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Abstract
Rationale Lysophosphatidic acid is a phospholipid media-
tor that modulates neurodevelopment and neurogenesis in
the hippocampus through its actions on LPA1 receptors.

Emerging evidences support LPA1 as a mediator of learning
and emotional behaviour. There are no studies addressing
its role on behaviours associated to drug abuse.
Objectives We examined whether genetic deletion of LPA1
receptor in maLPA1-null mice affected either cocaine-
induced conditioned locomotion (CL) or behavioural
sensitization (BS) induced by repeated cocaine exposure.
We also analysed whether cocaine induced changes in the
expression of functional markers of both dopamine- and
glutamate-related genes in the striatum and the dorsal
hippocampus.
Methods We monitored cocaine-induced CL and BS in both
genotypes of mice. Striatal dopamine and hippocampal
glutamate-related genes were measured by real-time quan-
titative PCR, Western blot, and immunohistochemistry.
Results maLPA1-null mice exhibit an attenuated CL
response after cocaine conditioning but a normal BS after
repeated cocaine exposure. These behavioural changes
were associated to alterations on the expression of
metabotropic mGLUR3 glutamate receptors and on the
actions of cocaine on the GLUR1 subunit of AMPA
glutamate receptors in the hippocampus of maLPA1

animals. Striatal dopaminergic markers (tyrosine hydrox-
ylase, dopamine D1 receptor, and dopamine transporter
DAT), were similar in both genotypes and were equally
affected by cocaine exposure.
Conclusion The present results indicate that the lack of
LPA1 receptor affect cocaine-induced conditioned locomo-
tion but not behavioural sensitization. The findings suggest
that LPA1 receptor may be necessary for a normal
associative contextual learning associated to cocaine,
probably through the modulation of hippocampal glutama-
tergic circuits.
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Abbreviations
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepro-

pionic acid
BS Behavioural sensitization
CL Conditioned locomotion
DAT Dopamine transporter
LPA Lysophosphatidic acid
mGluR Metabotropic glutamate receptor
NAc Accumbens nucleus
NMDA N-methyl-D-aspartic acid
PCR Polymerase chain reaction
TH Tyroxine hydroxylase
wt Wild-type

Introduction

Lysophosphatidic acid (LPA; monoacyl-sn-glycerol-3-phos-
phate) is a bioactive molecule to the family of phospholi-
pids named to lysophospholipids that induces a variety of
biological responses in different type of cells. LPA plays a
functional role as mediators for different developmental
events and adult physiology processes in the mammalians.
Since more than 10 years ago, Chun & cols. started to
identify the subfamily of lysophospholipid receptors (Chun
et al. 1999; Hecht et al. 1996; Zhang et al. 1999), and now
more than five of these receptors have been well charac-
terised (Anliker and Chun 2004; Chun 2005; Ishii et al.
2004; Lee et al. 2006, 2007; Mutoh and Chun 2008;
Noguchi et al. 2009). The LPA receptors are proteins that
belong to the G protein-coupled receptor superfamily
(Anliker and Chun 2004; Moolenaar 1999; Mutoh and
Chun 2008). LPA activates multiple signal transduction
pathways, some of them mediated by Rho-family GTPases
(RhoA, Rac1, Cdc42) (Moolenaar et al. 2004) with possible
implications in diverse processes as brain development,
vascular remodelling, and tissue healing. Activation of
these small GTPases helps to explain LPA effects on the
control of the assembly of the actin cytoskeleton in
response to extracellular changes. Some of these changes
might have impact on synaptic remodelling and thus affect
neuronal plasticity and memory processes.

Recent studies of our group have demonstrated that LPA
can develop an essential role on neurogenesis in mouse
brain. LPA1-null mice (maLPA1-null variant) showed a
reduced ventricular zone, altered neuronal markers, and
increased cell death that results in a loss of cortical cell
density during the formation of the cerebral cortex (Estivill-

Torrus et al. 2008). On related regions, such as hippocampal
formation, the dentate gyrus showed defective in all
processes from proliferation, differentiation to survival
within the cerebral neurogenesis in adult mouse under
normal and enriched environment housing conditions
(Matas-Rico et al. 2008). Hippocampal adult-born neurons,
specifically the subgranular zone of the dentate gyrus,
appear to be necessary to synaptic plasticity, learning, and
memory. Current behavioural results indicated that after
evaluating functions of LPA1 in sensorimotor activity,
emotional and cognitive areas in adult mice, maLPA1-null
exhibited deficiencies in spatial memory retention and
abnormal use of searching orientation strategies (Santin et
al. 2009), defective working and reference memory inde-
pendently of exploratory and emotional impairments
attributed to hippocampal malfunction (Castilla-Ortega et
al. 2010). Others results have shown an impairment of
prepulse inhibition (PPI) response in LPA1-null mice. LPA1-
null mice display a reduced ability to filter out irrelevant
auditory stimulation, which may lead to the development of
cognitive deficits (Harrison et al. 2003; Roberts et al. 2005)
and schizophrenia-like psychoses (Desbonnet et al. 2009).
Relationship between LPA1 receptor and its influence in
neuropathological states could be related with the functions of
LPA1 receptor in generating/controlling anxiety-like behav-
iours, and learning and memory alterations.

A relevant model to evaluate the contribution of LPA1
receptors to memory and learning is the analysis of the
effects of drugs of abuse. Chronic exposure to drugs of
abuse can induce long-term changes in neuroplasticity on
several functional circuits. These changes can be revealed
through behavioural analysis that include conditioned
locomotion responses and behavioural sensitization. For
instance, repeated chronic cocaine exposure is associated
with the development of two different types of behavioural
responses: conditioned locomotion (CL, the increase on
basal locomotion in a context paired to cocaine adminis-
tration) and behavioural sensitization (BS, the increase on
the effect of cocaine on locomotion after repeated cocaine
administration). These responses have been thought to be
independent (Hotsenpiller and Wolf 2002; Tirelli et al.
2003), and they are related to dynamic modulation of
dopamine and glutamate transmission in the basal ganglia,
hippocampus, and limbic forebrain (Pierce and Kalivas
1997; Mohn et al. 2004; Rodríguez-Borrero et al. 2006;
Chambers et al. 2010). Besides these classic transmitters,
lipid mediators including lysophospholipids are gaining
place as relevant signals contributing to the neuroadaptions
associated to chronic drug exposure. The role of LPA1
receptors and their interactions with the glutamatergic and
dopaminergic synaptic neurotransmission in the dynamic
alterations associated to drug exposure remains to be
determined. In the present work, we examined whether
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genetic deletion of LPA1 receptors affects both cocaine-
induced CL and BS as well as the functional expression of
either dopamine-related or glutamate-related signalling
genes. Results indicate that LPA1 receptor might be
involved in the regulation of associative (hippocampus-
dependent) but not implicit (striatum-dependent) learning
such as cocaine-induced sensitization.

Material and methods

Animals

All procedures were carried out with wild-type (C57Bl/6;
25±5 g) and maLPA1-null male mice (mixed background
C57Bl/6×129SW; 25±5 g). The maLPA1-null mice are a
Málaga variant of LPA1-null mouse colony (Estivill-Torrus et
al. 2008), which arose spontaneously from the initially
reported LPA1-null mouse line (Contos et al. 2000) while
crossing heterozygous foundational parents within their
original mixed background. Currently, more than 14
maLPA1-null generations have been obtained by backcross-
ing. Male mice were obtained from heterozygous×heterozy-
gous/homozygous maLPA1-null mating and genotyped for
lpa1 deletion by PCR (Contos et al. 2000). 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. The maintenance of the animals as well
as the experimental procedures was 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

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

Behavioural studies

Open field test

The mazes used were four open field gray background of
size 50×50×50 cm (Panlab, Barcelona, Spain). Animals
were placed individually in the centre of the field after
injection of drug or vehicle, and their behaviour were
recorded and analysed for 30 min through videotracking
system (Smart®, Panlab, Barcelona, Spain). The results
were measured as total distance travelled (centimetre).

