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The ability of cocaine to produce lasting neural adaptations in mesocorticolimbic brain regions is thought to promote drug seeking and

facilitate addiction in humans. The Ras-controlled Raf-MEK-ERK protein kinase signaling cascade has been implicated in the behavioral and

neurobiological actions of cocaine in animals. However, these pharmacological studies have not been able to determine the specific role

of the two predominant isoforms of ERK (ERK1 and ERK2) in these processes. We report here that deletion of the ERK1 isoform, which

leads to increased ERK2 stimulus-dependent signaling, facilitates the development of cocaine-induced psychomotor sensitization and the

acquisition of a cocaine conditioned place preference. Conversely, pharmacological blockade of ERK signaling attenuates the

development of psychomotor sensitization to cocaine. Finally, cocaine-evoked gene expression in mesocorticolimbic brain regions is

potentiated in ERK1-deficient mice. Thus, alterations in ERK signaling influence both the neurobiological impact of cocaine and its ability

to produce enduring forms of drug experience-dependent behavioral plasticity. Our results suggest that enhanced ERK2 signaling

following repeated drug exposure may facilitate the development of forms of cocaine-induced plasticity that contribute to addiction.

Neuropsychopharmacology (2006) 31, 2660–2668. doi:10.1038/sj.npp.1301014; published online 11 January 2006
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INTRODUCTION

Repeated exposure to drugs of abuse, including cocaine,
produces a complex reorganization of dopamine-rich brain
regions associated with reward and incentive motivation,
such as the striatum (ie nucleus accumbens and caudate-
putamen)Fwhich in turn is thought to promote drug-
seeking behavior and facilitate the transition to addiction in
humans (Robinson and Berridge, 2000; Everitt et al, 2001;
Hyman and Malenka, 2001; Nestler, 2001). In laboratory
animals, drug-induced neuroadaptations have been asso-
ciated with various types of behavioral plasticity, such as
psychomotor sensitization and conditioned place prefer-
ence (Robinson and Berridge, 1993, 2000). Importantly, the
same brain regions implicated in maladaptive responses to
addictive drugs are also essential for various forms of
cognitive processing, including motor programming, habit
learning and instrumental conditioning (Berke and Hyman,
2000; Hyman and Malenka, 2001; Fasano and Brambilla,

2002; Packard and Knowlton, 2002; Chao and Nestler, 2004).
Nonetheless, relationships between these different types of
behavioral plasticity, and the ways in which they mechan-
istically interact, remain unclear. Elucidating the molecular
mechanisms that underlie these forms of persistent drug
experience-dependent plasticity should help to illuminate
the critical steps that mark the transition to addiction.
The Ras-controlled Raf-MEK-ERK protein kinase signal-

ing cascade has been identified as an important mediator of
both cognitive processing and the neurobiological effects of
psychostimulant drugs, suggesting that this pathway may be
essential for both experience- and drug-dependent neural
adaptations (Orban et al, 1999; Fasano and Brambilla,
2002). For example, pharmacological inhibition of MEK, the
upstream activator of the two major ERK isoforms in the
brain (ERK1 and ERK2), prevents both hippocampus- and
amygdala-dependent memory formation (Atkins et al, 1998;
Schafe et al, 1999; Adams and Sweatt, 2002). Pharmacolo-
gical blockade of the Raf-MEK-ERK cascade also attenuates
the development of a conditioned place preference to
cocaine, amphetamine or MDMA (Valjent et al, 2000;
Salzmann et al, 2003; Gerdjikov et al, 2004) and appears to
modulate the development of psychomotor sensitization to
cocaine (Pierce et al, 1999; Valjent et al, 2005). In addition,
administration of psychomotor stimulant drugs increases
ERK activity in several mesocorticolimbic brain regions
associated with drug addiction (Valjent et al, 2000, 2005;
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Adams et al, 2001; Choe et al, 2002; Choe and Wang, 2002)
and the induction of immediate early genes (IEGs) in these
brain regions is largely attenuated by pharmacological
blockade of this pathway (Valjent et al, 2000; Salzmann
et al, 2003; Ferguson and Robinson, 2004).
Nonetheless, MEK inhibitors such as U0126 or SL327 do

