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Abstract
Alcohol-sensitive type 1 equilibrative nucleoside transporter (ENT1) regulates adenosine-mediated
glutamate neurotransmission in the brain. Our behavioral studies suggest that the diminished aversive
effects of ethanol and the increased resistance to acute ethanol intoxication in mice lacking ENT1,
could be related to increased voluntary ethanol self-seeking behavior. In addition, we found that
ENT1 null mice were resistant to the ataxic effects of glutamate antagonists when tested on a rotarod.
Using microdialysis experiments, we examined glutamate levels in the dorsal and ventral striatum
in response to ethanol. In the dorsal striatum of ENT1 null mice, a low intoxicating dose of ethanol
(1.5 g/kg) induced a greater increase of glutamate levels, while a higher hypnotic dose of ethanol
(3.0 g/kg) decreased to a lesser degree the glutamate levels, compared with that of wild-type mice.
In the ventral striatum, however, the low (1.5 g/kg) and the high (3.0 g/kg) ethanol doses altered
glutamate levels similarly in both genotypes. Our results suggest that adenosine-regulated
glutamatergic signaling contributes to a reduced level of alcohol response, which might be associated
with a higher susceptibility for alcoholism in humans.

1. Introduction
Alcohol intake alters the homeostasis between excitatory and inhibitory neurotransmitters and
the subsequent receptor-mediated signaling cascade in the brain [1]. One initial response to
alcohol intoxication is the increase of adenosine, which potentiates GABA and dampens
glutamate neurotransmission in the brain [2,3]. ENT1 (type 1 equilibrative nucleoside
transporter), an ethanolsensitive adenosine transporter, is known to regulate adenosine levels
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in response to acute ethanol treatment in cultured cells [4]. ENT1 null (ENT1−/−) mice
displayed reduced acute intoxicating effects of ethanol and increased alcohol consumption
compared to wild-type (ENT1+/+) littermates [5]. One of the neural mechanisms underlying
these behaviors is attributed to increased glutamate neurotransmission in the striatum [5].

Since increased glutamate levels regulate several attributes of alcoholism including withdrawal
seizures [6] and excessive ethanol drinking [7,8], ENT1−/− mice would be a suitable model to
understand adenosine-mediated glutamate signaling in alcoholism [9]. However, it is yet
unknown whether alterations in reward and/or reinforcement contribute to the excessive
alcohol consumption in ENT1−/− mice or what the relevant consequences are for increased
glutamate levels in the striatum of ENT1−/− mice.

Here we report that ENT1−/− mice display reduced ethanol-induced aversion and increased
motivational effects of ethanol as compared to ENT1+/+ littermates, which appear to be, in
part, regulated by glutamate neurotransmission in the dorsal striatum.

2. Materials and Methods
2.1. Animals

ENT1−/− mice were generated as described [5]. The genetic background of ENT1−/− and
ENT1+/+ mice was ~50% C57BL/6J and ~50% 129X1/SvJ. We used 8–16 week old male
littermates for 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.

2.2. Place Conditioning
Conditioned place preference (CPP) and conditioned place aversion (CPA) experiments were
performed using two-compartment computerized chambers with a dimension of 13 × 26 × 16
cm for each chamber (Med Associates, VT) as described [10,11]. One compartment had a
stainless steel rod floor consisting of 3.2 mm rods placed on 7.9 mm centers and the other had
a stainless steel mesh floor (6.35 × 6.35 mm). Movement of mice was detected by beam breaks
and data were analyzed using the Activity Monitor software provided by the manufacturer.
The experiment consisted of three phases: pretest, conditioning, and test. In phase I, mice were
allowed to explore both compartments for 30 min. Mice that spent more than 65% of the time
in the same compartment were excluded from the tests in order to follow an unbiased procedure.
Phase II consisted of two 5-min daily sessions on four consecutive days. In CPP experiments,
in the morning (8:00 am) mice were injected with saline and confined to one compartment for
5 5 min; in the afternoon (2:00 pm), they were injected with ethanol (1.0, 1.5, 2.0, 2.5 g/kg,
20% v/v in saline) and confined to the other compartment for 5 min. In CPA experiments, mice
were injected with saline in the morning or ethanol (1.5 g/kg, 20% v/v in saline) in the afternoon,
immediately after being exposed to either of the two compartments for 5 min. In phase III,
mice were tested as in phase I with free access to both compartments for 30 min in the morning.
A score of preference was calculated as the percentage of time spent in the ethanol-paired
compartment.

