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Abstract
Rationale Glutaminase is considered the main glutamate
(Glu)-producing enzyme. Two isoforms, liver (LGA)- and
kidney (KGA)-type glutaminases, have been identified in
neurons. The role of both enzymes in psychopharmacological
responses to cocaine remains unknown.

Objectives We examined both mRNA and protein expression
of KGA and LGA in the brain of mice sensitized to cocaine.
Additionally, total glutaminase activity was also measured.
Methods Total glutaminase activity and mRNA and protein
expression of KGA and LGAwere measured on the dorsal
striatum, prefrontal cortex, hippocampus and cerebellum of
cocaine-sensitized mice.
Results Cocaine-sensitized animals (20 mg/kg×5 days,
followed by 5 drug-free days) exhibited a decrease of total
glutaminase activity in both the dorsal striatum and the
prefrontal cortex. This was associated with an increase in
KGA mRNA expression in both brain areas that was not
observed when protein KGA levels were measured bywestern
blot. LGAmRNA expression was increased as results of acute
cocaine administration in sensitized animals, although protein
levels were only enhanced in the prefrontal cortex of
sensitized mice. These findings suggest that chronic cocaine
administration modulates glutamate production through the
regulation of glutaminase expression and activity. These
actions are mainly observed in the prefrontal cortex–dorsal
striatum circuit, the neuroanatomical target for the psychos-
timulant sensitization properties of cocaine.
Conclusions The present results indicate that glutaminase
enzymes (mainly KGA) are modulated by cocaine in both
the prefrontal cortex and the dorsal striatum, as part of the
neuroadaptions associated with behavioural sensitization to
this drug of abuse.
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EAAC1 Neuronal excitatory amino acid carrier 1
GA Phosphate-activated glutaminase
Gln Glutamine
Glu Glutamate
KGA Kidney-type glutaminase isoform
LGA Liver-type glutaminase isoform
mGluR Metabotropic glutamate receptor
PFC Prefrontal cortex
VTA Ventral tegmental area

Introduction

Cocaine can induce long-term adaptive changes in brain
circuits involved in the control of motivated behaviour.
Repeated exposure to cocaine and amphetamines induced
behavioural sensitization as part of the neuroplasticity
changes derived of repeated exposure to these psychosti-
mulants. Modification on both dopamine and glutamate
signalling mediate these changes, as it has been described
in recent years (Ferrario et al. 2010; Ito et al. 2002; Kalivas
2004; Mohn et al. 2004). Repeated exposure to psychosti-
mulants produces alterations in glutamatergic transmission
within the mesolimbic dopaminergic reward system and
associated limbic regions (Kauer and Malenka 2007).
Recent studies have implicated glutamatergic synapsis in
the prefrontal cortex and the dorsal striatum as the place
where dynamic changes on glutamate signalling underlies
behavioural sensitization. These changes involve both
ionotropic and metabotropic glutamate receptors (Engblom
et al. 2008; Ghasemzadeh et al. 2009a, b; Kim et al. 2009).
Despite the clear role for glutamate receptors in behavioural
sensitization, there is scarce information on the role of
biosynthetic enzymes responsible for glutamate (Glu)
production (efferent presynaptic terminal) and Glu transport
(Miguens et al. 2008) in the glutamatergic excitatory
synapses of cocaine-sensitized mice.

Glu is the main excitatory neurotransmitter in the
mammalian central nervous system (Collingridge and
Lester 1989; Fonnum 1984), whereas glutamine (Gln) is
considered an important precursor for its synthesis in the
brain through phosphate-activated glutaminase (GA) reac-
tion (Kvamme 1984; Nicklas et al. 1987). GA is both an
important contributor to the transmitter pools of Glu
(Nicklas et al. 1987) and the main Gln-utilizing enzyme
in neurons (Kvamme 1984). For this reason, GA is
regarded as the main glutamate producer enzyme in the
brain. Recently, novel GA isoforms have been discovered in
the brain of mammals, named as kidney-type glutaminase
(KGA) and liver-type glutaminase (LGA), located in the
mitochondria and neuronal nuclei, respectively (Olalla et al.
2002). The identification of the function of each isozyme is

essential for understanding the role of GAs in cerebral
function. Some of the physiological functions of GA
include synthesis of cerebral Glu, renal ammoniagenesis,
nitrogen supply for hepatic urea biosynthesis and energy
supply for the bioenergetics of cells (Curthoys and Watford
1995; Kovacevic and McGivan 1983). In addition to those
functions, Glu biosynthesis in the brain regulates synapto-
genesis and synaptic plasticity and participates in the
pathogenesis of neuropsychiatric diseases (Conti and
Weinberg 1999). Glu is the precursor for the synthesis of
aminobutyric acid (GABA) (Erecinska and Silver 1990). Our
group have described the simultaneous expression of LGA
and KGA mRNA transcripts in human brain (Aledo et al.
2000; Gomez-Fabre et al. 2000). The regional distribution of
GA transcripts indicates that both isoforms co-localize in
numerous cells throughout different brain regions (Olalla et
al. 2002). Interestingly, LGA isoenzyme was not only
expressed in neuronal cells, but also was found in astrocytes
(Olalla et al. 2008). Furthermore, the co-expression of KGA
and LGA isoforms was also demonstrated in brain of other
mammalian species like cow, mouse, rabbit, mouse and rat
(Olalla et al. 2002). Various regions specifically involved in
glutamatergic transmission, such as the cerebral cortex,
hippocampus, striatum and cerebellum, were emphasized as
those presenting the more intense GA immunolabeling
(Marquez et al. 2006).