not discriminate between ERK1 and ERK2, and therefore
are not suitable tools to investigate the specific role of these
two major ERK isoforms. Evidence from a mouse strain in
which the ERK1 gene has been deleted has provided clear
support for a differential role for ERK1 and ERK2 in cell
signaling, memory formation, and responsitivity to mor-
phine (Pages et al, 1999; Mazzucchelli et al, 2002). In these
mice, loss of ERK1 results in stimulus-dependent enhance-
ment of ERK2-dependent signaling in a variety of cell types,
including primary neurons and fibroblasts in culture. This
phenotype is thought to be due to a differential ability of
ERK1 and ERK2 in transducing downstream signaling,
whereby ERK2 is thought to be a more efficient kinase and
ERK1 is believed to act as a partial agonist (Vantaggiato
et al, 2006). Thus, in the absence of ERK1, ERK2 is able to
interact with the upstream kinase MEK more efficiently
resulting in a stronger signaling output. Accordingly,
synaptic plasticity in the striatum, but not other structures
such as the hippocampus or the amygdala, is enhanced in
ERK1-deficient mice. Consequently, ERK1-deficient mice
show enhanced memory formation in striatum-dependent
learning tests and an increased conditioned place preference
to morphine (Mazzucchelli et al, 2002). Using this mouse
model of striatum-dependent neuronal plasticity, the
present study sought to characterize some of the behavioral
and molecular responses to cocaine.

METHODS

Subjects

Male ERK1 mutant and wild-type mice aged 11–19 weeks at
the start of the experiment were housed 2–4 per cage. ERK1
mutant and wild-type mice were generated as described
previously (Pages et al, 1999), and the mice used in the
experiments were F2 littermates from C57BL/6 mice that
were backcrossed to 129/SvJ mice for one generation. For
the pharmacological blockade experiment, male C57/BL6
mice were purchased from Harlan Sprague Dawley (In-
dianapolis, IN). The mice were aged 7 weeks at the start of
the experiment and were housed 3–4 per cage. The animal
facilities were temperature- and humidity-controlled and
maintained on a 14 : 10 h light : dark cycle, with food and
water available ad libitum. All experimental procedures
were approved by local committees (the University of
Michigan Committee on the Use and Care of Animals and
the San Raffaele Institute IACUC).

Drugs

Cocaine was dissolved in sterile 0.9% saline. SL327
(generously donated by Bristol-Myers-Squibb, Wilmington,
DE, USA), an inhibitor of MEK (the dual-specific protein
kinase that phosphorylates ERK), was dissolved in 25%
DMSO (diluted twice in sterile water). All drugs were
administered by intraperitoneal (i.p.) injection in a volume

of 10ml/kg. SL327 was chosen because it crosses the blood–
brain barrier and is highly selective for MEK over other
kinases. It has an IC50 of 180 nM for MEK1 and 220 nM for
MEK2 (Favata et al, 1998). The dose of SL327 used in the
present study (40mg/kg) was chosen because it has been
shown to effectively block ERK activation in vivo (Selcher
et al, 1999) and we have found it to be effective at reducing
psychostimulant-evoked IEG expression without altering
the acute locomotor activating effects of psychostimulants
(Ferguson and Robinson, 2004 and data not shown).

Psychomotor Sensitization

The psychomotor activating effects of cocaine were
measured using locomotor activity boxes
(8.5� 17.5� 9 inch) that contained a clear plastic insert in
the center of the cage (2.5� 9� 9 inch) and ground corncob
bedding on the floor. Two experiments were conducted.
One, the effect of pharmacological blockade of ERK
signaling on cocaine psychomotor sensitization in C57/
BL6 mice was evaluated. Second, the effect of ERK1 deletion
on cocaine psychomotor sensitization was determined. All
mice received seven injections of cocaine (15mg/kg) or
saline over a 2-week treatment period (one injection every
other day). For the MEK inhibitor experiment, one hour
prior to testing C57/BL6 mice received an injection of 25%
DMSO (diluted twice in sterile water) or SL327 (40mg/kg), a
highly selective inhibitor of the ERK kinase MEK, and were
placed back into their home cage. For the experiment with
ERK1 mutants, mice received a 1 h habituation period prior
to each injection. Behavior was recorded for 60min during
each test session.
For the MEK inhibitor experiment, following a 2-week

withdrawal period mice received an escalating dose
challenge of cocaine (0, 5, 10, and 20mg/kg) in the absence
of SL327 pretreatment. For this challenge test, all mice were
given a 1 h habituation period to the test cage, followed by
four injections spaced one hour apart. Behavior was
recorded for 5 h. Locomotor activity was used as an index
of psychomotor sensitization and was assessed by the
number of cage crossovers.