2.3. Operant ethanol self-administration
The self-administration experiment was performed using a modified sucrose substitution
procedure [12–14]. In computer-controlled mouse operant chambers (Model ENV-307W, Med
Associates, VT), syringe pumps delivered fluid (0.01 ml) after every third lever press (FR =
3) to each receptacle. First, mice were trained to orally self-administer 10% sucrose (10S) until
they successfully learned lever pressing FR = 3. During this sucrose acquisition period, we
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examined whether mice showed any side preference by altering active (sucrose) side. Then,
ethanol was added to the 10% sucrose and the sucrose concentration was reduced over sessions
until 10% ethanol alone in water was presented as the reinforcement. The following
concentrations were employed in this order: 10S, 10S10E (10% sucrose and 10% ethanol),
5S10E, and 10E. Mice were tested in daily 30 min sessions with one lever producing ethanol
and the other producing water. We measured the number of lever presses per session.

2.4. Locomotor activity
Locomotor activity was measured in open field chambers (27 × 27 cm) that automatically
recorded activity via photo beam breaks (Med Associates, VT). Spontaneous locomotor
activity and habituation were measured over three consecutive days (once daily), during which
time mice were placed in the center of the open field chamber and the horizontal distance
traveled (cm) was recorded for 60 min. For the ethanol-stimulated locomotor activity test, mice
were injected with ethanol (1.5 g/kg, i.p., 20% v/v in saline) and the total distance traveled was
measured for 20 min. Baseline locomotor activity was measured by injecting an equivalent
volume of saline in the same mice. Data for each subject were corrected for baseline variation
by subtracting the distance traveled following saline injection from the distance traveled
following ethanol injection.

2.5. Stationary dowel test
Acute functional tolerance (AFT) was measured by a stationary dowel test as described [15].
Mice were trained to remain on a stationary dowel suspended 50 cm above a bedding of
corncobs for more than 1 min. Mice were then given 1.5 g/kg ethanol (i.p., 20% v/v in saline)
and placed on the dowel every 5 min until it was able to remain on the dowel for 1 min. At this
time, a blood sample (BEC1) was taken by a tail vein incision and collected in 50-µl heparinized
capillary tubes (Fisher Scientific, Pittsburgh, PA). Mice were immediately given a second
injection of 1.5 g/kg ethanol and tested every 5 min until it was again able to remain on the
dowel for 1 min, and then a second blood sample (BEC2) was taken. The duration of ataxia
after the first and second ethanol injection were recorded. Approximately 50 µl blood samples
were collected to determine blood ethanol concentration (BEC) using an Analox AM-1
analyzer (Analox Instruments, Luneburg, MA). We measured 1) the difference between BEC2
and BEC1 (ΔBEC) which was defined as the magnitude of AFT, 2) the rate of AFT calculated
as ΔBEC/duration of ataxia following the second injection, and 3) the threshold for sensitivity
to the ataxic effect of ethanol calculated by extrapolating the line determined by the BEC1 and
BEC2 values to zero time [16].

