-
induced VCM toxicity. Thus, we have identified RGS6, tran-
siently induced by EtOH, as a crucial upstream factor required
for Nox-mediated cardiac dysfunction following chronic alcohol
exposure (Fig. 8B).

The accumulation of ROS in hepatocytes is one proposed
mechanism leading to hepatic dysfunction in alcoholics (34). Nox
complexes, activated by diverse stimuli, including TNF-a and en-
dotoxin (59), appear to represent the source of EtOH-induced
ROS as it has long been known that mice lacking the p47phox
subunit of Nox1/2 are protected from alcoholic liver disease (36).
Similar to results obtained in isolated VCM, RGS6~'~ hepatocytes
were also protected against alcohol-induced ROS accumulation
and cell death. In vivo, livers isolated from RGS6-deficient ani-
mals following chronic alcohol treatment exhibited a dramatic
reduction in apoptosis as well as macrovesicular hepatic steatosis.
Unsurprisingly, Plasma ALT and triglycerides were consistently
lower in RGS6™~ mice treated with alcohol compared with their
WT counterparts. Although ROS accumulation can influence fatty
acid metabolism in the liver (34), RGS6 also appears to influence
a number of genes involved in fatty acid synthesis, including
PPARy and FASN. Alcohol-induced up-regulation of RGS6 in the
liver clearly plays a critical role in mediating both the cell death
and accumulation of fatty acids in the liver of alcohol-treated mice
(Fig. 8B), a process known to precede the development of liver
cirrhosis in human patients.

Further experiments revealed an additional endocrine mecha-
nism that likely also contributes to RGS6-mediated, alcohol-
induced cardiac and hepatic toxicity. Acute EtOH exposure causes
damage to the gastrointestinal lining leading to an increase in the
permeability of the gut mucosa to intragastric macromolecules,
including bacterial-derived endotoxin. The resultant endotoxemia
triggers the release of ROS and proinflammatory cytokines in both
liver and heart, which act in an autocrine, paracrine, and endo-
crine manner to exacerbate tissue damage (49). RGS6 is expressed
in the epithelium of the stomach and small and large intestines.
Furthermore, the gastrointestinal epithelium of mice lacking
RGS6 exhibited a dramatic reduction in EtOH-induced apoptotic
cell death. Because of maintenance of the gastrointestinal mucosa,
the leakage of endotoxin into the circulation was also reduced in
RGS67~ mice. In addition, levels of the proinflammatory cytokine
TNF-a were lower in RGS6™'~ mice exposed to alcohol compared
with their WT counterparts. Thus, it is likely that the lack of in-
testinal barrier dysfunction observed in alcohol treated RGS6™/~
mice also serves to protect the heart and liver from further da-
mage (Fig. 8B).

Thus far, the ability of RGS6 to regulate G protein-
independent signaling cascades is unique among the members of
the R7 family. In peripheral tissue such as heart, this is likely
because of the fact that RGS6 is the predominant R7 family
RGS protein expressed (38, 60). However, despite robust ex-
pression of additional R7 family RGS protein in the brain
regions mentioned herein, they appear to be unable to com-
pensate fully for singular loss of RGS6. Although any attempt to
explain the apparent individual functions of proteins sharing
significant sequence homology is purely speculative at this point
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in time, this could result from differences in effector or receptor
modulation, expression in subcellular compartments or neuronal
populations, or drug-specific regulation, all of which have been
demonstrated for various R7 family members. Future studies
using the newly developed RGS7~~ and RGS11~~ mouse lines
will likely shed additional light on the participation of these
proteins in addictive behaviors.

Few therapeutics have proven effective in treating alcoholism
in human patients. Currently, acamprosate is first-line pharma-
cotherapy aimed at reducing cravings and withdrawal in alco-
holics. Although generally well tolerated, acamprosate is most
effective when combined with psychotherapy and abstinence
from alcohol (61). There are currently no drugs marketed for the
express purpose of reducing alcohol-mediated damage in the
heart and liver. Given the prevalence of alcohol abuse world-
wide, there is a clear need for more effective therapeutics. We
propose that RGS6 inhibition could represent a novel means to
counteract alcohol dependence by opposing alcohol-induced DA
elevations via potentiation Go;-coupled GPCR-mediated DAT
activation in the VTA. At the same time, loss of RGS6 function
would ameliorate the cytotoxic actions of alcohol in the heart
and liver through simultaneous reduction of alcohol-induced,
ROS-mediated proapoptotic signaling in hepatocytes and VCM
and prevention of gastrointestinal barrier dysfunction. Although
allosteric inhibitors of various RGS proteins have been de-
veloped, these drugs have been screened for their ability to
specifically impair the G protein-dependent actions of RGS
proteins (62). Obviously, such an agent would alleviate RGS6-
mediated alcohol-seeking behaviors without impacting its proa-
poptotic actions in peripheral tissues. Similarly, although R7BP
binding is important for membrane targeting and function of R7
family RGS proteins in neurons, it is not expressed outside of the
nervous system (23, 63, 64). As a result, interfering with RGS6—
R7BP complex formation may impact alcohol-seeking behaviors,
but would not be expected to effect RGS6-mediated apoptotic
signaling in the heart, liver, and gastrointestinal tract. Unlike
R7BP, G5 can be detected in nonneuronal tissues where other
R7 family RGS proteins are expressed including heart, adrenal
gland, pancreas, and breast (38, 60, 65, 66). Targeting the in-
teraction between RGS6 and Gfs would destabilize both pro-
teins (27), leading to loss of RGS6 expression in the CNS, heart,
liver, and gastrointestinal tract with the desired functional im-
pact of reducing alcohol dependence and ameliorating alcohol-
induced cytotoxicity.