Cocaine dose–response curve

In order to determine the correct profile response to
different doses of cocaine and to find the appropriate dose
for a suitable conditioning process, we administered
cocaine subcutaneously (s.c.) with a concentration of 0, 5,
10, and 20 mg/kg. Immediately after injection, animals
were tested in the open field test and locomotion registered.

Cocaine conditioning, conditioned locomotion,
and behavioural sensitization

Animals were exposed to a cocaine administration program
with a dose of 20 mg/kg for five consecutive days (cocaine
conditioning). In both genotypes, one half of the animals
were treated with cocaine and the other half with vehicle.
During the 5 days of cocaine administration, animals were
exposed to the open field for 30 min when drug or vehicle
was administered. After 5 days of drug consecutive
administration, all mice rested 5 days without drugs. On
the 11th day, we assessed both conditioned locomotion
(CL) test by vehicle administration and behavioural
sensitization (BS) test where the effect of a cocaine dose
of 10 mg/kg was measured in the context paired with
cocaine administration. CL and BS were evaluated using
three different schedules. On the first, we tested serially CL
and BS as described above (Fig. 2a). On the second, we
used different set of animals for CL and BS (Fig. 3a). On
the third (Fig. 4), we only evaluated BS in animals injected
with saline and habituated to the open field until a stable
pattern of locomotion is established (60 min after injection).

For both genotypes, we had three experimental groups:
animals conditioned with cocaine (20 mg/kg) and admin-
istered with cocaine (10 mg/kg—cocaine sensitization), and
animals conditioned with vehicle and treated with vehicle
(vehicle control) or cocaine (10 mg/kg—acute cocaine).

Tyrosine hydroxylase immunohistochemistry

Eight adult mice (12 weeks old at the time of the experiment)
were used for this study (four for each wild-type and maLPA1-
null group). The animals were deeply anesthetised and
perfused transcardially with 0.1 M phosphate-buffered saline
(PBS, pH 7.4), followed by ice-cold fixative solution (4%
paraformaldehyde, 75 mM lysine, and 10 mM sodium
metaperiodate in PBS). After 24 h in the fixative solution,
all brains were cut into 40-μm-thick coronal sections with a
microtome and stored in PBS supplemented with 30%
sucrose and 0.1% sodium azide. After blocking the
endogenous peroxidase activity, avidin, biotin, and biotin-
binding proteins (Vector Labs kit), the brain sections were
incubated with anti-TH antibodies (Sigma; T2928) at 1:3,000
dilution for 72 h at 4°C and processed by the avidin–biotin
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method using biotinylated anti-rabbit IgG (Vector, 1:500) and
ExtrAvidin–peroxidase conjugate (Sigma, 1:2,000). Immuno-
reaction product was visualised with 0.05% diaminobenzi-
dine, 0.03% nickel ammonium sulphate, and 0.01% H2O2.
Immunostaining was observed under a Nikon Eclipse 800
microscope, and images were acquired with a Nikon
DXM1200, high resolution digital camera.

Analysis of mRNA expression

One hour after the end of behavioural experiments, all
animals were sacrificed and their brains removed, frozen
(−80°C), and dissected in coronal brain slices (2 mm
thickness) with razor blades in a Mouse Brain Slicer Matrix
(Zivic Instruments). The discrete brain regions were picked
up using a scalpel (dorsal hippocampus) or a sample mini-
corer (striatum) by free hand dissection. Target brain regions
were identified according to Paxinos and Franklin (2001):
dorsal hippocampus from the bregma −1.22 to −3.52 mm
and striatum from the bregma 1.54 to −0.46 mm.

Reverse transcription and real-time PCR

Real-time PCR was used to measure relative quantification
of different receptors, transporters, and synthesis/degrada-
tion enzymes mRNA expression involved in the dopami-
nergic (TH synthesis enzymes, D1 receptor and DAT
transporter) and glutamatergic (mGlu3 and mGlu5 recep-
tors; NR1, NR2A, NR2B, NR2C subunits NMDA iono-
tropic receptor; GluR1, GluR2, GluR3, GluR4 subunits
AMPA ionotropic receptor) neurotransmission. During all
the process, material was clean and free of RNases.

Total RNA extraction from dorsal hippocampus and
striatum was isolated using Trizol reagent (Gibco BRL Life
Technologies, Baltimore, MD, USA) according to the
manufacturer’s instructions. Then the RNA was cleaned
using RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA
concentration and purity was determined by measuring
optical density at 260 and 280 nm using a spectrophotom-
eter (Biotech Photometer, UV 1101, WPA). In all cases,
RNA samples showed A260/280 ratios between 1.8 and
2.0. First-strand synthesis from each sample was carried out
using random hexamer primer and M-MuLV reverse
transcriptase (Roche Applied Science, Indianapolis, USA)
according to manufacturer’s instructions. Negative controls
included reverse transcription reactions omitting reverse
transcriptase. Resulting cDNAs were used as the template
for real-time quantitative PCR with an iCycler system (Bio-
Rad, Hercules, CA, USA) using the Quanti-Tect SYBR
Green PCR kit (Qiagen, Hilden, Germany). Primers used
for real-time PCR (accession no. from NCBI database)
were shown in Table 1, and oligonucleotides 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
in a 1% agarose gel electrophoresis 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 LightCycler, and three
of them in an interval within which the samples fell 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 (TH 60.2°C,
D1 59.4°C, DAT 62°C, mGlu3 61.4°C, mGlu5 61.4°C, NR1
61.4°C, NR2A 61.4°C, NR2B 57.1°C, NR2C 57.1°C, GluR1
57.1°C, GluR2 55°C, GluR3 58.9°C, GluR4 57.1°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 normalised with regard to β actin
(constitutive gene expression) used to reference standard. This
internal standard was chosen based on first analyzing a panel
of housekeeping genes that additionally included cyclophilin
and SP1. By using the real-time quantitative PCR, we could
measure the expression of different genes on selected brain
regions (dorsal hippocampus and striatum) related to reward
circuitry of treated animals, associated to the dopaminergic
and glutamatergic system.

Western blotting

Animals were killed by decapitation, and the brain was
immediately isolated, snap frozen in liquid nitrogen, and
stored at −80°C until use. Lysates of mouse striatum and
hippocampus were homogenised and incubated in RIPA
buffer 1× (Thermo Scientific, Rockford, IL, USA) containing
a proteinase and phosphatase inhibitor cocktail (sodium
fluoride 50 mM, sodium orthovanadate 1 mM, sodium
pyrophosphate 10 mM, β-glycerophosphate 10 mM, NaF
5 mM, NaOV4 100 μM, NaH2PO4 1 mM, aprotinin 80 μM,
pepstatin A 2 mM, trypsin inhibitor 1 μM, phenylmethyl-
sulfonyl fluoride 50 μM; Merck) for 2 h at 4°C and then
centrifuged at 10,000×g for 15 min at 4°C.

