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Abstract
Repeated administration of low doses of ethanol gradually increases locomotor responses to
ethanol in adult Swiss mice. This phenomenon is known as behavioral sensitization. However, we
have shown that adolescent Swiss mice show either behavioral tolerance or no sensitization after
repeated ethanol injections. Although the mesolimbic dopamine system has been extensively
implicated in behavioral sensitization, several studies have demonstrated an important role of
glutamatergic transmission in this phenomenon. In addition, relatively few studies have examined
the role of developmental factors in behavioral sensitization to ethanol. To examine the
relationship between age differences in behavioral sensitization to ethanol and the neurochemical
adaptations related to glutamate within nucleus accumbens (NAc), in vivo microdialysis was
conducted in adolescent and adult Swiss mice treated with ethanol (1.8 g/kg) or saline for 15 days,
and subsequently challenged with an acute dose (1.8 g/kg) of ethanol six days later. Consistent
with previous findings, only adult mice demonstrated evidence of behavioral sensitization.
However, ethanol-treated adolescent mice demonstrated a 196.1 ± 40.0% peak increase in
extracellular levels of glutamate in the NAc following ethanol challenge in comparison with basal
values, whereas ethanol-treated adult mice demonstrated a 52.2 ± 6.2% reduction in extracellular
levels of glutamate in the NAc following ethanol challenge. These observations suggest an age-
dependent inverse relationship between behavioral and glutamatergic responses to repeated
ethanol exposure.
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INTRODUCTION
During adolescence, maturational changes in the brain contribute to numerous age-specific
behaviors that are unique to this stage of development. Brain reward systems related to drug
dependence also undergo significant structural and neurochemical rearrangements during
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this period. Adolescent individuals are particularly prone to initiate use of alcohol and other
drugs of abuse (Spear, 2000). Drug use during adolescence may result in critical
neuroadaptive changes that subsequently increase the vulnerability of developing addiction
later in life (Crews et al., 2007; Spear, 2000; Grant and Dawson, 1997).

According to the 2007 U.S. National Survey on Drug Use and Health, the rate of current
alcohol use among youths aged 12 to 17 was 15.9 percent in 2007 (Substance Abuse and
Mental Health Services Administration, 2008). Estimates obtained in a household survey
conducted by the “Centro Brasileiro de Informações sobre Drogas Psicotrópicas” in Brazil,
showed that 54.4 percent of adolescents age 12 to 17 have used alcoholic drinks at least once
in their lifetime (Galduróz and Carlini, 2007). Higher rates of adolescent alcohol
consumption by some adolescent populations may increase the frequency of alcohol abuse
problems later in adulthood. In animals, adolescent rats consume more ethanol than adults in
voluntary drinking paradigms under continuous (Brunell and Spear, 2005; Truxell et al.,
2007) and limited access conditions (Maldonado et al., 2008).

Repeated exposure to drugs of abuse in laboratory animals, including ethanol, produce long-
lasting neuroadaptations in reward systems critically involved with incentive motivation that
persist long after drug exposure has been discontinued (Nestler, 2001). Behavioral
adaptations to repeated drug administration include the development of tolerance and
sensitization, which are characterized by reduced and increased responsiveness to the drug,
respectively. Neurochemical adaptations are related to alterations in reward-related neuronal
signaling pathways and are relevant to drug craving and compulsive aspects of addiction
(Ron and Jurd, 2005). In animal models, such alterations are manifested behaviorally. For
example, repeated administration of the same dose of a drug results in a progressive increase
in the locomotor response to drug administration, a phenomenon known as behavioral
sensitization. This phenomenon has been associated with sensitization to the incentive
motivational effects of drugs (Wise and Bozarth, 1987; Robinson and Berridge, 2001).

