
Type 1 Equilibrative Nucleoside Transporter Regulates Ethanol
Drinking through Accumbal N-Methyl-D-Aspartate Receptor
Signaling

Hyung Wook Nam1, Moonnoh R. Lee1, Yu Zhu1,5, Jinhua Wu1, David J. Hinton1, Sun Choi1,
Taehyun Kim1, Nora Hammack1, Jerry C.P. Yin4, and Doo-Sup Choi1,2,3

1Department of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic College of
Medicine, Rochester, Minnesota 55905
2Department of Psychiatry and Psychology, Mayo Clinic College of Medicine, Rochester,
Minnesota 55905
3Molecular Neuroscience Program, Mayo Clinic College of Medicine, Rochester, Minnesota
55905
4Department of Genetics and Neurology, University of Wisconsin, Madison, Wisconsin 53706

Abstract
Background—Mice lacking type 1 equilibrative nucleoside transporter (ENT1−/−) exhibit
increased ethanol-preferring behavior compared to wild-type littermates. This phenotype of
ENT1−/− mice appears to be correlated with increased glutamate levels in the nucleus accumbens
(NAc). However, little is known about the downstream consequences of increased glutamate
signaling in the NAc.

Methods—To investigate the significance of the deletion of ENT1 and its effect on glutamate
signaling in the NAc, we employed microdialysis and iTRAQ proteomics. We validated altered
proteins using Western blot analysis. We then examined the pharmacological effects of the
inhibition of the N-Methyl-D-Aspartate (NMDA) glutamate receptor and protein kinase Cγ
(PKCγ) on alcohol drinking in wild-type mice. In addition, we investigated in vivo cAMP
response element binding (CREB) activity using CRE-lacZ mice in an ENT1−/− background.

Results—We identified that NMDA glutamate receptor-mediated down-regulation of
intracellular PKCγ-neurogranin (Ng)-Ca2+-calmodulin dependent protein kinase type II (CaMKII)
signaling is correlated with reduced CREB activity in ENT1−/− mice. Inhibition of PKCγ
promotes ethanol drinking in wild-type mice to levels similar to those of ENT1−/− mice. In
contrast, an NMDA glutamate receptor antagonist reduces ethanol drinking of ENT1−/− mice.
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Conclusion—These findings demonstrate that the genetic deletion or pharmacological inhibition
of ENT1 regulates NMDA glutamate receptor-mediated signaling in the NAc which provides a
molecular basis that underlies the ethanol-preferring behavior of ENT1−/− mice.
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Introduction
Alcohol use disorders impose major public health and social problems with substantial
worldwide economic loss (1) and cause approximately 85,000 deaths in the United States
every year (2). Adenosine signaling has been implicated in the pathophysiology of several
neuropsychiatric disorders including alcoholism (3–6). Initially, acute ethanol treatment
increases extracellular adenosine in cultured cells by selectively inhibiting type 1
equilibrative nucleoside transporter (ENT1), while chronic ethanol exposure no longer
increases extracellular adenosine levels owing to the downregulation of ENT1 gene
expression (7). Consequently, reduced adenosine signaling has been implicated in decreased
sensitivity (ataxia/hypnosis) to the intoxicating effect of ethanol as well as increased ethanol
drinking mice (8). Mice lacking ENT1 (ENT1−/−) display similar behaviors as chronic
ethanol-treated or alcohol-preferring mice (9), as ENT1−/− mice consume more alcohol and
exhibit reduced sensitivity (ataxia/hypnosis) to acute ethanol exposure (10, 11). In contrast,
mice over-expressing human ENT1 are more sensitive to the acute intoxicating effects of
ethanol (12). Additionally, several recent animal studies further illustrate that ENT1 gene
expression is inversely correlated with ethanol drinking (13–15). Furthermore, recent human
genetic association studies demonstrated that variants of ENT1 are associated with an
alcohol abuse phenotype in women (16), alcoholics with a history of withdrawal seizures
(17) and heroin addiction (18). Therefore, the mechanistic understanding of how ENT1
contributes to alcoholism is important for the development of novel therapeutics.

One of the neural mechanisms underlying increased alcohol preference of ENT1−/− mice
involves increased glutamate neurotransmission in the nucleus accumbens (NAc) (10, 11).
Inhibition of adenosine A1 receptors increases glutamate-evoked postsynaptic activity in the
NAc (19) while activation of adenosine A1 receptor reduces ethanol consumption in
ENT1−/− mice (10), suggesting that increased glutamate levels and ethanol consumption
might be related to diminished adenosine A1 receptor activity in ENT1−/− mice. In addition,
our recent study suggests that decreased synaptic glutamate uptake, owing to the reduction
of ENT1-dependent excitatory amino acid transporter type 2 (EAAT2) expression or
function in astrocytes (20), might contribute to increased glutamate levels in the NAc.
Moreover, using in vivo magnetic resonance spectroscopy (MRS), we found that total
glutamate levels are increased in the NAc of ENT1−/− mice (21). Thus, it appears that the
deficiency of ENT1 gene expression increases accumbal glutamate levels. However, the
consequences of constitutively increased glutamate levels on postsynaptic signaling
molecules in the NAc of ENT1−/− mice remain unknown.

