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Abstract
Rationale Ethanol-induced behavioural sensitization (EBS) does not occur uniformly in mice exposed to the sensitization
paradigm. This suggests innate differential responses to ethanol (EtOH) in the reward circuitry of individual animals.
Objectives To better characterize the adaptive differences between low-sensitized (LS) and high-sensitized (HS) mice, we
examined excitatory amino acid (EAA) and inhibitory amino acid (IAA) neurotransmitter levels in the nucleus accumbens
(NAc) during EBS expression.
Methods Male DBA/2J mice received five ethanol (EtOH) (2.2 g/kg) or saline injections, and locomotor activity (LMA) was
assessed during EBS induction. EtOH mice were classified as LS or HS on the basis of final LMA scores. Following an EtOH
challenge (1.8 g/kg) 2 weeks later, LMAwas re-evaluated and in vivo microdialysis samples were collected from the NAc.
Results Most differences in amino acid levels were observedwithin the first 20min after EtOH challenge. LSmice exhibited similar
glutamate levels compared with acutely treated (previously EtOH naïve) mice, and generally increased levels of the IAAs GABA,
glycine, and taurine. By contrast, HS mice exhibited increased glutamate and attenuated levels of GABA, glycine, and taurine.
Conclusion These data suggest that the profile of amino acid neurotransmitters in the NAc of LS and HS mice significantly
differs. Elucidating these adaptive differences contributes to our understanding of factors that confer susceptibility/resilience to
alcohol use disorder.

Keywords Ethanol . Neurotransmitter . Nucleus accumbens . Alcohol . Amino acid . Behavioural sensitization . Glutamate .

GABA .Glycine . Taurine

Introduction

Despite the widespread use of alcohol, only a subpopulation
of consumers develops diagnosable alcohol use disorder

(AUD). Interestingly, a similar phenomenon is observed in
laboratory mice exposed to ethanol-induced behavioural sen-
sitization (EBS) paradigms (Abrahao et al. 2014; Abrahao
et al. 2012; Dahchour et al. 2000; Juarez et al. 2017; Nona
et al. 2013). EBS describes the progressive and persistent in-
creases in psychomotor response to repeated exposure to a
constant dose of psychostimulants (Robinson and Berridge
1993; Segal and Mandell 1974). The observation of EBS in
laboratory animals supports the incentive sensitization theory
of addiction proposed by Robinson and Berridge in 1993,
which posits that sensitization to drugs of abuse is a core
contributor to the “wanting” behaviour observed in addiction
(Robinson and Berridge 1993; Robinson and Berridge 2008).
Locomotor activity is used as an indirect proxy for incentive
sensitization, and constitutes a robust aspect of the psychomo-
tor response associated with EBS. However, it is important to
note that behavioural sensitization in rodent models may be
dissociated from voluntary oral consumption. DBA/2J mice
(used in the present study) show a robust psychomotor
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sensitization response to repeated intermittent EtOH injec-
tions, despite low levels of voluntary EtOH consumption ow-
ing to a genetically linked aversion to the taste of EtOH
(McCool and Chappell 2014). Despite the taste aversion,
DBA/2J mice self-administer larger bouts of intragastric
EtOH compared with C57/6J mice that do not exhibit the
same taste aversion to EtOH (Fidler et al. 2011).

In humans, data on the phenomenon of sensitization to
stimulants has been relatively sparse. However, the prepon-
derance of evidence suggests that, in humans, repeated expo-
sure to stimulants is associated with behavioural and neural
sensitization, particularly when coupled to conditioned cues
(Vezina and Leyton 2009). For instance, subjects without sub-
stance dependence that receive repeated intermittent adminis-
tration of relatively high doses of d-amphetamine demonstrate
progressive increases in vigour and eyeblink responses, as
well as increased ventral striatum dopamine release (reviewed
in (Leyton 2007)).

Although a direct link between incentive sensitization
and later development of addiction behaviours has been
elusive, there is some evidence to suggest a causal associ-
ation. For instance, pre-treatment with drugs that produce
psychomotor sensitization, such as amphetamine, facilitate
the later development of addiction-like behaviours such as
drug self-administration (Ferrario and Robinson 2007;
Robinson and Berridge 2008). Therefore, characterizing
the neuroadaptive changes that confer susceptibility and
resilience in EBS paradigms may be valuable in gaining a
better understanding of factors that contribute to AUD
development.

The role of dopaminergic neurotransmission in behavioural
sensitization has been well-explored, highlighting the role of
ventral tegmental area (VTA) activation in the induction/
development phase of sensitization, and dopamine (DA)
transmission in axon terminal fields of the nucleus accumbens
(NAc) in the expression phase of sensitization (Abrahao et al.
2011; Camarini et al. 2011; Kai et al. 2015; Kalivas and
Stewart 1991; Robinson and Berridge 1993). Considerable
evidence also suggests an important role of glutamatergic neu-
rotransmission in EBS. Studies have shown that N-methyl-D-
aspartate receptor (NMDAR) antagonism blocks both the in-
duction of EBS (Broadbent and Weitemier 1999; Camarini
et al. 2000), as well as the expression of EBS (Broadbent
et al. 2003; Nona and Nobrega 2018). Additionally, the
accumbal glutamate level is elevated during the expression
of EBS, particularly in mice sensitized to EtOH during ado-
lescence (Carrara-Nascimento et al. 2011; Nona and Nobrega
2018). While underexplored, γ-aminobutyric acid (GABA)-
ergic neurotransmission has also been implicated as playing a
role in EBS. GABAB-positive modulation has been demon-
strated to block the induction of EBS (Broadbent and Harless
1999), although more recent evidence has contradicted these
findings (Kruse et al. 2012). Additionally, altered expression

of GABAA subunits in the NAc has been demonstrated in
sensitized mice (Linsenbardt and Boehm 2010).

