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Abstract

Alcohol-sensitive type 1 equilibrative nucleotide transporter (ENT1) is known to regulate
glutamate signaling in the striatum as well as ethanol intoxication. However, it was unclear
whether altered extracellular glutamate levels in ENT1~/~ mice contribute to ethanol-induced
behavioral changes. Here we report that altered glutamate signaling in ENT1~/~ mice is implicated
in the ethanol-induced locomotion and ataxia by NMDA receptor antagonist, CGP37849.
ENT17/~ mice appear less intoxicated following sequential treatment with CGP37849 and ethanol,
compared to ENT1*/* littermates on the rotarod. These results indicate that inhibiting NMDA
glutamate receptors is critical to regulate the response and susceptibility of alcohol related
behaviors. Interestingly, a microdialysis experiment showed that the ventral striatum of ENT17/~
mice is less sensitive to the glutamate-reducing effect of the NMDA receptor antagonist compared
to the dorsal striatum. Our findings suggest that differential glutamate neurotransmission in the
striatum regulates ethanol intoxication.
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INTRODUCTION

Ethanol alters the homeostasis between excitatory and inhibitory neurotransmitters and the
subsequent receptor-mediated signaling cascade in the brain [15,24]. Adenosine regulates
neuronal activity as a neuromodulator or a non-classical neurotransmitter [4,5] and has been
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implicated in the pathophysiology of several central nervous system disorders including
sleep disorders [2,35], anxiety [7,22], and alcoholism [16,28]. Type 1 equilibrative
nucleoside transporter (ENT1) encodes an ethanol-sensitive adenosine transporter, which is
known to regulate adenosine levels in response to acute ethanol treatment in cultured cells
[29]. Mice lacking ENT1 exhibit reduced ataxic and hypnotic effects of acute ethanol
exposure and consume more alcohol compared to their wild-type littermates [8]. Conversely,
mice overexpressing human ENT1 in neurons are more sensitive to the intoxicating effects
of ethanol [31], indicating that ENT1 gene expression is positively correlated with ethanol
sensitivity. Our previous study indicates that increased resistance to acute ethanol
intoxication is related to increased glutamate signaling in ENT1~/~ mice [6]. Increased
glutamate levels regulate several attributes of alcoholism including ethanol withdrawal
seizures [37] and excessive ethanol drinking [19,33,34]. Since our previous
electrophysiological data suggests that one phenotype of ENT1~/~ mice is increased
baseline glutamate levels [8], a hyperglutamate status might be related to increased tolerance
to the ataxic effect of ethanol. Importantly, glutamate levels involved in the cortico-striatal
circuit play an important role in the formation of addiction related behaviors including
ethanol seeking and locomotor sensitization. We hypothesized that ENT1~/~ mice are more
tolerant to the ataxic effect of ethanol compared to ENT1** littermates when mice are
treated with an NMDA receptor antagonist, which might alter glutamate levels in the
striatum.

Here we report that ENT1~/~ mice are less sensitive to ethanol-induced ataxia following an
NMDA receptor antagonist, CGP37849, treatment compared to ENT1*/* littermates. Also,
using microdialysis, we identified differential glutamate levels in response to CGP37849
between the dorsal striatum and ventral striatum of mice, which may regulate ethanol
intoxication through the cortico-striatal neuronal circuit.

ENT1~/~ mice were generated as described [8]. Only F2 homozygote (ENT1*/* and
ENT17/7) mice were used for this study. To generate F2 ENT1~/~ mice, heterozygous
ENT1 mice in a 129X1/SvJ background (> 10 generations) were crossed with C57BL/6J
wild-type mice, and then crossed between F1 heterozygous mice. We obtained
approximately 25% wild-type, 25% ENT1 null, and 50% heterozygous mice. We used 8-16
week old male mice for all experiments. Mice were housed in standard Plexiglas cages with
food and water ad libitum. The colony room was maintained on a 12 h light/dark cycle with
lights on at 6:00 a.m. Animal care and handling procedures were approved by the Mayo
Clinic Institutional Animal Care and Use Committees in accordance with NIH guidelines.