Understanding the mechanisms by which Glu plays
its role in diverse processes requires not only a detailed
analysis of the enzymes implicated in Glu synthesis on
the presynaptic terminal but also knowledge of the
involved postsynaptic mechanisms. Neuronal excitatory
amino acid carrier 1 (EAAC1, also called EAAT3 or
SLC1A1) is a transporter capable of uptake extracellular
Glu in cerebral cortex, hippocampus, cerebellum, tha-
lamic nuclei, olfactory bulb and spinal cord (Kanai et
al. 1995; Kanai and Hediger 1992; Shashidharan et al.
1994). In addition to transporting Glu, EAAC1 is involved
in the neuronal uptake of cysteine for the synthesis and
maintenance of glutathione homeostasis (Aoyama et al.
2006) and plays other roles in regulating GABA synthesis
and supporting neuron viability. It is possible that EAAC1
may have alternative activities distinct from Glu removal
because these functions are mainly carried out by trans-
porters of the GLT1 and GLAST subtypes. Early in situ
hybridization and immunocytochemical studies have
shown different patterns of cellular distribution for GLT1,
GLAST and EAAC1 (Kanai et al. 1995; Kanai and
Hediger 1992; Lehre et al. 1995; Rothstein et al. 1994;
Velaz-Faircloth et al. 1996). Comparing these studies, it
can observe that GLT1 and GLAST are mostly located in
glial cells, whereas EAAC1 is often expressed in neurons
and we chose it for this reason. At the excitatory synapse,
EAAC1 could contribute to limit the diffusion of Glu from
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the synapse to extra-synaptic NMDA receptors, avoiding
excessive activation of these receptors that could be
deleterious in the case of overstimulation (Nieoullon et
al. 2006).

Neither the mRNA expression of glutaminase nor the
mRNA expression of the EAAC1 transporter has been
studied in the brain of cocaine-sensitized mice. In the
present work, we have studied whether the expression
of both isoforms of GA and the EAAC1 transporter, as
well as total GA activity may be modulated by cocaine
in several brain areas of cocaine-sensitized mice. The
results indicate that GA is modulated by cocaine in the
prefrontal cortex–dorsal/dorsal striatum circuit as part of
the neuroadaptions associated with psychostimulant-
induced behavioural sensitization.

Material and methods

Animals and housing

We used male C57BL/6J mice (25±5 g; Charles Rivers
Laboratories) for cocaine behavioural studies, genomic,
proteomic and GA enzymatic activity. All animals were
maintained at the central vivarium of the University of
Malaga. They were housed in clear plastic cages and
maintained in a temperature (20±2°C) and humidity
(40±5%) controlled room on a 12-h light/dark cycle with
food and water ad libitum. Moreover, all mice were handled
for 5 min/day for at least 2 days prior to behavioural testing
to reduce the effects on test behaviour of the nonspecific
stress of being handled. The maintenance of the animals as
well as the experimental procedures were in accordance with
the European animal research laws (European Communities
Council Directives 86/609/EU, 98/81/CEE, 2003/65/EC and
Commission Recommendation 2007/526/EC).

Drug administration

Cocaine–HCl was obtained from Sigma-Aldrich (Madrid,
Spain) and dissolved in sterile 0.9% NaCl just before
experimentation.

Acute cocaine dose–response curve

We injected different single doses (0, 5, 10 and 20 mg/kg)
of drug subcutaneously in C57BL/6J mice (n=8 per group).
After drug administration, all animals were tested in the
open field test for 30 min through videotracking system
(Smart®, Panlab, Barcelona, Spain) and the total distance
travelled (in centimetres) was measured. The open field
used was an opaque square cage with gray arena (40×40×
40 cm) (Panlab, Barcelona, Spain).

Cocaine sensitization

Cocaine sensitization was conducted following a consecu-
tive four-phase paradigm: cocaine conditioning, drug-free
period (abstinence), conditioned locomotion (CL) probe
and behavioural sensitization (BS) test. Firstly, two mouse
groups were injected with cocaine (20 mg/kg) or vehicle
during five consecutive days and exposed to the open field
(cocaine conditioning). In the next 5 days, all animals
rested without the drug. Then, we evaluated the locomotor
activity response induced by the association between
repeated administrations of cocaine and the place where it
exerted its stimulant effect by simulated administration
(vehicle), CL response. On the last day, we tested the
presence of sensitization by lower dose of cocaine (priming,
10 mg/kg) administration and BS test was assessed. All
animals were evaluated in the open field test to measure the
distance travelled (in centimetres) for 30 min, except in the
drug-free period. In this way, we had four experimental
groups: animals conditioned with cocaine (20 mg/kg) and
administered with vehicle (n=8) or cocaine (10 mg/kg) (n=
8) and animals conditioned with vehicle (n=8) and treated
with vehicle or cocaine (10 mg/kg) (n=8). These indepen-
dent groups of animals (chronic cocaine pretreatment +
acute vehicle treatment, chronic cocaine pretreatment +
acute cocaine treatment, chronic vehicle pretreatment +
acute vehicle treatment and chronic vehicle pretreatment +
acute cocaine treatment) were employed by gene, protein
and enzymatic glutaminase activity studies.