Outside of sensitization paradigms, the effect of EtOH on
amino acid neurotransmission has been extensively described.
Acute EtOH administration has been demonstrated to cause
inhibition of NMDARs (Lovinger et al. 1989), whereas in-
creased extracellular glutamate and NMDAR expression/
activity is observed with chronic EtOH exposure (Holmes
et al. 2013; Hu and Ticku 1995; Krystal et al. 2003) and
EtOH withdrawal (Rossetti and Carboni 1995)—an effect that
is also observed in clinical populations (Tsai et al. 1998;
Umhau et al. 2010). EtOH has also been shown to allosteri-
cally potentiate the activity of the GABA receptor complex
(Koob 2004; Mihic et al. 1997), and chronic EtOH exposure
increases accumbal levels of GABA (Dahchour et al. 1996;
Dahchour et al. 1994). Furthermore, antagonism of GABAA

and GABAB receptors in the NAc attenuates intracranial self-
infusion of EtOH, suggesting involvement of GABAergic
neurotransmission in the reinforcing effects of EtOH (Ding
et al. 2015). Acute administration of EtOH also causes in-
creased levels of the inhibitory neurotransmitter taurine in
the NAc, amygdala, hippocampus, and frontal cortex.
Furthermore, evidence suggests that dopaminergic neuro-
transmission in the VTA is partly controlled by strychnine-
sensitive glycine receptors (GlyRs), which are activated by
both glycine and taurine (Adermark et al. 2011; Vengeliene
et al. 2010). Antagonism of accumbal GlyRs prevents in-
creased DA levels following EtOH administration, while gly-
cine perfusion into the NAc has the opposite effect (Molander
and Soderpalm 2005). There remains a stark lack of behav-
ioural sensitization studies that take into consideration indi-
vidual responses to psychostimulants, which may be essential
in delineatingmechanisms of resilience to sensitization. In one
early study, rats were selectively bred into high-alcohol sensi-
tive (HAS) and low-alcohol sensitive (LAS) lines, and micro-
dialysis was used to assess levels of amino acids following an
acute EtOH challenge (Dahchour et al. 2000). This study re-
ported a decrease in alanine, arginine, and glutamate in HAS,
and an increase in alanine, glutamate, and taurine in LAS fol-
lowing an EtOH challenge. However, the design of this study
does not account for the induction phase of behavioural sensi-
tization, and therefore does not include a psychomotor compo-
nent. Rather, the authors focus on neurotransmitter assessment
in a selective breeding model. To address the neuroadaptive
changes over repeated EtOH exposure, we have previously
utilized an EBS paradigm in DBA/2J mice, which differenti-
ates between high-sensitized (HS) and low-sensitized (LS)
mice following repeated EtOH exposure. DBA/2J inbred mice
are commonly used for studies investigating behavioural sen-
sitization to EtOH as they show a robust locomotor response to
the stimulant effect of EtOH and are more susceptible to the
development of EBS than other strains (Hitzemann and
Hitzemann 1997). Using this paradigm, we demonstrated that
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glutamatergic adaptations in the NAc are involved in the ex-
pression of behavioural sensitization (Nona et al. 2014; Nona
and Nobrega 2018).

In the present study, we expand on our previous work by
assessing a comprehensive NAc amino acid neurotransmitter
profile of HS and LS mice during the expression phase of
behavioural sensitization. We also assess whether inhibition
of strychnine-sensitive glycine receptors (GlyRs) during the
induction phase of sensitization is effective in blocking the
expression of EBS.

Methods

Subjects

Male 4-week-old DBA/2J mice (N = 94) were obtained from
Charles River (Quebec, Canada) and group-housed (4 per
cage) in polycarbonate cages (32 × 14 × 12 cm). Mice were
allowed to acclimatize for 1 week, and were handled for
1 week before the sensitization protocol began at 6 weeks of
age. Mice were housed on a 12-h light cycle (lights on at 7
a.m. and off at 7 p.m.) in a room controlled for temperature
and humidity (21.2 °C, 30% humidity). Standard mouse chow
and water were provided ad libitum. All procedures were ap-
proved by the Animal Care Committee at the Centre for
Addiction and Mental Health and were in accordance with
the guidelines and practices outlined by the Canadian
Council on Animal Care.

Drugs

Anhydrous ethyl alcohol (Commercial Alcohols, Brampton,
ON) was diluted with physiological saline (0.9% NaCl) to a
concentration of 15% w/v. Mice received a dose of 2.2 g/kg of
EtOH i.p. (15 mL/kg), or an equivalent volume of saline
(SAL) during the induction phase of sensitization. Mice were
challenged with a lower EtOH dose of 1.8 g/kg, i.p. for the
expression phase of sensitization. These doses have been dem-
onstrated to elicit a robust locomotor stimulant response in
mice (rather than a sedative effect), and have been repeatedly
shown to produce behavioural sensitization (Harrison and
Nobrega 2009; Nona et al. 2014; Nona and Nobrega 2018).
Brucine sulphate salt hydrate (Sigma-Aldrich, St Louis, MO,
USA) was dissolved in 0.9% saline and injected subcutane-
ously (s.c.) at a dose of 15 mg/kg.

EtOH sensitization procedure

The EBS protocol was performed as previously reported
(Nona et al. 2016; Nona et al. 2014; Nona and Nobrega
2018). Briefly, mice were habituated to the test apparatus,
comprising 40 × 40 × 35 cm Plexiglas activity monitor

chambers that automatically detect activity by horizontal
beam breaks (MED Associates, St. Albans, VT), over three
15-min sessions across three consecutive days. Mice were
counterbalanced for baseline LMA and assigned to receive
five injections of either saline or EtOH (2.2 g/kg, i.p.) twice
per week, with each injection being 2–3 days apart. For all
injection sessions, mice were transported in their home cage to
the testing room and allowed to acclimatize for at least 30min.
Immediately following injections 1, 3, and 5, LMA was
assessed for 15 min to capture the stimulant phase of EtOH
while avoiding the sedative phase (Crabbe et al. 1982).
Following injections 2 and 4, mice were returned to their
home cage and remained in the testing room for 15 min before
being transported back to the colony room. All injections and
testing were performed during the light cycle between 11 a.m.
and 3 p.m. LMA scores corresponding to the final injection
(injection 5) were rank-ordered for the EtOH-treated mice.
Mice in the lowest 33% of the LMA distribution were classi-
fied as low-sensitized, and those in the upper 33% were clas-
sified as high-sensitized (Nona and Nobrega 2018; Souza-
Formigoni et al. 1999). After a 14-day drug-free period, cohort
mice were challenged with EtOH (1.8 g/kg, i.p.; HS and LS
groups) or an equivalent volume of saline (SAL group) and
LMA was measured for 15 min to verify the expression of
sensitization. One to 2 days following injection no. 5 of the
induction phase of sensitization, a separate cohort of mice was
implanted with cannulae targeting the NAc, and challenged
with EtOH (1.8 g/kg, i.p.) 14 to 20 days after surgery. As this
study focuses on the relative differences between groups, a
separate saline injection group was not included during the
microdialysis portion of this study. Therefore, any impact of
injection stress on amino acid levels was not directly assessed.
However, any amino acid level changes that may be attributed
to injection stress would be equal between groups, and the
relative differences that emerge may be attributed to treatment
differences. Microdialysis sampling was performed for 1 h
before and 1 h and 45 min following the EtOH challenge to
assess the effect of EtOH on accumbal amino acid neurotrans-
mitter levels during the expression phase of sensitization in
HS and LS mice in comparison to the effects of EtOH on
previously EtOH-naïve mice.

