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Abstract
Background—Alcohol increases the expression of Group 1 metabotropic glutamate receptors
(mGluRs), their associated scaffolding protein Homer2, and stimulates phosphatidylinositol 3-
kinase (PI3K) within the nucleus accumbens (NAC). Moreover, functional studies suggest that
NAC Group 1 mGluR/Homer2/PI3K signaling may be a potential target for pharmacotherapeutic
intervention in alcoholism.

Methods—Immunoblotting was conducted to examine the effects of alcohol consumption under
Drinking-in-the-Dark (DID) procedures on Group 1 mGluR-associated proteins in C57BL/6J (B6)
mice. Follow-up behavioral studies examined the importance of Group 1 mGluR/Homer2/PI3K
signaling within the NAC shell for limited access alcohol drinking. Finally, immunoblotting
examined whether the NAC expression of Group 1 mGluR-associated proteins is a genetic
correlate of high alcohol drinking using a selectively bred high DID (HDID-1) mouse line.

Results—Limited access alcohol drinking under DID procedures up-regulated NAC shell
Homer2 levels, concomitant with increases in mGluR5 and NR2B. Intra-NAC shell blockade of
mGluR5, Homer2, or PI3K signaling, as well as transgenic disruption of the Homer binding site
on mGluR5 decreased alcohol consumption in B6 mice. Moreover, transgenic disruption of the
Homer binding site on mGluR5 and Homer2 deletion both prevented the attenuating effect of
mGluR5 and PI3K blockade upon intake. Finally, the basal NAC shell protein expression of
mGluR1 and Homer2 was increased in offspring of HDID-1 animals.

Conclusions—Taken together, these data further implicate Group1 mGluR signaling through
Homer2 within the NAC in excessive alcohol consumption.
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Introduction
Alcohol modulates amino acid neurotransmission through both ionotropic and metabotropic
glutamate receptors (mGluRs) (Lovinger, 1996; Minami et al., 2003; Neiber et al., 1998;
Wirkner et al., 2000), which are scaffolded at post-synaptic sites by the Homer family of
proteins (c.f. Shiraishi-Yamaguchi and Furuichi, 2007). Homers interact directly with a
proline-rich motif (PxxF) on Group 1 mGluRs (mGluR1/5), while mGluR/Homer complexes
are coupled with PSD-95 by the Shank protein family (e.g., Tu et al., 1999) that links to the
NMDA receptor/PSD-95/GKAP complex (Ehrengruber et al., 2004; Naisbitt et al., 1999).
Alcohol administration, including binge alcohol drinking under Scheduled High Alcohol
Consumption (SHAC) procedures, increases indices of glutamate receptor/Homer2
signaling, including phosphotidylinositol-3-kinase (PI3K) activation (Cozzoli et al., 2009;
Goulding et al., 2011; Neasta et al., 2010; Obara et al., 2009; Szumlinski et al., 2008).
Moreover, elevated NAC Homer2/PI3K activity is a genetic correlate of binge alcohol
drinking under SHAC procedures (Cozzoli et al., 2009). At least in alcohol-preferring P rats,
alcohol-induced increases in NAC glutamate receptor/Homer2 expression are restricted to
the core subregion (Obara et al., 2009), while, in both C57BL/6J (B6) and DBA2/J mice,
repeated, experimenter-administered, alcohol injections tend to produce parallel changes in
glutamate receptor/Homer expression within both the NAC shell and core (Goulding et al.,
2011). Earlier studies of drinking-induced changes in NAC glutamate receptor/Homer/PI3K
expression (including those changes elicited by a history of binge alcohol drinking) failed to
discriminate between NAC subregions (Cozzoli et al., 2009; Neasta et al., 2010; Szumlinski
et al., 2008) and so it remains to be determined whether or not a history of binge alcohol
drinking differentially influences glutamate-related protein adaptations within specific NAC
subregions

Understanding how binge alcohol drinking influences glutamate receptor/Homer2/PI3K
expression within the NAC has behavioral relevance as inhibition of PI3K within the NAC
reduces alcohol drinking under SHAC procedures (Cozzoli et al., 2009) and in rat models of
intermittent alcohol access (Neasta et al., 2011). Moreover, the “anti-binge” effects of NAC
PI3K blockade are (1) not additive with those produced by NAC infusions of mGluR5
antagonists and (2) absent in mice with a point mutation on mGluR5 disrupting Homer
interactions (Cozzoli et al., 2009). In order to fully understand the role of a particular
neurobiological substrate in alcoholism, we argue that one has to approach the research
question from different angles and using different models. Thus, to increase our
understanding of the role played by mGluR/Homer/PI3K signaling in the neurobiology of
binge alcohol drinking, the present study sought to replicate, and importantly to extend, our
earlier behavioral data derived from studies employing SHAC binge alcohol drinking
procedures (Cozzoli et al., 2009). To accomplish this, the present studies employed a
procedurally-simple, and increasingly popular (e.g., Crabbe et al., 2009; Blednov and Harris,
2008; Gupta et al., 2008; Kamdar et al., 2007; Moore and Boehm, 2009; Mulligan et al.,
2011) alternate murine model of binge alcohol intake termed Drinking-in-the-Dark (DID)
(Rhodes et al., 2005). While alcohol intake under DID procedures is not affected by
mGluR5 deletion (Blednov and Harris, 2008), it can be attenuated by systemic pretreatment
with mGluR5 antagonists (Blednov and Harris, 2008; Gupta et al., 2008). Moreover, the
results of a recent cDNA microarray study and meta-analysis indicate significant positive
(1–1.5-fold) associations in PI3K mRNA expression within striatal structures and binge
alcohol drinking under DID procedures (Mulligan et al., 2011). These data support the
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working hypothesis that increased mGluR5 signaling through PI3K within the NAC is a
mechanism contributing to the manifestation of excessive alcohol intake.