Locomotor activity

Locomotor activity was measured in open field chambers (27 x 27 cm) that automatically
recorded activity via photo beam breaks (Med Associates, VT) as described [9,25].
Spontaneous locomotor activity and habituation were measured for three consecutive time
points. At the beginning of the locomotion experiment, mice were placed in the center of
open field chambers and the horizontal distance traveled (cm) was recorded per each of the
three consecutive 20 min sessions. First, locomotor activity was measured by injecting
CGP37849 (1.0, 5.0 or 10 mg/kg) 15 min prior to the placement of the mice in the open field
chamber. Then, for the ethanol-stimulated locomotor activity test, mice were injected with
CGP37849 (10 mg/kg, i.p., in saline) 30 min before the open field experiment followed by a
1.0 g/kg ethanol injection 15 min prior to the experiment the placement of the mice in the
open field chamber.
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Motor incoordination (ataxia) was measured using a mouse rotarod treadmill (UGO Basile,
Italy) rotating at a fixed speed of 20 rpm as described [6,14]. Mice were acclimatized to the
rotarod treadmill by placing them on the apparatus 2-3 times prior to the actual experiment.
Only mice that were able to pass this initial screening (remained on the treadmill for 180
sec; time point 0 min) were used for the rotarod experiments. First, ataxia was measured by
injecting CGP37849 (1.0, 5.0 or 10 mg/kg) 15 min prior to the placement of the mice on the
rotarod. We also examined the ataxic effect of ethanol. Mice were first injected with an
NMDA receptor antagonist (CGP37849; 10 mg/kg, i.p.) 30 min prior to the rotarod
experiment and then injected with 1.0 g/kg ethanol (i.p. injection) 15 min prior to the rotarod
test. Mice were placed on the rotarod 15 min following the ethanol treatment and every
sequential 15 min for 2 h to measure latency to fall. All drugs were dissolved in isotonic
saline and injected intraperitoneally.

Microdialysis

To measure extracellular glutamate levels in the brain, a guide cannula was implanted into
the nucleus accumbens shell (AP: 1.3 mm; ML: 0.5 mm; DV: —3.5 mm) or caudate-putamen
(AP: 0.5 mm; ML: 2.0 mm; DV: —2.0 mm). Mice were given 7 to 10 days for recovery.
During this period, mice were placed in the test chamber for 1 h daily to habituate the
handling procedure and experimental environment as described [7]. A microdialysis probe
with a 2.0 mm cellulose membrane (Eicom, Kyoto, Japan; MW cut off: 50,000 Da) was
connected to a micro-syringe pump (Eicom, Kyoto, Japan) to continuously deliver Ringer’s
solution (145 mM NaCl, 2.7 mM KCI, 1.2 mM CaCl,, 1.0 mM MgCl,, pH 7.4) ata 1.0 pl/
min flow rate. To measure glutamate level changes in response to an NMDA receptor
antagonist (CPG37849, 10 mg/kg) dialysates were collected, after a 2 h stabilization period,
every 20 min immediately following an i.p. injection of the NMDA receptor antagonist. The
starting time point of each 20 min interval was used for comparisons (time point 0 min
represents dialysate glutmate levels during the time from when the drug was injected to 20
min following the drug injection; time point 20 represents glutamate levels from 20 to 40
min after the drug injection and so on). Dialysates were frozen and stored at —80 °C until
analyzed. The glutamate concentration was quantified in each sample by HPLC. Dialysates
were assayed with HPLC-ECD (HTEC-500, Eicom) coupled with an autosampler (719D,
Alcott, GA). These data were collected through an EPC-500 processor (Eicom) and peak
areas were calculated using the PowerChrom software (Eicom)

Statistical analysis

RESULTS

All data are presented as the mean = SEM (standard error of the mean). Data were analyzed
by two-tailed t-test or ANOVA (one-way or two-way) followed by a Tukey post hoc test for
individual comparisons. Results were considered significantly different when p < 0.05.