Effect of brucine on EtOH sensitization

In a separate cohort of mice, the effect of brucine (BRU) on
EtOH sensitization was investigated. BRU is a GlyRs antag-
onist that is related to strychnine, but with significantly lower
toxicity. BRU was administered s.c. during the induction
phase of sensitization to assess whether inhibition of GlyRs
during EBS induction would effectively block EBS expres-
sion. The EBS protocol was performed as previously men-
tioned with n = 7–8 mice per group. However, for this exper-
iment, interfering with EBS induction necessitated that mice
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in each group were analyzed collectively and could not be
retrospectively separated into HS and LS. Mice received a
s.c. injection of either vehicle or BRU (15 mg/kg). After 1 h,
mice received an i.p. injection of either saline or EtOH
(2.2 g/kg as before). Habituation and injection days followed
the same schedule outlined in the previous section. Twoweeks
following the last induction phase test day, mice were chal-
lenged with 1.8 g/kg EtOH and LMAwas re-assessed.

Microdialysis procedure

Under surgical isoflurane anaesthesia, mice were secured onto
a stereotaxic frame using ear bars. A heat pad was used to
maintain body temperature, and depth of anaesthesia was
monitored using the toe pinch reflex and palpebral reflex, as
well as breathing depth and rate. An incision was made along
the scalp, and a burr hole was drilled above the NAc. The
cannula was implanted into the left hemisphere NAc (A-P +
1.4, M-L 1.3, D-V − 4.7 mm), using the Franklin and Paxinos
atlas for placement reference (Franklin and Paxinos 1997).
The surgical opening was then covered with dental cement
to secure the cannula in place, and mice were closely moni-
tored for 1 week postoperatively.

Fourteen to 20 days after surgery, mice underwent micro-
dialysis sampling concurrent with an EtOH challenge injec-
tion (2 mice per day). Mice were lightly anesthetized with
isoflurane, and a microdialysis probe (MAB 10.8.2–4 mm,
outer diameter of application 0.3 mm, membrane length
0.6 mm, PES membrane, Scientific Products) was inserted
into the guide cannula. Mice were individually placed in
40 × 40 × 35 cm Plexiglas boxes with standard bedding, and
allowed to explore freely for the duration of the experiment.
The NAc was perfused with Ringer’s solution at a constant
flow rate of 0.8 μL/min using a Hamilton microinjection
pump. A 2-h equilibration period was allowed, followed by
the collection of three baseline samples, 20 min apart. Mice
were then injected with the EtOH challenge dose (1.8 g/kg,
i.p.), and dialysate was collected every 5 min for the first
15 min to capture rapid changes that occur during the stimu-
lant phase of ethanol with high temporal resolution. After the
first 15 min, six samples were collected every 15 min, for a
total of 13 dialysate samples. Brains were harvested following
sampling and stored at − 80 °C until histological processing.
Dialysate samples were stored at − 80 °C until HPLC analysis.

Verification of cannula placements

After the final dialysate collection, mice were sacrificed by
cervical dislocation and brains were harvested to visualize
microdialysis probe tracts. Brains were sectioned coronally
(20 μm) on a Leica CM-3000 cryostat microtome
(Richmond Hill, ON, Canada) at − 20 °C, thaw-mounted onto
Fisher Scientific Positive Charge glass microscope slides

(Whitby, ON, Canada), and stored at − 30 °C. Slides were
postfixed in 10% formalin vapour, stained with cresyl violet,
and then examined at ×10 magnification under a Nikon E600
microscope (Mississauga, Ontario, Canada). Cannula place-
ment determinations were done without knowledge of the
group membership of the animals.

HPLC analyses of microdialysis samples

HPLC analyses for the amino acids in dialysate samples were
carried out using a BASi 460 Microbore HPLC system with
electrochemical detection (Bioanalytical Systems Inc., West
Lafayette, IN, USA) together with a Uniget C-18 reverse phase
microbore column (BASi, Cat no. 8912; analytical—1 ×
150 mm, 5 μm ODS) as the stationary phase, as previously
described (Chatterjee et al. 2014; Nona and Nobrega 2018).
Five microlitres of dialysate sample was used for O-
phthalaldehyde (OPA) derivatization, and 5 μl of homo-
serine (125 pmol in ACSF) was added as the internal standard
to all samples during OPA derivatization. After OPA derivati-
zation, 10 μl of derivatized solution was injected into the col-
umn. The mobile phase consisted of 0.15 M sodium acetate
buffer, 1 mM EDTA, pH 5.4, and 50% acetonitrile. The flow
rate was 0.8 ml/min. The working electrode (Uniget 3-mm
glassy carbon, BAS P/N MF-1003) was set at 750 mV vs the
Ag/Ag/Cl reference electrode. Detection gain was 1.0 nA, the
filter was 0.2 Hz, and the detection limit was set at 100 nA.
Standard amino acids (Sigma Chemicals) were used to quan-
tify and identify the peaks on the chromatographs.

Statistical analyses

LMA data for sensitization induction, LMA data for sensiti-
zation expression following EtOH challenge (1 min bins), and
microdialysis data were analyzed with mixed-model
ANOVAs, with drug treatment as the between-subject factor
and time (injection day, time bin, or sample collection time) as
repeated measures factors. LMA data for sensitization expres-
sion following EtOH challenge (total distance) were analyzed
by one-way ANOVA. Significant ANOVAs were followed by
Bonferroni-adjusted post hocs. In cases where variances were
unequal between groups, Welch-corrected or Greenhouse-
Geisser-corrected ANOVAs were used, with Games-Howell
post hoc tests when necessary. Data were analyzed using
SPSS 20.0 (IBM Corp.) software.

Results

EBS induction and expression

Figure 1 illustrates the induction and expression of EBS as
measured by LMA following EtOH injections. For the
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induction data (Fig. 1a), a repeated measures ANOVAwith a
Greenhouse-Geisser correction revealed significant main ef-
fects of treatment (F2,21 = 30.63, P < 0.001), test day
(F2.18,45.80 = 23.85, P < 0.001), and test day by treatment in-
teraction (F4.36,45.80 = 10.23, P < 0.001). Pairwise compari-
sons revealed significantly higher LMA for HS mice com-
pared with SAL and LS mice at injection 1 (P = 0.001 and
P = 0.041, respectively), injection 3 (P < 0.001 and
P < 0.001, respectively), and injection 5 (P < 0.001 and
P < 0.001, respectively).