Materials and Methods
Animals and General Husbandry

C57BL/6J mice—The majority of subjects used in this study were adult male, inbred
C57BL/6J (B6) mice (8 weeks of age; 25–30 g; The Jackson Laboratory, Bar Harbor, ME).
For all drinking experiments, animals were single-housed in polyethylene cages in a
temperature (25°C)- and humidity (71%)-controlled colony room under a 12-hour reverse
light cycle (lights off at 11:00 A.M.; lights on at 11:00 P.M.). Food and water was available
ad libitum.

F/R knock-in (KI) mGluR5 and Homer2 knock-out (KO) mice—To examine the
functional relevance of mGluR5-Homer interactions and of Homer2 for binge drinking
behavior, we employed (1) male transgenic mice with a phenylalanine (F) to arginine (R)
point mutation at amino acid position 1128 of mGluR5 (F/R KI) that disturbs the physical
interaction between Homers and mGluR5 (Cozzoli et al., 2009) and (2) male Homer2 null
mutant mice (e.g., Szumlinski et al., 2005). For both strains, male mice were generated from
heterozygous breeder pairs (C57BL/6J × 129Xi/SvJ background) and housed under
conditions described for the B6 mice above. All testing for behavior commenced when mice
were 7–8 weeks of age.

HDID-1 mice—Whole brains were obtained from the 15th generation of a mouse line
(generated in the laboratory of Dr. J.C. Crabbe, Oregon Health and Science University,
Portland, OR) selectively bred to exhibit a high blood alcohol concentrations (BACs) under
DID procedures (hereafter referred to as HDID-1 mice) versus their HS/Npt founder
population as described previously (Crabbe et al., 2009). Animals were alcohol-naïve.

All experimental protocols were approved by the Institutional Animal Care and Use
Committee of our respective institutions and were consistent with the guidelines provided by
the National Institute of Health (NIH) Guide for Care and Use of Laboratory Animals (NIH
publication number 80-23, revised 1996).

Drinking-in-the-Dark Procedures
To elicit consistently high alcohol consumption, we employed a version of the Drinking-in-
the-Dark (DID) model, in which mice consume between 3.5–5.0 g/kg alcohol in a 2-hour
period (Crabbe et al., 2009; Gupta et al., 2008; Moore and Boehm, 2009; Rhodes et al.,
2005). In brief, at 3 hours after lights out, the home cage water bottle was removed from the
cage and replaced with a 50 ml sipper tube containing 20% alcohol in tap water (v/v). Mice
were allowed to drink from the tubes for a total of 2 hours, at which point the alcohol bottles
were removed from the cages and the home cage water bottles were replaced. In certain
experiments, mice were also presented with 5% alcohol to determine whether or not our
manipulations influenced alcohol sensitivity.

Immunoblotting
B6 mice were subjected to 30 consecutive days of alcohol or water drinking under DID
procedures (see above). Twenty-four hours following the last drinking session, tissue from
the NAC core and shell were processed by immunoblotting as described in detail previously
(Cozzoli et al., 2009). A second immunoblotting study was conducted on tissue derived
from flash-frozen brains of selectively bred HDID-1 and control mice from their
heterogeneous HS/Npt stock founder line (Crabbe et al., 2009). As in our previous report
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(Cozzoli et al., 2009), the p(Tyr)p85α PI3K binding motif was used to index PI3K activity
(Zhang et al., 2006) in the HDID-1 immunoblotting study. Unfortunately, at the time of
immunoblotting for core-shell differences in the effects of drinking under DID procedures,
this antibody was no longer commercially available. As activated PI3K phosphorylates Akt
at Ser473 (e.g, Chua et al., 2009; Sarbassov et al., 2005), we examined the relative levels of
pSer473-Akt (Cell Signaling Technology, Beverly, MA, USA; 1:250 dilution), versus total
Akt (Cell Signaling Technology, Beverly, MA, USA; 1:1000 dilution) following chronic
drinking under DID procedures to index PI3K activity in this study. Unfortunately, the
results for Akt activation within both the NAC core and shell were highly variable (see
Figure 1), precluding any confirmation of alcohol-induced changes in PI3K activity and we
had insufficient core and shell tissue remaining from this study to conduct any further
immunoblotting assays with statistical confidence (n=5–6/group). Thus, upon the advent of a
new commercially available antibody that recognizes p-(Tyr458) on the p85 regulatory
subunit of PI3K (Cell Signaling Technology; 1:1000 dilution), we revisited the question of
binge alcohol-induced changes in NAC PI3K activity in tissue homogenate from the entire
NAC of mice with a 30-day drinking history under DID procedures that was available for
assay in our laboratory.

Surgical and infusion procedures
The procedures for implanting bilateral guide cannulae and microinjecting drugs or AAVs
into the NAC shell of mice were very similar to those described in detail in previous studies
(Cozzoli et al., 2009; Kapasova and Szumlinski, 2008; Szumlinski et al., 2008). It should be
noted that the AAV-infused animals described in the present report were studied previously
for the effects of Homer2b knock-down upon binge alcohol drinking under SHAC
procedures (Cozzoli et al., 2009) and testing for AAV-infused mice for binge alcohol
drinking under DID procedures commenced following a 1-week wash-out period in which
mice had free-access to the home cage water bottle. All details pertaining to the construction
and infusion of our AAV constructs are provided in Cozzoli et al. (2009), as is
immunoblotting evidence that our AAV-shRNA construct produced enduring Homer2
knock-down selectively within the NAC shell that was apparent at the end of the behavioral
testing of the animals (i.e., at the end of the experiments presented in this report).