Behavioral ontogenic studies have demonstrated that adolescent animals show reduced
development or expression of behavioral sensitization to ethanol (Faria et al., 2008;
Stevenson et al., 2008), increased sensitivity to the acute locomotor stimulant, anxiolytic-
like, and ataxic effects of ethanol (Hefner and Holmes, 2007); increased sensitivity to the
appetitive motivation effects of ethanol (Pautassi et al., 2008) and consume more ethanol
(Brunell and Spear, 2005; Doremus et al., 2005; Maldonado et al., 2008) when compared to
adults. It is known that ethanol is a potent inhibitor of the N-methyl-D-aspartate (NMDA)
receptor subtype for glutamate, and prolonged ethanol exposure leads to a compensatory up-
regulation of NMDA receptor function (Hoffman et al., 1989; Lovinger et al., 1989;
Melendez et al., 2005). Co-administration of the non-competitive NMDA receptor
antagonist MK-801 with ethanol blocks the development of ethanol-induced behavioral
sensitization (Broadbent and Weitemier, 1999; Camarini et al., 2000). These findings
suggest that glutamatergic transmission is involved in the behavioral alterations produced by
repeated ethanol exposure. Moreover, studies have shown that acute ethanol exposure
increases extracellular levels of glutamate in the nucleus accumbens (NAc) (Szumlinski et
al., 2007; Kapasova and Szumlinski, 2008), a forebrain region critically involved in the
reinforcing properties of various drugs of abuse. Moreover, blockade of glutamatergic
signaling in the NAc attenuates ethanol consumption and reinforcement (Gass and Olive,
2009; Cozzoli et al., 2009)

Taken together, these findings suggest that glutamatergic transmission plays an important
role in behavioral responses to repeated ethanol exposure, as well as the motivational effects
of ethanol. However, little is known about the effects of repeated ethanol exposure on
glutamatergic transmission in the NAc at different stages of development (i.e., adolescence
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vs. adulthood). Therefore, the present study was designed to examine the relationship
between age-related differences in the expression of behavioral sensitization to ethanol and
changes in extracellular glutamate levels in the NAc produced by ethanol in adolescent and
adult mice.

MATERIALS AND METHODS
Subjects

Adult male Swiss mice (postnatal day (PND) 57-58 for adults, PND 27-28 for adolescents at
the start of the experiments, (CEDEME, São Paulo, SP, Brazil) were used as subjects. Mice
were housed in groups of 5 in standard Plexiglas cages in a colony room with controlled
lighting (12:12 light-dark cycle, with lights on at 06:30 h) and temperature (22 ± 2 °C)
conditions. Food and water were provided ad libitum. Mice were allowed to adapt to the
colony room for at least five days prior to experimentation. All experiments were carried out
between 8:30 and 11:30 h. All procedures were approved by the Ethical Committee for
Animal Research (CEEA) of the Institute of Biomedical Sciences of the University of São
Paulo.

Drugs
Ethanol (EtOH) (95% v/v, Merck do Brasil, SA) was dissolved in 0.9% w/v sodium chloride
(physiological saline) to produce a 20% v/v ethanol solution and was administered via the
intraperitoneal (i.p) route at a dose of 1.8 g/kg. Control animals received equivalent volumes
of saline (SAL) by i.p. injection.

Procedures
A summary of the experimental schedule is shown in Figure 1. Adolescent or adult mice
(n=12 per group) were treated with either saline or ethanol for 15 consecutive days. On the 2
first days before starting the ethanol treatment, mice received an injection of saline and were
placed in the open field apparatus 5 min after the injection for a period of 5 min in the
apparatus to habituate the animals to injection procedures and the locomotor activity
monitoring environment. Locomotor activity was measured on the first, 7th and 15th day of
the experiment. Microdialysis was conducted six days after the last ethanol injection. On day
21 (6 days following the last ethanol injection), all mice received an acute i.p. injection of
ethanol (1.8 g/kg). Two additional control groups (adolescent and adult) were administered
an equivalent volume of saline on day 21 to control for possible effects of handling and/or
injection stress on extracellular glutamate levels.