2.6. Rotarod tests
Motor in-coordination (ataxia) was measured by using a mouse rotarod treadmill (UGO Basile,
Italy) rotating at a fixed speed of 20 rpm as described [17]. Mice were placed on the rotarod
every 15 min after administration of drugs and latency to fall was measured. We examined the
pharmacological effects of competitive NMDA receptor antagonist (R,S)-(E)-2-amino-4-
methyl-5-phosphono-3-pentenoic acid monohydrate (CGP37849, 10 mg/kg, Ascent Scientific,
Princeton, NJ), uncompetitive NMDA receptor blocker 10-11-dihydro-5-methyl-5H-dibenzo
[a,d] cyclohepten-5,10-imine hydrogen maleate (MK-801, 0.5 mg/kg, Sigma, St. Louis, MO),
glycine site NMDAR antagonist (S)-(-)-3-amino-1-hydroxypyrrolid-2-one (HA-966, 5 mg/kg,
Tocris Bioscience, Bristol, UK), and AMPA receptor antagonist, 2,3-dihydroxy-6-nitro-7-
sulfamoylbenzo[f]quinoxaline-2,3-dione (NBQX, 100 mg/kg, Sigma, St. Louis, MO). All
drugs were dissolved in isotonic saline and injected intraperitoneally (i.p., 10 ml/kg).
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2.7. Microdialysis
To measure extracellular glutamate levels in the brain, a guide cannula was implanted into the
shell of the nucleus accumbens (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) as previously described [18]. 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. A microdialysis probe with
2.0 mm cellulose membrane (Eicom, Kyoto, Japan; MW cut off: 50,000 Da) was inserted and
secured to the guide cannula. The probe was connected to a microsyringe pump (Eicom, Kyoto,
Japan), which delivered Ringer’s solution (145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 1.0
mM MgCl2, pH 7.4) at a 1.0 µl/min flow rate. To measure glutamate level changes in response
to ethanol, a low (1.5 g/kg) or a high (3.0 g/kg) dose of ethanol was i.p. injected after a 3-h
stabilization period, samples were collected every 20 min and immediately frozen and stored
at −80 °C until analyzed.

2.8. HPLC-ECD analysis
Dialysate samples were analyzed to quantify the glutamate concentration using HPLC-ECD
(HTEC-500, Eicom) coupled with an auto-sampler (719D, Alcott, GA). HPLC separation was
done using a separation column (GU-GEL, 4.6 × 150 mm, Eicom) and an enzyme column (E-
ENZYMPAK, 3 × 4 mm, Eicom), with detection by a platinum electrode detector set at +450
mV (against an Ag/AgCl reference) (WE-PT, Eicom). The mobile phase consisted of 60 mM
NH4Cl-HH4OH, 250 mg hexadecyltrimethylammonium bromide, and EDTA-2Na (0.1 mg/L).
Separation was performed at a column temperature of 33 °C with a mobile phase flow rate of
0.4 ml/min. Data were collected through an EPC-500 processor, and peak areas were calculated
using the PowerChrom software (Eicom).

2.9. Statistical analysis
Data are presented as the mean ± s.e.m (standard error of the mean). For conditioned place
preference, aversion, rotarod, and microdialysis experiments, we analyzed data using two-way
repeated measures ANOVA followed by a Tukey post hoc test for individual comparisons. For
ethanol-induced locomotor activity, we examined data using two-way ANOVA. For other data,
we used two-tailed t-tests. Results were considered significantly different when p < 0.05.

3. Results
3.1. Conditioned place preference and aversion

First, we investigated whether excessive alcohol consumption observed in ENT1−/− mice [5]
was associated with a change in the rewarding properties of ethanol. We examined ethanol
reward and aversion using place-conditioning experiments. Mice displayed an ethanol-induced
conditioned place preference (CPP) in a dose-dependent manner without a significant
difference between genotypes (F1,22 = 0.02, p = 0.889, two-way repeated measures ANOVA)
(Fig. 1A). Two-way repeated measures ANOVA revealed that both ENT1−/− and ENT1+/+

mice showed an increase in time spent in the ethanol paired side after conditioning at 1.5
(F1,11 = 24.2, p < 0.001), 2.0 (F1,11 = 39.9, p < 0.001), and 2.5 (F1,11 = 8.1, p = 0.016) g/kg
ethanol doses, but not at 1.0 g/kg (F1,11 = 1.3, p = 0.295) ethanol dose when compared to the
saline-treated groups. There were no differences between genotypes at 1.0, 1.5, and 2.0 g/kg
ethanol doses. Interestingly, at 2.5 g/kg ethanol dose, ENT1−/− mice showed no effect of
ethanol treatment (p > 0.05, Tukey post hoc test) while ENT1+/+ mice displayed a significant
effect of ethanol treatment (p = 0.041).