The effect of NMDA glutamate receptor antagonist, CGP37849, on ethanol-induced
locomotion and ataxia

Our previous study showed that ENT1~/~ mice are significantly more tolerant to the ataxic
effect of ethanol, especially 15 min after the 1.0 or 1.5 g/kg ethanol injection (i.p.) compared
to wild-type littermates, while no differences were detected 30-60 min after the ethanol
injection [8]. Interestingly, in the present study we found that ENT1~/~ mice appear more
tolerant to 10 mg/kg CGP37849 from 90-120 min after the injection (i.p.) [6]. Thus, we
investigated whether CGP37849 treatment could alter ethanol-induced effects on locomotion
or ataxia. First, we examined whether CGP37849 alone has a locomotor stimulating effect in
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an open field chamber. Locomotor activity for three different doses of CGP37849 (1.0, 5.0
or 10 mg/kg) was similar between genotypes. Two-way ANOVA showed no significant
difference in genotype effect for 1.0 mg/kg (F1 42=0.18, p=0.68), 5.0 mg/kg (F1 42=0.03,
p=0.87) or 10 mg/kg (F1 42=3.31, p=0.08) of CGP37849. Also, there are no statistical
interactions between genotype and time for 1.0 mg/kg (F2 42=0.09, p=0.91), 5.0 mg/kg
(F2,42=0.55, p=0.58) or 10 mg/kg (F; 42=0.32, p=0.73) of CGP37849 (Figure 1A-C). When
mice were treated by 1.0 g/kg ethanol 15 min after the 10 mg/kg CGP3789 injection, there
was no significant change in spontaneous locomotion stimulation between genotypes. Two-
way ANOVA showed no locomotion activity difference in genotype (F 42=3.78, p=0.06) or
interaction between genotype and time (F7 4,=0.69, p=0.51) (Figure 1D). We also examined
CGP37849 induced ataxia to investigate the altered resistance to glutamate
neurotransmission of ENT1~/~ mice. As shown in Figure 1E-G, different doses of
CGP37849 (1.0, 5.0 or 10 mg/kg) induced less ataxia in ENT1~/~ mice compared to wild-
type littermates. Two-way ANOVA showed a statistical significant effect of genotype for
1.0 mg/kg (F1 135 = 8.47, p=0.004), 5.0 mg/kg (F1 135 = 4.15, p= 0.044) and 10 mg/kg
(F1,130 = 22.31, p < 0.001) of CGP37849. Then, we examined the ataxic effect of 1.0 g/kg
ethanol, 15 min after the injection of an NMDA receptor antagonist CGP37849 (10 mg/kg,
i.p.), since 10 mg/kg CGP37849 induces severe ataxia and has a different recovery pattern
than 1.0 g/kg ethanol (Figure 1F). Tukey post-hoc analysis showed that a difference between
genotypes was apparent 15-75 min after the ethanol injection (30-90 min after CGP37849
injection; Figure 1H) while CGP37849 alone induced a genotype difference 90-120 min
after the injection (Figure 1G). In ENT1*/* mice, the co-treatment of ethanol and CGP37849
appear to be associated with faster intoxication than with just CGP37849 treatment alone;
the recovery rate from the ataxic behavior was also slower.