Conditioned Place Preference

The rewarding effects of cocaine were measured using a
conditioned place preference procedure with an unbiased,
three-phase design (pre-conditioning, conditioning and
post-conditioning) as described previously (Maldonado
et al, 1997). Briefly, during the pre-conditioning phase
mice were allowed 18min free access to a three-chamber
conditioned place preference apparatus (containing two
large compartments separated by a central neutral area).
The compartments differed in floor texture and wall
pattern. Two mice from each genotype spent more than
75% of their time in any one compartment and were
discarded from the study. During the conditioning phase
mice received three pairings with cocaine (10mg/kg) in one
chamber and three pairings with saline in the other (one
pairing per day for six consecutive days). Saline-treated
mice received six pairings of saline. Immediately following
each injection mice were confined to a given chamber for
20min. During the post-conditioning phase mice were given
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18min free access to a conditioned place preference
apparatus 24 h following the final conditioning trial. A
place preference score was calculated for each mouse as the
difference between pre-conditioning and post-conditioning
time spent in the drug-paired compartment.

In Situ Hybridization

Following a 1 h habituation period in the locomotor activity
boxes, ERK1 mutant and wild-type mice received an
injection of saline or cocaine (15mg/kg). Fifty minutes
later animals were decapitated and their brains removed,
frozen in isopentane and stored at �701C. Coronal brain
sections (16 mm) were cut on a cryostat, thaw-mounted onto
Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA) and
stored at �701C until processed for in situ hybridization.
Slides containing four tissue sections were processed using
a 35S-UTP- and -CTP-labeled riboprobe complementary to
c-fos mRNA (680-mer, courtesy of Dr T Curran, St Jude
Children’s Research Hospital, Memphis, TN) and a
digoxigenin-UTP labeled riboprobe complementary to
preproenkephalin mRNA (693-mer, courtesy of Dr J
Douglass, Amgen, Thousand Oaks, CA) according to a
modified version of a protocol by Curran and Watson
(1995) that is described in detail by Ferguson and Robinson
(2004).

Quantification and Analysis of Gene Expression

Slides were exposed to X-ray film for 7 days (Kodak Biomax
MR, Rochester, NY) and then dipped in emulsion (Ilford
KD-5, Polysciences, Warrington, PA) and stored in light
tight boxes at 41C for 21 days. Initial quantification of c-fos
mRNA (c-fos) expression was conducted on autoradio-
graphs across the rostrocaudal extent of the dorsomedial
portion of the caudate-putamen and the cingulate, a region
of cortex that densely innervates the dorsomedial caudate-
putamen (McGeorge and Faull, 1989; Willuhn et al, 2003;
Paxinos and Franklin, 2004). Sections were quantified as
described previously (Badiani et al, 1998). Integrated
density measurements indicated that the difference in
cocaine-evoked c-fos expression between ERK1 mutant
and wild-type mice appeared greatest in the caudate-
putamen on sections 0.4mm anterior to bregma. This
region was therefore selected for further analysis of cell
phenotype.
The majority of cells in the caudate-putamen are medium

spiny projection neurons that either co-express mRNA for
dopamine D2 receptors and preproenkephalin and are part
of the striatopallidal pathway (these will be called Enk+ or
striatopallidal cells) or co-express mRNA for dopamine D1
receptors, preprodynorphin and preprotachykinin (but not
preproenkephalin) and are part of the striatonigral pathway
(these will be called Enk� or striatonigral cells). The
number of single- and double-labeled cells in the dorsome-
dial caudate-putamen containing c-fosmRNA (c-fos+ ) and/
or preproenkephalin mRNA (Enk+ ) was counted in three
250 mm2 grids in each hemisphere (for a total area of
1.5mm2) using a Leica microscope (Letiz DMR, Wetzler,
Germany) at � 20 magnification. We have found that under
our in situ conditions all psychostimulant-evoked c-fos+
cells are either co-labeled with preproenkephalin mRNA or

preprodynorphin/preprotachykinin mRNA. Therefore, in
the present study the number of c-fos/Enk + cells was
subtracted from the total number of c-fos+ cells in the
caudate-putamen for each animal to give the number of c-
fos/Enk� cells. This number was then used as an indication
of the number of cells in the striatonigral pathway that were
activated following each treatment. Finally, the number of c-
fos positive cells in the nucleus accumbens core and shell at
level 1.2mm anterior to bregma was counted in one 250 mm2

grid in each hemisphere per region (for a total area of
0.5mm2/region). 35S-labeled cells (containing c-fos) ap-
peared as dense clusters of silver grains under darkfield
conditions and digoxigenin-labeled cells (containing pre-
proenkephalin mRNA) appeared as purple precipitates
under brightfield conditions (see Figure 4). The number
of preproenkephalin mRNA positive cells did not differ
across groups (data not shown).