Next, we examined the aversive effects of ethanol using a conditioned place aversion (CPA)
paradigm [10,11]. In the CPA experiment, ENT1+/+ mice displayed expected conditioned place
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aversion induced by eight consecutive conditionings with 1.5 g/kg ethanol while there was no
significant place aversion induced by the same dose of ethanol observed in ENT1−/− mice as
compared to the saline-treated control group for each genotype. Two-way repeated measures
ANOVA showed significant effects of genotype (F1,9 = 6.77, p = 0.028) and a marginal
significance in ethanol treatment (F1,9 = 5.09, p = 0.05), with significant interaction between
genotype and ethanol treatment (F1,9 = 14.01, p = 0.005) (Fig. 1B).

3.2. Operant ethanol self-administration
We tested whether a reduction in the aversive properties of ethanol could increase the
reinforcing properties of ethanol using an operant ethanol self-administration procedure in
which mice were trained in daily 30 min sessions to lever press to obtain ethanol orally. During
the sucrose acquisition period, neither genotype demonstrated a side preference (data not
shown) and both genotypes successfully learned to lever press at FR = 3 (Fig. 2A). While data
showed no significant difference in the 10% sucrose (10S) and 10% sucrose and 10% ethanol
(10S10E) self-administration between genotypes, ENT1−/− mice displayed higher rates of lever
pressing for 5S10E and 10E as compared to ENT1+/+ mice (Fig. 2B). Consistent with our
previous data showing that ENT1−/− mice consumed more ethanol compared to ENT1+/+

littermates in a two-bottle ethanol drinking experiment [5], our findings suggest that
ENT1−/− mice voluntarily seek more ethanol, which is possibly due to the reduced aversive
effects of ethanol.

3.3. Ethanol-induced locomotion
To investigate whether the absence of ethanol aversion in ENT1−/− mice could be associated
with the elevated locomotor-stimulating effects and/or decreased ataxic effects induced by a
low ethanol dose (1.5 g/kg), we first examined the ethanol-induced locomotor-stimulating
effect in an open field chamber. Baseline locomotor activity was similar between genotypes
(Fig. 3A). Two-way ANOVA showed no significant differences in genotype (F1,60 = 0.94, p
= 0.33) or interaction between genotype and day (F2,60 = 0.01, p = 0.98), but showed a
significant effect of day (F2,60 = 26.74, p < 0.001). However, when mice were given 1.5 g/kg
ethanol (i.p.), we found that ENT1−/− mice demonstrated increased spontaneous locomotion
stimulated by alcohol as compared to saline treated mice when we analyzed the effect of ethanol
by subtracting baseline locomotor activity (p = 0.001, unpaired two-tailed t-test), but no
significant changes were observed in ENT1+/+ mice upon alcohol administration (p = 0.179,
unpaired two-tailed t-test) (Fig. 3B).

3.4. Initial sensitivity
Because ENT1−/− mice showed a decreased response to the ataxic effects of ethanol at 1.5 g/
kg ethanol [5], we further investigated whether higher levels of ethanol intake correlated to
reduced initial sensitivity and/or increased acute functional tolerance (AFT) in ENT1−/− mice.
To determine the initial sensitivity and AFT, we measured ethanol-induced impairment of
balance using a stationary dowel test [16,19]. As shown in Table 1 and Figure 4, we found that
the magnitude of AFT (Fig. 4A) and the rate at which AFT developed (Fig. 4B) were similar
between genotypes. However, as expected, the level of initial sensitivity was decreased in
ENT1−/− mice as indicated by an increased threshold blood ethanol concentration when
compared to ENT1+/+ mice (Fig. 4C).

3.5. Ataxic effects of glutamate receptor antagonists
Next, we asked whether the reduced sensitivity to ethanol in ENT1−/− mice is attributed to
altered glutamatergic neurotransmission since glutamate receptors are one of initial targets in
the brain on which ethanol exerts its effects. Because both NMDA and AMPA receptor
antagonists induce motor-impairing effects similar to ethanol [20,21], we examined whether
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ENT1−/− mice showed reduced ataxic effects of three NMDA receptor-specific and one AMPA
receptor-specific antagonists as compared to ENT1+/+ littermates on the rotarod. We used four
glutamate antagonists including CGP37849 (competitive NMDA-specific glutamate site
antagonist), MK-801 (uncompetitive NMDA receptor blocker), HA-966 (NMDA-specific
inhibitor on glycine site) and NBQX (AMPA receptor antagonist). As shown in Fig 5,
CGP37849 (Fig. 5A), MK-801 (Fig. 5B), HA-966 (Fig. 5C), and NBQX (Fig. 5D) induced
significantly less ataxia in ENT1−/− mice. Two-way repeated measures ANOVA showed a
significant main genotype effect for CGP37849 (F1,88 = 5.98, p = 0.033), MK-801 (F1,88 =
5.82, p = 0.034), HA-966 (F1,40 = 9.50, p = 0.012), and NBQX (F1,44 = 10.37, p = 0.008).
These data suggest that the reduced sensitivity to ethanol in ENT1−/− mice may be related to
NMDA and AMPA receptors–mediated glutamate transmission.