Analysis of gene expression

One hour after acute and chronic cocaine administration, all
animals were sacrificed and their brains were removed,
frozen (−80ºC) and dissected in coronal brain slices (2 mm
thickness) with razor blades in a mouse brain slicer matrix
(Zivic Instruments). The discrete brain regions (striatum,
hippocampus, prefrontal cortex and cerebellum) were
picked up by free hand dissection using a scalpel. These
brain regions were identified according to Mouse Brain in
Stereotaxic Coordinates (Paxinos and Franklin 2001):
prefrontal cortex from the bregma 2.46 to 1.34 mm,
hippocampus from the bregma −1.22 to −3.52 mm, striatum
from the bregma 1.54 to −0.46 mm and cerebellum from
the bregma −5.52 to −7.80 mm.

Reverse transcription and real-time PCR

Real-time polymerase chain reaction (PCR) was used to
measure relative quantification of synthesis enzymes and
transporter mRNA expression involved in the glutamatergic
(LGA and KGA synthesis enzymes; EAAC1 transporter)
neurotransmission. Total RNA from selected brain regions

Psychopharmacology



was isolated using Trizol reagent (Gibco BRL Life
Technologies, Baltimore, MD, USA) according to the
manufacturer’s instructions and purified using RNeasy
Mini Kit (Qiagen, Hilden, Germany). RNA concentra-
tion and purity were determined by measuring optical
density at 260 and 280 nm using a spectrophotometer
(Biotech Photometer, UV 1101, WPA). In all cases,
RNA samples showed A260/280 ratios between 1.8 and
2.0. Reverse transcription and first-strand synthesis from
each sample was carried out using random hexamer
primers and M-MuLV reverse transcriptase (Roche
Applied Science, Indianapolis, USA) according to
manufacturer’s instructions. Negative controls (omitting
reverse transcriptase) were run in parallel. Resulting
cDNAs were used as templates for quantitative real-time
PCR with an iCycler system (Bio-Rad, Hercules, CA,
USA) using the Quanti-Tect SYBR Green PCR kit
(Qiagen, Hilden, Germany). The following primers were
used for real-time PCR (accession no. from NCBI database):
LGA (NM_001033264) forward: 5′-gcactcggatcatgacgcctcac-
3′, reverse: 5′-ttggaccatgcgctgcatcttg-3′ (190 bp product);
KGA (NM_001081081) forward: 5′-gcgagggcaaggagatggtg-
3′, reverse: 5′-ctctttcaacctgggatcagatgttc-3′ (190 bp product);
EAAC1 (BC065099.1) forward: 5′-caggctttctattggcagga-3′,
reverse: 5′-accctttcccttcccctaaa-3′ (216 bp product). Oligonu-
cleotides were provided by Sigma-Proligo (Proligo France
SAS, Paris, France).

Quantification was carried out according to standard
curves run simultaneously as the samples with each
reaction run in duplicate. The PCR product was
separated by electrophoresis in a 1% agarose gel to
verify fragment size and the absence of contaminant
fragments, quantified by measuring the absorbance at
260 nm and serially diluted to 10–5 pg/ml. Several
tenfold dilutions (10–1 to 10–5) were checked for
optimal cycling on the iCycler system (Bio-Rad,
Hercules, CA, USA) and three of them were selected
for standard curves. Each reaction was run in duplicate
and contained 2.5 μl of cDNA template, 8 μl of Master
SYBR Green, 4.86 μl of PCR Ultra Pure Water and
0.64 μl of primers in a final reaction volume of 15 μl.
Cycling parameters were 95°C for 15 min to activate
DNA polymerase, then 30–40 cycles of 94°C for 15 s,
annealing temperature for 30 s (LGA, 55°C; KGA, 60°C;
EAAC1, 51.4°C and β-actin, 57.1°C) and a final extension
step of 72°C for 30 s in which fluorescence was acquired.
Melting curves analysis was performed to ensure that only a
single product was amplified. Absolute values from each
sample were normalized with regard to β-actin (constitutive
gene) mRNA used as reference standard. This internal
standard was chosen based on a first analysis of a panel of
housekeeping genes that additionally included cyclophyllin
and SP1.

Western blotting

To measure the levels of GA proteins in each brain region,
western blotting with purified specific polyclonal anti-
bodies against KGA or LGA, obtained as described by
Olalla et al. (2002), was performed. Protein samples
(40 μg) were separated on SDS-PAGE gels and transferred
to nitrocellulose membranes. After blocking at room
temperature for 1 h with 5% bovine serum albumin
(BSA) in TBST buffer (0.1% Tween 20 in TBS), mem-
branes were incubated with primary antibodies in blocking
buffer with 5% BSA, overnight at 4°C. After incubation
with secondary antibody, the blots were developed by
enhanced chemiluminescense technique as recommended
by the supplier (Pierce) and bands quantified using the
Chemi Doc System (BioRad). β-actin was quantified and
used a as loading control.