RESULTS

Inhibiton of MEK Attenuates Cocaine Psychomotor
Sensitization

The role of ERK signaling in psychomotor sensitization to
cocaine has not been fully characterized. Therefore, prior to
conducting sensitization experiments in the ERK1 mutant
mice, the effect of pharmacological blockade of the ERK
signaling cascade on psychomotor sensitization in wild-type
mice was evaluated (Figure 1).

Treatment phase. Treatment with the MEK inhibitor SL327
had no effect on the acute locomotor-activating effects of
cocaine (or on behavior in animals given saline), and no
effect on the increase in locomotor activity (sensitization)
seen in both groups with repeated administration of cocaine
(Figure 1a; main effect of test session; F1,17¼ 48.03,
po0.0001; Bonferroni’s post hoc, po0.001; main effect of
antagonist pretreatment and interaction between antagonist
pretreatment, and test session factors not significant;
F1,17¼ 0.05–1.54, p¼ 0.18–0.87) during this phase of the
experiment.

Challenge phase. Figure 1 (panels b and c) shows the
locomotor response to a multiple-dose challenge of cocaine
(0, 5, 10, and 20mg/kg) administered 14 days following the
last (7th) treatment injection. Note that SL327 was not
administered on this challenge test session, but this test was
conducted to determine the effect of past exposure to
cocaine, with or without co-treatment with SL327. At the
two lowest challenge doses tested (5 and 10mg/kg), two-way
ANOVAs on each challenge dose resulted in significant
interactions between antagonist pretreatment and drug
treatment factors (Figure 1b; F1,38¼ 5.73–16.96, p¼ 0.02–
0.0002). Bonferroni’s post hoc tests showed that at these two
challenge doses there were no differences between saline-
pretreated groups (Figure 1b; p40.05), but there were
significant differences between cocaine-pretreated groups
(Figure 1b; po0.05) due to an increase in the locomotor
response of cocaine-pretreated animals that had also
received DMSO pretreatment. Thus, animals that received
SL327 during the treatment phase did not exhibit sensitiza-
tion when challenged with these doses of cocaine. A
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sensitized response was revealed in animals previously
treated with SL327, but only at the highest dose tested
(20mg/kg) (Figure 1b; main effect of drug treatment;
F1,38¼ 52.21, po0.0001; main effect of antagonist pretreat-
ment and interaction between antagonist pretreatment and
drug treatment factors not significant; F1,38¼ 0.03–0.85,
p¼ 0.36–0.86). These data confirm and extend previous
reports indicating that pharmacological blockade of ERK
signaling attenuates, but does not entirely block, the
development of psychomotor sensitization.

ERK1 Mutant Mice Show Enhanced Cocaine
Psychomotor Sensitization

Figure 2 shows the development of psychomotor sensitiza-
tion to cocaine in wild-type and ERK1 mutant mice. A two-
way ANOVA with repeated measures on one factor resulted
in a significant main effect of Genotype (Figure 2a;
F1,11¼ 13.40, p¼ 0.03), a significant main effect of test
session (Figure 2a; F1,11¼ 37.69, p¼ 0.0005) and a signifi-
cant genotype by test session interaction (Figure 2a;
F1,11¼ 8.42, p¼ 0.04). Bonferroni’s post hoc tests showed
that there was no difference between wild-type and ERK1

mutant mice treated with cocaine on test session 1
(Figure 2a; p40.05), but there was a significant difference
between wild-type and ERK1 mutant mice treated with
cocaine on test session 7 (Figure 2a; po0.05), indicating
that ERK1 mutant mice sensitized to a greater extent than
wild-type controls. Figure 2 (panel b) illustrates the time
course of the effect of cocaine on locomotor activity in wild-
type and ERK1 mutant mice during test session 1 vs test
session 7.