Here we show that accumbal N-methyl-D-aspartate (NMDA) glutamate receptor (NMDAR)-
mediated cAMP response element binding (CREB) activity via protein kinase Cγ (PKCγ)
regulates ethanol drinking behaviors of ENT1−/− mice. Our findings provide a novel
signaling pathway, which might link increased glutamate signaling and decreased CREB
activity with excessive ethanol drinking in mice.
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Materials and Methods
See Supplement 1 for detailed methods

Animal
ENT1−/− mice were generated as described (10). We used F2 generation hybrid mice with a
C57BL/6J × 129X1/SvJ genetic background. We crossed CRE-lacZ mice in a C57BL/6J
background with ENT1−/− mice in a C57BL/6J background, then crossed the CRE-lacZ/
ENT1+/− with ENT1+/− mice in a 129X1/SvJ background to generate CRE-lacZ/ENT1+/+ or
CRE-lacZ/ENT1−/− mice. We used 8–16 week old male littermates for all experiments.

Microdialysis
Animals were anesthetized with ketamine/xylazine (100 and 15 mg/kg, i.p.; Sigma, MO)
and placed in a digital stereotaxic alignment system (Model 1900, David Kopf Instruments,
CA). Guide cannulae were implanted into the NAc (AP: 1.3 mm; ML: 0.5 mm; DV: −3.5
mm; Figure S1A in Supplement 1 for the location of microdialysis probes) as described (11).
To confirm the extracellular glutamate concentration in the NAc, we employed a no-net flux
microdialysis experiment. Vehicle (Ringer’s) solution, 0.5, 1.0, and 5.0 µM glutamate
solutions were circulated in the microprobe and equilibrated with extracellular glutamate.
Glutamate concentrations were quantified using HPLC-ECD (HTEC-500, Eicom, Kyoto,
Japan). After the microdialysis experiment, we confirmed the location of microdialysis
probes histologically (Figure S1 in Supplement 1).

NAc Protein Profiling Using Proteomics
We pooled the same amount of NAc proteins from 5 mice per genotype (10 mice/iTRAQ
experiment). We performed three independent iTRAQ experiments with different sets of
mice and duplicated each sample for LC/MS/MS analysis. For iTRAQ labeling, trypsin-
digested peptides were purified and desalted using an Oasis HLB extraction kit (22, 23).
Concentrated peptides were reconstituted in iTRAQ reagents for 2-plex reactions (114 =
ENT1+/+ mice; 116 = ENT1−/− mice). The peptides were then analyzed by nanoLC-LTQ
Orbitrap mass spectrometry (Thermo Fisher Scientific, Waltham, MA) (Figure S2A in
Supplement 1). We validated the iTRAQ results using 3 different methods. 1) To verify the
technical and experimental variation of iTRAQ reactions, we used an internal standard
(ISTD) peptide as a reaction control. 2) We normalized the bias of each iTRAQ reaction
using two house-keeping genes, GAPDH and beta-tubulin. 3) In addition, we verified the
biological variation of each sample by examining peptide levels (peptidomics) using an
iTRAQ method (Figure S2B in Supplement 1).

Protein Phosphatase Activity Assay
Cytoplasmic protein (2 µg) from the NAc was used for phosphatase assay (Enzo Life
Sciences Inc., PA). Released phosphates were reacted with BIOMOL GREEN™ reagent
(Enzo Life Sciences Inc., PA) and detected in OD 620 nm using a microplate reader
(Thermo Fisher Scientific Inc., Waltham, MA).

Western Blot Analysis
Brains were quickly removed and dissected to isolate the NAc. Briefly, tissues were
homogenized in a solution containing 50 mM Tris buffer (pH 7.4), 2 mM EDTA, 5 mM
EGTA, 0.1% SDS, protease inhibitor cocktail (Roche), and phosphatase inhibitor cocktail
type I and II (Sigma). Homogenates were centrifuged at 500 g at 4°C for 15 min and
supernatants were collected. Proteins were separated by 4–12% NuPAGE™ Bis Tris gels at
130 V for 2 h, transferred onto PVDF membranes at 30 V for 1 h (Invitrogen), and incubated

Nam et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with antibodies listed in the Supplement 1. Protein levels were normalized by GAPDH and
quantified compared to the control group.