3.6. Glutamate levels in the CPu and NAc in response to acute ethanol
Additionally, as ENT1−/− mice exhibited altered glutamate neurotransmission which may
affect their sensitivity to ethanol, we examined whether extracellular glutamate levels in
response to ethanol in the dorsal striatum (caudate-putamen, CPu) or ventral striatum (nucleus
accumbens, NAc) were different in ENT1−/− mice as compared to ENT1+/+ mice using
microdialysis (Fig. 6). Since it is known that low to moderate doses of ethanol (0.5–1.0 g/kg)
increase extracellular glutamate levels while >2.0 g/kg ethanol treatment decreases glutamate
levels [22,23], we used both a low ethanol dose (1.5 g/kg, i.p.), which induced ataxia [5] and
increased locomotor activity (Fig. 3C), and a high ethanol dose (3.0 g/kg, i.p.), which induced
hypnosis [5].

In response to 1.5 g/kg ethanol, dialysates from the CPu of ENT1−/− mice (Fig. 6A) contained
significantly higher amounts of glutamate as compared to those of ENT1+/+ mice (Fig. 6B).
Two-way repeated measures ANOVA showed significant differences in genotype (F1,40 =
7.94, p = 0.037), without significant effects of time (F8,40 = 0.927, p = 0.505) or interaction
between genotype and time (F8,40 = 1.20, p = 0.32). The average increases of glutamate levels
in response to ethanol, at 40 min before and 120 min after the ethanol administration, was
significant in the CPu of ENT1−/− mice but not in ENT1+/+ littermates (Fig. 6C). In contrast,
there was no difference in glutamate efflux in response to 1.5 g/kg ethanol between genotypes
in dialysates analyzed from the NAc (Fig. 6G), while the average glutamate levels were
increased in both genotypes to a similar degree (Fig. 6H). Two-way repeated measures
ANOVA showed no significant effect of genotype (F1,55 = 0.55, p = 0.48) or interaction
between genotype and time (F8,55 = 0.50, p = 0.84), but did display a significant effect of time
(F8,55 = 3.52, p = 0.002).

In response to 3.0 g/kg ethanol, glutamate levels were decreased in both genotypes in the CPu
(Fig. 6D and E) when compared to basal levels. Two-way repeated measures ANOVA showed
no significant effect of genotype (F1,37 = 2.88, p = 0.14), but revealed significant effect of time
(F8,37 = 6.96, p < 0.001) and interaction between genotype and time (F8,37 = 2.54, p = 0.026).
In contrast, in dialysates of the NAc, glutamate levels were reduced to a similar degree between
genotypes (Fig. 6I and J). Two-way repeated measures ANOVA showed no significant effects
of genotype (F1,44 = 0.30, p = 0.59) or interaction between genotype and time (F8,44 = 0.81,
p = 0.59), but a significant effect of time (F8,44 = 3.01, p = 0.008).

4. Discussion
Our results showed that resistance to acute intoxicating and aversive effects of ethanol are
presumably related to increased ethanol consumption [5] and voluntary ethanol seeking
behavior. Since both genotypes showed a similar ethanol reward in a conditioned place
preference test at 1.5 and 2.0 g/kg ethanol doses, the reduced aversive response to 1.5 g/kg
ethanol and increased ethanol seeking behavior in the operant chamber in ENT1−/− mice
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appeared to be independent of ethanol reward. This finding suggests that enhanced ethanol
consumption or preference observed in ENT1−/− mice [5] is attributed to a decreased level of
response to an aversive effect that would initially preclude ethanol intake. Our findings suggest
that reduced aversion to ethanol might increase “wanting” (reinforcement) component without
altering “liking” (reward) component [24,25] in ENT1−/− mice. Further studies are warranted
to explore whether ENT1−/− mice have altered responses to ethanol in a reinstatement test.