For each locomotor activity assessment, animals were placed in the center of a cylindrical
open-field arena (40 cm diameter). The open-field employed consists of a circular wooden
arena (40 cm in diameter and 35 cm high) painted blue. A video camera installed 230 cm
above the apparatus was connected to a computer located outside of the experimental
chamber. Horizontal locomotor activity was quantified by Ethovision software (Noldus, The
Netherlands) for 5 min after a post-ethanol or saline injection time of 5 min.

Surgery
Following locomotor sensitization procedures, mice were implanted with intracerebral guide
cannula for in vivo microdialysis sampling. Anesthesia was induced with 5% isoflurane with
oxygen as a carrier gas and maintained at 2-3% during surgery. Mice were placed into a
stereotaxic frame and the animal’s head was shaved and scrubbed with a betadine solution,
and an incision was made to expose the skull. Two holes were drilled in the skull
approximately 3.0 mm lateral and 3.0 mm posterior to bregma where miniature skull screws
were inserted. An additional hole was drilled anterior to bregma and stainless steel guide
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cannulae (15 mm in length) aimed that the NAc were lowered to a depth of 5.0 mm from
skull surface using the following coordinates from bregma for the NAc (antero-posterior:
+1.7 mm; lateral: + 0.9 mm) (Paxinos and Franklin, 2001). The guide cannulae were fixed to
the skull using dental resin and a dummy probe was inserted into the guide cannula to
prevent obstruction and contamination from external debris. After surgery, animals were
individually housed and allowed to recover for 4 days prior to microdialysis procedures.

In vivo microdialysis procedures
On the afternoon prior to microdialysis procedures, the dummy probe was removed and
microdialysis probes (CMA/7, CMA Microdialysis, North Chelmsford, MA) equipped with
1 mm cuprophane membranes were inserted into the guide cannula. Mice anesthetized
during probe implantation. Probes were perfused with artificial cerebrospinal fluid (aCSF,
Harvard Apparatus, Holliston, MA) via syringes located in a syringe pump (KD Scientific
Inc, New Hope, PA). Probes were connected to the syringe pump via fluorinated ethylene-
propylene tubing (FEP, 0.005” ID). The composition of the aCSF was (in mM): Na 150; K
3.0; Ca 1.4; Mg 0.8; P 1.0; Cl 155. Microdialysis procedures were conducted six days after
the last ethanol injection. Following implantation of the microdialysis probe, microdialysis
tubing was connected to a dual channel liquid swivel (Instech Laboratories, Plymouth
Meeting, MA) via FEP tubing, and the flow rate was set to 0.5 μl/min. Following overnight
equilibration, the flow rate was adjusted to 2.0 μl/min. One hour after this adjustment,
dialysis samples were collected at 15-min intervals. After four baseline samples were
collected, all mice received an acute i.p. injection of ethanol (1.8 g/kg; 20% w/v), followed
by collection of eight additional samples. Saline control groups received an i.p. injection of
saline. Samples were stored at −80°C until analysis by HPLC (see below).

HPLC Analysis of Glutamate
Dialysate glutamate content was determined by a high performance liquid chromatography
system coupled with electrochemical detection (HPLC-ED, ESA Inc., North Chelsmford,
MA) as described previously (Olive et al., 2000; Camarini et al., 2008). Microdialysis
samples were derivatized with o-pthalaldehyde and beta-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO) automatically by a refrigerated autosampler (ESA, Inc.) immediately prior to
injection onto a HR-80 column (ESA, Inc.) (Olive et al., 2000; Camarini et al., 2008). The
mobile phase consisted of 0.1 M NaH2PO4 and 25% (v/v) methanol (pH=6.75) and was
pumped at a flow rate of 0.6 ml/min. Glutamate levels in microdialysis samples were
quantified by comparing computer-integrated peak areas of samples with those of L-
glutamate standards using a three point calibration curve (0, 0.3 μM and 1.47 μM) run every
20 samples. The detection limit of the HPLC assay for glutamate was approximately 0.03
μM at a signal-to-noise ratio of 3 to 1. Samples from seven mice with undetectable levels of
glutamate were excluded from analyses.