For behavioral pharmacological experiments, mice were presented with 20% alcohol (v/v)
for 2 hours, every day, until stable intake was established (<10% variability across three
consecutive presentations; approximately 3–4 presentations). The mGluR5 antagonist MPEP
[2-methyl-6-(phenylethynyl)pyridine hydrochloride] (Sigma-Aldrich, St. Louis, MO, USA;
0, 0.1, 0.3, 1.0, and 3.0 µg/side), the mGluR1a antagonist CPCCOEt [7-
(hydroxyimino)cyclopropa[b] chromen-1a-carboxylate ethyl ester] (Tocris Cookson,
Ellisville, MO, USA; 0 and 3.0 µg/side), and the non-selective PI3K antagonist wortmannin
(Sigma-Aldrich, St. Louis, MO, USA; 0 and 50 ng/side), were infused as described
previously (Cozzoli et al., 2009). As wortmannin is well-characterized to inhibit also polo-
like kinase 1 (PLK-1) (Liu et al., 2007), we conducted a follow-up experiment in which
animals were infused with IC50 doses of the highly selective PI3K antagonist LY 294002 [2-
(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride] (Tocris; 0 and 0.17 ng/
side; Walker et al. 2000) and the highly selective PLK-1 antagonist cyclapolin 9 [7-Nitro-5-
(trifluoromethyl)-2-benzo thiazolecarboxamide-3-oxide] (Tocris; 38 pg/side) or 0.1%
DMSO vehicle. For all microinjection studies, mice were returned to their home cage
immediately following microinjection and presented with the 20% alcohol-containing sipper
tube for 2 hours. Within each experiment, mice received at least two alcohol bottle
presentations between intra-NAC drug tests to examine for potential carryover effects of
pretreatment and to ensure that alcohol drinking had re-stabilized post-infusion. As observed
under SHAC procedures (Cozzoli et al., 2009), in none of the experiments were carryover
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effects observed (data not shown), indicating that a transient inactivation of mGluR5/PI3K
signaling does not affect subsequent binge drinking. The order of the dosing was
randomized across test days and the maximally effective antagonist dose for reducing
alcohol intake was also examined for effects upon water and 5% sucrose intake during a 2-
hour session. Standard cresyl violet histochemical procedures were used to verify injector
localization (Figure 1B).

Statistical analysis
All data were analyzed for significance using SPSS. Immunoblotting data were statistically
evaluated using Student’s t tests and ANOVAs were employed for all behavioral studies.
When appropriate, post- hoc comparisons were made using Fisher’s least significant
difference test. α = 0.05 for all analyses.

Results
Immunoblotting following alcohol drinking under DID procedures

The average alcohol intake exhibited by the B6 mice under DID procedures was
approximately 4.8 g/kg/2 hour. As summarized in Figure 2B, DID drinking significantly
increased NAC shell levels of Homer2a/b (t21=2.515, p=.02), mGluR5 (t22=3.806, p=.001),
and NR2B (t22=2.129, p=.05). In contrast, the NAC shell levels of Homer1b/c, mGluR1,
NR2A, and PI3K were unaffected by alcohol intake (all p’s > 0.10). Our data for both total
and p-Ser473-Akt (the index of PI3K activity employed in this experiment) was highly
variable and the DID-induced elevation in the relative amount of p-Ser473-Akt failed to
reach statistical significance (p=.35). As shown in Figure 2C, with the exception increased
Homer2a/b (t20=3.253, p=.004), no statistically significant alcohol-induced changes in
protein expression were observed in the NAC core (all p’s>0.1). While we were unable to
assay for core-shell distinctions in the relative expression p-Tyr(458)-PI3K due to
insufficient tissue, an analysis of the relative levels of phospho-to-total levels of p85 within
entire NAC tissue revealed an up-regulation of the phospho-to-total protein ratio (t21=2.16,
p=.04), without significant alterations in total levels of either total p85 or p-Tyr(458)-PI3K
(p’s>.25).