GA enzymatic activity

The discrete brain regions from dissections were resus-
pended in TES buffer (25 mM Tris–HCl, 0.2 mM EDTA,
0.33 M sucrose, pH 8.0) containing the complete protease
inhibitor cocktail (Roche), homogenized and solubilised
with TX-100 at a final concentration of 1% (v/v). After
centrifugation at 100,000×g for 30 min at 4°C, the super-
natants were divided into aliquots and kept at −80°C until
analysis. The protein content in each sample was deter-
mined by the Bradford method. Glutaminase activity was
assayed by measuring the ammonia produced in the
catalytic reaction as described by Heini et al. (1987).
Samples of 25 μL were added to 35 μL of a mixture of
100 mM potassium phosphate, 171 mM L-glutamine and
1.5 mM NH4Cl, pH 8.0 and incubated for 1 h at 37°C. The
reaction was terminated by adding 10 μL of tricarboxylic
acid (TCA) 10%, kept on ice for 15 min and centrifuged at
12,000×g. Aliquots of 5 μL were then mixed with 150 μL
of o-phthalaldehyde/mercaptoethanol reagent (10 mL 0.2 M
potassium phosphate, pH 7.4, 0.56 mL of 72 mM mercap-
toethanol in ethanol and 0.56mL of 186mMo-phthalaldehyde
in ethanol). The samples were kept at room temperature in
the dark and their absorbance measured at 410 nm after
45 min together with an NH4Cl standard. For blanks, the
samples and substrate solution were incubated separately and
mixed after the addition of TCA.

Statistical analysis

Results are expressed as the mean±standard error of the
mean (SEM) of at least ten determinations per experimental
group. Statistical significance of behavioural results was
assessed by one-way/repeated measured (RM) analysis of
variance (ANOVA) and post hoc Newman–Keuls test.
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Statistical significance of gene quantifications was analyzed
by two-way ANOVA and post hoc Bonferroni test with
acute treatment (vehicle or cocaine for 1 day) and chronic
pretreatment (conditioning with vehicle or cocaine for
5 days) as two main factors. In all cases, we considered a
statistically significant difference from chance at p<0.05.
All data were analyzed with statistical software SPSS for
Windows 11.5 (Lead Technologies).

Results

Acute cocaine dose–response effect in C57BL/6J mice

We measured acute cocaine dose–response curve with
different doses (0, 5, 10 and 20 mg/kg) in C57BL/6J mice
(see Fig. 1a). Our results showed a typical progressive
enhancement on the distance travelled as cocaine doses were

gradually higher (one-way ANOVA, doses effect [F (3, 44)=
27.0265, p=0.000], with 10 (Tukey, 10 vs. 0, p=0.002) and
20 mg/kg dose producing the highest effect (Tukey 20 vs. 0,
p=0.000; 20 vs. 5, p=0.000; 20 vs. 10, p=0.008).

Cocaine sensitization

All mice injected with vehicle saline exhibited a standard
baseline control, whereas acquisition of conditioned
response was progressively increased in cocaine-exposed
animals (20 mg/kg) for 5 days [one-way RM ANOVA,
within-subjects factor, F (4, 120)=7.761, p=0.001] (see
Fig. 1b). Cocaine-treated group showed a significant
increase in locomotor activity compared to control group
[one-way RM ANOVA, between-groups factor, F (1, 30)=
208.21, p=0.001] caused by repeated drug injections, every
day during treatment (post hoc Newman–Keuls, days 1, 2,
3, 4 and 5; p≤0.001).

Fig. 1 a Acute cocaine dose–response curve in C57BL/6J mice.
Different doses of acute cocaine (0, 5, 10 and 20 mg/kg) showed an
increase in total distance travelled in the open field. The 10–20 mg/kg
doses significantly increased the distance travelled compared to other
doses. **p<0.01 and *** p<0.001 compared to vehicle group or ##p<
0.01 and ###p<0.001 compared to cocaine (20 mg/kg group). b
Chronic cocaine conditioning. Acquisition of the cocaine-conditioned
response increased during five treatment days. Cocaine-treated group
showed a significant increase in locomotor activity compared to
control group by chronic drug injections. ***p<0.001 compared to
vehicle group each treatment day. c Conditioned locomotion response
induced by chronic cocaine administration after a vehicle injection.

**p<0.01 compared to vehicle group. d Behavioural sensitization
response was measured with animals conditioned with cocaine/vehicle
(20 mg/kg) and administered with vehicle/cocaine (10 mg/kg) in the
probe. Acute cocaine-treated groups (10 mg/kg) showed increased
locomotor activity compared with control groups. Between previously
cocaine-treated groups, the enhancement was significantly higher in
cocaine-conditioned pretreated mice (20 mg/kg) than non-conditioned
pretreated mice as a consequence of cocaine-induced sensitization.
***p<0.001 compared to vehicle groups and ###p<0.001 compared to
cocaine (10 mg/kg) group. All results are presented as means±SEM
(n=at least eight per group)
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Five days after cocaine conditioning, all groups were
subjected to the cocaine CL test with vehicle administration.
In this form, chronic cocaine-conditioned group showed a CL
response compared to non-conditioned control group [one-
way ANOVA, chronic pretreatment effect, F (1, 50)=6.5354,
p=0.0137] (see Fig. 1c). This effect was produced by an
association between the features of environment and cocaine-
rewarding properties after five consecutive injection days.
One day later, we measured the BS response with animals
conditioned with cocaine (20 mg/kg) and administered with
vehicle or cocaine (10 mg/kg) and animals conditioned with
vehicle and treated with vehicle or cocaine (10 mg/kg). Our
results revealed that the groups who had received an acute
cocaine dose (10 mg/kg) showed increased locomotor
activity compared to their control groups [one-way ANOVA,
acute treatment effect with respect to vehicle-conditioning
group, F (1, 15)=30.3958, p=0.001; acute treatment effect
with respect to cocaine-conditioning group, F (1, 15)=
33.1728, p=0.001]. Moreover, this increase was significantly
higher in mice that had previously been conditioned with
cocaine (20 mg/kg) than whose had received the first dose
[one-way ANOVA, cocaine sensitization effect, F (1, 15)=
20.9737, p=0.001] as a result of cocaine-induced sensitiza-
tion (see Fig. 1d). BS was established on these mice as a
model of addiction for the gene expression study and thus
identifies the neuroadaptive changes in the expression of
genes associated with the effects of acute/chronic consump-
tion and the induction of cocaine sensitization.