Equivalent amounts of protein extract (35 μg) were
separated by 7.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electroblotted onto
nitrocellulose membranes. We pre-incubated blots with a
blocking buffer containing PBS, 0.1% Tween 20, and 2%
albumin fraction V from bovine serum (Merck) at room
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temperature for 1 h. For protein detection, the blotted
membrane lanes were incubated in the following primary
antibodies and dilutions at room temperature overnight:
monoclonal anti-tyrosine hydroxylase from mouse, diluted
1:1,000 (cat. no. T2928; SIGMA, Saint Louis, MI, USA);
polyclonal anti-dopamine transporter from rabbit, diluted
1:1,000 (cat. no. AB1591P; Millipore, Billerica, MA,
USA); monoclonal anti-NMDAR1 from rabbit, diluted
1:1,000 (cat. no. AB9864; Millipore), monoclonal anti-
glutamate receptor type 3 from rabbit, diluted 1:1,000 (cat.
no. 1731-1; Epitomics, Burlingame, CA, USA); polyclonal
anti-phospho-GluR1 (Ser845) from rabbit, diluted 1:850
(cat. no. OPA1-4118; Thermo Scientific); monoclonal anti-
β-actin from mouse, diluted 1:1,000 cat. no. A5316;
SIGMA). After extensive washing in PBS containing 1%
Tween 20 (PBS-T), a peroxidase-conjugated goat anti-
rabbit antibody or goat anti-mouse antibody (Promega,
Madison, WI) was added, both diluted at 1:10,000, for 1 h
at room temperature. Peroxidase marker proteins with
defined molecular weights (Full-Range Rainbow Molecular
Weight Markers; cat. no. RPN800E, Amersham) were used
for molecular weight determination in immunoblots. Mem-
branes were then subjected to repeated washing in PBS-T
and the specific protein bands visualised using the
enhanced chemiluminescence technique (Western Blotting
Luminol Reagent; cat. no. sc-2048, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) and Auto-Biochemi Imag-
ing System (LTF Labortechnik GmbH, Wasserburg/
Bodensee, Germany).

Statistical analysis

Results are expressed as the mean±SEM (standard error of
the mean) of at least ten determinations per experimental
group. Statistical significance of behavioural data was

assessed by one- and two-way ANOVA with/without
repeated measures (RM-ANOVA), followed by post hoc
Tukey test. Statistical significance of gene quantifications
was analysed by two-way ANOVA. In all cases, we
considered a statistically significant difference from chance
at *p<0.05, **p<0.01, and ***p<0.001. All data were
analysed with statistical software SPSS-15 for Windows
(Lead Technologies) and GraphPad Prism 4 (GraphPad
Software, Inc.).

Results

Behavioural results

Dose–response effect of cocaine administration
in maLPA1-null mice

We carried out a cocaine dose–response curve in the open
field for 30 min with wild-type and maLPA1-null mice
(Fig. 1). Cocaine differentially activated locomotion in both
genotypes (treatment [F(3,69)=48.128, p<0.001] and ge-
notype [F(1,69)=5.976, p=0.017] effect, two-way
ANOVA). In both genotypes, the dose of 20 mg/kg
produced the similar effects although maLPA1-null mice
had lower activity compared to wild-type group after a
vehicle injection [p=0.035] (Fig. 1).

Cocaine conditioning in maLPA1-null mice

Figure 2 depicts the experimental design (Fig. 2a) and the
results on acquisition of sensitization (Fig. 2b), conditioned
locomotion (Fig. 2c), and behavioural sensitization to
cocaine (Fig. 2d). Based on cocaine dose–response studies,
we selected the dose of 20 mg/kg for conditioning during

Table 1 Primers used for real-time PCR (accession no. from NCBI database) and oligonucleotides employed (Proligo France SAS, Paris, France)

Gene ID GenBank accession numbers Forward sense primer Reverse antisense primer bp DNA fragment amplified

DA TH NM_009377.1 ccaaggaaagtgtcagagttgg accctgcttgtattggaagg 150

D1 NM_010076.1 ttctcctttcgcatcctcac atgaccaagacagccaccaa 176

DAT AF_109391 acccgctgctgagtattttg tacatagggcatggtagctgtg 193

GLU mGluR mGluR3 NM_181850.2 tgagtggtttcgtggtcttg tgcttgcagaggactgagaa 153

mGluR5 BC096533.1 aagaaggagaaccccaacca ttcggagactggagagtttg 179

NMDA NR1 NM_008169 gtgcaagtgggcatctacaa tgggcttgacatacacgaag 157

NR2A NM_008170 gtttgttggtgacggtgaga aagaggtgctcccagatgaa 180

NR2B NM_008171 atgtggattgggaggatagg tcgggctttgaggatacttg 249

NR2C NM_010350 ggaatggtatgatcggtgag ccgtgaggcacattacaaac 225

AMPA GluR1 NM_008165.2 210 ttttctaggtgcggttgtgg ttggagaactgggaaca 210

GluR2 NM_001039195.1 aaggaggaaagggaaacgag ccgaagtggaaaactgaacc 217

GluR3 NM_016886.2 caacaccaaccagaacacca atcggcatcagtgggaaa 229

GluR4 NM_019691.3 ttggaatgggatggtaggag taggaacaagaccacgctga 250
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five consecutive days. Both genotypes had a similar
acquisition of cocaine conditioning throughout the five
consecutive injections (Fig. 2b) ([repeated measures (RM)-
ANOVA: days effect, F(4,164)=11.113, p<0.001] for total
distance travelled, [RM-ANOVA: days×treatment effect,
F(4,164)=11.436, p<0.001] for treatment effect). We did
not observe a significant difference between genotypes
[RM-ANOVA: genotype effect, F(1,41)=2.903, p=0.096]
nor treatment×genotype interaction [RM-ANOVA: inter-
action effect, F(1,41)=1.442, p=0.237].

Cocaine-conditioned locomotion and cocaine-induced
sensitization in maLPA1-null mice

Repeated injections of cocaine induced CL (treatment
effect, F(1,32)=7.822, p<0.05, two-way ANOVA). Chronic
cocaine pre-treated wild-type group exhibited a conditioned
locomotor response in relation to the non-conditioned
group [p<0.05] (Fig. 2c). However, cocaine-conditioned
maLPA1-null mice showed an attenuation of CL. These data
suggest that the impairment of a CL response in maLPA1-
null mice has a memory deficit in the expression of
contextual conditioning.

On the next day, we assessed BS with the same groups of
animals used in the CL, but in this case, each chronic
cocaine pre-treated group was injected with cocaine
(10 mg/kg), and each basal locomotion group was injected
with vehicle (vehicle control) or acute cocaine (10 mg/kg).
We found that cocaine enhanced locomotion (treatment
effect, F(2,51)=28.608, p<0.001, two-way ANOVA), with
a similar response in both genotypes (F(1,51)=0.870, p=

0.425, two-way ANOVA, ns) and no treatment×genotype
interaction (interaction effect, F(2,51)=0.870, p=0.425,
two-way ANOVA, ns). Thus, after priming injection,
maLPA1-null and wild-type mice showed a robust BS
(Fig. 2d).

Cocaine-conditioned locomotion and -sensitization
in maLPA1-null mice independently evaluated

To further verify that previous exposure to the test in the CL
study is not inducing a recovery of BS in maLPA1 null
mice, we tested again CL and BS in different set of animals.
Additionally, mice were evaluated over longer period of
time (90 min) and testing sessions were analysed by time
bins (10 min) (see experimental design on Fig. 3a and
sensitization acquisition Fig. 3b).

In the CL test, analysis of the main effects showed a
significant effect of treatment [two-way ANOVA: treatment
effect, F(1,25)=97.783, p<0.001], genotype [two-way
ANOVA: genotype effect, F(1,25)=18.012, p<0.001] and
interaction [two-way ANOVA: interaction effect, F(1,25)=
19.177, p<0.001]. Chronic cocaine pre-treated wild-type
group exhibited a normal conditioned locomotor response
in relation to the non-conditioned control group [p<0.001]
that remained for the entire 90 min test. However, although
maLPA1-null mice also showed conditioned locomotion
(Fig. 3c), it was only restricted to the initial intervals of
time (20 min) disappearing thereafter (Fig. 3d). From t=20
to t=90 min post field exposure maLPA1 null mice had a
similar behaviour than the non-conditioned animals. While
the increased locomotion of cocaine-conditioned animals
over saline-conditioned animals was of 83.4 %, that
presented by maLPA1 animals was of 65%. Moreover, total
scores for CL in wild-type mice was 50.4% greater than
that of maLPA1.This attenuation of the response is in
accordance with the previous experiment, although the
initial CL observed was not present in the first experimental
day. The variability on the response to novelty and
conditioning conditions in maLPA1 mice has been observed
before, and we think it is related to a disturbance of
emotional processes observed in these animals (Castilla-
Ortega et al. 2010).