X-gal Staining for Measurement of CREB Activity
CRE-lacZ mice were rapidly dissected into cold fixative solution (2% paraformaldehyde,
0.2% glutaraldehyde in PBS) and fixed overnight at 4°C. Coronal cryostat sections (40 µm)
were cut and washed for 5 min, three times, with PBS and then incubated overnight at 37°C
in the reaction solution (1 mg/ml X-gal, 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 2 mM MgCl2 in PBS) in a dark tray. The number of X-gal positive cells was
counted in the regions of interest (0.15 mm2) using a Leica DM4000B microscope.

Effect of PKC Inhibitor Microinjection or CGP37849 Administration on Ethanol Drinking
Oral alcohol self-administration was examined using a two-bottle choice experiment (10,
24). Male mice were trained to self-administer 10% ethanol (w/v) orally. To examine the
effect of PKC inhibition on ethanol drinking, 1.0, 10 or 20 µM of PKC inhibitor 19–31
(Calbiochem, CA) was bilaterally microinjected into the NAc (AP: 1.3 mm; ML: ± 1.5 mm;
DV: −3.5 mm; Figure S1B in Supplement 1 for the location of microinjection cannulae) for
4 d during the 10% ethanol drinking session. To examine the effect of CGP37849 (NMDA
glutamate receptor-specific antagonist, TOCRIS, Ellisville, MO) on ethanol drinking, a new
group of mice was given saline, 1.0, 5.0 and 10 mg/kg CGP37849 (i.p.) for 4 d during the
10% ethanol drinking session.

Statistical Analysis
Data are presented as mean ± SEM (standard error of the mean). Statistical analyses were
performed using unpaired two-tailed t-test (Prism v 4, GraphPad Software, La Jolla, CA),
one-way, or two-way repeated measures ANOVA (SigmaStat v 3.1, Systat Software, Point
Richimond, CA). Results were considered significantly different when p < 0.05.

Results
Increased Glutamate Levels in the NAc of ENT1−/− Mice

We used microdialysis to investigate the effect of ENT1 deletion on extracellular adenosine
and glutamate levels in the NAc. In dialysates, adenosine levels were significantly decreased
in the NAc of ENT1−/− mice compared to ENT1+/+ mice (Figure 1A). Since adenosine
receptor signaling has an effect on presynaptic glutamate release (10), we investigated
extracellular glutamate concentrations using microdialysis. The NAc of ENT1−/− mice
showed increased basal glutamate levels compared to ENT1+/+ mice (Figure 1B). Since the
recovery rate of the microdialysis probe is around 10–15% and the dialysis efficiency
depends on changes in analytes, extracellular glutamate levels in NAc were confirmed using
a no-net flux microdialysis method (25). We determined that extracellular glutamate
concentrations were significantly increased by about 2.6-fold in ENT1−/− mice (Figure 1C),
which is consistent with our previous electrophysiology study (10).

Since EAAT1 and EAAT2 are mainly responsible for the uptake of extracellular glutamate
in the striatum (26, 27), we examined both EAAT1 and EAAT2 expression in the NAc of
ENT1−/− mice. EAAT2 levels were decreased in ENT1−/− mice compared to ENT1+/+ mice
(Figure 1D) while EAAT1 levels were similar between genotypes (Figure 1E) by Western
blot analysis. Consistently, our recent study demonstrated that inhibition of ENT1
expression or function led to decreased EAAT2 expression or activity in glutamate uptake in
astrocytes (20).
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Proteomics Revealed Altered NMDA Glutamate Receptor Signaling Proteins in the NAc of
ENT1−/− Mice

Since numerous signaling pathways are involved in glutamate-mediated signaling (28), we
employed a proteomic technique, iTRAQ (29, 30), to elucidate proteome changes in the
NAc of ENT1−/− mice. We identified 533 accumbal proteins, both digested peptides and
endogenous accumbal peptides, and quantified the iTRAQ reporter ions (Figure S2B,C in
Supplement 1). Three independent experiments revealed that 5 signaling proteins were
significantly changed in the NAc of ENT1−/− mice compared to ENT1+/+ mice (Table 1)
while other signaling proteins were unaltered (Table S1 in Supplement 1). Particularly, we
found that neurogranin (Ng) and calmodulin (CaM), which are essential components of
NMDAR-mediated signaling (31), were significantly increased in the NAc of ENT1. We
also observed decreased EAAT2 expression, but not EAAT1, in the NAc of ENT1−/− mice
(Table S1 in Supplement 1).

Altered NMDAR Signaling in the NAc of ENT1−/− Mice
Our proteomic approach led us to examine the expression of NMDAR subunits and their
phosphorylated forms using Western blot analysis because we observed that several
NMDAR-dependent signaling molecules were significantly altered in the NAc of ENT1−/−

mice. Interestingly, we found that phospho-NR1 (Ser890), which is preferentially
phosphorylated by PKCγ (32), is decreased in the NAc of ENT1−/− mice (Figure S3A in
Supplement 1). Other NMDAR subunits and α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR) subunits (Figure S3A,B in Supplement 1) were
not changed between genotypes. These results indicate that constitutively increased
glutamate levels in the NAc could alter NMDA-dependent glutamate signaling in
postsynaptic neurons of ENT1−/− mice.