NAC blockade of mGluR5 and PI3K on alcohol drinking under DID procedures in B6 mice
An intra-NAC infusion of the mGluR5 antagonist MPEP reduced alcohol intake in the DID
paradigm at the highest dose tested (Figure 3A) [F(3,46)=3.05, p=0.04]. While the 3.0 µg
MPEP dose reduced alcohol intake, it did not significantly affect water or 5% sucrose intake
under identical conditions (Table 1; p>0.05). As reported previously under SHAC conditions
(Cozzoli et al., 2009), an intra-NAC infusion of the mGluR1 selective antagonist CPCCOEt
(3 µg/side) produced a moderate, but non-significant reduction in alcohol consumption
under DID procedures (VEH: 3.41 ± 0.66 g/kg; CPCCOEt: 2.18 ± 0.46 g/kg; p>0.05). An
intra-NAC infusion of the non-selective PI3K inhibitor wortmannin (50 ng/side) reduced
alcohol drinking by B6 mice and these effects were not additive with those of the mGluR5
antagonist MPEP (Figure 3B) [F(4,38)=7.76, p<0.0001; post-hoc tests]. Similar to MPEP,
an infusion of wortmannin failed to reduce significantly water or 5% sucrose consumption in
these mice (Table 1; p>0.05), although the reduction in water intake approached statistical
significance [t14=1.973, p=.07]. Addressing the PI3K-specificity of the wortmannin effect,
an infusion of highly PI3K-selective antagonist LY 294002 (0.17 ng/side) also reduced
alcohol intake below that exhibited by animals infused with 0.1% DMSO vehicle, while
infusion of the highly selective PLK-1 inhibitor cyclapolin 9 (38 pg/side) was ineffective
(Figure 3C) [Drug effect: F(2,12)=5.34, p=0.02; post-hoc tests].
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mGluR5-Homer binding in binge alcohol drinking under DID procedures
Compared to their WT littermates, male F/R KI mice exhibited blunted alcohol drinking at
both high (20%) and low (5%) alcohol concentrations (Figure 4A) [Alcohol effect:
F(1,14)=224.71, p<.0001; F/R KI effect: F(1,14)=5.39, p=.04; interaction: p=.22]. As
illustrated in Figure 4B, the attenuating effects of our intra-NAC pharmacological
manipulations upon the intake of 20% alcohol under DID procedures appeared to be
selective for WT animals [Pretreatment × Genotype interaction: F(2,20)=7.389, p=0.004].
Deconstruction of our interaction along the Genotype factor confirmed in WT mice a
significant reduction in drinking by both intra-NAC MPEP and wortmannin [F(2,10)=10.92,
p=.003; post-hoc tests]. In contrast, neither of these manipulations altered drinking in KI
animals (one-way ANOVA, p>0.05).

Homer2 and binge alcohol drinking under DID procedures
In contrast to the results of our studies using the F/R KI mice, but consistent with earlier
data for mGluR5 KO animals (e.g., Bledinov and Harris, 2008), Homer2 KO mice exhibited
WT-levels of 20% alcohol intake under DID procedures when tested in the absence of any
manipulation (Figure 5A). Despite this, WT-KO differences were observed regarding the
attenuating effects of intra-NAC MPEP and wortmannin pretreatment upon the intake of
20% alcohol (Figure 5B) [Pretreatment × Genotype: F(3,30)=3.93, p=.02]. Deconstruction
of our interaction along the Genotype factor confirmed a significant reduction in drinking by
intra-NAC MPEP and wortmannin in WT mice [F(3,15)=6.82, p=.004; post-hoc tests], but
not in Homer2 KO animals (p>.05).

To examine the possibility that some developmental compensation in the Homer2 KO
mouse might be masking the effects of gene deletion upon limited access alcohol drinking,
we investigated the impact of knocking-down Homer2b levels within the NAC shell upon
alcohol consumption under DID procedures. Homer2b knock-down significantly reduced
alcohol intake in the DID model and this effect was observed at both 5% and 20% alcohol,
indicating a downward shift in the dose-response function by this pretreatment (Figure 5C)
[Alcohol effect: F(1,16)=388.69, p<.0001; shRNA effect: F(1,16)=6.94, p=.02; interaction:
p=.14]. Moreover, this attenuation was specific to alcohol consumption as we showed
previously in these same animals that NAC shell Homer2b knock-down did not affect water
or sucrose intake (Cozzoli et al., 2009).

Immunoblotting in selectively bred HDID-1 mice
As shown in Figure 6, Homer2a/b (t26=−2.21, p=.036) and mGluR1 (t26=−3.289, p=.003)
expression were increased significantly within the NAC shell in alcohol-naïve HDID-1
mice, compared to HS/Npt controls. While there appeared to be strain-dependent differences
in the expression of NR2A, NR2B, total PI3K and phospho-p85α PI3K binding motif, these
differences were not statistically reliable (for all proteins, p=0.09). Additionally, strain
differences in protein expression seemed to occur preferentially within the NAC shell as no
significant differences in protein expression were found in the NAC core (Table 2).

Discussion
Here we show that a prolonged (30-day) history of binge alcohol intake under DID
procedures up-regulates PI3K activity within the entire NAC and increases the expression of
mGluR5, Homer2 and NR2B in the NAC shell subregion. Also, basal Homer2, as well as
mGluR1, expression within the NAC shell is a genetic correlate of binge drinking in
selectively bred HDID-1 mice. Moreover, we confirm an important role for mGluR5-
Homer2-PI3K signaling within the NAC shell in maintaining high levels of alcohol intake
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and demonstrate conclusively that intact protein-protein interactions with Homer2 are
required for the attenuating effects of mGluR5 and PI3K antagonists upon binge drinking.

NAC subregional differences in the relation between binge alcohol drinking and Homer2
expression?