For the challenge data (Fig. 1b), a one-way ANOVA re-
vealed a significant main effect of treatment (F2,21 = 14.48,

P < 0.001). Pairwise comparisons revealed significantly higher
LMA for HSmice compared with SAL and LSmice (P < 0.001
and P = 0.005, respectively). Expanding this data into 1-min
time bins allowed for a more detailed assessment of locomotor
fluctuations during the 15-min test (Fig. 1c). A repeated mea-
sures ANOVA with a Greenhouse-Geisser correction of this
data revealed significant main effects of treatment (F2,21 =
22.37, P < 0.001), time bin (F3.97,83.32 = 7.09, P < 0.001), and
time bin by treatment interaction (F7.94,83.32 = 2.96, P = 0.006).
Pairwise comparisons revealed significantly higher LMA for
HS mice compared with SAL at nearly every time point (with
the exception of 12–13 min) (P < 0.05). LMA for HS was also
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Fig. 1 Behavioural sensitization induction and expression. a Induction of
sensitization. EtOH-treated mice were retrospectively classified as high-
(HS) or low-sensitized (LS) on the basis of their locomotor activity
(LMA) scores on the last EtOH injection. SAL = saline controls. b, c
Expression of sensitization. Total LMA (b) and 1-min bins of LMA (c)

were analyzed. LMAwasmeasured for 15min. Values are means ± SEM.
Group Ns are indicated in parentheses. Significant pairwise differences
between SAL vs HS (*P < 0.05, **P < 0.01, ***P < 0.001), SAL vs LS
(#P < 0.05, ##P < 0.01, ###P < 0.001), and LS vs HS (‡P < 0.05,
‡‡P < 0.01, ‡‡‡P < 0.001) are indicated



significantly higher than LS values at most time points between
1 and 9min (with the exception of 7–8min) (P < 0.05). It is also
noteworthy that the magnitude of LMA elevation was most
pronounced during the first 5 min and, while remaining rela-
tively elevated, gradually tapered during the latter part of the
test. Indeed, within the HS group, LMA values at the 1–2-, 2–
3-, and 3–4-min time points were significantly higher than var-
ious time points between 6 and 15 min (not depicted in Fig. 1)
(P < 0.05). The LMA of LS mice was slightly elevated above
SAL mice throughout the trial, but only reached a statistically
significant difference at 3–4 min (P = 0.004), and there were no
significant differences within the group across time bins.

Taken together, these data confirm the induction and ex-
pression of behavioural sensitization to EtOH in the HS group.

EBS for microdialysis mice

Figure 2 shows the microdialysis probe placements. Only
mice with probes placed in the NAc were included in the final
analyses. Figure 3 shows behavioural verification of EtOH
sensitization for the cohort of mice that underwent microdial-
ysis. For the induction data (Fig. 3a), a repeated measures
ANOVA revealed significant main effects of treatment
(F2,21 = 22.33, P < 0.001), test day (F3,63 = 44.29, P < 0.001),
and test day by treatment interaction (F6,63 = 9.73, P < 0.001).
Pairwise comparisons revealed significantly higher LMA for
HS mice compared with SAL mice at baseline (Hab3; P =
0.046), injection 1 (P = 0.047), injection 3 (P < 0.001), and
injection 5 (P < 0.001). HS mice also had significantly higher
LMA compared with LS mice at baseline (P = 0.004), injec-
tion 3 (P < 0.001), and injection 5 (P < 0.001).

Figure 3 b shows the expression of sensitization following
a challenge dose of EtOH in half of the mice. The remaining
mice in this cohort underwent cannulation and were only chal-
lenged during microdialysis sampling. One-way ANOVA did
not reach statistical significance (F2,7 = 2.80, P = 0.128), de-
spite HS LMA scores more than doubling SAL and LS LMA
scores following EtOH challenge. For the expanded 1-min
time bin assessment (Fig. 1c), a repeated measures ANOVA
did not reveal significant main effects of treatment (F2,7 =
2.81, P = 0.13) or time bin by treatment interaction (F28,98 =
0.48, P = 0.99), but did reveal a significant main effect of time
bin (F14,98 = 4.35, P < 0.001). Pairwise comparisons revealed
significantly higher LMA for HS mice compared with SAL
and LS mice at 6–7 min (P = 0.042 and P = 0.027, respective-
ly) and 13–14 min (P = 0.018 and P = 0.029, respectively).
Although the number of animals in this trial was low due to
splitting of the cohort, overall, these behavioural data were
consistent with the cohort of mice that was exclusively used
to establish sensitization induction and expression.
Behavioural data for all cohorts were also consistent with
previous work from our group (Nona and Nobrega 2018).

Extracellular amino acid levels in the nucleus
accumbens following an EtOH challenge

Aspartate

Extracellular aspartate levels after the EtOH challenge are
shown in Fig. 4a. A repeated measures ANOVA revealed
main effects of time (F12,108 = 13.39, P < 0.001), but not treat-
ment (F2,9 = 0.32, P = 0.738) or the time by treatment interac-
tion (F24,108 = 0.89, P = 0.610). Within-group comparisons in-
dicated that the main effect of time was attributable to differ-
ences within acute and HS mice following EtOH injections.
That is, aspartate levels from 0 to 5 min following EtOH
injections (0-min time point) were significantly higher than
levels from 45 min onward for both groups (P < 0.05; not
shown in Fig. 4). However, levels of aspartate following
EtOH injections did not significantly differ from any of the
baseline collection values for any group.

Glutamate

Extracellular glutamate levels after the EtOH challenge are
shown in Fig. 4b. A repeated measures ANOVA revealed
main effects of time (F12,108 = 30.39, P < 0.001) and the
time by treatment interaction (F24,108 = 1.73, P = 0.030),
but not treatment (F2,9 = 0.99, P = 0.407). HS mice had
higher levels of accumbal glutamate than mice in the acute
and LS groups at 0 min (P = 0.014, P = 0.008, respective-
ly), and 5 min (P = 0.048, P = 0.047, respectively). There
were no significant differences between LS mice and those
acutely treated with EtOH at any time point. Within-group
comparisons indicated that in acute and LS mice, EtOH
induced an increase in glutamate immediately following
injections (0 min) in comparison baseline (P < 0.05; not
shown in Fig. 4). In HS mice, EtOH induced increases in
glutamate from 0 to 10 min in comparison baseline levels
(P < 0.05; not shown in Fig. 4).