We confirmed that Ng protein levels were increased in the NAc of ENT1−/− mice compared
to ENT1+/+ mice (Figure 2A). Since phosphorylation on the IQ motif (26–47) of Ng via
PKCγ is known to regulate Ca2+-CaM dependent protein kinase (CaMK) activity (33–35),
we examined pNg (Ser36) levels, an active form of Ng, in the NAc. Surprisingly, pNg
(Ser36) levels were significantly decreased in ENT1−/− mice compared to ENT1+/+ mice
(Figure 2A and Figure S4A in Supplement 1). Since PKCγ phosphorylates both Ng (Ser36)
and NR1 (Ser890), we examined pPKCγ (Thr514), an active form of PKCγ. Consistently,
pPKCγ (Thr514) levels were significantly reduced in ENT1−/− mice compared to ENT1+/+

mice, while total PKCγ levels were similar between genotypes (Figure 2A and Figure S4A
in Supplement 1).

Increased pNg (Ser36) levels are known to promote dissociation of Ng from CaM and
increases Ca2+-CaM formation (35–38). Thus, decreased pNg (Ser36) and pPKCγ (Thr514)
or increased Ng might decrease Ca2+-CaM formation due to increased CaM-Ng binding.
This could decrease CaMK activity including that of CaMK type II (CaMKII), which is
highly expressed in dendritic spines (39). As expected, we found that levels of pCaMKII
(Thr286), an active form of CaMKII, were significantly reduced while no changes in total
CaMKII expression levels were observed between genotypes. We also found that CaM
levels in the NAc were not altered in ENT1−/− mice (Figure 2A).

Increased PP1/PP2A Activity in the NAc of ENT1−/− Mice
Next, we investigated phosphatase activity since phosphorylation of key signaling proteins
involved in NMDAR-mediated signaling were decreased in the NAc. Because PP1/PP2A is
known to dephosphorylate pPKCγ (Thr514), while PP2B (calcineurin) dephosphorylates
pNg (Ser36) (40), we examined the activity of these phosphatases. We found that PP1/PP2A
activity was significantly increased while there were no differences in PP2B (calcineurin)
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activity in the NAc of ENT1−/− mice (Figure 2B), suggesting that increased PP1/PP2A
activity is related to decreased pPKCγ (Thr514) levels, which could thereby result in
reduced pNg (Ser36) in the NAc.

Reduced CREB Activity in ENT1−/− Mice
Since reduced pCaMKII (Thr286) levels or CaMK activity could alter gene expression via
CREB activity (41), we examined the levels of CREB and pCREB (Ser133), an active form
of CREB, in the NAc. Interestingly, pCREB (Ser133) levels were decreased while CREB
levels were not changed (Figure 3A,B and Figure S4A in Supplement 1). Next, to further
investigate whether in vivo CREB activity is altered in ENT1−/− mice, we generated mice
expressing β-galactosidase (lacZ) under the control of seven-repeated CRE sites in an
ENT1+/+ or ENT1−/− background (CRE-lacZ/ENT1+/+ or CRE-lacZ/ENT1−/−). Consistent
with Western blot analysis, we found that the lacZ expression in the NAc core region was
significantly decreased in CRE-lacZ/ENT1−/− compared to CRE-lacZ/ENT1+/+ mice
(Figure 3C), while no significant difference in the NAc shell region was observed between
genotypes (Figure S5 in Supplement 1).

ENT1 Inhibition Decreases CREB Activity in the NAc
Next, we examined whether microinjection of ENT1-specific inhibitor NBTI
(nitrobenzylthioinosine) into the NAc reduces CREB activity in ENT1+/+ mice. Because
CREB activity is altered 2–3 h after an ethanol injection in the NAc (Figure S6 in
Supplement 1), we examined CREB activity 2 h after the NBTI microinjection (50 µM). As
shown in Figure 3D, we observed reduced CREB activity in the NAc core of CRE-lacZ/
ENT1+/+ mice by NBTI microinjection, while no significant changes in CRE-lacZ/ENT1−/−

mice were observed (Figure 3E). Together with the data from ENT1−/− mice (Figure 3A–C),
these results indicates that deficiency of ENT1 expression or function decreases CREB
activity in the NAc core in mice.