Microdialysis data analysis
Absolute levels of glutamate in the microdialysis samples were converted to percent of
baseline dialysate glutamate content. Baseline dialysate levels of glutamate were calculated
by averaging the absolute concentration of glutamate in each of the four pre-injection
dialysate samples of each individual animal, and then all concentrations of dialysate
glutamate were converted to percent of this baseline according to the animal’s individual
basal dialysate levels of glutamate.

Histological verification of probe placement
Following microdialysis procedures, animals were anesthetized with an overdose of
ketamine/xylazine solution. The animal’s heart was then exposed and a heparin-containing
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solution was injected in the left ventricle. Animals were then perfused transcardially with
4% w/v paraformaldehyde in phosphate buffered saline (pH=7.4). After perfusion, brains
were removed and placed in a solution containing 4% paraformaldehyde and 10% (w/v)
sucrose overnight. Brains were then cut on a cryostat at 30 μm thickness and the sections
were mounted on gelatin-coated slides, then allowed to air-dry overnight. The slides were
rehydrated in double-distilled water and stained with thionin (Nissl stain) for 15-45 s until
the desired staining intensity was reached, then gradually dehydrated in 5-min immersions in
ethanol at increasing concentrations (50, 75, 90, 95 and 100%, v/v). Probe placement in the
NAc was verified according to the atlas of Paxinos and Franklin (2001). Only animals with
probe placements restricted to the NAc were included in the data analysis. Eight animals
were excluded from the study due to improper probe placement.

Blood ethanol concentration (BEC)
To address the possibility that age could influence blood-ethanol concentrations (BECs) by
altered ethanol metabolism, separate groups of mice underwent identical behavioral
sensitization procedures as outlined in Figure 1. Ethanol (1.8 g/kg) was injected via the i.p.
route. At 15 and 60 minutes after ethanol injection, blood samples were obtained from the
retro-orbital sinus. At 180 minutes, animals were sacrificed and trunk blood was collected
for BEC determination. Immediately following collection, blood samples were centrifuged
for 10 minutes at 10,000 rpm, and 5 μl of the plasma supernatant from each sample was
analyzed for ethanol concentration using an Analox GL6 Multiassay Analyser (Analox
Instruments, MA, USA). BECs were expressed in mg/dl.

Statistical Analyses
All data were analyzed by a mixed three-way analysis of variance (ANOVA), with time as
the repeated measures factor (i.e., day of locomotor activity assessment for behavioral
sensitization studies or minutes following ethanol injection for the BEC determination or
time following ethanol injection for the glutamate quantification) and treatment (i.e., ethanol
or saline administration on days 1-15) and age group (i.e., adolescent or adult) as the
between subjects factor. Significant interactions were deconstructed for main effects.
Levene’s test was used to assess the homogeneity of variances and if the data passed this
test, Newman-Keuls comparison to a mean was used for planned comparisons, where
appropriate. The significance level was α ≤ 0.05.

RESULTS
Age Differences in Behavioral Responses to Ethanol

A diagram of the timeline of the experimental procedures is shown in Figure 1. Figure 2
shows the locomotor activity of adolescent and adult animals treated with ethanol (1.8 g/kg
i.p.) or saline for 15 consecutive days. Locomotor activity was quantified on the two
habituation days that preceded treatment, on the first treatment day (acute), in the middle of
the treatment (7th day) and the last day (15th day). During the two habituation days, decline
in activity was observed consistent with habituation to the testing apparatus. This
observation was supported by a significant difference between treatment days
[Fdays(1,44)=26.03; p<0.01].