In a separated group of animals, we measured the BS
response after a cocaine priming (10 mg/kg) and their
corresponding acute cocaine controls (10 mg/kg). Our
results revealed that the groups who had been cocaine
sensitised showed an increased locomotor activity com-
pared to those who had received a cocaine dose for the first
time [two-way ANOVA: treatment effect, F(1,44)=33.400,
p<0.001, Fig. 3e], regardless of genotype [two-wayANOVA:
genotype effect, F(1,44)=11.392, p=0.01] and interaction
[two-way ANOVA: interaction effect, F(1,44)=1.865, p=
0.179]. Cocaine priming injection induced behavioural

Fig. 1 Stimulation of locomotion induced by cocaine. Data represent
mean distance travelled after three doses of cocaine by either wild-
type and maLPA1-null mice. Error bars indicate SEM. N=8–10
animals per group. ***p<0.001; *p<0.05 (control versus cocaine
treatment); #p<0.05 maLPA1-null vs. wild-type mice, Tukey’s test
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sensitization compared with acute cocaine controls [p<0.001]
in both genotypes, but this response was lower in maLPA1-
null mice [p<0.01] (Fig. 3e). This robust cocaine-induced
sensitization was also observed between time bins from 0 to
50 min when the effect of sensitization is equally stronger in
both genotypes (Fig. 3f). At the last minutes of the BS
session (50–90 min), we found a significant difference in
locomotor activity between wild-type and maLPA1-null mice
[p<0.05; p<0.001], but these differences could be due to a
residual effect of contextual associative memory rather than
as a result of cocaine-induced sensitization by itself. Global

scores for BS over acute cocaine were similarly enhanced in
both sensitised genotypes (47.9% for wild-type and 43.4%
for maLPA1).

Finally, we analysed whether habituation to the field
may affect the expression of BS. To this end, animals
conditioned either with saline or cocaine 20 mg/kg were
injected with saline and habituated to the field for
60 min. Then, they were injected with cocaine (10 mg/kg).
Results are depicted in Fig. 4. Open-field habituated animals
of both genotypes exhibited a clear response to cocaine
(F(3,63)=33.641; p<0.001), which was clearly different

Fig. 2 Effects of cocaine on conditioned locomotion and behavioural
sensitization measured serially in the same group of either wild-type
or maLPA1-null mice. a Scheme for cocaine sensitization treatment
and serial tests for conditioned locomotion and behavioural sensitiza-
tion. b Chronic cocaine treatment (20 mg/kg) significantly enhanced
locomotor activity in open field during 5 training days regardless of
genotype compared to vehicle groups. c Conditioned locomotion was

observed in cocaine-exposed wild-type group of animals, but not in
maLPA1-null mice. d A cocaine-priming injection (10 mg/kg) elicited
robust reinstatement of locomotor response in both genotypes showing
behavioural sensitization. Data represent mean distance travelled±SEM.
***p<0.001 and **p<0.01, *p<0.05 compared to vehicle control, #p<
0.05 and ###p<0.001 compared to acute cocaine (10 mg/kg)
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in between groups conditioned with saline with respect to
those conditioned with cocaine that exhibited a marked
cocaine-induced sensitization. There were no differences

in between genotypes (F(1,63)=0.583; p=0.448) nor
specific interactions genotype×cocaine in the BS test (F
(3,63)=0.141; p=0.935).
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Immunohistochemical, Western blotting, and genomic
results

In order to gain insights on the potential mechanisms
implicated on the effects of LPA1 receptor deletion on CL,
we explored the integrity of dopaminergic transmission on

the striatum and the expression of glutamatergic receptors
in the dorsal hippocampus. Main data and statistical
analysis are given in Tables 2, 3, 4, 5, 6, and 7 and Figs. 5,
6, and 7.

Effects of LPA1 receptor deletion and cocaine treatment
on TH, DAT, and dopamine D1 receptor

Since cocaine-induced sensitization depends on integrity of
dopaminergic transmission on the basal ganglia (Pierce and
Kalivas 1997), we analysed whether maLPA1 null mice
exhibited a normal dopaminergic innervation at both
neuroanatomical and biochemical levels. Table 2 shows
that mRNA levels of the TH, DAT, and D1 receptor were
similar in both wild-type and maLPA1 mice. The mRNA of
these genes was not affected by chronic cocaine treatment
(statistical analysis shown on Table 3). Cocaine treatment
was very close to produce a significant reduction on both
genotypes.

In order to get further information on anatomical
distribution of TH and on the expression of the protein
for TH and DAT, we performed immunohistochemistry and
Western blot analysis. Figure 5 shows that TH distribution
has a similar pattern in both genotypes and that chronic
cocaine reduced TH equally in both genotypes (Table 4 for
statistical analysis). This is consistent with the normal
behavioural response in terms of sensitization after chronic
exposure.

Effects of LPA1 receptor deletion and cocaine treatment
on glutamate receptors in dorsal hippocampus

Since we observed that maLPA1-null mice displayed a
blunted CL, we suspected that it may be derived of a
contextual memory deficit. This deficit may be related to an
alteration of hippocampal function in LPA1 null mice that
may implicate an altered glutamate neurotransmission. In
order to evaluate this hypothesis, we assessed the mRNA
expression of glutamate receptors (metabotropic glutamate
receptors mGluR5 and mGluR3, ionotropic glutamate N-
methyl D-aspartate (NMDA) receptor subunits NR1, NR2A,
NR2B, and NR2C, and ionotropic glutamate α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptor subunits GluR1, GluR2, GluR3, and GluR4),
followed by confirmation by Western blot. Data are
presented in Figs. 6 and 7 and on Tables 5, 6, and 7.

Metabotropic glutamate receptors

LPA1 null mice exhibited a normal level of expression of
glutamate receptors mRNA levels on dorsal hippocampus
(Tables 5 and Fig. 5) with the exception of a significant
increase in mGluR3 receptor [two-way ANOVA: genotype

Fig. 4 Lack of effects of a previous habituation to the open field
(60 min of exposure) on acute cocaine (10 mg/kg) induced
behavioural sensitization measured in both wild-type and maLPA1-
null mice injected for 5 days with either saline or cocaine 20 mg/kg.
See details in the text. Both genotypes exhibited a similar enhanced
locomotion after cocaine with respect to that measured along 60 min
of habituation (open columns). This psychostimulant effect was
greater on animals that were injected previously for 5 days with
cocaine (black columns, sensitised animals) than on those that
received 5 days of saline (gray columns). Statistical significance is
indicated by *p<0.05, **p<0.01, and ***p<0.001 cocaine vs.
habituated locomotion. Both genotypes exhibited sensitised responses
##p<0.01 and ###p<0.001 repeated cocaine vs. repeated saline. Error
bars indicate SEM

Fig. 3 Effects of cocaine on conditioned locomotion and behavioural
sensitization measured in different groups of either wild-type or
maLPA1-null mice. a Scheme for cocaine sensitization treatment and
tests for conditioned locomotion and behavioural sensitization. b
Chronic cocaine treatment (20 mg/kg) significantly enhanced loco-
motor activity in open field during 5 training days regardless of
genotype compared to vehicle groups. c Wild-type and maLPA1-null
mice pre-treated with cocaine showed a conditioned locomotor
response compared to their control groups, but this response was
significantly lower in maLPA1-null compared with wild-type mice.
Statistical significance is indicated by ***p<0.001 compared to
control groups and ++p<0.01 compared to conditioned wild-type
mice. d CL session in time bins (10 min), the analysis showed a CL
deficit in maLPA1-null (20–90 min). Statistical significance is
indicated by *p<0.05 and **p<0.01 compared to conditioned
maLPA1-null mice. e Cocaine priming injection (10 mg/kg) induced
a robust BS in both genotypes showing BS. Statistical significance is
indicated by ***p<0.001 compared to acute cocaine (10 mg/kg) and
+p<0.05 compared to maLPA1-null mice cocaine sensitised. f BS
session in time bins (10 min), the analysis did not show differences in
sensitization between genotypes, except at the last minutes of the
session (50–90 min). Statistical significance is indicated by *p<0.05
and ***p<0.001 compared to sensitised maLPA1-null mice. Error
bars indicate SEM
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effect: mGluR3, F(1,12)=7.807, p=0.0162] (Fig. 6a).
Cocaine treatment did not affect the expression levels of
mGluR5 and mGluR3 (Table 6).