The NAC core and shell are components of functionally and anatomically distinct
subcircuits (Heimer et al., 1997), both of which are involved in regulating specific aspects of
drug self-administration (c.f., Everitt et al., 2008). While many of the previous studies
examining for alcohol effects upon Homer/glutamate receptor expression did not
discriminate between NAC subregions (e.g., Cozzoli et al., 2009; Neasta et al., 2010;
Szumlinski et al., 2008), a persistent increase in Group 1 mGluR/Homer/NR2 protein
expression occurs selectively within the NAC core in P rats with an extensive (6-month)
history of alcohol drinking (Obara et al., 2009). Herein, NAC core Homer2a/b expression
was elevated (~ 66%) at 24 hrs withdrawal from a 1-month history of binge alcohol intake
under DID procedures (Figure 2A,C); however, no other protein change within the NAC
core reached statistical significance, although there was a trend for a rise (~40%; p=.11) in
mGluR5 levels. In contrast to the P rat study by Obara et al. (2009) where protein changes
were observed only in the core subregion, but consistent with data from the entire NAC
tissue of alcohol-drinking mice (Cozzoli et al., 2009; Szumlinski et al., 2008), a month-long
history of binge alcohol drinking under DID procedures elevated both Homer2a/b and
NR2B levels within the NAC shell. Interestingly, we also observed an alcohol-induced rise
in NAC shell mGluR5 levels in the present study (Figure 2A,B) that was not observed in our
previous reports for alcohol-drinking B6 mice (Cozzoli et al., 2009; Szumlinski et al., 2008).
In all likelihood, the more pronounced effect of binge alcohol intake upon mGluR5
expression observed within both the NAC shell and core in the present study reflects some
combination of the daily pattern and the total duration of alcohol drinking, as no changes in
NAC mGluR5 expression are observed in: (1) B6 mice with a relative short history of binge
alcohol drinking under SHAC procedures (6 exposures; daily intakes of ~ 1.5 g/kg/30 min;
Cozzoli et al., 2009); (2) B6 or DBA2/J mice subjected to repeated (8), intermittent
injections of 2 g/kg alcohol (Goulding et al., 2011); or (3) B6 mice with a long history of
alcohol intake under 24-hr free-access conditions (3 months; daily intakes of ~11 g/kg;
Szumlinski et al., 2005).

It remains to be determined whether or not the existing discrepancies regarding the
subregional localization of alcohol-induced increases in NAC glutamate receptors/Homer2a/
b relates to: (1) species or strain (within mouse) differences in the relative responsiveness of
the NAC shell and core to alcohol; (2) differences in the daily availability of alcohol (i.e.,
short vs. long-access); (3) differences in the duration of alcohol access (1 month vs. 6
months); or some combination thereof. However, in support of the latter possibilities,
activity within the NAC core is theorized to be involved in the transition to habitual drug-
seeking and –taking behavior (c.f., Everitt et al., 2008). While requiring further study, it is
quite possible that with prolonged alcohol self-administration experience (>1 month), there
is a progressive transition in excitatory signaling to more dorsal structures within the
striatum, commencing with increased Homer2a/b expression. In some support of this
assertion, there is a progressive and cumulative alcohol-induced increase in NR2B-
dependent NMDA receptor activity and trafficking of the receptor to the plasma membrane
within dorsomedial striatum of rats subjected to repeated injections of 2 g/kg alcohol (Wang
et al., 2011) and increased NR2B-dependent NMDA receptor activity within dorsal striatum
is observed in rats with a history of chronic alcohol drinking (5–6 g/kg/day; Wang et al.,
2010). However, it still remains to be determined whether or not this latter effect reflects an
alcohol history-dependent transition in glutamatergic signaling from ventral to more dorsal
striatal subregions.
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In our earlier SHAC study (Cozzoli et al., 2009), the rise in Homer2/glutamate receptor
expression within entire NAC homogenate co-occurred with elevated indices of PI3K
activity as assayed using an antibody against the p-(Tyr)p85α PI3K binding motif (Zhang et
al., 2006). As this antibody was no longer commercially available at the time of this study,
we employed 2 strategies to examine for binge alcohol-induced changes in PI3K under DID
procedures. We first processed NAC core and shell tissue using an antibody against p-
Ser473-Akt, as this site is known to be phosphorylated by PI3K (c.f., Steelman et al., 2011).
While p-Ser473-Akt tended to rise in the NAC shell (~25%) of alcohol-drinking animals,
the group difference was not statistically significant (Figure 2). These findings contrast with
reported increases in p-Ser473-Akt, as well as p-Thr308-Akt, in the entire NAC of rats with
a 2-month history of intermittent access to 20% alcohol (Neasta et al., 2011). Whether our
modest alcohol effects upon NAC p-Ser473-Akt levels relates to the shorter duration of
alcohol exposure, the species studied, or the fact that our mice did not undergo repeated
bouts of alcohol withdrawal during the drinking phase of the experiment remains to be
determined. Ser473-Akt can be phosphorylated by at least 92 different kinases, which
include: PI3K, as well as PKCα, PKCβII, PKCε, mTOR and choline kinase (Chua et al.,
2009). In brain, alcohol affects the expression/translocation of all of these PKC isozymes
(c.f., Newton and Ron, 2007), as well as mTOR activity (Li and Ren, 2007; Neasta et al.,
2010). However, the experimental parameters that influence the direction and magnitude of
alcohol’s effects upon the activity of these kinases within specific brain regions are not fully
characterized (c.f., Newton and Ron, 2007). Thus, the possibility remains that binge alcohol
drinking may have opposing influences on PI3K and one or more of these other Akt-
targeting kinases, which could mask our ability to detect group differences in Akt activation.
Arguing in favor of this latter explanation, we were able to demonstrate that a month-long
history of binge drinking under DID procedures increases the relative expression of p-
(Tyr458)-p85 in the NAC (Figure 2D,E) – a very direct indicator of increased PI3K
activation (c.f., Osaki et al., 2009). While it is unfortunate that we were unable to assay for
core-shell differences using this new, direct, marker of PI3K activity, the present data are
sufficient to demonstrate cross-model generalization of binge alcohol-induced increases in
NAC PI3K activity during short-term withdrawal and further implicate heightened NAC
PI3K activity as an important mediator of continued, excessive alcohol drinking.