Significant increases in locomotor activity were observed in mice treated with ethanol as
compared to those treated with saline [Ftreatment(1,44) = 51.54; p < 0.01], providing
evidence of a stimulant effect of ethanol at this dose. This effect was confirmed by the
interaction between treatment and days [F(2,88) = 3.77; p < 0.05]. An interaction between
age, treatment, and treatment day [F(2,88) = 3.14; p < 0.05] revealed a significant increase
in the locomotor activity of ethanol-treated adult animals on the fifteenth treatment day in
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comparison to the first treatment day. However, adolescent mice showed no differences in
locomotor activity across the 15 days of treatment, suggesting that adult but not adolescent
mice developed behavioral sensitization to ethanol.

Analysis of the locomotor data from the saline control groups in a two-way ANOVA
revealed a main effect of days [F(4,48) = 6.39; p < 0.01], indicating habituation to the
testing apparatus, but no age effect [F(1,12) = 0.0005; p > 0.05] nor an interaction between
age and days[F(4,48) = 1.28; p > 0.05].

Basal Extracellular Levels of Glutamate in the NAc
A three-way ANOVA (age X treatment X time), with time as a repeated measure, was
performed for the 4 basal levels of glutamate and indicated no differences among groups (all
p-values > 0.05), and no significant interactions were observed. The average ± S.E.M. of the
dialysate glutamate levels in the first four samples (baseline) for adolescent (saline and
ethanol) and adult (saline and ethanol) groups were, respectively, 0.153 ± 0.08, 0.185 ±
0.06; 0.192 ± 0.05 and 0.13 ± 0.12 μM. The average ± S.E.M. of the glutamate levels in the
first four samples (baseline) for the adolescent and adult saline control groups were 0.192 ±
0.04 and 0.196 ± 0.02 μM, respectively, and no intergroup differences were observed (p >
0.05).

Age Differences in Glutamate Responses to Ethanol
A three-way ANOVA (age X treatment X time), with time as a repeated measure, performed
for the 12 microdialysis samples collected, indicated a significant effect of age [Fage(1,36) =
7.93; p < 0.01], time [Ftime(11,396) = 6.1; p < 0.01], an age X treatment interaction [F(1,36)
= 28.04; p < 0.051], an age X time interaction [F(11,396) = 2.18; p < 0.05]; a treatment X
time interaction [F(11,396) = 2.19; p < 0.05], and age X treatment X time interaction
[F(11,396) = 3.92; p < 0.01]. Analysis of the age X treatment interaction revealed that
ethanol-treated adolescent mice demonstrated higher dialysate levels of glutamate than
saline-treated adolescent mice, while adult mice presented an inverse relationship.

As shown in Fig. 3, marked age differences were observed regarding the effect of repeated
ethanol administration during adolescence and adulthood in extracellular levels of glutamate
in the NAc following a subsequent ethanol challenge. Post-hoc analysis of the age X
treatment X time interaction revealed that in ethanol-pretreated adolescent mice, a
subsequent ethanol challenge produced increases in extracellular levels of glutamate from
baseline at 15 min post ethanol challenge. In contrast, ethanol-pretreated adult mice showed
a reduction in extracellular glutamate levels from baseline at 45 min following ethanol
challenge. Ethanol-treated adolescent mice demonstrated a 196.1 ± 40.0% peak increase in
extracellular levels of glutamate in the NAc following ethanol challenge in comparison with
basal values, whereas ethanol-treated adult mice demonstrated a 52.2 ± 6.2% peak reduction
in extracellular levels of glutamate in the NAc following ethanol challenge.

In addition, ethanol-pretreated adult mice displayed lower levels of extracellular glutamate
than ethanol-pretreated adolescent mice from 15 to 75 min post-ethanol challenge. No
statistical differences were found between saline pre-treated adult and adolescent mice. Post-
hoc analysis of the age X treatment X time interaction showed that dialysate glutamate
levels peak at 15 min over basal levels for saline-treated adolescent mice (153 ± 13.5%) and
at 30 min for saline-treated adult mice (169.3. ± 18.7%) after ethanol challenge.