ERK1 Mutant Mice Show Enhanced Conditioned Place
Preference to Cocaine

The rewarding effects of cocaine were assessed in ERK1
mutant mice using a conditioned place preference proce-
dure (Figure 3). Two-way analyses of variance (ANOVA)
revealed a significant effect of drug treatment (F1,34¼ 63.92,
po0.0001), a significant effect of genotype (F1,34¼ 3.64,
p¼ 0.03) and a significant drug treatment by genotype
interaction (F1,34¼ 7.95, p¼ 0.002). Bonferroni’s post hoc
tests showed that both wild-type and ERK1 mutant mice
developed a significant conditioned place preference
(po0.001). However, a more robust preference for the
cocaine-paired environment was seen in ERK1 mutants in
comparison to wild-type mice (po0.001). Thus, the results
from the sensitization and conditioned place preference
experiments demonstrate that loss of ERK1 facilitates
cocaine-mediated responses, in striking contrast to what
is seen in the presence of the MEK inhibitor SL327.

ERK1 Mutant Mice Show Enhanced Cocaine-Evoked IEG
Expression

Next, we sought to determine whether ERK1-deficient mice
also showed alterations in IEG expression in relevant brain
regions. Figure 4 (panel a) shows representative autoradio-
graphs of cocaine-evoked c-fos expression in wild-type and
ERK1 mutant mice.

Figure 1 The MEK inhibitor SL327 attenuates the development of
psychomotor sensitization to cocaine. (a) Treatment phase: The mean
(7SEM) number of crossovers made during the first 15min following saline
treatment (circles) or cocaine treatment (squares). White symbols
represent groups co-administered DMSO vehicle (VEH) and black symbols
groups co-administered SL327. (b) Challenge Phase: The mean (7SEM)
number of crossovers made during the first 15min following each dose of a
multiple-dose challenge (injections spaced 1 h apart), when SL327 was not
administered. (c) The mean (7SEM) number of crossovers over time (3-
min intervals) during the multiple-dose challenge test. *, differs from the
DMSO vehicle-cocaine treatment group (po0.05, two-way ANOVA,
Bonferroni’s test). N¼ 7–15/group.

Figure 2 Cocaine psychomotor sensitization is enhanced in ERK1
mutant mice. (a) The mean (7SEM) number of crossovers made during
the 60min following saline treatment (circles) or cocaine treatment
(squares). White symbols represent wild-type groups ( + / + ) and black
symbols represent ERK1 mutant groups (�/�). (b) The mean (7SEM)
number of crossovers over time (3-min intervals) on test session 1 (circles)
and on test session 7 (squares) for the cocaine-treated groups. White
symbols represent the wild-type group ( + / + ) and black symbols
represent the ERK1 mutant group (�/�). *, differs from the cocaine-
treated wild-type group (po0.05, two-way repeated measures ANOVA,
Bonferroni’s test). N¼ 6–7/group.
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Caudate-putamen. Cocaine induced significantly more c-
fos expression across the rostral-caudal extent of the
dorsomedial caudate-putamen compared to saline
(Figure 4b; main effect of drug treatment at each level
quantified, F1,27¼ 17.98–31.67, p¼ 0.0002–0.01). At most
levels, two-way ANOVAs resulted in significant interactions
between genotype and drug treatment factors (Figure 4b;
F1,27¼ 8.3–9.4, p¼ 0.025–0.05). Bonferroni’s post hoc tests
showed that there were no differences between wild-type
and ERK1 mutant mice treated with saline (Figure 4b;
p40.05), but there were significant differences between
wild-type and ERK1 mutant mice treated with cocaine
(Figure 4b; po0.01), due to a greater cocaine-evoked c-fos
response in the dorsomedial caudate-putamen of ERK1
mutant mice.
The effect of Genotype appeared greatest at level 0.45mm

anterior to bregma, and therefore the number of c-fos/Enk
+ and c-fos/Enk� cells was analyzed at this level. Figure 4
(panel d) provides representative examples of a c-fos/Enk +
dual in situ. Cocaine significantly increased the number of
c-fos/Enk + cells and the number of c-fos/Enk� cells
compared to saline (data not shown; main effect of drug
for each cell type, F1,27¼ 38.02–59.84, po0.0001). There was
a significant interaction in the number of c-fos/Enk + cells
between genotype and drug treatment factors (F1,27¼ 8.51,

Figure 3 The rewarding effects of cocaine are enhanced in ERK1 mutant
mice, as demonstrated in a conditioned place preference paradigm.
Data represent the mean (7SEM) conditioned place preference score,
calculated as the difference between pre-conditioning and post-condition-
ing time spent in the drug-paired compartment. White bars
represent groups receiving only saline pairings during conditioning and
black bars represent groups receiving saline and cocaine pairings during
conditioning. ( + / + ) represents wild-type groups and (�/�) represents
ERK1 mutant groups. *, differs from the wild-type group receiving cocaine
conditioning (po0.05, Two-way ANOVA, Bonferroni’s test). N¼ 8–12/
group.