Glycine

Extracellular glycine levels after the EtOH challenge are
shown in Fig. 4c. A repeated measures ANOVA revealed
main effects of time (F12,108 = 24.25, P < 0.001), treatment
(F2,9 = 5.36, P = 0.029), and the time by treatment interaction
(F24,108 = 11.53, P < 0.001). LS mice had higher levels of
accumbal glycine than mice in the acute group at 5 min
(P = 0.004), and a higher level of glycine than mice in the
HS group at 5 min (P = 0.001) and 10 min (P = 0.010). At
30 min, glycine levels increased in the acute group relative
to HS (P = 0.004) and LS (P = 0.009) mice, and remained
elevated compared with HS mice at 45 min (P = 0.008) and
60 min (P = 0.030), and compared with LS mice at 45 min
(P = 0.027). Within-group comparisons indicated that in acute
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mice, EtOH induced an increase in glycine at 0 min in
comparison baseline, and this increase was significantly
reversed at 15 min before increasing again at 30 min
(P < 0.05; not shown in Fig. 4). In LS mice, EtOH in-
duced increases in glycine from 0 to 10 min compared
with baseline, and this increase was significantly reversed
from 15 min onward (P < 0.05; not shown in Fig. 4). In
HS mice, there were no significant changes in glycine
levels throughout collection.

Taurine

Extracellular taurine levels after the EtOH challenge are shown
in Fig. 4d. A repeated measures ANOVA revealed main effects
of time (F12,108 = 26.93, P < 0.001) and the time by treatment
interaction (F24,108 = 5.04, P < 0.001), but not treatment (F2,9 =
2.54, P = 0.133). Taurine levels in LS mice were significantly
higher than in HS mice after EtOH challenge. Specifically, LS
mice had higher levels of accumbal taurine than mice in the HS
groups at 5 min (P = 0.015). There were no significant differ-
ences between HS mice and those acutely treated with EtOH at

any time point. Within-group comparisons indicated that in
acute mice, EtOH induced an increase in taurine at 5 min in
comparison with values at 15 and 30 min (P < 0.05; not shown
in Fig. 4), but not in comparison to baseline. In LS mice, EtOH
induced a spike in taurine at 5 min that was significantly higher
than baseline levels and all subsequent time points (P < 0.05;
not shown in Fig. 4). In HS mice, there were no significant
changes in glycine levels throughout collection.

GABA

Extracellular GABA levels after the EtOH challenge are shown
in Fig. 4e. A repeated measures ANOVA revealed main effects
of time (F12,108 = 21.98, P < 0.001) and the time by treatment
interaction (F24,108 = 4.83, P < 0.001), but not treatment (F2,9 =
1.26, P = 0.329). Acute mice had higher levels of accumbal
GABA compared with mice in the HS group at 0 min (P =
0.009), 5 min (P = 0.028), 15min (P = 0.009), and 30min (P =
0.023), and compared with mice in the LS group at 15 min
(P = 0.004) and 30 min (P = 0.041). There were no significant
differences between LS and HSmice at any time point. Within-
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Fig. 2 Microdialysis probe placement. In panel a, lines represent
microdialysis probes. Only animals with probes placed in the NAc were
included in the final analyses. The number at the top of each panel
corresponds to the distance from bregma in millimetres according to the

Franklin and Paxinos 2008 atlas. b Illustrative photomicrograph at ×10
showing the tip of a microdialysis probe in the NAc (arrow). The anterior
commissure (aca) is labelled for reference



group comparisons indicated that in acute mice, EtOH induced
increases in GABA from 0 to 5 min in comparison baseline,
and this increase was significantly reversed from 15 min on-
ward (P < 0.05; not shown in Fig. 4). In LS andHSmice, EtOH
induced increases in GABA at 15 min compared with baseline
(P < 0.05; not shown in Fig. 4).

Cystine

Extracellular cystine levels after the EtOH challenge are
shown in Fig. 4f. A repeatedmeasures ANOVA revealedmain
effects of time (F12,108 = 3.20, P = 0.001), but not treatment
(F2,9 = 0.27, P = 0.770) or the time by treatment interaction

(F24,108 = 1.07, P = 0.387). Within-group comparisons did
not detect significant differences for any group.

Effect of brucine on EtOH sensitization

Figure 5 illustrates the effects of brucine injections on the
induction and expression of EBS as measured by LMA fol-
lowing EtOH injections. For the induction data (Fig. 5a), a
repeated measures ANOVA with a Greenhouse-Geisser cor-
rection revealed significant main effects of treatment (F3,21 =
7.27, P = 0.002), test day (F2.45,51.49 = 14.75, P < 0.001), and
test day by treatment interaction (F7.36,51.49 = 4.21, P = 0.001).
Pairwise comparisons revealed significantly higher LMA for
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Fig. 3 Behavioural data for mice that underwent microdialysis. a
Induction of sensitization. HS = high-sensitized mice; LS = low-
sensitized mice; SAL = saline controls. b, c Expression of sensitization.
Total LMA (b) and 1-min bins of LMA (c) were analyzed. LMA was
measured for 15min. Values are means ± SEM. GroupNs are indicated in

parentheses. Significant pairwise differences between SAL vs HS
(*P < 0.05, **P < 0.01, ***P < 0.001), SAL vs LS (#P < 0.05,
##P < 0.01, ###P < 0.001), and LS vs HS (‡P < 0.05, ‡‡P < 0.01,
‡‡‡P < 0.001) are indicated



mice that received EtOH injections without brucine pre-
treatment (VEH + EtOH) compared with mice that re-
ceived brucine pre-treatment without EtOH injections
(BRU + SAL) throughout the induction phase (P < 0.01).
During injection 3, mice that received EtOH injections
without brucine pre-treatment also had higher LMA com-
pared with mice that did not receive either brucine pre-
treatment or EtOH (VEH + SAL) (P = 0.04). It is notewor-
thy that results from injection 1 are not presented. During

this trial, a higher dose of BRU (30 mg/kg) was used,
which overtly depressed nearly all locomotion in mice de-
spite previous reports in rats showing that 30 mg/kg of
BRU does not affect LMA (Li et al. 2014). It was, there-
fore, decided that the dose of BRU would be halved to
15 mg/kg starting with injection 2.