Ionotropic NMDA receptor

Cocaine conditioning induced a significant decrease on
mRNA expression of NR1 subunit (Fig. 6b; Table 6),
regardless of genotype [two-way ANOVA, genotype effect:
F(1,14)=0.0420, p=0.8405]. The remaining subunits of the
glutamate ionotropic NMDA receptor (NR2A-B-C) did not
change after chronic cocaine pre-treatment independently of
genotype (Tables 5 and 6).

Ionotropic AMPA receptor

Of the four subunits of the glutamate ionotropic AMPA
receptor analysed, only GluR3 was affected as results of
chronic cocaine treatment in both genotypes (Tables 5 and
6; Fig. 6c). Cocaine treatment decreased GluR1 expression
in wild-type but not on maLPA1 null mice. The remaining
subunits were affected neither by genotype no by cocaine
treatment (Tables 5 and 6).

Western blot analysis

Taking in consideration that alterations in mRNA expres-
sion are not always followed by effects on protein
translation and function, we examined the protein levels

of NR1 and GLUR3 subunits and the amount of phosphor-
GLUR1 that has been specifically linked to sensitization.
Both, GLUR3 and NR1 were decreased by cocaine (Table 7;
Fig. 7) although the effect on the GLUR3 was only
observed in maLPA1 null mice. Analysis of phosphorylated
forms of GluR1 (Ser845 phospho-GluR1) did not revealed
an effect of treatment despite a non-significant decrease
(p=0.1) in cocaine-treated wild-type animals.

Discussion

The present study was planned to study whether targeted
deletion of LPA1 is involved in cocaine-induced condi-
tioned locomotion and sensitization. These two different
modalities of learning involve different circuits of the
cortico-limbic-striatal interplay. Our results strongly suggest
that LPA1-mediated signalling is relevant for the expression
of contextual CL induced by cocaine, but not BS after
repeated exposure. The impairment on the CL response
exhibited by maLPA1-null mice could indicate a failure to
learn correctly the association between properties of an
environment (open field) and cocaine-rewarding properties,
or a failure to sustain the expression of the conditioned
response because of emotional interferences, since maLPA1

exhibits alterations in emotional processing (Castilla-Ortega
et al. 2010). In this work, we demonstrated that the memory
deficit in the expression of cocaine-CL may be associated
to alterations in glutamatergic receptors in the dorsal

Table 3 Statistical analysis of either TH, D1, or DAT mRNA expression in the striatum (two-way ANOVA did not show differences among
genotypes (wild-type vs. maLPA1-null mice), treatments (vehicle vs. chronic cocaine) and interaction in the expression of these mRNAS)

ANOVA results: statistical analysis of TH, D1, and DAT mRNA expression in the dorsal striatum of ma-LPA1 null mice by
quantitative real-time PCR (target gene/beta-actin)

TH D1 DAT

Genotype F[1,28]=0.119; p=0.732 F[1,28]=0.123; p=0.727 F[1,28]=0.421; p=0.5213

Treatment F[1,28]=0.635; p=0.432 F[1,28]=1.787; p=0.192 F[1,28]=3.394; p=0.076

Interaction F[1,28]=0.154; p=0.697 F[1,28]=0.8367; p=0.368 F[1,28]=0.1597; p=0.692

Table 2 Data are presented as mean±SEM of quantitative real-time PCR analysis of TH, D1, and DATmRNA expression normalised to the levels ofβ-
actin mRNA in striatum

TH, D1, and DAT mRNA expression (mean±SEM) in the dorsal striatum of ma-LPA1 null mice by
quantitative real-time PCR (target gene/beta-actin)

TH D1 DAT

Genotype Wild-type Vehicle 0.005±0.0006 0.118±0.0128 0.011±0.0018

Cocaine 0.005±0.0003 0.102±0.0050 0.007±0.0007

maLPA1-null Vehicle 0.005±0.0004 0.109±0.0064 0.011±0.0025

Cocaine 0.005±0.0002 0.106±0.0051 0.009±0.0009

36 Psychopharmacology (2012) 220:27–42



hippocampus in the absence of LPA1. In contrast, maLPA1-
null mice developed a robust acquisition of the cocaine-
conditioning and BS response after cocaine priming
injection (10 mg/kg), without differences in respect to
wild-type control mice. This dissociation between cue-
induced reward-seeking behaviour and behaviours directly
producing contingent reward reflects the involvement of
different functional neural circuits (Grimm and See 2000;
Vorel et al. 2001). Moreover, recent studies have clearly
confirmed this hypothesis, showing how CL and BS may
be dissociated in mice (Hotsenpiller and Wolf 2002; Tirelli
et al. 2003).

Mesocorticolimbic dopaminergic system plays an im-
portant function in cocaine-induced BS (Pierce and Kalivas
1997). In our case, we neither found maLPA null mice-
selective changes in BS nor in underlying biochemical
measures. Thus, the mRNA levels of the enzyme for
dopamine synthesis TH, the dopamine D1 receptor, and
the dopamine transporter DAT were affected in the basal
ganglia. TH immunoreactivity in striatum, NAc, substantia
nigra, and hippocampus was normal in both genotypes
studied. Moreover, the decrease in TH content in the dorsal
striatum induced by cocaine was equal in both genotypes.
In our results, it seems that striatal dopaminergic system is
not affected neither by the lack of LPA1 receptor nor the CL
task, although it showed some changes in TH protein. This
indicates that both the normal BS response to cocaine and

the underlying molecular mechanisms are preserved in
maLPA1 null mice.

Dorsal hippocampus plays an essential role in the recall
for contextual memories of cocaine-induced reward
(Meyers et al. 2003). Specifically, hippocampal dentate
gyrus seems essential for generating and expressing
contextual memories of fear and cocaine drug-induced
reward in a conditioned place preference (CPP) test
(Hernandez-Rabaza et al. 2008) as well as participates in
both conditioned locomotion and behavioural sensitization
(Pierce and Kalivas 1997; Mohn et al. 2004; Rodríguez-
Borrero et al. 2006; Chambers et al. 2010). Behavioural
results reported here are consistent with previous works that
demonstrated an essential role of the hippocampus in self-
administration reinstatement by contextual cues (Fuchs et
al. 2005) and CPP test (Meyers et al. 2006). Nowadays, we
know that glutamatergic signalling in the brain reward
circuitry exerts powerful control over drug-seeking behav-
iour. Re-exposure to an environment previously paired with
cocaine-reward produced an enhancement in the levels of
GluR1 phosphorylation (Ser845 phospho-GluR1) in dorsal
hippocampus evaluated in the CPP probe (Tropea et al.
2008). We did not observe such enhancement but a
tendency to a decrease in GLUR1 phosphorylation in the
dorsal hippocampus as results of exposure to cocaine-paired
environment. However, we did find specific genotypic
changes in glutamate receptors. They were restricted to

Table 5 Data are presented as mean±SEM of mRNA expression normalised to the levels of β-actin mRNA of both metabotropic (mGluR) and
ionotropic (iGluRs: NMDA-Rs and AMPA-Rs) glutamatergic receptors in dorsal hippocampus

mRNA expression of remaining glutamatergic receptors in dorsal hippocampus by quantitative real-time PCR
(target gene/beta-actin)

mGluR NMDA-Rs AMPA-Rs

mGluR5 NR2A NR2B NR2C GluR2 GluR4

Genotype Wild-type Vehicle 0.041±0.0045 0.034±.0033 0.027±0.0033 0.008±0.0017 0.167±0.0311 0.009±0.0020