Interestingly, there is a discrepancy of striatal glutamate changes in response to different doses
of ethanol between the the ENT1−/− mice and wild-type mice. This mainly occurred in the
dorsal striatum, suggesting that the glutamatergic neurotransmission in the dorsal striatum
seems to play a more important role in ethanol sensitivity than that in the ventral striatum. An
increase of glutamate release in the striatum can evoke locomotor activation through a “direct”
cortico-basal ganglia pathway [26]. Thus, our findings indicate that glutamatergic
neurotransmission in the dorsal striatum of the ENT1−/− mice appears more sensitive to the
lower dose of ethanol (1.5 g/kg), which may account for the increased locomotor-stimulating
effects of ethanol in ENT1−/− mice. On the other hand, the higher dose of ethanol (3.0 g/kg),
ENT1−/− mice showed a resistance of dorsal striatal glutamate response which may contribute
to the reduced hypnotic effects of ethanol [5].

Notably, a low level of response to ethanol intoxication, or resistance to the aversive effects
of ethanol, could be a crucial determinant for alcohol use disorders. Two recent genetic studies
using Drosophila and mice demonstrated that the genes regulating increased ethanol resistance
are causally related to increased ethanol preference [27,28]. Moreover, it has been shown that
brain-derived neurotropic factor (BDNF) in the CPu could also regulate ethanol preference
through a similar mechanism [29]. In humans, children of alcoholics show a reduced initial
sensitivity to the intoxicating effects of alcohol and thus are more likely to develop alcohol
dependence than those of non-alcoholics [30,31]. Consistently, our behavioral and
microdialysis results indicate that increased extracellular glutamate levels in the CPu, in
response to a low intoxicating dose of ethanol, seem to account for resistance to ataxia and
reduced aversive effects of ethanol, which could be a permissive factor for ethanol by reducing
intoxicating side effects.

Because it has been proposed that the NAc serves as a gateway in exerting motor function in
response to reinforced stimuli [32,33], molecular changes in postsynaptic NAc neurons
possibly alter responsiveness to ethanol in the CPu. For substance abuse, acquisition of drug
reinforcement and seeking behaviors are regulated by the NAc [34,35] while the establishment
of habitual behaviors requires CPu-mediated neural activity [36].

The differential glutamate levels in response to ethanol might be due to different glutamatergic
afferents projecting to the CPu and the NAc. Importantly, the NAc receives glutamatergic input
from several different brain regions including dorsal (precentral and anterior cingulate) and
ventral (prelimbic and infralimbic) sub-divisions of the medial prefrontal cortex [37,38] as well
as hippocampus and amygdala [35], while the CPu receives glutamatergic input mainly from
the motor cortex. Our results from microdialysis experiments demonstrate that glutamatergic
input from the motor cortex to the CPu may be mainly attributed to ethanol-mediated behaviors
observed in ENT1−/− mice.