For the challenge data (Fig. 5b), a one-way ANOVA did
not reveal a significant main effect of treatment (F3,2 = 1.98,
P = 0.14).
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Fig. 4 Extracellular amino acid levels after EtOH challenge. “Acute”
EtOH refers to mice treated with SAL during the induction phase and
given EtOH for the first time during the challenge test. HS = high-
sensitized mice; LS = low-sensitized mice. Arrow labelled “EtOH”
represents the time point corresponding with EtOH injections. The X-
axis represents the time point (in minutes) relative to EtOH injection

time point. Values are means ± SEM. Group Ns are indicated in
parentheses. Significant pairwise differences between SAL vs HS
(*P < 0.05, **P < 0.01, ***P < 0.001), SAL vs LS (#P < 0.05,
##P < 0.01, ###P < 0.001), and LS vs HS (‡P < 0.05, ‡‡P < 0.01,
‡‡‡P < 0.001) are indicated



Discussion

In the first part of the present study, we recapitulated our
previous model of differential EBS by showing that subsets
of EtOH-treated mice respond to the sensitization protocol
with varying degrees of sensitivity (Nona and Nobrega
2018). As with earlier studies, the sensitization protocol began
at 6 weeks of age during adolescence. This time course has
previously been demonstrated to maximize the differential

response to EtOH exposure since drug-induced neuroadaptive
changes in reward circuitry is more pronounced during ado-
lescence, with effects lasting into adulthood (Carrara-
Nascimento et al. 2011). To this end, we showed that LS mice
exhibit lower levels of LMA, which are not significantly dif-
ferent from saline controls, during the induction and expres-
sion phases of EBS compared with HS mice. Behavioural
results from a cohort of mice that underwent microdialysis
were consistent with these observations. In this cohort, we
examined the profile of amino acid neurotransmitter activity
in the NAc during the expression phase of sensitization.
Longstanding observations have suggested an important role
for the NAc during the expression phase of sensitization to
EtOH and psychostimulants (Abrahao et al. 2011; Carrara-
Nascimento et al. 2011; Kalivas 1995; Nona et al. 2015;
Tzschentke and Schmidt 2003), whereas dopaminergic activ-
ity in the VTA appears to play a more pertinent role in sensi-
tization induction (Vanderschuren and Kalivas 2000). In addi-
tion to accumbal dopamine transmission, the expression of
sensitization to psychostimulants is dependent on amino acid
transmission in the NAc, particularly glutamatergic (Kalivas
1995). In line with observations from other groups (Carrara-
Nascimento et al. 2011), we have previously shown that
accumbal glutamate is increased in HS mice during the ex-
pression, but not induction, phase of sensitization, and that
blocking striatal synaptic glutamate release with LY354740
prevents the expression of behavioural sensitization in HS
mice (Nona and Nobrega 2018). Additionally, NMDAR an-
tagonism has been demonstrated to block the expression of
sensitization to EtOH (Broadbent et al. 2003; Nona and
Nobrega 2018).

Excitatory amino acid neurotransmitters

In line with the aforementioned evidence, our results showed a
peak 184% increase in HS accumbal glutamate (compared
with baseline) during the first 10 min after EtOH challenge,
corresponding to the stimulant phase of EtOH. Interestingly,
this pattern of glutamate elevation being most pronounced in
the first few minutes following EtOH injections closely mir-
rored the behavioural data observed for this group (Fig. 1c).
Although acutely treated and LSmice also showed an increase
in glutamate immediately following EtOH injections (approx-
imately 140%), the increase was not as persistent and was
significantly lower than that seen in the HS group.
Accumbal aspartate also showed a 140–170% increase in all
groups. However, these increases did not reach statistical sig-
nificance for any group, and groups did not differ from each
other. This may be explained by the tenuous role of aspartate
as a neurotransmitter and, by extension, the likely importance
of aspartate in the adaptive changes leading to EBS. Indeed, it
was recently demonstrated that glutamate alone was sufficient
to account for all NMDA receptor activity and excitatory
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Fig. 5 Effect of brucine injections on behavioural sensitization induction
and expression. a Induction of sensitization. b Expression of
sensitization. The matrix below the bar graph clarifies the groups by
indicating the presence (+) or absence (−) of vehicle, brucine, saline,
and ethanol during the induction phase and expression (challenge) phase.
VEH = vehicle, BRU = brucine, SAL = saline, EtOH = ethanol. Values
are means ± SEM. Group Ns are indicated in parentheses. Significant
pairwise differences between VEH + EtOH vs BRU + SAL
(**P < 0.01), and VEH + EtOH vs VEH + SAL (#P < 0.05) are indicated



synaptic transmission in hippocampal CA1 pyramidal neu-
rons (Herring et al. 2015), excluding a role for aspartate as a
neurotransmitter in the CA1. Based on the results from the
current study, further investigation into the possible role of
aspartate may be warranted and we cannot rule out a contri-
bution of aspartate signalling in the development of EBS.

Inhibitory amino acid neurotransmitters

During the stimulant phase EtOH, IAA neurotransmitters
were generally elevated in LS mice compared with HS mice.
In acutely treated mice, GABA showed a peak 413% increase
compared with baseline immediately following EtOH injec-
tions. LS and HS mice exhibited peaks at 10 min, with LS
mice showing a 423% increase above baseline and HS mice
showing a 277% increase. During the first 10 min after injec-
tions, GABA levels differed between acutely treated mice and
HS mice, but not LS mice, with acute values then dropping
below both LS and HS mice at 15 to 30 min. Results from the
acute group are consistent with the preponderance of evidence
spanning decades of transgenic, in vitro, and electrophysio-
logical research, which suggests that acute administration of
EtOH potentiates GABAergic transmission, particularly
through GABAA receptors (Lobo and Harris 2008; Weiner
and Valenzuela 2006). However, it is noteworthy that
in vivo microdialysis data examining acute EtOH-induced
GABA release is sparse, with some data suggesting increased
GABA release in the central amygdala (Roberto et al. 2004),
and other data suggesting no change in accumbal GABA
levels (Dahchour et al. 1994). To our knowledge, this is the
first study to demonstrate a difference in accumbal GABA
release between LS and HS mice in an EBS paradigm.
EtOH self-administration in alcohol preferring rats has been
shown to be attenuated with the GABAA antagonist
bicuculline and the GABAB antagonist SCH 50911 (Ding
et al. 2015). While this data suggests an important role for
GABAergic transmission in the EtOH-seeking behaviour of
alcohol-preferring rats, it is not directly applicable to the ex-
pression of EBS as these rats are selectively bred for alcohol
preference rather than undergoing sensitization. Therefore, the
selective breeding model may be more useful for examining
innate difference that lead to differential alcohol preference,
while our model is more useful in elucidating the adaptive
differences that develop with repeated exposure.