Cocaine 0.042±0.0056 0.029±0.0037 0.019±0.0011 0.007±0.0014 0.152±0.0186 0.008±0.0009

maLPA1-null Vehicle 0.056±0.0073 0.035±0.0037 0.022±0.0037 0.009±0.0026 0.17±0.0106 0.008±0.0005

Cocaine 0.043±0.0042 0.027±0.0037 0.022±0.0020 0.005±0.0008 0.150±0.0078 0.007±0.0010

Table 4 Statistical analysis of the expression of both TH and DAT protein in the striatum (two-way ANOVA did not show differences among
genotypes (wild-type vs. maLPA1-null mice), treatments (vehicle vs. chronic cocaine), and interaction in the expression of these proteins)

ANOVA results: statistical analysis of TH and DAT protein expression in the dorsal striatum of ma-LPA1 null mice by Western blotting
(target protein/beta-actin)

TH DAT

Genotype F[1,12]=1.42; p=0.2568 F[1,12]=0.08; p=0.7862

Treatment F[1,12]=35.32; p<0.0001 F[1,12]=0.10; p=0.7532

Interaction F[1,12]=0.41; p=0.5355 F[1,12]=0; p=0.9667

Cocaine effect
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both the metabotropic mGLUR3 receptor and to the
GLUR3 subunit of the AMPA receptor.

Concerning the AMPA receptors, our results indicate that
the GLUR3 subunit is differentially regulated by cocaine in
the hippocampus of maLPA1 null mice with respect to
control mice, indicating that the AMPA receptor may be
related to the LPA1 receptor-dependent genotype differ-
ences in CL observed in the present study. However, the
nature of the alterations found differs from that reported by
previous studies. In the NAc, cell surface AMPA receptor
(GluR1) increased after cocaine withdrawal, but it is
internalised after cocaine challenge. This internalisation is
accompanied by alterations in the activation of mitogen-
activated protein kinases (c-Jun N-terminal kinase “JNK”,
and p38; extracellular signal-regulated kinase “ERK”, in
withdrawal and cocaine challenge, respectively) (Boudreau
et al. 2007; Kourrich et al. 2007). But while we found that
mRNA levels of both GLUR1 and GLUR3 diminished after
chronic cocaine pre-treatment, those studies revealed that
there was an increased association between GluR1 and
GluR3 subunits in cocaine-sensitised rats suggesting a
sensitization-specific modulation on those AMPA subnits
(Boudreau et al. 2007). Therefore, immunoblotting revealed
that most AMPARs in the NAc of naive rats are either
GluR1/2 or GluR2/3, whereas <10% are homomeric GluR1
or GluR1/3, and this is reversed by cocaine treatment
leading to BS. The differences with present results may be
based on the different species (rat) and different brain area
(nucleus accumbens) used in the experimental design, so
further studies are needed to understand the role of these
AMPA receptors on cocaine sensitization and conditioned
locomotion on maLPA1 null mice. In any case, there are
glutamatergic projections from the hippocampus to the
NAc, which regulate DA transmission in this structure.
Specifically, the ventral hippocampal glutamatergic neurons
project to the NAc shell region, whereas the dorsal
hippocampus sends glutamatergic projections to the NAc
core region. Whether the changes in GLUR3 expression
observed in the hippocampus of sensitised maLPA1 null
mice are the basis of the lack of CL through the regulation
of NAc physiology remains to be determined.

NMDA receptor-mediated glutamate transmission is
required for neuronal plasticity and brain reward in
cocaine-addiction mechanism. In the present study, we
showed a decrease on gene expression of NR1 after chronic
cocaine pre-treatment but not of different subunits of the
glutamate ionotropic NMDA receptor (NR2A-B-C), inde-
pendently of genotype. These results are consistent with
current literature because NR1 knockdown mice has
showed an attenuation of sensitization and CPP response
induced by cocaine (Ramsey et al. 2008), but this fact could
be influenced by the accurate location at which NMDA
receptors are decisive and appears not to be limited toT
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Table 7 Statistical analysis of the expression of NMDA NR1, AMPA
phosphor-GLUR1, and AMPA GLUR3 proteins in the dorsal
hippocampus (two-way ANOVA show differences in between geno-

types for GLUR3 receptors and for cocaine versus vehicle treatment
for NR1 and GLUR3 receptors)

ANOVA results: statistical analysis of NMDAR1, phospho-GluR1, and GluR3 protein expression in the hippocampus of ma-LPA1

null mice by Western blotting (target protein/beta-actin)

NMDAR1 Phospho-GluR1 GluR3

Genotype F[1,12]=0.24; p=0.634 F[1,12]=0.59; p=0.4589 F[1,12]=5.88; p=0.032

Treatment F[1,12]=8.05; p=0.015 F[1,12]=2.71; p=0.1254 F[1,12]=5.19; p=0.0418

Interaction F[1,12]=0.01; p=0.933 F[1,12]=3.08; p=0.104 F[1,12]=3.15; p=0.101

Cocaine effect Genotype effect

Cocaine effect

Fig. 5 a TH-positive cells at different coronal brain slices using TH
immunohistochemistry in wild-type and maLPA1-null mice. TH
immunoreactivity expression did not show qualitative differences
between both genotypes in caudate putamen (CPu), nucleus
accumbens (NAc), substantia nigra pars reticulata (SNr), substantia
nigra pars compacta (SNc), hippocampus (Hp), and olfactory
tubercle (Tu). Approximate distances from bregma are level A
+0.62 mm, level B −5.8 mm, level C −1.58 mm, and level D

−3.40 mm. Scale bar=100 μm. b Quantitative analysis of protein
levels in the striatum after chronic pre-treatment with vehicle and
cocaine in wild-type and maLPA1-null mice. Analysis of protein
levels of TH (AA) and DAT (BB) using Western blot analysis.
Protein levels were normalised to beta-actin and values are shown as
mean optical density±SEM. TH protein levels shows a significant
difference due to factor treatment, but not in DAT protein levels
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dopamine neurons themselves. Mice with specific inactiva-
tion of NR1 in dopaminergic neurons showed no alteration

of short-term sensitization but a decreased long-term
sensitization (Engblom et al. 2008; Zweifel et al. 2008).

Fig. 7 a Quantitative analysis of protein levels in the dorsal
hippocampus after chronic pre-treatment with vehicle and cocaine in
wild-type and maLPA1-null mice. Analysis of protein levels of NR1

(AA), GluR3 (BB), and Ser845 P-GluR1 (CC) using Western blot
analysis. Protein levels were normalised to beta-actin as arbitrary units
of optical density (mean±SEM)

Fig. 6 a–d Quantitative real-time PCR analysis of mGluR3, NR1,
GluR3, and GluR1 mRNA expression normalised to the levels of β-
actin mRNA in hippocampus. Each value corresponds to mRNA
levels in wild-type and maLPA1-null mice after chronic pre-treatment
(conditioning with vehicle or cocaine for 5 days following CL).
maLPA1-null mice showed an enhancement on mGluR3 expression

depends on genotype factor (a), while that chronic pre-treatment
induced a decrease on NR1 and GluR3 expression in both genotypes
(b–c). Furthermore, we found differences on GluR1 expression by
interaction effect of treatment in maLPA1-null mice (d). Statistical
significance is indicated by *p<0.05. Error bars indicate SEM
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The fact that in both genotypes (maLPA1 null mice and wild
type), both sensitization and NR1 response of cocaine were
identical, further support the role of this receptor in
sensitization and separate it from CL responses.