Two-way ANOVA performed on the microdialysis data from the saline control groups
revealed no age effect [F(1,12) = 1.34; p > 0.05], no time effect [F(11,132) = 1.36; p > 0.05]
nor an interaction of age and time [F(11,132) = 0.75; p > 0.05], demonstrating a lack of
effect of handling and/or injection stress on extracellular glutamate levels in the NAc.
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Blood ethanol concentration (BEC)
Table 1 summarizes the BECs measured in saline or ethanol-treated adolescent and adult
mice on ethanol test day at 15, 60 and 180 minutes following the administration of 1.8 g/kg
ethanol.

Statistical analysis of BECs did not reveal significant effects of age or treatment when
comparing the adolescent and adult saline or ethanol-treated mice [Fage(1,28) = 4.06; p >
0.05]; [Ftreatment(1,28) = 1.43; p > 0.05]. The only significant effect observed was an effect
of time [Ftime(2,56) = 260.2; p < 0.01], consistent with ethanol clearance from the blood.
There were no significant interactions observed.

Histological results
Diagrams of coronal mouse brain sections showing approximate locations of microdialysis
probe membranes located in the NAc are shown in Figure 4. Animals with incorrect probe
placements were excluded from analyses.

DISCUSSION
Our results show that adult, but not adolescent, Swiss mice developed behavioral
sensitization to repeated administration of 1.8 g/kg of ethanol. In the current study,
adolescent demonstrated an trend towards an elevated locomotor response to acute ethanol
on day 1 of treatment compared to the adults. However, this difference did not reach
statistical significance, which could be interpreted as a ceiling effect which masked the
sensitized response to the repeated treatment with ethanol. According to the literature,
contradictory behavioral responses to psychostimulant drugs have been demonstrated in
adolescent rodents when compared to adults, showing increased or decreased locomotor
activity in response to cocaine or amphetamine (Lanier and Isaacson, 1997; Spear and Brick,
1979; Spear and Brake, 1983; Laviola et al., 1995; Witt, 1994; Catlow and Kirstein, 2005;
Camarini et al., 2008). The intense neural development period of adolescence may account,
in part, to the variability in behavioral responses to drugs of abuse. Regardless of the
mechanism, the present locomotor results are in accordance with previous findings from our
laboratory (Faria et al., 2008) and that of others using DBA/2 mice (Stevenson et al., 2008).
We also found that the ability of repeated ethanol to induce behavioral sensitization was
inversely related to the effects of a subsequent ethanol challenge on extracellular levels of
glutamate in the NAc. That is, adolescent mice that did not show evidence of locomotor
sensitization to ethanol, a subsequent ethanol challenge increased extracellular glutamate
levels in the NAc of these mice. In contrast, adult mice, which did show evidence of
behavioral sensitization, exhibited a decrease in extracellular levels of glutamate in the NAc
following a subsequent ethanol challenge.

Although it could be speculated that the neurochemical measurements were not conducted in
close temporal proximity to the final locomotor assessment, the correlation between these
two factors should be strongly considered. We demonstrated that a withdrawal period did
not change the pattern of behavioral responses to a challenge dose of ethanol in adolescent
and adult mice pretreated with ethanol (i.e, adolescent mice did not demonstrate locomotor
sensitization in contrast to adults (Faria et al., 2008), which usually express a long-lasting
sensitized response to ethanol (Lessov and Phillips, 1998).

A major neural system essential for drug reward and reinforcement involves dopaminergic
projections from the ventral tegmental area (VTA) to the NAc. However, increasing
evidence suggests a role for glutamatergic transmission in ethanol reward and reinforcement
(Bäckström and Hyytiä, 2004; Biala and Kotlinska, 1999; Camarini et al., 2000; Stephens
and Brown, 1999), particularly glutamatergic input from the prefrontal cortex (PFC) to the