Cocaine may produce changes in glutamatergic trans-
mission that has been associated with brain alterations in
mice after chronic drug administration. The genomic
dysfunctions induced by acute and chronic cocaine admin-
istration in the glutamatergic system were shown studying

the expression of genes involved in biosynthesis and
transport of Glu in the mouse brain. We assessed short-/
long-term mRNA modifications caused by differences in
acute treatment (vehicle or cocaine for 1 day), chronic
pretreatment (conditioning with vehicle or cocaine for
5 days) and its interaction (acute treatment × chronic
pretreatment). To evaluate these factors, we analyzed the
expression profiles of the genes coding for the enzymes of
Glu synthesis (LGA and KGA) and neuronal Glu trans-
porter (EAAC1) in prefrontal cortex, hippocampus, stria-
tum and cerebellum of treated mice (dosing procedures
were as described in the before experimental section).

Before analyzing the data from region to region, the first
relevant result found was that the KGA mRNA expression
levels were much higher compared to LGA in the whole
brain from mouse by qPCR using poly(A+)mRNA. The
number of copies of KGAwas 46.96±9.48×104, while of
LGA was only 3.021±0.33×104 (authors’ unpublished
results, manuscript in preparation).

LGA expression is activated by acute cocaine treatment
in the prefrontal cortex and acute cocaine priming in striatum

We analyzed the regional pattern of LGA gene expression
after cocaine administration. In the prefrontal cortex, LGA
mRNA expression levels showed significant changes in
acute [two-way ANOVA, acute treatment effect, F (1, 27)=
4.2880, p=0.0481] but neither chronic administration [two-
way ANOVA, chronic pretreatment effect, F (1, 27)=
3.4110, p=0.0758] nor interaction effect [two-way ANOVA,
acute treatment × chronic pretreatment effect, F (1, 27)=
0.0982, p=0.7564] was found (see Fig. 2c). In this case,
levels of LGA mRNA in acute cocaine/sensitized mice were

Fig. 2 Quantitative real-time PCR analysis of liver-type glutaminase
mRNA expression normalized to the levels of β-actin mRNA in
different brain regions. Each value corresponds to mRNA levels in
C57BL/6J mice after acute treatment (sensitization with vehicle or
cocaine for 1 day) and chronic pretreatment (conditioning with vehicle
or cocaine for 5 days). a Comparison of the expression of LGA in the
striatum of cocaine acute treated and chronic pretreated mice. b
Comparison of the expression of LGA in the hippocampus of cocaine

acute treated and chronic pretreated mice. c Comparison of the
expression of LGA in the prefrontal cortex of cocaine acute treated
and chronic pretreated mice. d Comparison of the expression of LGA
in the cerebellum of cocaine acute treated and chronic pretreated mice.
Bars indicate the mean value±SEM. Two-way ANOVA followed by
Bonferroni post hoc test, *p<0.05; **p<0.01; ***p<0.001 (n=7–8 per
group)
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increased in the prefrontal cortex. Otherwise, LGA expression
in the striatal region (see Fig. 2a) did not show any significant
difference when cocaine was injected with acute [two-way
ANOVA, acute treatment effect, F (1, 24)=3.275, p=0.0829)
or chronic injection protocols [two-way ANOVA, chronic
pretreatment effect, F (1, 24)=1.399, p=0.2485]. However,
we found an interaction effect between both variables [two-
way ANOVA, acute treatment × chronic pretreatment effect, F
(1, 24)=8.418, p=0.0078] that could indicate that a part of
this effect might be due to a robust cocaine-induced neuronal
sensitization. On the other hand, the expression profile of
LGA mRNAwas similar in hippocampus and cerebellum (see
Fig. 2b–d). The levels of LGA expression did not show
changes after different treatments, chronic pretreatment [hip-
pocampus, two-way ANOVA, chronic pretreatment effect,
F (1, 27)=0.5214, p=0.4765; cerebellum, two-way ANOVA,
chronic pretreatment effect, F (1, 25)=0.1109, p=0.7419] and
acute treatment [hippocampus, two-way ANOVA, acute
treatment effect, F (1, 27)=0.4346, p=0.5153; cerebellum,
two-way ANOVA, acute treatment effect, F (1, 25)=4.185, p=
0.0514] with cocaine nor interaction [hippocampus, two-way
ANOVA, acute treatment × chronic pretreatment effect, F (1,
27)=0.0246, p=0.8764; cerebellum, two-way ANOVA, acute
treatment × chronic pretreatment effect, F (1, 25)=0.2993,
p=0.5891].