Finally, the only genotypic change in glutamate receptors
that appeared in maLPA1 null mice and that was not
differentially regulated by cocaine is the mGLUR3 receptor.
Altered CL is associated with a significant dysregulation of
mGLUR3 mRNA levels in dorsal hippocampus of maLPA1-
null mice whose meaning requires further research. Current
studies have demonstrated that functional upregulation of
mGluR2/3 and downregulation of mGLUR5 could be
factors in the transition to dependence in cocaine self-
administration with monkeys (Adewale et al. 2006; Bauzo
et al. 2009) and rats (Peters and Kalivas 2006). mGLUR2/3
acting as autoreceptors regulate Glu release, and it may be
possible that altered glutamate release may be underlying
the persistence in locomotion that cocaine-exposed animals
display when they are exposed to cocaine-paired environ-
ments. And by controlling this glutamate release,
mGLUR2/3 may be a relevant participant in the establish-
ment of cocaine-induced CL. Previous work have demon-
strated that chronic cocaine injections modulated glutamate
release through alteration in mGLUR2/3 function in the
NAc (Xi et al. 2002). Furthermore, the effect of a potent
mGlu2/3 receptor agonist (LY379268) can reduce the
reinstatement of drug seeking induced by stimuli condi-
tioned to cocaine, although it was relatively ineffective in
antagonizing the reinforcing effects of cocaine during self-
administration (Baptista et al. 2004). Others results have
showed effects opposite to those induced by pharmacolog-
ical stimulation of group II mGluRs. Knockout mice
lacking the mGluR2 subtype exhibited enhanced cocaine-
sensitization and CPP compared with wild-type animals
(Morishima et al. 2005). Many of these results only focus
on the effects of cocaine in NAc, but the role of these
receptors in the contextual/hippocampal expression of
cocaine’s reinforcing is still largely unknown.

In conclusion, the impairment of cocaine-induced CL
showed by maLPA1-null mice cannot be explained by
alterations of the expression of genes related to dopaminergic
transmission on striatal system. However, the alterations of
metabotropic glutamatergic receptor, mGluR3, in maLPA1-
null mice and AMPA receptors (GLUR3) after chronic
cocaine pre-treatment in dorsal hippocampus could explain
these disturbances. Thus, we propose that LPA1 receptors
may act as functional modulator of conditioned responses to
cocaine through its regulation of glutamatergic transmission.

Acknowledgments This work was supported by grants of excel-
lence (P07-CTS-03324) (to F.R.F) and CVI-1543 (to J.M.) from the
Consejería de Innovación, Ciencia y Empresa of the regional
Andalusian government, grants RD06/0001/0000 (to F.R.F.) and

RD06/0001/1012 (to J.M.) of the Red de Trastornos Adictivos
RETICS network and grant FIS PI09/00099 (to A.G.) from the
Spanish Health Institute Carlos III, SAF2007‐61953 (to J.M.) from the
Spanish Ministry of Education and Science, 049/2009 (to F.R.F.) from
the Plan Nacional sobre Drogas 2009/2011, SAS 111224 (to F.R.F.)
and SAS 2009/PI0496 (to A.G.) from the Andalusian Health Service.
E. Blanco is a recipient of a postdoctoral fellowship (Juan de la
Cierva, 2008) from the Spanish Ministry of Education and Science. J.
A. Campos-Sandoval is a recipient of a Marie Curie Post Doctoral
Fellowship from the European Union. FJBS is recipient of “Miguel
Servet” research contracts from the National System of Health
(Institute Carlos III, grant number CD07/00283). JS is recipient of a
“Sara Borrell” postdoctoral contract from the National System of
Health (Institute Carlos III, grant number CD08/00203).

References

Adewale AS, Platt DM, Spealman RD (2006) Pharmacological
stimulation of group II metabotropic glutamate receptors reduces
cocaine self-administration and cocaine-induced reinstatement of
drug seeking in squirrel monkeys. J Pharmacol Exp Ther
318:922–931

Anliker B, Chun J (2004) Lysophospholipid G protein-coupled
receptors. J Biol Chem 279:20555–20558

Baptista MA, Martin-Fardon R, Weiss F (2004) Preferential effects of
the metabotropic glutamate 2/3 receptor agonist LY379268 on
conditioned reinstatement versus primary reinforcement: com-
parison between cocaine and a potent conventional reinforcer. J
Neurosci 24:4723–4727

Bauzo RM, Kimmel HL, Howell LL (2009) Interactions between the
mGluR2/3 agonist, LY379268, and cocaine on in vivo neuro-
chemistry and behaviour in squirrel monkeys. Pharmacol
Biochem Behav 94:204–210

Boudreau AC, Reimers JM, Milovanovic M, Wolf ME (2007) Cell
surface AMPA receptors in the rat nucleus accumbens increase
during cocaine withdrawal but internalize after cocaine challenge
in association with altered activation of mitogen-activated protein
kinases. J Neurosci 27:10621–10635

Castilla-Ortega E, Sanchez-Lopez J, Hoyo-Becerra C, Matas-Rico E,
Zambrana-Infantes E, Chun J, De Fonseca FR, Pedraza C,
Estivill-Torrus G, Santin LJ (2010) Exploratory, anxiety and
spatial memory impairments are dissociated in mice lacking the
LPA(1) receptor. Neurobiol Learn Mem 94:73–82

Chambers RA, Sentir AM, Engleman EA (2010) Ventral and dorsal
striatal dopamine efflux and behaviour in rats with simple vs. co-
morbid histories of cocaine sensitization and neonatal ventral
hippocampal lesions. Psychopharmacology (Berl) 212:73–83

Chun J (2005) Lysophospholipids in the nervous system. Prostaglandins
Other Lipid Mediat 77:46–51

Chun J, Contos JJ, Munroe D (1999) A growing family of receptor
genes for lysophosphatidic acid (LPA) and other lysophospholi-
pids (LPs). Cell Biochem Biophys 30:213–242

Contos JJ, Fukushima N, Weiner JA, Kaushal D, Chun J (2000)
Requirement for the lpA1 lysophosphatidic acid receptor gene in
normal suckling behaviour. Proc Natl Acad Sci USA 97:13384–
13389

Desbonnet L, Waddington JL, Tuathaigh CM (2009) Mice mutant for
genes associated with schizophrenia: common phenotype or
distinct endophenotypes? Behav Brain Res 204:258–273

Engblom D, Bilbao A, Sanchis-Segura C, Dahan L, Perreau-Lenz S,
Balland B, Parkitna JR, Lujan R, Halbout B, Mameli M, Parlato
R, Sprengel R, Luscher C, Schutz G, Spanagel R (2008)
Glutamate receptors on dopamine neurons control the persistence
of cocaine seeking. Neuron 59:497–508

Psychopharmacology (2012) 220:27–42 41



Estivill-Torrus G, Llebrez-Zayas P, Matas-Rico E, Santin L, Pedraza C,
De Diego I, Del Arco I, Fernandez-Llebrez P, Chun J, De
Fonseca FR (2008) Absence of LPA1 signaling results in
defective cortical development. Cereb Cortex 18:938–950

Fuchs RA, Evans KA, Ledford CC, Parker MP, Case JM, Mehta RH, See
RE (2005) The role of the dorsomedial prefrontal cortex, basolateral
amygdala, and dorsal hippocampus in contextual reinstatement of
cocaine seeking in rats. Neuropsychopharmacology 30:296–309

Grimm JW, See RE (2000) Dissociation of primary and secondary
reward-relevant limbic nuclei in an animal model of relapse.
Neuropsychopharmacology 22:473–479

Harrison SM, Reavill C, Brown G, Brown JT, Cluderay JE, Crook B,
Davies CH, Dawson LA, Grau E, Heidbreder C, Hemmati P,
Hervieu G, Howarth A, Hughes ZA, Hunter AJ, Latcham J,
Pickering S, Pugh P, Rogers DC, Shilliam CS, Maycox PR
(2003) LPA1 receptor-deficient mice have phenotypic changes
observed in psychiatric disease. Mol Cell Neurosci 24:1170–1179

Hecht JH, Weiner JA, Post SR, Chun J (1996) Ventricular zone gene-1
(vzg-1) encodes a lysophosphatidic acid receptor expressed in
neurogenic regions of the developing cerebral cortex. J Cell Biol
135:1071–1083