Inhibition of PKCγ-Driven CaMKII and CREB Activity Increases Ethanol Consumption in
ENT1+/+ Mice, but not in ENT1−/− Mice

In addition, we examined the effect of PKCγ inhibition on CaMKII and CREB activities as
well as ethanol drinking behavior. We microinjected a peptide inhibitor, which is known to
inhibit PKCγ activity in the NAc (42). Our results showed that microinjection of 10 µM of
the peptide inhibitor in the NAc of ENT1+/+ mice decreased pCaMKII (Figure 4A),
suggesting that PKCγ activity regulates pCaMKII in the NAc. The same treatment also
decreased CREB activity in the NAc core compared to its saline-treated group of CRE-lacZ/
ENT1+/+ mice (Figure 4B). Furthermore, the bilateral microinjection with 10 µM or 20 µM
of PKC inhibitor peptide for 4 d increased ethanol consumption (Figure 4C) and preference
(Figure 4D) of ENT1+/+ mice compared to saline-treated control mice. Interestingly, PKC
inhibition in the NAc had no effect on ethanol consumption or preference of ENT1−/− mice.
During saline treatment, ENT1−/− mice displayed increased ethanol consumption and
preference compared ENT1+/+ mice (Figure 4C,D) as we have observed previously (10).
One-way ANOVA analysis of ethanol consumption indicated that PKC inhibitor treatment
displayed a dose effect [F(3,29) = 3.3, p = 0.035] in ENT1+/+ mice, while no significant
changes were observed in ENT1−/− mice [F(3,25) = 0.4, p =0.73]. Similarly, for ethanol
preference, one-way ANOVA showed a significant dose effect in ENT1+/+ mice [F(3,30) =
3.3, p = 0.03], while no significant changes were observed in ENT1−/− mice [F(3,26) = 0.2,
p =0.89]. Water consumption was similar between genotypes during PKC inhibitor
treatment (Figure S7A in Supplement 1). Taken together, these results suggest that
decreased PKCγ activity may regulate excessive ethanol drinking in ENT1−/− mice.
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NMDAR Antagonist CGP37849 Normalized the Decreased pPKCγ, pNg and pCaMKII levels
in the NAc of ENT1−/− Mice

Next, we investigated whether blocking the NMDAR could normalize the phosphorylation
of signaling molecules in ENT1−/− mice. We used a specific NMDAR antagonist
CGP37849, which is known to reduce ethanol consumption (43). As shown in Figure 5A,
systemic treatment of CGP37849 (10 mg/kg, i.p.) for 2 h normalized pPKCγ, pCaMKII, and
pCREB levels in the NAc of ENT1−/− mice to a level similar to that of ENT1+/+ mice
(Figure S4B in Supplement 1). Their non-phosphorylated forms remained unchanged (data
not shown). Interestingly, this CGP37849 treatment even reversed (up-regulated) pNg levels
in ENT1−/− mice compared to ENT1+/+ mice, suggesting that constitutively increased
glutamate levels account for altered phosphorylation of these four key signaling molecules
in ENT1−/− mice. Our findings suggest that increased extracellular glutamate levels might
decrease CREB activity through inhibiting PKCγ-driven pNg and pCaMKII levels in the
NAc. In addition, increased PP1/PP2A activity in ENT1−/− mice was normalized by
CGP37849 (Figure 5B). Thus, glutamate signaling via NMDAR may be essential in PKCγ-
driven pNg and pCaMKII regulation in ENT1−/− mice.

CaMKII Inhibition Blocks the Normalization Effect on CREB Activity by CGP37849
Although CGP37849 normalized several signaling molecules in ENT1−/− mice, the link
between glutamate signaling and CaMKII-mediated signaling remained unclear. To
investigate whether glutamate signaling via CaMKII regulates CREB activity, we examined
the effect of CGP37849 treatment in conjunction with a CaMK-specific inhibitor, KN93,
which is known to inhibit CaMKII by systemic injection (44). Mice were treated with 15
mg/kg KN93 (i.p.) 30 min before 10 mg/kg CGP37849 injection. While the levels of pNg,
pPKCγ, and pCaMKII of ENT1−/− mice were restored to those of ENT1+/+ mice 2 h
following CGP37849 treatment, CREB activity remained significantly reduced in ENT1−/−

mice when KN93 was injected prior to CGP37849 (Figure S8 in Supplement 1). These
results indicate that CaMKII signaling regulates CREB activity in the NAc of ENT1−/−

mice.

CGP37849 Treatment Reduces Ethanol Self-Administration
Finally, we examined whether NMDAR antagonist CGP37849 treatment reduces ethanol
consumption or preference using a two-bottle choice drinking experiment when mice were
consistently drinking 10% ethanol. Before CGP37849 treatment, ENT1−/− mice showed
increased basal ethanol consumption and preference compared to ENT1+/+ mice as we
reported previously (10). During the CGP37849 injection session, both ENT1+/+ and
ENT1 −/− mice showed significantly decreased ethanol consumption and preference
compared to their respective saline-injection session (Figure 5C,D). For ethanol
consumption, two-way repeated measures ANOVA indicated a significant effect of
genotype [F(1,119) = 15.3, p < 0.001] and CGP37849 doses [F(4,119) = 8.4, p <0.001] on
ethanol consumption. For ethanol preference, two-way repeated measures ANOVA showed
significant effects of genotype [F(1,118) = 4.5, p =0.046] and CGP37489 doses [F4,119 =
6.6, p <0.001] on preference. Water consumption was similar between genotypes during
CGP37849 treatment (Figure S7B in Supplement 1). These results are consistent with
previous findings that the inhibition of NMDAR reduces ethanol preference (45).