KGA expression is activated by chronic cocaine
pretreatment in striatum but is inhibited by acute cocaine
treatment in hippocampus

In the striatal region, the expression of KGA synthesis
enzyme showed statistically significant differences caused

by chronic pretreatment [two-way ANOVA, chronic pre-
treatment effect, F (1, 27)=5.369, p=0.0283] (see Fig. 3a).
Repeated administration of cocaine increased KGA expres-
sion basal levels in striatum. Chronic pretreatment pro-
duced long-term overstimulation throughout the increased
neuronal excitability of glutamatergic striatal neurons. This
neural excitation may be caused by an enhanced KGA
enzymatic activity related to an augmented locomotion
induced by cocaine conditioning. Instead, KGA did not
show significant differences in acute treatment [two-way
ANOVA, acute treatment effect, F (1, 27)=0.0251 p=
0.8751] or interaction [two-way ANOVA, acute treatment ×
chronic pretreatment effect, F (1, 27)=3.273, p=0.0816]. In
the other way, our data show that acute treatment
diminished KGA expression basal levels in hippocampus
[two-way ANOVA, acute treatment effect, F (1, 27)=
15.840, p=0.0005], but we did not find differences
produced by chronic pretreatment [two-way ANOVA,
chronic pretreatment effect, F (1, 27)=1.980, p=0.1708]
or interaction [two-way ANOVA, acute treatment × chronic
pretreatment effect, F (1, 27)=1.980, p=0.1708] (see
Fig. 3b). These results suggest that, under acute conditions,
cocaine may downregulate the transcription of KGA.
Moreover, the measurement of KGA expression in the
prefrontal cortex and the cerebellum did not show varia-
tions induced by chronic pretreatment [prefrontal cortex,
two-way ANOVA, chronic pretreatment effect, F (1, 24)=
2.384, p=0.1357; cerebellum, two-way ANOVA, chronic
pretreatment effect, F (1, 26)=3.303, p=0.0807], acute
treatment [prefrontal cortex, two-way ANOVA, acute
treatment effect, F (1, 24)=3.432, p=0.0763; cerebellum,
two-way ANOVA, acute treatment effect, F (1, 26)=1.107,

Fig. 3 Quantitative real-time PCR analysis of kidney-type glutamin-
ase mRNA expression normalized to the levels of β-actin mRNA in
different brain regions. Each value corresponds to mRNA levels in
C57BL/6J mice after acute treatment (sensitization with vehicle or
cocaine for 1 day) and chronic pretreatment (conditioning with vehicle
or cocaine for 5 days). a Comparison of the expression of KGA in the
striatum of cocaine acute treated and chronic pretreated mice. b
Comparison of the expression of KGA in the hippocampus of cocaine

acute treated and chronic pretreated mice. c Comparison of the
expression of KGA in the prefrontal cortex of cocaine acute treated
and chronic pretreated mice. d Comparison of the expression of KGA in
the cerebellum of cocaine acute treated and chronic pretreated mice.
Bars indicate the mean value±SEM. Two-way ANOVA followed by
Bonferroni post hoc test, *p<0.05; **p<0.01; ***p<0.001 (n=7–8 per
group)
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p=0.3024] or interaction [prefrontal cortex, two-way
ANOVA, acute treatment × chronic pretreatment effect, F
(1, 24)=0.678, p=0.1484; cerebellum, two-way ANOVA,
acute treatment × chronic pretreatment effect, F (1, 26)=
1.626, p=0.2135) (see Fig. 3c, d).

EAAC1 glutamate transporter expression is decreased
in striatum after both acute and chronic cocaine treatments
but increased in cerebellum by chronic pretreatment

Regarding the EAAC1 Glu transporter in striatum, our data
showed statistically significant differences in both forms of
cocaine administration. The levels of EAAC1 transporter in
striatum were affected by acute cocaine treatment [two-way
ANOVA, acute treatment effect, F (1, 24)=13.610, p=
0.001] and chronic pretreatment (two-way ANOVA, chronic
pretreatment effect, F (1, 24)=8.386, p=0.008], but not
their interaction [two-way ANOVA, acute treatment ×
chronic pretreatment effect, F (1, 24)=1.548, p=0.225]
(see Fig. 4a). This means that cocaine conditioning as well
as the acute treatment and relapse to the drug diminished
the levels of EAAC1 transporter mRNA expression in
striatum. In case of the EAAC1 mRNA expression levels in
cerebellum, we observed a chronic effect induced by
cocaine pretreatment [two-way ANOVA, chronic pretreat-
ment effect, F (1, 27)=4.520, p=0.043], but not by acute
treatment [two-way ANOVA, acute treatment effect, F (1,
27)=0.322, p=0.575] or interaction [two-way ANOVA,
acute treatment × chronic pretreatment effect, F (1, 27)=
1.034, p=0.318] (see Fig. 4c). This enhancement in the
levels of Glu transporter mRNA could be due to initial
chronic pretreatment with cocaine in Purkinje cells where

the EAAC1 transporter is especially abundant. The remain-
ing regions studied, hippocampus and prefrontal cortex, did
not present differences in the rest of comparisons for Glu
transporter (see Fig. 4b–d). Levels of EAAC1 expression
did not show modifications after diverse treatments, chronic
pretreatment [hippocampus, two-way ANOVA, chronic
pretreatment effect, F (1, 27)=1.655, p=0.209; prefrontal
cortex, two-way ANOVA, chronic pretreatment effect, F (1,
26)=3.276, p=0.082] and acute treatment [hippocampus,
two-way ANOVA, acute treatment effect, F (1, 27)=1.212,
p=0.281; prefrontal cortex, two-way ANOVA, acute treat-
ment effect, F (1, 26)=0.138, p=0.713) with cocaine nor
interaction (hippocampus, two-way ANOVA, acute treat-
ment × chronic pretreatment effect, F (1, 27)=3.400, p=
0.076; prefrontal cortex, two-way ANOVA, acute treatment ×
chronic pretreatment effect, F (1, 26)=1.483, p=0.234].