Glutamate levels in response to CGP37849 in the CPu and NAc

We investigated the extracellular glutamate levels in both the dorsal (CPu) and ventral
(NAC) striatum in response to an NMDA receptor antagonist. We performed a microdialysis
experiment using NMDA receptor antagonist CGP37849 (10 mg/kg, i.p.). As shown in
Figure 2, in the CPu, extracellular glutamate levels were decreased significantly in ENT1*/*
mice compared to basal levels, but were not altered in ENT1 ™/~ mice (Figure 2B and C),
suggesting that ENT1~/~ mice are more significantly resistant to the inhibitory effect of the
NMDA receptor antagonist compared to that of ENT1** mice. Two-way ANOVA showed
no significant difference in the effect of genotype for a 10 mg/kg (F1 99=3.44, p=0.07)
CGP37849 injection. No time points were statistically significant via Tukey post hoc test
(Figure 2B), however the accumulating values between pre-injection (P) and CGP37849-
injection (C) showed a significant change between genotypes in the CPu with glutamate
levels of ENT1 null mice being less sensitive to the antagonistic effect of the drug. This
difference might account for the reduced ataxic effect of the NMDA receptor antagonist in
ENT1~/~ mice [6]. Interestingly, in the NAc, the NMDA receptor antagonist dramatically
reduced extracellular glutamate levels in ENT1** mice while only a moderate effect was
observed in ENT1~/~ mice (Figure 3B). Two-way ANOVA showed a statistically significant
effect of genotype for a 10 mg/kg (F1 103 = 35.72, p< 0.001) CGP37849 injection. ENT17/~
mice appear to be more resistance to the inhibitory effect of the NMDA receptor antagonist
than ENT1*"* mice. Tukey post hoc test for individual comparisons indicated a significant
difference from 20 min to 140 min and glutamate levels were also different between
genotypes across these time points. (Figure 3B and C). These results support the hypothesis
that differential glutamate levels in response to NMDA receptor antagonism may be due to
different glutamatergic afferents projecting to the NAc, which regulates the motivational
effect of ethanol and is more sensitive to the CGP37849 treatment.
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DISCUSSION

Our results indicate that altered adenosine mediated glutamate homeostasis of ENT17/~
mice is implicated in the differential resistant to both ethanol and NMDA receptor
antagonist, CGP37849, induced ataxia. Compared to wild-type mice, ENT1 ™~ mice are
more resistant to ethanol-induced ataxia when mice were given CGP37849 (10 mg/kg, i.p.)
15 min before an ethanol injection in the rotarod. The combination of NMDA receptor
antagonism and ethanol treatment appears to induce faster intoxication compared to when
mice were given either ethanol [8] or CGP37849 [6] independently, suggesting that NMDA
receptors might interact with ethanol in the regulation of motor coordination. Because
NMDA receptors are known to bind ethanol directly, especially the NR1 subunit [32], it is
possible to postulate that CGP37849 and ethanol bind to different NMDA receptors, but
increase the ataxic effect of ethanol. Adenosine-regulated glutamate signaling is known to
regulate ataxia in both the striatum and cerebellum [13,27]. Interestingly, NMDA receptors
in cerebellar granule cells play an important role in ethanol intoxication including ataxia,
which might also regulate ethanol consumption independent of the cortico-striatal-VTA
reward circuit [30]. Thus, increased glutamate levels in the striatum or cerebellum might
diminish the antagonistic effect of ethanol on NMDA receptors directly, which may lead to a
decrease in ethanol-induced ataxia. However, ethanol is also known to bind to several
ligand-gated ion-channel including GABAA, receptors [21] which are also implicated in
ethanol-induced ataxia [18,20,26].

Our microdialysis results strongly support a possible distinction between glutamate
neurotransmission in the ventral (NAc) and dorsal (CPu) striatum. These differences in
glutamate levels in response to NMDA receptor antagonism revealed the dysregulation of
glutamate signaling caused by the ablation of an ethanol-sensitive adenosine transporter in
the NAc. Ethanol-induced alterations of glutamate levels regulate locomotion and ataxia
through cortico-striatal glutamate neurotransmission [38,39]. Our previous study using
ENT1~/~ mice demonstrated that increased extracellular glutamate levels in CPu contribute
to ethanol-mediated behaviors including resistance to ataxia and reduced aversive effects of
ethanol [6]. However, altered glutamate neurotransmission by CGP37849 was mainly
detected in NAc of ENT1~/~ mice. Thus, we reasoned that the antagonistic effect on
glutamate levels appears to be more substantial in the NAc. Importantly, the NAc receives
glutamatergic input from several different brain regions including the dorsal (precentral
motor cortex and anterior cingulate) and ventral (prelimbic and infralimbic cortex) sub-
divisions of the medial prefrontal cortex [12,23] as well as the hippocampus and amygdala
[17], while the CPu receives glutamatergic input mainly from the motor cortex. These
differential glutamate levels in response to an NMDA receptor antagonist or ethanol might
be due to different glutamatergic afferents projecting to the CPu and the NAc.