Hernandez-Rabaza V, Hontecillas-Prieto L, Velazquez-Sanchez C,
Ferragud A, Perez-Villaba A, Arcusa A, Barcia JA, Trejo JL,
Canales JJ (2008) The hippocampal dentate gyrus is essential for
generating contextual memories of fear and drug-induced reward.
Neurobiol Learn Mem 90:553–559

Hotsenpiller G,Wolf ME (2002) Conditioned locomotion is not correlated
with behavioral sensitization to cocaine: an intra-laboratory multi-
sample analysis. Neuropsychopharmacology 27:924–929

Ishii I, Fukushima N, Ye X, Chun J (2004) Lysophospholipid
receptors: signaling and biology. Annu Rev Biochem 73:321–354

Kourrich S, Rothwell PE, Klug JR, Thomas MJ (2007) Cocaine
experience controls bidirectional synaptic plasticity in the
nucleus accumbens. J Neurosci 27:7921–7928

Lee CW, Rivera R, Gardell S, Dubin AE, Chun J (2006) GPR92 as a
new G12/13- and Gq-coupled lysophosphatidic acid receptor that
increases cAMP, LPA5. J Biol Chem 281:23589–23597

Lee CW, Rivera R, Dubin AE, Chun J (2007) LPA(4)/GPR23 is a
lysophosphatidic acid (LPA) receptor utilizing G(s)-, G(q)/G(i)-
mediated calcium signaling and G(12/13)-mediated Rho activa-
tion. J Biol Chem 282:4310–4317

Matas-Rico E, Garcia-Diaz B, Llebrez-Zayas P, Lopez-Barroso D, Santin
L, Pedraza C, Smith-Fernandez A, Fernandez-Llebrez P, Tellez T,
Redondo M, Chun J, De Fonseca FR, Estivill-Torrus G (2008)
Deletion of lysophosphatidic acid receptor LPA1 reduces neuro-
genesis in the mouse dentate gyrus. Mol Cell Neurosci 39:342–355

Meyers RA, Zavala AR, Neisewander JL (2003) Dorsal, but not
ventral, hippocampal lesions disrupt cocaine place conditioning.
Neuroreport 14:2127–2131

Meyers RA, Zavala AR, Speer CM, Neisewander JL (2006) Dorsal
hippocampus inhibition disrupts acquisition and expression, but
not consolidation, of cocaine conditioned place preference.
Behav Neurosci 120:401–412

Mohn AR, Yao WD, Caron MG (2004) Genetic and genomic
approaches to reward and addiction. Neuropharmacology 47
(Suppl 1):101–110

Moolenaar WH (1999) Bioactive lysophospholipids and their G
protein-coupled receptors. Exp Cell Res 253:230–238

Moolenaar WH, van Meeteren LA, Giepmans BN (2004) The ins and
outs of lysophosphatidic acid signaling. Bioessays 26:870–881

Morishima Y, Miyakawa T, Furuyashiki T, Tanaka Y, Mizuma H,
Nakanishi S (2005) Enhanced cocaine responsiveness and
impaired motor coordination in metabotropic glutamate receptor
subtype 2 knockout mice. Proc Natl Acad Sci USA 102:4170–
4175

Mutoh T, Chun J (2008) Lysophospholipid activation of G protein-
coupled receptors. Subcell Biochem 49:269–297

Noguchi K, Herr D, Mutoh T, Chun J (2009) Lysophosphatidic acid
(LPA) and its receptors. Curr Opin Pharmacol 9:15–23

Paxinos G, Franklin KBJ (2001) The mouse brain in stereotaxic
coordinates, 2nd edn. Academic, San Diego

Peters J, Kalivas PW (2006) The group II metabotropic glutamate
receptor agonist, LY379268, inhibits both cocaine- and food-seeking
behaviour in rats. Psychopharmacology (Berl) 186:143–149

Pierce RC, Kalivas PW (1997) A circuitry model of the expression of
behavioral sensitization to amphetamine-like psychostimulants.
Brain Res Brain Res Rev 25:192–216

Ramsey AJ, Laakso A, Cyr M, Sotnikova TD, Salahpour A,
Medvedev IO, Dykstra LA, Gainetdinov RR, Caron MG (2008)
Genetic NMDA receptor deficiency disrupts acute and chronic
effects of cocaine but not amphetamine. Neuropsychopharmacol-
ogy 33:2701–2714

Roberts C, Winter P, Shilliam CS, Hughes ZA, Langmead C, Maycox
PR, Dawson LA (2005) Neurochemical changes in LPA1
receptor deficient mice—a putative model of schizophrenia.
Neurochem Res 30:371–377

Rodríguez-Borrero E, Bernardo Colón A, Burgos-Mártir MA, Alvarez
Carillo JE, del Campo YE, Abella-Ramírez C, Maldonado-Vlaar
CS (2006) NMDA antagonist AP-5 increase environmentally
induced cocaine-conditioned locomotion within the nucleus
accumbens. Pharmacol Biochem Behav 85:178–184

Santin LJ, Bilbao A, Pedraza C, Matas-Rico E, Lopez-Barroso D,
Castilla-Ortega E, Sanchez-Lopez J, Riquelme R, Varela-Nieto I,
de la Villa P, Suardiaz M, Chun J, De Fonseca FR, Estivill-Torrus
G (2009) Behavioral phenotype of maLPA1-null mice: increased
anxiety-like behaviour and spatial memory deficits. Genes Brain
Behav 8:772–784

Tirelli E, Tambour S, Michel A (2003) Sensitised locomotion does
not predict conditioned locomotion in cocaine-treated mice:
further evidence against the excitatory conditioning model of
context-dependent sensitization. Eur Neuropsychopharmacol
13:289–296

Tropea TF, Kosofsky BE, Rajadhyaksha AM (2008) Enhanced CREB
and DARPP-32 phosphorylation in the nucleus accumbens and
CREB, ERK, and GluR1 phosphorylation in the dorsal hippo-
campus is associated with cocaine-conditioned place preference
behaviour. J Neurochem 106:1780–1790

Vorel SR, Liu X, Hayes RJ, Spector JA, Gardner EL (2001) Relapse to
cocaine-seeking after hippocampal theta burst stimulation.
Science 292:1175–1178

Xi ZX, Ramamoorthy S, Baker DA, Shen H, Samuvel DJ, Kalivas
PW (2002) Modulation of group II metabotropic glutamate
receptor signaling by chronic cocaine. J Pharmacol Exp Ther
303:608–615

Zhang G, Contos JJ, Weiner JA, Fukushima N, Chun J (1999)
Comparative analysis of three murine G-protein coupled recep-
tors activated by sphingosine-1-phosphate. Gene 227:89–99

Zweifel LS, Argilli E, Bonci A, Palmiter RD (2008) Role of NMDA
receptors in dopamine neurons for plasticity and addictive
behaviours. Neuron 59:486–496

42 Psychopharmacology (2012) 220:27–42


	Attenuation...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Drug

	Behavioural studies
	Open field test
	Cocaine dose–response curve
	Cocaine conditioning, conditioned locomotion, and behavioural sensitization
	Tyrosine hydroxylase immunohistochemistry
	Analysis of mRNA expression
	Reverse transcription and real-time PCR

	Western blotting
	Statistical analysis

	Results
	Behavioural results
	Dose–response effect of cocaine administration in maLPA1-null mice

	Cocaine conditioning in maLPA1-null mice
	Cocaine-conditioned locomotion and cocaine-induced sensitization in maLPA1-null mice

	Cocaine-conditioned locomotion and -sensitization in maLPA1-null mice independently evaluated
	Immunohistochemical, Western blotting, and genomic results
	Effects of LPA1 receptor deletion and cocaine treatment on TH, DAT, and dopamine D1 receptor
	Effects of LPA1 receptor deletion and cocaine treatment on glutamate receptors in dorsal hippocampus
	Metabotropic glutamate receptors
	Ionotropic NMDA receptor
	Ionotropic AMPA receptor
	Western blot analysis


	Discussion
	References