Western blotting results

After ending the analysis of genomic changes, LGA and
KGA protein levels were measured on brain regions where
changes had been revealed in mRNA glutaminase expres-
sion (see Fig. 5a–d) by western blotting. In this sense, we
only observed a significant interaction effect between acute
× chronic cocaine pretreatment [two-way ANOVA, interac-
tion effect, F (1, 20)=12.80, p<0.01] in LGA protein levels
measured in prefrontal cortex (see Fig. 5b).

GA activity results

Our results showed a reduced GA activity in the striatum
[two-way ANOVA, pretreatment effect, F (1, 20)=7.787,

Fig. 4 Quantitative real-time PCR analysis of neuronal Glu trans-
porter (EAAC1) mRNA expression normalized to the levels of β-actin
mRNA in different brain regions. Each value corresponds to mRNA
levels in C57BL/6J mice after acute treatment (sensitization with
vehicle or cocaine for 1 day) and chronic pretreatment (conditioning
with vehicle or cocaine for 5 days). a Comparison of the expression of
EAAC1 in the striatum of cocaine acute treated and chronic pretreated
mice. b Comparison of the expression of EAAC1 in the hippocampus

of cocaine acute treated and chronic pretreated mice. c Comparison of
the expression of EAAC1 in the prefrontal cortex of cocaine acute
treated and chronic pretreated mice. d Comparison of the expression
of EAAC1 in the cerebellum of cocaine acute treated and chronic
pretreated mice. Bars indicate the mean value±SEM. Two-way
ANOVA followed by Bonferroni post hoc test, *p<0.05; **p<0.01;
***p<0.001 (n=7–8 per group)
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p<0.05] and the prefrontal cortex (two-way ANOVA,
pretreatment effect, F (1, 20)=26.17, p<0.001] after
chronic cocaine pretreatment, but this effect was not found
in the hippocampus [two-way ANOVA, pretreatment effect,
F (1, 20)=0.8354, p<0.3716] after cocaine conditioning
(see Fig. 6a–c). This functional measured did not show
significant differences after acute treatment in the brain
regions evaluated (striatum, two-way ANOVA, treatment
effect F (1, 20)=0.01884, p<0.8922; hippocampus, two-
way ANOVA, pretreatment effect F (1, 20)=0.8354, p<
0.3716; prefrontal cortex, two-way ANOVA, treatment
effect F (1, 20)=1.947, p<0.1782) (see Fig. 6a–c). In
summary, we observed a reduction of enzymatic GA
activity in the striatum and the prefrontal cortex after 5 days
of abstinence.

Discussion

Three main findings arise from the present studies. First,
GA activity is decreased after repeated exposure to cocaine
using a dose regimen that induces behavioural sensitization
to this psychostimulant. Second, there is a clear temporal
dissociation between the effects on the expression of the
mRNAs for GA isoforms and the EAAC1 glutamate
transporter, which are mainly affected after acute cocaine
challenge, and the total GA activity, which is affected
mainly by repeated exposure to the psychostimulant. Third,
main changes were observed on the prefrontal cortex–
dorsal striatum circuit, which is the anatomical site for the
neuroplasticity events that underlie the cocaine-induced

behavioural sensitization (Dong et al. 2005; Engblom et al.
2008; Everitt and Wolf, 2002; Ghasemzadeh et al. 2009a;
Kim et al. 2009). Overall, the results set in place GA as a
relevant protein involved in the neuroadaptions associated
to repeated cocaine exposure.

Glutaminase activity changes can be attributed to
alterations on KGA since in the mouse brain there is a
differential expression of L- and K-type GA isoforms. The
presence of KGA is much higher than LGA in the whole
mouse brain measured by qPCR using poly(A+)mRNA
(authors’ unpublished results, manuscript in preparation). In
general terms, KGA biosynthetic enzyme expression is
much more abundant than LGA in prefrontal cortex,
hippocampus, striatum and cerebellum. These data are
consistent with our previous results at the protein level,
showing that KGA immunolabeling was more pronounced
in the mammalian brain than LGA (Olalla et al. 2002;
Olalla et al. 2008). This differential pattern of expression
could be due to the fact that KGA was located in the
mitochondrial compartment while LGA was mostly found
in the neuronal nuclei (Olalla et al. 2002). Glutaminase
activity was not affected by acute cocaine challenge neither
in vehicle-exposed nor in cocaine-exposed animals. How-
ever, two-way ANOVA revealed that repeated cocaine
exposure elicited a decrease in GA activity in both the
dorsal striatum and the prefrontal cortex. Neither a vehicle
injection nor a challenge with a cocaine injection was able
to recover the GA activity values to those shown by acute
control or acute cocaine-treated animals. Cocaine-induced
sensitization is associated to enhance glutamate transmis-
sion in both brain areas (Nasif et al. 2005a, b). This action