Discussion
We identified that deletion of ENT1 induces a decrease of extracellular adenosine levels and
an increase of extracellular glutamate levels in the NAc by microdialysis. Our proteomic
study has revealed an essential signaling pathway elucidating adenosine-regulated glutamate
signaling in ENT1−/− mice, which appears to alter CREB activity and ethanol drinking, as
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summarized in Figure S9 (Supplement 1). It is noteworthy that excitatory amino acid
transporter 2 (EAAT2), neurogranin (Ng), and calmodulin (CaM), which regulate glutamate
levels or NMDAR signaling (31), showed changes in expression in the NAc.

Our functional studies suggest that decreased PKCγ-dependent pNg (Ser36) and Ca2+-CaM
dependent kinase II (CaMKII) activity regulate CREB activity in the NAc of ENT1−/− mice.
Since PKCγ−/− mice show reduced acute intoxicating effects of ethanol (46, 47), similar to
ENT1−/− mice (10), reduced PKCγ activity might be correlated with increased glutamate
signaling in ENT1−/− mice. Although further experiments are required to reveal how
increased NMDAR signaling is causally related to decreased pPKCγ, our study suggested
that increased PP1/PP2A activity could decrease pPKCγ levels (40) in the NAc. As a CaM
binding protein, Ng is essential for Ca2+ release from the Ca2+-CaM complex in the
postsynaptic neurons. Especially, Ng regulates the availability of CaM through PKCγ-
dependent phosphorylation of serine 36 within the IQ motif of Ng (33, 34, 48). While non-
phosphorylated Ng strongly binds to CaM, pNg (Ser36) blocks the formation of Ng-CaM
complex (49). It remains unclear why total Ng levels were increased in ENT1−/− mice,
however, it might be owing to a compensatory response to normalize altered NMDAR
signaling. Nevertheless, consistent with our finding, a recent study revealed that pNg is
inversely correlated with Ng levels (50). Interestingly, chronic ethanol administration is
known to increase Ng levels in the brain, particularly in the hippocampus (51, 52).
Moreover, two other studies showed that Ng negatively modulates CaM and inhibits Ca2+-
CaM signaling (52, 53), indicating that reduced pNg or increased Ng levels are essential in
the reduction of Ca2+-CaM signaling in ENT1−/− mice. CaMKII modulates the interaction
between glutamate and dopamine signaling in the NAc, which controls the behavioral
sensitivity to cocaine and induces the cocaine-seeking behavior in rats (54, 55).
Consistently, CaMKII levels were decreased in alcohol-preferring rats (56), but up-regulated
in the NAc of alcohol non-preferring rats (57), suggesting that decreased CaMK-dependent
signaling is correlated with increased alcohol drinking.

It seemed paradoxical that both a hyper-glutamatergic state (58) and hypo-CREB activity
(59) are known to be associated with alcohol use disorders, as increased glutamate receptor
signaling is likely to increase CREB activity via several signaling mechanisms (28).
Interestingly, CREB heterozygous mice (CREB+/−) express reduced CREB and pCREB
(Ser133) in the brain and prefer more alcohol in a two-bottle choice experiment (59). In this
study, we found that CREB expression levels are not changed while pCREB (Ser133) levels
are decreased in the NAc of ENT1−/− mice. Because of lower baseline pCREB levels in
ENT1−/− mice, our previous slope comparison between CREB and pCREB along with
increased protein amounts in Western blot, were interpreted as an increased pCREB/CREB
ratio in ENT1−/− mice (10). However, we validated CREB activity using CRE-lacZ/
ENT1−/− mice, which revealed that in vivo CREB activity is reduced in the NAc core
region, but not in the NAc shell region.

Pharmacological inhibition of accumbal ENT1 by microinjection of an ENT1-specific
inhibitor also reduced CREB activity, suggesting that CREB activity is dependent upon
ENT1 function. Several key molecular changes contributing to reduced CREB activity in
ENT1−/− mice were reversed by an NMDAR-specific antagonist, CGP37849. Interestingly,
inhibition of CaMKII activity by KN93 (44) blocked the effect of CGP37849 treatment on
CREB activity. Furthermore, daily treatment of CGP37849 for four days reduced ethanol
consumption and preference in ENT1−/− and ENT1+/+ mice, suggesting that increased
NMDAR signaling via decreased activity of CaMKII and CREB are involved in increased
ethanol consumption in ENT1−/− mice. Consistent with our finding, CGP37849 (2–8 mg/kg,
i.p.) administration reduces alcohol intake after alcohol deprivation in mice (43). Although
there were no differences in water consumption between genotypes or between CGP37849
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treatments (Figure S7B in Supplement 1), the 7–9% lower body weight of ENT1−/− mice
compared to ENT1+/+ mice (10) may have contributed to the difference between ethanol
consumption and preference when comparing genotypes.