As recommended by a consortium on mice genetic background for neuro-behavioral studies
[1,11], we used F2 generation hybrid mice with C57BL/6J x 129X1/SvJ genetic background
to minimize the risk of false positives or negatives in behavioral phenotypes that could be
influenced by a genetic background. Nevertheless, there are still potential caveats of using
this mixed genetic background since flanking allele or co-segregated genes near the
knockout locus could contribute to the phenotypes attributed to the null allele [3].
Interestingly, inbred C57BL/6J mice are less sensitive to the ataxic and sedating effects of
ethanol and display higher ethanol consumption than inbred 129X1/SvJ mice [10,36]. Our
previous findings indicate that complications from genetic backgrounds or possible co-
segregated genes nearby the ENT1 gene are less likely to influence the phenotypes because
ENT1~/~ mice prefer more ethanol compared to wild-type littermates [8].

Neurosci Lett. Author manuscript; available in PMC 2011 August 1.
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In summary, our study suggests that the ethanol-induced motor-stimulating effects and/or
initial sensitivity to the ataxic effects of ethanol can be regulated by NMDA receptor
antagonism.
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Figure 1.

Effect of an NMDA glutamate receptor antagonist (CGP37849) on ethanol-induced
locomotion and ataxia in ENT1~/~ mice (—/-). (A-C) Locomotor activity was similar
between genotypes in response to 1.0, 5.0 or 10 mg/kg CGP37849. (D) Ethanol-induced
locomotion in response to CGP37849 was also similar between genotypes. (E-G) CGP37849
induced significant ataxic effects at 1.0, 5.0 or 10 mg/kg doses. (H) The ataxic effect of 1.0
g/kg ethanol 15 min following an NMDA receptor antagonist (CGP37849; 10 mg/kg, i.p.)
was measured using a rotarod. ENT1~/~ mice (n = 10) are less intoxicated than ENT1*/*
littermates (+/+; n = 7) (*p < 0.05 compared to ENT1*/* mice by Tukey tests). Data are
presented as mean + SEM.
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Figure 2.

Effect of an NMDA glutamate receptor antagonist (CGP37849) on glutamate levels in the
CPu analyzed by microdialysis. (A) An illustration showing the location of a microdialysis
probe inserted into the CPu. (B) There were no significant differences between genotypes.
(C) Average glutamate levels of ENT1*/* mice (+/+) were significantly decreased, whereas
no changes were detected in ENT1~/~ mice (—/-). n = 4 for each genotype; *p < 0.05
compared to ENT1*/* mice by Tukey test (B) or to pre-injection periods by unpaired two-
tailed t-test (C). P; pre-injection period, C; CGP37849 injection period. Data are presented
as mean + SEM.
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Figure 3.

Effect of an NMDA glutamate receptor antagonist (CGP37849) on glutamate levels in the
NAc analyzed by microdialysis. (A) An illustration showing the location of a microdialysis
probe inserted into the NAc. (B, C) The glutamate levels were dramatically decreased in
ENT1** mice compared to ENT1~/~ mice. Both genotypes showed decreased glutamate
levels in response to the NMDA receptor antagonist. n = 4 for each genotype; *p < 0.05
compared to the ENT1*/* mice by Tukey test (B) or to pre-injection periods by unpaired
two-tailed t-test (C). P; pre-injection period, C; CGP37849 injection period. Data are
presented as mean + SEM.
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