Fig. 5 Quantitative analysis of
LGA protein levels in striatum
(a) (n=5) and prefrontal cortex
(b) (n=6) and KGA in striatum
(c) (n=6) and hippocampus (d)
(n=6) after acute treatment
vs. chronic pretreatment with
vehicle and cocaine in mice by
using western blot analysis.
Protein levels were normalized
to β-actin as arbitrary units of
optical density (mean±SEM) as
arbitrary units of optical density
(mean±SEM). **p<0.01

Psychopharmacology



of cocaine is produced by dynamic changes in both
glutamate release (Pierce et al. 1996; McFarland et al.
2003) and glutamate receptor signalling ((Engblom et al.
2008; Ghasemzadeh et al. 2009a; Kim et al. 2009; Xi et al.
2002; Xie and Steketee 2008). In this context, the decrease
in GA activity may be either a counter-regulatory inhibition
to compensate the enhanced glutamate output or be related
to the fact that withdrawal from repeated exposure to
cocaine reduces basal extracellular Glu levels in the basal
ganglia (Schmidt and Pierce, 2010). Since we observed an

enhanced GA activity 5 days after cessation of repeated
cocaine exposure, this explanation seems to be plausible.

The second relevant finding is the confirmation of the
modification of the GA isoform expression as result of
cocaine administration. Cocaine has been shown to alter
Glu transmission in ventral tegmental area (VTA) and its
projection areas, both directly to the accumbens nucleus or
indirectly (substantia nigra, medial prefrontal cortex, septo-
hippocampal area and cerebellum) contributing in the
psychostimulant behavioural effects (Kalivas 2004; Kalivas
et al. 2009). But the role of GA enzymes and EAAC1
transport on the mediation of cocaine-induced sensitization
was unknown in these brain regions. This is a relevant issue
since the prefrontal–cortex/dorsal striatum circuit is the key
anatomical target for chronic cocaine actions. Understand-
ing glutamate dynamics in this circuit may help us to
understand the vulnerability to develop compulsive drug-
seeking habits in cocaine addiction (Everitt et al. 2008). In
the dorsal striatum, we observed an increased expression of
the mRNAS coding for KGA and LGA after acute cocaine
exposure in cocaine-sensitized animals, which contrasts
with the decrease in the activity observed in these areas.
This indicates that cocaine exposure dissociates the upre-
gulation of GA mRNA isoforms from protein activity. This
finding stresses the importance of monitoring not only
mRNA expression but protein levels and activity, since cell
phenotype is derived from the later (Pradet-Balade et al.
2001). Similar dissociations have been described for
glutamate receptors in the VTA of cocaine-exposed animals
(Choi et al. 2011).

The decrease in the expression of the EAAC1 carrier
after acute cocaine, in both control and cocaine-sensitized
animals, suggests that this Glu transporter plays also a role
in the neuroadaptions to cocaine. Although we do not have
functional evaluation of its activity, previous results support
this idea. Thus, the decrease in basal accumbal Glu during
withdrawal from chronic cocaine exposure has been
attributed to a cocaine modulation of the activity of the
cysteine–Glu antiporter (Baker et al. 2002 , 2003).

Finally, major changes were observed in the prefrontal
cortex–dorsal striatum circuit, in agreement with the
described role for these brain areas in psychostimulant-
induced sensitization. Outside from this circuit, our data
indicated that neither GA activity nor LGA and EAAC1
mRNA levels were unaffected in mouse hippocampus or
cerebellum, with the exception of a small increase in
cerebellar expression of the transporter as result of cocaine
challenge. The only robust effect observed after cocaine
exposure outside the cortico-striatal circuit was a decrease
in KGA expression in the hippocampus after acute cocaine
in both control and cocaine-sensitized animals. This
decrease in the KGA expression has an impact neither in
protein levels nor in total GA activity. This pattern of

Fig. 6 Quantification of the enzymatic activity to glutaminase in
striatum (a) (n=6), hippocampus (b) (n=6) and prefrontal cortex (c)
(n=6) after acute treatment vs. chronic pretreatment with vehicle and
cocaine in mice. *p<0.05; ***p<0.001
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restricted regional effects of cocaine has been found also in
other members of the glutamate-signalling pathway such as
the mGluR8 whose protein expression levels in the
hippocampus and prefrontal cortex also remained constant
after acute cocaine injection while they were downregulated
in the striatum (Zhang et al. 2009).

In summary, our data suggest that cocaine sensitization is
associated to prefrontal cortex–dorsal striatum decrease in
the activity of Glu synthetic enzymes and to a modulation
of the expression of GA isoforms and the EAAC1 Glu
transporter. Minor changes were observed in the hippocam-
pus and cerebellum indicating than in this model of cocaine
actions the main relevant target is the dorsal striatum and
functionally associated PFC. These observed changes in the
levels of Glu biosynthetic activity and transporter may alter
excitatory neurotransmission in the mesocorticolimbic
dopamine system, which could play a significant role in
the enduring biochemical and behavioural effects of
cocaine. Further research is needed to understand the
temporal dynamics of GA contribution to cocaine-induced
behavioural sensitization.
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