NAC shell Homer2/mGluR1 expression is a genetic correlate of binge drinking under DID
procedures

The comparison of basal protein expression between HDID-1 mice and HS/Npt mice
revealed differences in protein expression within the NAC shell only (Figure 6 vs. Table 2).
As observed for whole NAC tissue homogenate from mice selectively bred SHAC versus
SLAC mice (Cozzoli et al., 2009), basal Homer2a/b expression and mGluR1 expression
were significantly elevated in the NAC shell of HDID-1 mice (Figure 6). This consistency in
findings across distinct selectively bred mouse lines, coupled with recent data derived from
immunoblotting studies of inbred mouse strains with divergent alcohol preference/intake
(Goulding et al., 2011), provide very strong evidence that elevated Group1 mGluR and
Homer2a/b expression within the NAC shell is a genetic correlate of an excessive alcohol
drinking phenotype. The phenotypic characterization of the HDID-1 line is still in its
infancy and thus, it is not possible at the present time to know whether or not the elevated
basal protein expression of HDID-1 mice might correlate with other behavioral traits.
However, HDID-1 mice were reported recently to not differ from HS/Npt controls regarding
bitter or sweet tastant sensitivity or regarding their total daily intake of 3–25% alcohol under
2-bottle-choice, free-access drinking procedures (Crabbe et al., 2011). While HDID-1 lines
drank less water overall and tended to prefer moderate alcohol concentrations (e.g., 9%
alcohol), compared to HS/Npt mice, their intake and preference for alcohol concentrations
greater than 25% was significantly less than that exhibited by mice from the founder
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population (Crabbe et al., 2011). Thus, while Homer2b over-expression within the NAC
promotes alcohol-induced increases in both dopamine and glutamate within the NAC
(Goulding et al., 2011; Szumlinski et al., 2005; 2008) and facilitates aspects of alcohol
reward and reinforcement under place-conditioning, operant, and continuous access drinking
procedures (Goulding et al., 2001; Szumlinski et al., 2005; 2008), the available data
regarding the phenotype of HDID-1 mice argue that that elevated basal NAC mGluR1/
Homer2 expression is genetic correlate of high BACs attained under limited alcohol-access
procedures and not a genetic correlate of bitter/sweet tastant sensitivity or alcohol intake/
preference under free-access conditions.

The behavioral relevance of NAC mGluR1 expression for alcohol intake has been
questioned as neither systemic treatment with, nor intra-NAC infusion of, the selective
mGluR1a antagonist CPCCOEt significantly reduces measures of alcohol reward/
reinforcement, despite eliciting what appears to be a dose-dependent attenuation of behavior
(e.g., Figure 2; Cozzoli et al., 2009; Hodge et al., 2006; Schroeder et al., 2005; but see
Lominac et al., 2005). Prolonged (3 to 6 months) alcohol self-administration experience
under free-access home-cage drinking conditions elevates NAC mGluR1 levels and this
effect persists for at least 2 weeks into withdrawal (Obara et al., 2009; Szumlinski et al.,
2008). Given our data for SHAC/SLAC (Cozzoli et al., 2009) and HDID-1 mice (Figure 6),
we recommend that the role for mGluR1 in regulating alcohol intake be re-visited using
more potent and soluble mGluR1 antagonists (e.g., JNJ1625685) in future studies
concerning the receptor substrates underpinning excessive alcohol consumption, as well as
the genetic basis of this phenomenon.

In contrast to our earlier report of SHAC/SLAC mice (Cozzoli et al., 2009), HDID-1 and
HS/Npt mice did not differ in their basal expression p-(Tyr)p85α PI3K binding motif within
the NAC (Figure 6), suggesting that elevated basal NAC PI3K activity is not a consistent
genetic correlate of excessive alcohol intake across binge drinking models and, when more
tissue becomes available from HDID-1 mice, as well as from mice from a 2nd replicate line
(HDID-2), we will apply the p-(Tyr458)-p85 antibody only now commercially available, to
prove or disprove the validity of this hypothesis. Within both the NAC core and shell of
mice, the basal protein expression/activational state of kinases downstream of Group1
mGluRs, including PI3K, is strain-dependent (Goulding et al., 2011). Thus, it is quite
possible that our failure to detect significant differences in basal PI3K activity between
HDID-1 and HS/Npt mice relates to the fact that the genetic background of both lines is
comprised of 8 different inbred mouse strains with varying degrees of alcohol intake (see
Crabbe et al., 2009), which presumably vary in their degree of basal kinase activity within
the NAC. While the SHAC/SLAC mice in our earlier study (Cozzoli et al., 2009) were also
derived from this same HS/Npt founder population, the SLAC line was selectively bred for
low BAC and no comparison was made to tissue from the heterogeneous HS/Npt founder
population. Thus, it is entirely possible that the SHAC-SLAC differences observed in our
previous report reflected lower PI3K activity in the SLAC animals, rather than higher PI3K
activity in the SHAC animals – a hypothesis that cannot be tested as these selected lines are
no longer available. Nevertheless, the fact that we were able to detect significant differences
in the basal NAC shell expression of Homer2 and mGluR1 between HDID-1 and the
heterogeneous HS/Npt line only strengthens the assertion that NAC shell Homer2-associated
signaling is a molecular correlate of genetic vulnerability to consume excessive amounts of
alcohol. If relevant to humans, idiopathic increases in NAC shell Homer2a/b expression is
predicted to promote the primary reinforcing properties of alcohol, in turn rendering an
individual more vulnerable for developing an alcohol drinking problem and maintaining that
drinking problem in the face of adverse consequences.
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The functional relevance of Homer2a/b signaling for binge drinking under DID procedures
An examination of the functional relevance of NAC shell Group 1 mGluR/Homer2/PI3K
signaling for maintaining high intake of 20% alcohol under DID procedures demonstrated
that interruption of signaling significantly lowered the alcohol intake of mice below or
around those predicted to result in BACs ≤ 80 mg% (see Rhodes et al., 2005; Crabbe et al.,
2009). As reported previously in other alcohol drinking models (Cozzoli et al., 2009; Neasta
et al., 2011), an intra-NAC shell infusion of both the non-selective PI3K inhibitor
wortmannin and the PI3K-selective inhibitor LY 294002 attenuated alcohol consumption in
the DID model (Figures 3, 4B, 5B). In addition to PI3K, wortmannin is also a potent
inhibitor of PLK1, as well as a number of other kinases (e.g., Elling et al., 2008). However,
intra-NAC infusion of the IC50 dose of the selective PLK1 inhibitor cyclapolin 9 failed to
influence alcohol intake under DID procedures, arguing against an important role for at least
this kinase in wortmannin’s anti-binge drinking effects. As reported previously (Cozzoli et
al., 2009), the attenuating effect of wortmannin was not additive with that produced by
mGluR5 inhibition (Figure 3C) nor was it apparent in mice with disrupted mGluR5-Homer
interactions (Figure 4B), indicating an important role for mGluR5 in mediating
wortmannin’s inhibitory effect upon drinking. Extending these earlier data, we show here
that an intra-NAC infusion of neither MPEP nor wortmannin was effective at reducing
alcohol intake in Homer2 KO mice (Figure 5B), indicating for the first time that Homer2 is
critical for the mGluR5/PI3K activity mediating excessive alcohol intake.