Carrara-Nascimento et al. Page 7

Alcohol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NAc (Kalivas and Volkow, 2005). The NAc plays a role in the pathophysiology of drug
addiction and receives projections from different areas in the PFC. During adolescence, the
PFC is relatively underdeveloped which likely results in the impaired impulse control that is
characteristic of this age population. The ability of ethanol pretreated animals to show
greater increases in extracellular levels of glutamate in response to an ethanol challenge as
compared to similarly treated adult animals may be a result of enhanced excitability of
glutamatergic afferents from the PFC to the NAc in response to ethanol exposure. This may
be related to developmental changes in the PFC. For example, in rats, levels of NMDA
glutamate receptors in the PFC peak at infancy and subsequently decline with age (Insel et
al., 1990). Recently, Henson et al (2008) demonstrated that NR3A levels change over
development in human PFC, with peak levels of expression during early childhood followed
by a gradual decrease into adulthood.

Using in vivo microdialysis to measure extracelullar glutamate levels following ethanol
treatment, Yan et al. (1998) observed that rats receiving i.p. injection of ethanol at a dose of
2.0 g/kg demonstrated significantly decreased extracellular glutamate levels in the NAc.
However, recent studies have demonstrated that this effect is dependent on ethanol dose and
genetic background of the animal (Kapasova and Szumlinski, 2008; Szumlinski et al., 2005,
2008; Dahchour et al., 2000; Selim and Bradberry, 1996). Low doses of ethanol generally
elevate extracellular glutamate in the NAc (Lominac et al., 2006; Moghaddam and Bolinao,
1994) while higher doses of ethanol produce reductions in extracellular glutamate levels in
this region (Moghaddam and Bolinao, 1994).

While less well-studied than the mesolimbic dopamine system, evidence supports a potential
role for glutamatergic transmission in the NAc in mediating behavioral sensitization to
ethanol. Differences in the NAc glutamate response to ethanol are observed between rats
and mice that exhibit different behavioral responses to ethanol (Selim and Bradberrry, 1996;
Dahchour et al, 2000; Kapasova and Szumlinski, 2008). For example, acute ethanol (1.0 g/
kg) enhanced extracellular levels of glutamate in the NAc in Lewis rats (Selim and
Bradberry, 1996). Interestingly, animals selected for differences in sensitivity to the
hypnotic effects of ethanol (low-alcohol sensitivity rats (LAS) and high-alcohol sensitivity
rats (HAS)) also differed in their responses to ethanol with regard to extracellular glutamate
levels in the NAc, as ethanol administration produced an increase in extracellular glutamate
levels in the NAc of LAS rats and a decrease in HAS rats (Dahchour et al., 2000).

Recently, Kapasova and Szumlinski (2008) demonstrated strain differences in changes in
extracellular levels of glutamate in the NAc after acute and repeated ethanol administration.
In this study, microdialysis was conducted in two mice strains: the alcohol-preferring
C57BL/6J mice and alcohol-avoiding DBA2/J mice. Besides differences in ethanol
preference, these strains also differ in behavioral responses to i.p. injections of ethanol, with
DBA2/J mice showing sensitization to the locomotor stimulant effects of ethanol, while in
C57BL/6J mice this phenomenon is not observed. The authors demonstrated that C57BL/6J
exhibited a sensitized glutamate response to ethanol following repeated treatment, whereas
DBA2/J presented tolerance to this effect. Interestingly, our data showed that adult mice,
which presented the typical behavioral sensitization, failed to demonstrate an ability of
ethanol to enhance extracellular levels of glutamate in the NAc. On the other hand,
adolescent mice, which did not exhibit sensitization to the locomotor effects of ethanol,
displayed an increased glutamate response to repeated ethanol treatment. The age-dependent
differences in glutamate response to ethanol could not be attributed to alterations induced by
handling or injection stress, since we found no changes in dialysate glutamate levels
following a saline challenge on day 21 in adolescent or adult mice. Taken together, the
present data are in agreement with Kapasova and Szumlinski (2008) and reinforce the
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hypothesis that glutamatergic transmission plays an important role in behavioral
sensitization to ethanol.