Taken together, our results indicate that ENT1 regulates the ethanol-induced motor-stimulating
effects and/or initial sensitivity to the ataxic effects of alcohol and could be a genetic factor
that contributes to a low level of response and susceptibility for alcohol use disorders.
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Fig. 1.
Conditioned place preference and aversion in response to ethanol. (A) ENT1−/− mice (−/−)
showed similar levels of ethanol reward as compared to ENT1+/+ mice (+/+). At doses of 1.5
and 2.0 g/kg (i.p.), ethanol developed conditioned place preference in both genotypes. There
was no significant difference in preference scores between genotypes (n = 12 for each genotype;
*p < 0.05 compared to pretest by Tukey tests). (B) Absence of ethanol-induced aversion in
ENT1−/− mice. Ethanol (1.5 g/kg, i.p.) produced a significant conditioned place aversion in
ENT1+/+ mice, but this was not altered in ENT1−/− mice (n = 10 for each genotype; *p < 0.05
compared to pretest by Tukey tests). Data are presented as mean ± s.e.m.
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Fig. 2.
Operant ethanol self-administration. (A) Similar sucrose acquisition (FR = 3) between
genotypes. (B) Similar self-administration for 10% sucrose (10S) and 10% sucrose/10%
ethanol (10S10E) between genotypes. ENT1−/− mice (n = 6) showed significantly higher rates
of lever pressing than did ENT1+/+ mice (n = 7) when 10% ethanol was added to the 5% sucrose
(5S10E) or 10% ethanol alone in water (10E) (*p < 0.05 compared to ENT1+/+ mice by two-
tailed t test). Data are presented as mean ± s.e.m.
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Fig. 3.
Ethanol-induced spontaneous locomotor stimulation. (A) Basal locomotor activity was similar
between genotypes (n = 11 for each genotype). (B) Acute ethanol (1.5 g/kg, i.p. in saline)
induced an increase in locomotor activity in ENT1−/− mice, but not in ENT1+/+ mice (+/+)
(n = 12 for each genotype; *p < 0.05 compared to EtOH-treated group by unpaired two-tailed
t-test). Data are presented as mean ± s.e.m.
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Fig. 4.
Acute functional tolerance (AFT) using a dowel test. The magnitude of AFT (A) and the rate
at which AFT develops (B) were similar between genotypes. (C) The level of initial sensitivity
is higher in ENT1−/− mice (n = 10) compared to ENT1+/+ (n = 9). *p < 0.05 compared to
ENT1+/+ group by unpaired two-tailed t-test). Data are presented as mean ± s.e.m.
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Fig. 5.
Ataxic effect of glutamate receptor antagonists. (A) CGP37849. (B) MK-801. (C) HA-966.
(D) NBQX. ENT1−/− mice (−/−) compared to ENT1+/+ mice (+/+) (n = 12 for each genotype;
*p < 0.05 compared to ENT1+/+ group by Tukey test). Data are presented as mean ± s.e.m.
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Fig. 6.
Extracellular glutamate concentrations in the CPu and NAc in response to ethanol. (A, F)
Schematic diagrams showing the location of a guide cannula with a microdialysis probe
inserted into the CPu (A) and the NAc (F). (B, C) In the CPu, a low dose of ethanol (1.5 g/kg)
increased glutamate levels in ENT1−/− (n = 6) compared to ENT1+/+ (n = 8; *p < 0.05 compared
to ENT1+/+ group by Tukey test). Average glutamate levels were increased in ENT1−/− mice
(*p < 0.05 when compared pretreated phase (P) to ethanol-treated phase (E) by unpaired two-
tailed t-test). (D, E) However, with a high dose of ethanol (3.0 g/kg), ENT1−/− mice (n = 10)
were slightly more sensitive to ethanol-induced suppression of extracellular glutamate levels
in the CPu, compared to ENT1+/+ group (n = 8; *p < 0.05 compared to ENT1+/+ group by
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Tukey test). Average glutamate levels were decreased in both genotypes (*p < 0.05 compared
pretreated phase (P) to ethanol-treated phase (E) by unpaired two-tailed t-test) in the CPu. (G,
H) In the NAc, a low dose of ethanol (1.5 g/kg) increased extracellular glutamate levels in both
genotypes (n = 8 for each genotype). Average of glutamate levels were increased in both
genotypes (*p < 0.05 compared pretreated phase (P) with ethanol-treated phase (E) by unpaired
two-tailed t-test) in the NAc. (I, J) At a high dose (3.0 g/kg), ethanol failed to alter glutamate
levels in both genotypes (ENT1−/− mice, n = 10 and ENT1+/+ mice, n = 8) Data are presented
as mean ± s.e.m.
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Table 1

Acute functional tolerance (AFT) to the ataxic effects of ethanol

+/+ −/−

BEC1 (mg%) 174.1 ± 5.3 186.0 ± 3.3

BEC2 (mg%) 262.7 ± 8.8 259.9 ± 6.2

Duration of ataxia 1 (min) 27.8 ± 3.7 16.0 ± 1.2

Duration of ataxia 2 (min) 91.7 ± 7.5 97.0 ± 5.9

Data are presented as mean ± s.e.m.

+/+: ENT1+/+, −/−: ENT1−/−
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