The NAc core region primarily regulates the motivational effects of conditioned stimuli
(60), suggesting that reduced CREB activity in the NAc core of ENT1−/− mice might
account for increased ethanol drinking (10, 11). Since the shell region of the NAc appears to
regulate reward response to addictive substances including alcohol (60), similar CREB
activity in the shell region might be a reason contributing to the lack of a difference in
ethanol-induced conditioned place preference between ENT1−/− and ENT1+/+ mice (11).

In summary, the molecular characterization of the NAc using microdialysis and proteomics
provides a possible signaling pathway that demonstrates how the deletion of ENT1, resulting
in increased extracellular glutamate, alters NMDAR signaling and decreases CREB activity
via a reduction of pPKCγ. Together, our study offers a novel role of adenosine-regulated
glutamate signaling on CREB activity, which controls ethanol-drinking behaviors in mice.
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Figure 1.
Altered adenosine/glutamate levels in ENT1−/− mice. (A,B) Measurement of adenosine and
glutamate levels in the NAc. (A) ENT1−/− mice showed decreased basal adenosine levels in
accumbal dialysates [122.2 ± 18.5 nM in ENT1+/+ mice, 65.6 ± 14.8 nM in ENT1−/− mice;
t(13) = 2.34, p = 0.03]. n = 7 ~ 8 for each genotype. *p < 0.05 compared to ENT1+/+ mice
by unpaired two-tailed t-test. (B) ENT1−/− mice showed increased basal glutamate levels in
accumbal dialysates [37.8 ± 8.3 nM in ENT1+/+ mice, 72.04 ± 11.0 nM in ENT1−/− mice;
t(6) = 2.48, p = 0.04]. n = 4 for each genotype. *p < 0.05 compared to ENT1+/+ mice by
unpaired two-tailed t-test. n = 4 with duplicative analysis. (C) Measurement of extracellular
glutamate concentration in the NAc using no-net flux microdialysis. ENT1−/− mice showed
a 2.6-fold increase in basal extracellular glutamate levels in the NAc [0.49 ± 0.08 nM in
ENT1+/+ mice, 1.27 ± 0.29 nM in ENT1−/− mice; t(12) = 2.26, p = 0.04]. *p < 0.05
compared to ENT1+/+ mice by unpaired two-tailed t-test. n = 6~8 for each genotype. (D,E)
Expression of EAAT2 and EAAT1 in the NAc. (D) EAAT2 protein levels were significantly
reduced in the NAc of ENT1−/− mice compared to ENT1+/+ mice [t(13) = 3.85, p = 0.002],
while (E) there was no difference in EAAT1 expression, n = 7~8, *p < 0.05 compared to
ENT1+/+ mice after normalization by GAPDH (unpaired, two-tailed t-test). All data are
presented as the mean ± SEM.
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Figure 2.
Altered signaling molecules in the NAc of ENT1−/− mice. (A) Expression of signaling
molecules in the NAc of ENT1−/− mice. Ng is increased [t(14) = 3.95, p = 0.0015] while
pNg (Ser36) is reduced in ENT1−/− compared to ENT1+/+ mice [t(14) = 3.84, p = 0.002].
PKCγ is not altered while pPKCγ (Thr514) is significantly reduced in ENT1−/− mice
compared to ENT1+/+ mice [t(20) = 4.99, p < 0.001]. CaMKII levels are similar while
pCaMKII (Thr286) is significantly reduced in ENT1−/− mice compared to ENT1+/+ mice
[t(14) = 2.51, p = 0.024]. CaM levels are similar between genotypes. Representative blots
and expression levels are expressed as fold change compared to ENT1+/+ mice after
normalization by GAPDH. n = 8 ~ 11 for each genotype; *p < 0.05 compared to ENT1+/+

mice after normalization by GAPDH (unpaired, two-tailed t-test). (B) Altered protein
phosphatase activity in the ENT1−/− mice. PP1/PP2A activity is increased in the NAc of
ENT1−/− mice [t(16) = 2.9, p = 0.02], whereas PP2B (calcineurin) activity is not changed in
the NAc. n = 8~10 for each genotype; *p < 0.05 compared to ENT1+/+ mice by unpaired
two-tailed t-test. All data are presented as mean ± SEM.
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Figure 3.
In vivo CREB activity in ENT1−/− mice. (A) No changes in CREB protein expression but
(B) decreased phospho-CREB (Ser133) expression in ENT1−/− mice by Western blot
analysis [t(14) = 4.8, p < 0.001]. n = 8 for each genotype; *p < 0.05 compared to ENT1+/+