Acutely treated mice showed a peak 354% increase in
accumbal glycine immediately after EtOH injections, and a
peak 395% increase in accumbal taurine at 5 min, although
the latter did not reach statistical significance. LS mice
showed a peak 552% increase in glycine and 676% increase
in taurine at 5 min. By contrast, HS mouse levels of glycine
did not significantly differ throughout collection for either
glycine or taurine. HS glycine levels were lower than acute
and LS levels during the first 10 min after EtOH injections,

and HS taurine levels were lower than LS levels at 5 min.
Similar to GABA, this is the first study to our knowledge that
demonstrates a difference in accumbal glycine and taurine
release between LS and HS mice in an EBS paradigm.
Glycine and taurine, both of which act on strychnine-
sensitive GlyRs, have been shown to be increased in the
NAc in acute and chronic paradigms of EtOH injections and
self-administration (Dahchour and De Witte 2000; Dahchour
et al. 2000; Dahchour et al. 1994; Ericson et al. 2017; Li et al.
2008; Smith et al. 2004). Specifically, taurine elevation in the
NAc appears to be a product of EtOH per se, while elevation
in glycine may be related to anticipation of reward as demon-
strated by a conditioned operant setting (Li et al. 2008). GlyRs
in particular have been extensively studied for their role in
alcohol dependence. These receptors are highly expressed
by GABAergic medium spiny neurons (MSNs) in the NAc.
The NAc and VTA project bidirectionally to form a NAc-
VTA-NAc circuitry, with MSN GlyRs playing a critical regu-
latory role in dopaminergic feedback to the NAc (Adermark
et al. 2011; Molander et al. 2005; Molander and Soderpalm
2005). EtOH-induced swelling of astrocytes in the NAc ap-
pears to be a primary mechanism of EtOH-induced taurine
release (Adermark et al. 2011), while glycine is primarily re-
leased by glycinergic neurons and the level of glycine at ex-
citatory and inhibitory synapses is controlled by glycine trans-
porters (GlyTs) on neighbouring glial cells and pre-synaptic
terminals (Harvey and Yee 2013). Interestingly, GlyTs have
been successfully targeted in reducing relapse-like EtOH
drinking in rats (Vengeliene et al. 2010). Inhibition of GlyRs
by chronic BRU injections (30 mg/kg) has also been shown to
reduce EtOH intake in EtOH-preferring rats (Li et al. 2014).

Effect of GlyR inhibition during EBS induction

To further investigate the role of GlyRs on the induction and
expression of EBS, we conducted an experiment in a separate
cohort of mice (Fig. 5). During the induction phase of EBS,
mice were pre-treated with BRU prior to EtOH exposure, and
their LMA scores were compared with mice that did not re-
ceive BRU pre-treatment. The effects of BRU alone on LMA
were also assessed. Although mean LMA scores for BRU +
EtOH mice were lower than those for VEH + EtOH mice
throughout induction, these results did not reach statistical
significance. This may be attributable to the large variations
in LMA scores observed in the VEH + EtOH group, which for
the purpose of this experiment did not distinguish between
mice that variably sensitized to EtOH. The induction results
were further complicated by the observation that BRU alone
may acutely depress LMA, although no significant differences
were observed between the VEH + SAL group and the BRU +
SAL group.

During the expression phase of this experiment, all mice
received a challenge dose of EtOH in the absence of BRU to
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test whether GlyR inhibition during the induction phase alone
was sufficient to block the expression of EBS. Mice that were
pre-treated with BRU (both with and without EtOH injec-
tions) as well as mice that did not receive BRU or EtOH
during induction showed comparable LMA scores following
a challenge dose of EtOH. Although the EtOH group that was
not pre-treated with BRU (VEH + EtOH) showed nearly 40%
higher LMA compared with the BRU + EtOH group, these
results also did not reach statistical significance. Therefore,
while GlyR antagonism during EBS inductionmay be a viable
strategy for blocking the expression of EBS, we are unable to
make strong conclusions based on the results of this experi-
ment, and would strongly encourage further investigation with
lower doses of BRU and larger numbers of animals.

Interaction of amino acid neurotransmitters in reward
circuitry

Figure 6 summarizes pathways of the mesolimbic reward cir-
cuit that are relevant to the present NAc microdialysis results.
Previous studies have suggested that acute EtOH treatment
non-competitively inhibits NMDAR activation, while chronic
treatment produces an over-compensatory effect leading to in-
creased NMDAR expression and activity (Clapp et al. 2018).
Furthermore, our previous work has suggested that chronic
EtOH-induced increases in NMDAR expression across several
brain regions is more strongly associated with low-sensitizers,
compared with high-sensitizers, during the induction phase of
EBS (Nona et al. 2014). Differences in NMDAR gene expres-
sion were largely absent between low- and high-sensitizers
2 weeks after the last induction phase injection, consistent with
the observation that such changes appear to be short-lived,
lasting only 24–48 h (Gulya et al. 1991). Despite this,
protein-level surface expressions of NR1 subunits have been
reported to be decreased in the NAc of HS mice 2 weeks fol-
lowing the last induction phase injection (Abrahao et al. 2013).
In the present study, as with our previous observations,
accumbal glutamate levels in HS mice were higher than in
acutely treated and LS mice following an EtOH challenge
during the expression phase of EBS. Taken together, these data
suggest that the increased glutamate release in HS mice may
represent a neuroadaptive response to decreased NMDAR sur-
face expression and reduced glutamate responsivity.
Furthermore, the lack of any differences in accumbal cystine
levels between groups suggests that local glutamate transport
to the extracellular space likely does not contribute to the ob-
served changes in glutamate levels. This transport is regulated
by the system xc

− antiporter on neighbouring glial cells, which
releases glutamate in exchange for cystine uptake in a 1:1 ratio
(Miladinovic et al. 2015). Therefore, if system xc

− glutamate
export contributed to our observed changes in EtOH-induced
glutamate levels, we would expect to observe decreased extra-
cellular cystine levels corresponding with increased glutamate

release, which is not evident. These data are consistent with
recent evidence, which more directly demonstrated that system
xc

− does not contribute to the observed glutamate elevation in
the NAc of EtOH-dependent mice (Griffin et al. 2015).
However, we cannot rule out the possibility that altered expres-
sion or activity of astrocytic excitatory amino acid transporters
(EAATs), which regulate the uptake of extracellular glutamate
from the synapse, contributed to our observed changes in glu-
tamate levels. While some evidence suggests that EAATs do
not contribute to this change (Griffin et al. 2015), conflicting
data suggests that deficits in glutamate re-uptake may contrib-
ute to EtOH-induced increases in accumbal glutamate levels
(Melendez et al. 2005). Therefore, while hyperexcitability of
corticostriatal pathways is well documented in behavioural
sensitization to ethanol and other drugs (Vanderschuren and
Kalivas 2000; Wolf 1998), further exploration into local
accumbal changes may be warranted.