It is interesting to note that while Homer2 deletion was without any significant effect upon
alcohol drinking under DID procedures (Figure 5A), shRNA-mediated knock-down of
Homer2b within the NAC shell was sufficient to reduce alcohol intake in this paradigm.
Moreover, the attenuating effect of NAC Homer2b knock-down was apparent at both 5 and
20% alcohol, indicating a downward shift in the alcohol dose-response function by this
manipulation or a reduction in the efficacy of alcohol to maintain intake (Figure 5C). The
discrepancy in findings between our KO and shRNA studies for Homer2 is reminiscent of
distinctions between the effects of constitutive mGluR5 deletion versus systemic mGluR5
antagonist pretreatment reported previously for mice drinking under DID procedures
(Blednov and Harris, 2008). While the precise reason for the “normal” DID phenotype of
constitutive mGluR5 or Homer2 KO mice cannot be discerned from the results of the
present study, a potential explanation relates to some developmental compensation(s) that
mask effects of gene deletion upon limited access alcohol drinking. At least in the case of
the Homer2 KO, this “masking” might relate to the scheduling of alcohol access for a time
during the mouse’s circadian cycle when fluid consumption is typically high (i.e., 3 hours
after lights out) as Homer2 KO mice exhibit WT circadian patterns of food and water intake
(Szumlinski et al., 2005) and these animals exhibit marked reductions in alcohol intake
under continuous-access home cage drinking and under limited-access (15 minute) operant
conditions (Szumlinski et al., 2005). Alternatively, as the same shRNA-infused mice were
tested under both SHAC (Cozzoli et al., 2009) and DID procedures, it is possible that the
prior SHAC experience of the shRNA-infused mice may have influenced subsequent alcohol
intake under DID conditions. While there is no published study directly comparing baseline
alcohol intake under different binge drinking procedures, the rank order of alcohol intake
under DID procedures exhibited by various inbred mouse strains (from highest to lowest:
C57BL/6J, BALB/cJ, BALB/cByJ, FVB/NJ, CBA/J, A/J, BTBRT+tf/J, C3H/HeJ, AKR/J,
LP/J, 129S1/SvlmJ, DBA/2J; Rhodes et al., 2005) is distinct from that exhibited by inbred
strains drinking under SHAC procedures (from highest to lowest: AKR/J, A/J, C57BL/6J,
BALB/cJ, C3H/HeJ, LP/J, DBA/2J, CBA/J; D.A. Finn, unpublished data). Such data argue
that baseline intake under one binge drinking procedure does not necessarily predict baseline
intake under the alternate procedure. Nevertheless, the observation that inhibition of
mGluR5/Homer2/PI3K signaling within the NAC shell attenuated alcohol consumption,
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coupled with the fact that the attenuating effects of intra-NAC mGluR5 and PI3K
antagonists require intact Homer2 expression, as well as, intact mGluR5-Homer2
interactions, further implicate the mGluR5/Homer2/PI3K signaling cascade as a viable
target for therapeutic intervention in alcoholism.
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Figure 1. Verification of micropunches, specificity of transduction, and microinjector placements
A, Shematic of a coronal section of the mouse brain, indicating representative sites of
micropunches for the accumbens core and shell. Below the section is the approximate level
from Bregma where the punches were acquired (modified from Paxinos and Franklin, 2004).
B, Representative micrograph of the placement of the microinjector tip within the NAC shell
of B6 mice. Only mice whose microinjectors were located within the boundaries of NAC
shell were included in the statistical analysis of the data. C, Representative 10X micrograph
of immunostaining in the left NAC shell of a B6 mouse infused with our AAV-shRNA
vector. Other examples of AAV transduction, as well as verification of protein knock-down
by immunoblotting procedures, is provided in Cozzoli et al. (2009).
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Figure 2. 30 days of alcohol drinking under DID procedures up-regulated indices of glutamate
signaling within the NAC
A, Representative immunoblots for the total protein levels of Homer1b/c, Homer2a/b,
mGluR1, mGluR5, NR2A, NR2B, PI3K, Akt, p-Ser473-Akt (p-AKT), and Calnexin in the
NAC shell and core of mice killed at 24 hours withdrawal after 30 days of 2-hour access to
20% alcohol (A) or water (W). B, Summary of the change in protein expression within the
NAC shell at 24 hours withdrawal from 30 days of alcohol drinking under DID procedures
(Alcohol), expressed as a percent of the average protein expression of water-drinking
controls (Water). Compared to water controls, excessive alcohol intake under DID
procedures significantly increased NAC shell mGluR5, Homer2a/b, and NR2B expression.
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C, A parallel study conducted on tissue from the NAC core revealed a significant increase in
Homer2a/b expression only. D, Representative immunoblots for the total protein levels of
the p85 subunit of PI3K, p-Tyr458-p85 and their ratio in tissue from the entire NAC of mice
taken at 24 hours withdrawal from a 30-day history of alcohol intake under DID procedures.
E, Alcohol drinking mice exhibited greater relative expression of the phosphorylated versus
total isoform of p85. Data represent the mean ± SEM of the number of animals indicated in
the figure. *p<0.05 (t-tests).
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Figure 3. Blockade of NAC shell mGluR5 and PI3K, but not mGluR1, reduces limited access
alcohol drinking in B6 mice
Summary of the effects of an intra-NAC shell infusion of the mGluR5 antagonist MPEP (A),
the non-selective PI3K antagonist wortmannin, as well as the combination of MPEP +
wortmannin (B) and the selective PI3K antagonist LY 294002 (C) upon 20% alcohol intake
during a 2-hour period under DID procedures. The data represent the mean ± SEM of the
animals indicated in the figure. *p<0.05 vs. respective vehicle pre-treatment (i.e., 0 dose).
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Figure 4. mGluR5-Homer binding is important for alcohol drinking under DID procedures and
for the attenuating effects of NAC mGluR5 and PI3K blockade
A, Summary of the average alcohol intake of wild-type (WT) and F1128R mGluR5 knock-in
(F/R KI) mice with disrupted Homer-mGluR5 interactions. B, Summary of the effects of an
intra-NAC shell infusion of effective doses of MPEP and wortmannin (see Figure 3) upon
20% alcohol intake under DID procedures exhibited by WT and F/R KI mice. The data
represent the means ± SEM of the number of animals indicated in the figure. *p<0.05 WT
vs. F/R KI, +p<0.05 vs. vehicle (0 dose).
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Figure 5. NAC shell Homer2 plays a role in mediating alcohol drinking under DID procedures
and is necessary for the attenuating effects of NAC mGluR5 and PI3K blockade
A, Summary of the average intake of 20% alcohol by Homer2 wild-type (Homer2 WT) and
constitutive knock-out (Homer2 KO) mice. B, Summary of the effects of an intra-NAC shell
infusion of effective doses of MPEP and wortmannin (see Figure 3) upon the 20% alcohol
intake under DID procedures exhibited by Homer2 WT and KO mice. C, Summary of the
effects of intra-NAC shell infusions of Homer2 shRNA or a scrambled control shRNA
(control) upon the average alcohol intake of B6 mice over the course of 4 days of alcohol
drinking under DID procedures. The data represent the mean ± SEM of the number of
animals indicated in the figure. *p<0.05 vs. vehicle (Panel B) or control (Panel C).
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Figure 6. Differences in NAC shell Homer2 and mGluR1 expression in selectively bred high DID
mice
A, Representative immunoblots for the total protein levels of Homer1bc, Homer2ab,
mGluR1, mGluR5, NR2A, NR2B, PI3K, p-(Tyr)p85α (p-PI3K), and Calnexin in the 15th