mice after normalization by GAPDH (unpaired, two-tailed t-test). (C) Representative NAc
core coronal brain sections of β-galactosidase (lacZ) expression by X-Gal staining. Scale bar
= 100 µm. Decreased CRE-driven lacZ expression in the NAc core of CRE-lacZ/ENT1−/−

mice compared to CRE-lacZ/ENT1+/+ mice [t(14) = 3.80, p = 0.002]. n = 8 for each
genotype; *p < 0.05 compared to CRE-lacZ/ENT1+/+ mice by unpaired two-tailed t-test. (D,
E) Regulation of CREB activity by ENT1 inhibition. (D) CRE-lacZ/ENT1+/+ mice showed
decreased CREB activity by ENT1 inhibition by 50 µM NBTI microinjection to the NAc
core [t(18) = 3.7, p = 0.002]. Representative NAc core coronal brain sections of lacZ
expression after NBTI treatment by microinjection on CRE-lacZ/ENT1+/+ mice. Scale bar =
100 µm. (E) CRE-lacZ/ENT1−/− mice showed no further effects of ENT1 inhibition.
Representative NAc core coronal brain sections of lacZ expression after NBTI treatment in
CRE-lacZ/ENT1−/− mice. Scale bar = 100 µm. n = 10 for each genotype; *p < 0.05
compared to their saline-treated groups by unpaired two-tailed t-test. AC, anterior
commissure. All data are presented as mean ± SEM.
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Figure 4.
Effect of PKCγ inhibition on signaling and ethanol drinking behaviors in ENT1+/+ mice. (A)
Microinjection of PKC inhibitor (10 µM) into the NAc reduced pCaMKII levels [t(9) = 2.4,
p = 0.04] and (B) decreased lacZ expression in CRE-lacZ/ENT1+/+ mice [t(10) = 2.6, p =
0.03]. Representative coronal brain section of lacZ expression by X-gal staining. Scale bar =
100 µm. n = 6 for each genotype. Microinjection of PKC inhibitor (1.0, 10, and 20 µM) into
the NAc elevated (C) ethanol consumption and (D) ethanol preference. ENT1+/+ mice
showed increased ethanol drinking by PKC inhibition both in 10µM [t(16) = 2.2, p = 0.04
for consumption, t(17) = 2.1, p = 0.03 for preference] and 20 µM [t(16) = 2.7, p = 0.01 for
consumption, t(16) = 2.13, p = 0.04 for preference], but not in ENT1−/− mice. n = 8 ~ 9 for
each genotype. *p < 0.05 compared between treatment groups by unpaired two-tailed t-test.
AC, anterior commissure. All data are presented as mean ± SEM.
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Figure 5.
Effects of NMDAR antagonist CGP37849 in molecular signaling and ethanol drinking. (A)
NMDA glutamate receptor antagonist CGP37849 (10 mg/kg, i.p.) normalized the expression
of altered phosphorylated signaling molecules in the NAc of ENT1−/− mice. Representative
blots and expression levels are expressed as fold change compared to ENT1+/+ mice after
normalization with GAPDH. Representation of phosphoprotein: pNg (Ser36) [t(14) = 4.2, p
< 0.001], pPKCγ (Thr514), pCaMKII (Thr286), pCREB (Ser133). *p < 0.05 compared to
ENT1+/+ mice after normalization by GAPDH by unpaired, two-tailed t-test. (B)
Normalization of PP1/PP2A activity in ENT1−/− mice after the treatment of CGP37849. n =
8 for each genotype. (C) Ethanol consumption (g/kg/day) is reduced in both genotypes with
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CGP37849 treatment. (D) Ethanol preference (%) is also reduced in both genotypes with
CGP37849 treatment compared to saline-treated control (S). n = 16 for each genotype. All
data are presented as mean ± SEM.
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Table 1

Altered protein expression in signaling transduction of the nucleus accumbens detected by iTRAQ method.

Protein ID Protein Fold* S.E. p value**

P35722 Ng 2.24 0.55 < 0.001

P62204 CaM 1.75 0.47 0.010

P70296 Pebp1 1.60 0.30 0.014

P43006 Eaat2 0.66 0.12 0.003

P68181 Prkacb 0.64 0.13 0.010

Control

P16858 Gapdh 1.04 0.07 0.626

Q7TMM9 Tubb2a 0.97 0.05 0.838

*
Fold represents expression in ENT1−/− mice compared to ENT1+/+ mice.

**
By unpaired two-tailed t-test.

Biol Psychiatry. Author manuscript; available in PMC 2012 June 1.