EBS is associated with increased expression ofα1,β2, and
γ2 subunits of GABAA receptors in the NAc of sensitized
mice (Linsenbardt and Boehm 2010). These changes are not
observed in the VTA, suggesting that these adaptations may
be particularly relevant to the expression phase of EBS.
Although these data do not differentiate between low- and
high-sensitizers, our data demonstrated attenuation of
accumbal GABA levels in the NAc of HS mice during EBS
expression. Since dopaminergic regulation of the NAc via
VTA projections plays a critical role in the locomotor response
to rewarding stimuli (Tran et al. 2005), we suspect that
accumbal GABAergic input into the VTA would be reduced
in HS mice relative to LS mice, leading to increased locomo-
tor response to EtOH. That is, accumbal MSN activity would
likely be attenuated in HS mice. Therefore, our observed rel-
ative attenuation of GABA release in HS mice may be in
response increased surface expression and/or responsiveness
of GABAA receptor subunits in these mice. Further investiga-
tion into the differential expression of GABA receptor sub-
units in LS versus HS mice is warranted to elucidate these
adaptive changes.

Similar to GABA, the inhibitory neurotransmitters glycine
and taurine were attenuated in HS mice following EtOH chal-
lenge. Although other models have failed to demonstrate a
direct effect of ethanol on accumbal glycine levels
(Adermark et al. 2011), or suggested a role for glycine in the
anticipation of reward rather than as a direct result of reward-
ing stimuli (Li et al. 2008), our microdialysis results suggest a
direct and differential response in accumbal glycine for high-
versus low-sensitizers. Similar results were observed with tau-
rine, which unlike glycine, has previously been shown to re-
spond directly to EtOH administration (Adermark et al. 2011;
Dahchour et al. 1996; Dahchour et al. 1994). These results are
particularly noteworthy as a growing body of evidence is sug-
gesting that glycinergic regulation of accumbal MSNs is crit-
ical to the dopaminergic feedback by the VTA (Molander and
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Soderpalm 2005). It would, therefore, be instructive to further
investigate changes in GlyR subunit expression in the NAc. In
line with our rationale for GABA, we would suspect that the
observed relative attenuation in glycine and taurine levels in
HS mice is in response to increased expression and/or respon-
siveness of GlyRs on accumbal MSNs.

Study Limitations

For the microdialysis portion of the present study, 4 mice per
group were assessed. Caution is, therefore, advised when
interpreting the microdialysis results. In particular, some of
the subtler differences we observed, which in this study did
not reach statistical significance (e.g. aspartate), would benefit
from further investigation using larger group numbers. It
should be noted, however, that we have previously demon-
strated statistically significant differences in accumbal gluta-
mate after EtOH challenge using only 2–3 mice per group

(Nona and Nobrega 2018). Microdialysis is highly sensitive
to detecting small neurochemical changes and is often per-
formed with 3–6 animals per group (DeVos et al. 2013;
Ulrich et al. 2013; Xie et al. 1999). It should also be noted
that during sensitization, mice were placed in their home cages
after EtOH injections (in the testing room) on days when they
were not being tested for locomotor activity. Although this
protocol provided robust LMA and neurochemical results,
we would encourage placing mice in the LMA test boxes after
all injections in future experiments to avoid possible influ-
ences of different conditioning contexts. Future experiments
interested in absolute levels of amino acids, rather than percent
group differences, would further benefit from the inclusion of
a saline-only group during the expression phase of sensitiza-
tion to account for any effects of injection stress on amino acid
levels. In the current experiment, any effect of injection stress
was assumed to be similar between groups, and therefore, any
remaining differences between groups were attributed to
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Fig. 6 Summary of reward circuitry relevant to EtOH sensitization. This
figure illustrates a simplified schematic of the major systems and
connections involved in reward as it relates to EtOH sensitization. D1-
and D2-type medium spiny neurons (MSNs) in the nucleus accumbens
(NAc) receive direct glutamatergic innervation from the prefrontal cortex
(PFC), as well as other regions including the hippocampus and amygdala
(not shown). Within the NAc, various types of GABAergic interneurons
innervate MSNs. MSNs also receive input from glycinergic neurons and
from taurine released by glial cells. MSNs projections innervate dopami-
nergic neurons in the ventral tegmental area (VTA), which also receive

input from PFC glutamatergic projections and local GABAergic interneu-
rons. These dopaminergic neurons innervate several brain regions, in-
cluding MSNs of the NAc, creating bi-directional interaction between
the NAc and VTA. In the figure, boxes with dashed borders summarize
the NAc microdialysis results for mice acutely treated with EtOH, low-
and high-sensitized mice (LS and HS, respectively). Note: this schematic
does not exhaustively represent all sources of the depicted amino acids
(e.g. astrocyte regulation of synaptic amino acids is not depicted). This
figure is meant to visually highlight major reward circuitry projections
and contextualize the current findings within this circuitry



treatment and sensitization variance. Additionally, performing
behavioural and neurochemical measures during the dark
phase would mitigate any possible influence of EtOH injec-
tions on the circadian rhythm during the light cycle.

Another possible limitation of the present study stems from
practical considerations of the microdialysis sampling sched-
ule. Specifically, the 12 mice included in this experiment
underwent EtOH challenge and microdialysis over a 6-day
span. However, we do not anticipate that this would have
substantially impacted the results. We have previously seen
that the sensitization behaviour is robust and persists for
months following the last sensitization injection (unpublished
data). Since the full sampling protocol requires approximately
5 h and our microdialysis system accommodates 2 mice at a
time, opting to sample from 2 mice per day over 6 days pri-
oritizes the elimination of possible confounding effects of cir-
cadian fluctuation in neurotransmitters, versus condensing the
span of the sampling period. Furthermore, sampling was ran-
domized such that groups were equated across the 6-day sam-
pling period as much as possible.

Summary

We have reproduced our previous results demonstrating a dif-
ferential glutamatergic response in the accumbens of high-
versus low-sensitized mice.We have also built on these results
by investigating other excitatory and inhibitory amino acid
neurotransmitter response in the accumbens of these mice.
Our results suggest that EtOH challenge induces greater ex-
citatory, and attenuated inhibitory neurotransmitter levels in
the accumbens of high-sensitizers. We suspect that these
changes are compensatory responses to decreased expression
and/or responsiveness of NMDAR, and increased expression
and/or responsiveness of GABAA and GlyRs on the surface of
accumbal MSNs. Therefore, neuroadaptations that increase
excitation or attenuate inhibition of MSNs in the presence of
an EtOH challenge may code for the low-sensitizing pheno-
type and illuminate novel targets to treat AUD.
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