Materials and Methods

Mice. RGS6™'~ mice were generated as described previously (38). Experiments
were performed using age-matched (10- to 12-wk-old) WT and RGS67'" lit-
termates. Mice were housed on a 12-h light/dark cycle and behavioral
experiments performed during the light cycle. Animals of both genders were
used for experiments as we observed no sex-specific differences in mouse
performance. Animals naive to each paradigm were used for all behavioral
experiments. Drugs were administered 30 min before behavioral testing via
intraperitoneal injection unless otherwise noted. Experiments were per-
formed in agreement with the Guide for the Use and Care of Laboratory
Animals (67). Protocols describing the behavioral paradigms used in this
work can be found in S/ Materials and Methods.

1. Diamond |, Gordon AS (1997) Cellular and molecular neuroscience of alcoholism.
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reduced by the administration of dopamine and glutamate receptor antagonists into
the nucleus accumbens. Psychopharmacology (Berl) 109(1-2):92-98.
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Chronic EtOH Treatment. To assess the impact of RGS6 loss on EtOH-induced
hepatic and cardiac toxicity, WT (n = 8-10) and RGS6™'~ (n = 8-10) mice were
fed on a Lieber-DeCarli control or isocaloric 5% (vol/vol) EtOH containing
liquid diet (Bio-Serv) for 2 mo. During the treatment period, body weight
changes and total EtOH consumption were recorded every 3 d (Figs. S6 A
and B). At the end of the experiment serum was collected to measure plasma
ALT, AST, and triglycerides (University of lowa Hospitals). Liver and heart
tissues were weighed and divided for immunoblotting, RT-PCR, and histo-
logical analyses. Tissue sections were processed for H&E, Oil Red O (liver),
Masson trichrome (heart), and TUNEL staining at the University of lowa
Central Microscopy Core to detect general histology, liver lipid accumula-
tion, cardiac fibrosis, and apoptotic cells, respectively.

Ventricular Cardiomyocyte Isolation and Culture. Primary neonatal VCM were
isolated from 2- to 3-d-old WT and RGS6™'~ mice according to our previously
published protocol (39). Twenty-four hours after isolation and plating, cells
were treated with 200 mM EtOH (24 h) in the presence or absence of DPI (1
uM, 1.5-h pretreatment) where indicated. Apoptosis was measured from cell
lysates using the Cell Death Detection ELISA kit (Roche). Intracellular ROS
generation was estimated using the cell-permeable oxidation-sensitive
probe, CM-H,DCFDA (Sigma), as described previously (40).

Hepatocyte Isolation. Primary adult hepatocytes were isolated from 2-mo-old
WT and RGS6™'~ mice according to a standard collagenase perfusion pro-
tocol. Cells were suspended in Krebs—Henseleit bicarbonate buffer following
isolation and maintained at 37 °C in a humidified cell culture incubator (5%
CO,). Cells were treated with EtOH (200 mM) for 2 h. ROS accumulation and
apoptosis were measured as described above.

Gastrointestinal Toxicity. The impact of RGS6 loss on EtOH-induced gastroin-
testinal dysfunction was evaluated following an acute treatment protocol as
previously described (51). Briefly, WT and RGS6~"~ mice were exposed to three
doses of EtOH (6 g/kg, oral gavage) or dextrose (control) at 12 h intervals. One
hour following the final EtOH dose, blood, intestine, and stomach were har-
vested for histological (H&E) and biochemical analyses. Serum endotoxin levels
were measured using the ToxinSensor Chromogenic LAL Endotoxin Assay Kit
(GenScript) according to the manufacturer’s instructions. Serum and tissue
TNF-a levels were detected with the Mouse TNF-a ELISA Ready-SET-Go!
(eBioscience) following the manufacturer’s protocol.

Statistical Analyses. Data were analyzed by Student’s t test or two-way
ANOVA with the Bonferroni post hoc adjustment as appropriate. Statistical
analyses were performed using Prism software (GraphPad Software). Results
were considered significantly different at P < 0.05. Values are expressed as
means + SEM.

Additional information regarding materials and methods used in this work
can be found in SI Materials and Methods. See Table S1 for PCR primer
sequences.
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