generation (S15) selectively bred HDID-1 mice compared with the HS/Npt founder
population. B, Summary of the differences in basal protein expression within the NAC shell
of HDID-1 mice, expressed as a percent of average levels of proteins in HS/Npt control
mice. Data represent the means ± SEM of the number of animals indicated in the figure.
*p<0.05 vs. HS/Npt (t-tests).
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Table 1

Summary of the means ± SEM of the effects of intra-NAC infusion of vehicle, MPEP, and wortmannin on the
intake of water and 5% sucrose (in ml’s) in the DID model.

Water
(n=7–8)

5% Sucrose
(n=8)

Vehicle 26.51±4.86 2.09±0.37

3.0 µg MPEP 23.02±5.11 2.13±0.44

50 ng Wortmannin 13.13±4.73 2.15±0.43
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Table 2

Comparison of the means ± SEM of the basal protein expression of Homer1b/c, Homer2a/b, mGluR1,
mGluR5, NR2A, NR2B, PI3K, and p-(Tyr)p85α PI3K binding motif [p-PI3K] within the NAC core in the
15th generation offspring of mice selectively bred for a high DID drinking phenotype (HID-1; n=14),
compared with the HS/Npt founder population (HS/Npt; n=14). The data are expressed as a percent of the
mean optical density values of HS/Npt animals.

HS/Npt HDID-1

Homer1b/c 100±8.67 106.88±9.42

Homer2a/b 100±14.22 82.03±12.53

mGluR1 100±16.05 151.12±20.72

mGluR5 100±8.52 96.76±12.66

NR2A 100±17.13 109.43±16.17

NR2B 100±7.32 98.39±8.86

PI3K 100±15.51 106.82±20.0

p-PI3K 100±17.30 100.81±15.15

binding motif

Alcohol Clin Exp Res. Author manuscript; available in PMC 2013 September 01.