In conclusion, we show that there is an inverse relationship between the development of
ethanol-induced behavioral sensitization and the ability of a subsequent ethanol challenge to
increase extracellular levels of glutamate in the NAc in adolescent versus adult mice.
Considering that it has been demonstrated that pre-exposure to ethanol during adolescence
can promote alcohol intake in adult rodents (Pascual et al., 2009), these findings may be of
relevance to the enhanced propensity to develop substance abuse problems in adults who are
repeatedly exposed to ethanol during adolescence.
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Figure 1.
Summary of the experimental paradigm. n=12 mice/group were used in this experiment. On
the first 2 habituation days (H1, H2), all mice received SAL. During the treatment phase,
mice were treated daily with SAL or 1.8 g/kg i.p EtOH (D1-D15). On the day following the
last ethanol injection (i.e., Day 16), mice underwent stereotaxic implantation of
microdialysis guide cannula. On Day 20, microdialysis probes were implanted, and,
microdialysis sample collection was performed on Day 21. A separate set of animals
underwent identical ethanol or saline treatment but in lieu of microdialysis procedures,
BECs were measured on Day 21. Star denotes assessment of open field locomotor activity.
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Figure 2.
Effects of repeated treatment with ethanol (1.8 g/kg) or saline on locomotor activity in
adolescent and adult Swiss mice. #HAB2 < HAB1, indicating habituation to the
apparatus. +Ethanol-treated mice presented increased locomotor activity as compared with
saline-treated mice. *Ethanol-treated adult mice displayed increased locomotor activity on
Day 15 as compared with the first ethanol injection (Day 1). Inset, control adolescent and
adult mice that received saline on Day 21 showed a similar habituation response (#HAB2
and afterwards < HAB1).
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Figure 3.
Age-related differences in dialysate levels of glutamate in the NAc after an ethanol
challenge (1.8 g/kg) following the behavioral sensitization procedures. (A). Adolescent mice
treated repeatedly with ethanol followed by an ethanol challenge (Adolescent-EtOH)
demonstrated an increase in dialysate levels of glutamate at 15 min post-injection (*p<0.05
vs. last baseline sample), whereas adult mice reated repeatedly with ethanol followed by an
ethanol challenge (Adult-EtOH) showed a reduction in dialysate levels of glutamate at 45
min post-injection (*p<0.05 vs. last baseline sample),. Intergroup differences in dialysate
glutamate levels were found at 15-75 min post-injection (+p<0.05 vs. Adolescent-EtOH
mice at the same timepoint. (B). Adolescent and adult mice treated repeatedly with saline
(Adolescent-sal and adult-sal, respectively) showed similar increases in dialysate glutamate
levels at 15 and 30 min post ethanol challenge (*p<0.05 vs. last baseline sample). However,
no intergroup differences were observed.. (Inset) Administration of saline had no effect on
dialysate levels of glutamate in the adolescent and adult saline control groups..
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Figure 4.
Diagrams of mouse brain coronal sections from the atlas of Franklin and Paxinos (2001)
showing approximate locations of microdialysis probes in the NAc. Numbers alongside each
section represents the distance (in mm) of the section from bregma (B).
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Table 1

BEC in saline- or ethanol-treated adolescent and adult mice after an acute ethanol challenge injection (1.8 g/
kg) on day 21.

Groups 15 min 60 min 180 min

Adolescent-SAL 206.68 ± 14.89 130.21 ± 19.63 7.69 ± 2.19

Adolescent-Ethanol 226.29 ± 7.48 140.49 ± 14.69 7.34 ± 0.69

Adult-SAL 208.08 ± 22.13 163.00 ± 19.05 20.44 ± 6.17

Adult-Ethanol 241.70 ± 5.66 149.95 ± 14.32 10.12 ± 0.37

SAL = saline; BEC = blood ethanol concentration. BECs were measured at 15, 60 and 180 min postinjection. BEC data (expressed in mg/dL) are
shown as mean ± standard error of the mean of each treatment group (n=8 per group). No differences were found between adolescent and adult
mice (saline or ethanol treated).
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