Figure 4 The neurobiological impact of cocaine is enhanced in the caudate-putamen of ERK1 mutant mice. (a) Representative autoradiographs of
cocaine-evoked c-fos mRNA (c-fos) expression in wild-type (top panels) and ERK1 mutant mice (bottom panels). (b) Mean (7SEM) c-fos expression
(integrated density) across the rostral-caudal extent of the dorsomedial caudate-putamen. Circles represent wild-type groups ( + / + ) and squares represent
ERK1 mutant groups (�/�). Filled symbols represent cocaine-treated groups and open symbols represent saline-treated groups. (c) The mean (7SEM)
number of cocaine-evoked c-fos/Enk� cells (left panel) and c-fos/Enk + cells (right panel) at level 0.45mm anterior to bregma. Gray bars represent wild-type
mice and blue bars represent ERK1 mutant mice. (d) Representative histological plates depicting sections from the dorsomedial caudate-putamen that were
doubled-labeled for c-fos mRNA and preproenkephalin mRNA. Sections were taken from an ERK1 mutant mouse that received cocaine (15mg/kg). (Left)
Brightfield image in which Enk + cells are indicated by purple precipitate. (Middle) Darkfield image in which c-fos + cells are indicated by clusters of silver
grains. (Right) Overlay of brightfield and darkfield images. Up arrows indicate single-labeled cells (c-fos+ or Enk + ). Right arrows indicate double-labeled
cells (c-fos/Enk + ). *, differs from the cocaine-treated wild-type group (po0.05, two-way ANOVA, Bonferroni’s test). N¼ 7–9/group.
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p¼ 0.03). Bonferroni’s post hoc tests showed that there was
no difference in the number of c-fos/Enk + cells between
saline groups (data not shown; p40.05), but there was a
significant difference between wild-type and ERK1 mutant
mice treated with cocaine (Figure 4c; po0.01), due to a
three-fold increase in the number of cocaine-evoked c-fos/
Enk+ cells in ERK1 mutant mice. In contrast, there was no
effect of genotype on the number of saline- or cocaine-
evoked c-fos/Enk� cells (Figure 4c for cocaine groups, data
not shown for saline groups; interaction between genotype
and drug treatment factors not significant, F1,27¼ 2.37,
p¼ 0.18).

Nucleus accumbens. Cocaine significantly increased the
number of c-fos+ cells in the nucleus accumbens shell
(Figure 5a) compared to saline (main effect of Drug,
F1,27¼ 12.89, p¼ 0.0013). There was a significant interaction
in the number of c-fos+ cells between genotype and drug
treatment factors (F1,27¼ 4.92, p¼ 0.035). Bonferroni’s post
hoc tests showed that there was no difference in the number
of c-fos+ cells between saline groups (p40.05), but there
was a significant difference between wild-type and ERK1
mutant mice treated with cocaine (po0.05), due to an
increase in the number of cocaine-evoked c-fos+ cells in
ERK1 mutant mice.
Cocaine also significantly increased the number of c-fos+

cells in the nucleus accumbens core (Figure 5b) compared
to saline (main effect of Drug, F1,27¼ 46.25, po0.0001).
Although there was also a significant main effect of
Genotype (F1,27¼ 5.05, p¼ 0.03), the interaction between
genotype and drug treatment factors did not quite reach
statistical significance ((F1,27¼ 3.31, p¼ 0.08), Bonferroni’s
post hoc tests showed that there was no difference in the
number of c-fos+ cells between saline groups (p40.05), but
there was a significant difference between wild-type and
ERK1 mutant mice treated with cocaine (po0.05), due to an
increase in the number of cocaine-evoked c-fos+ cells in
ERK1 mutant mice.

Cingulate cortex. Figure 6 shows saline- and cocaine-
induced c-fos expression in the cingulate cortex of wild-type
and ERK1 mutant mice. At most levels (0.7 to �0.05 relative
to bregma), two-way ANOVAs resulted in significant
interactions between genotype and drug treatment factors
(F1,27¼ 12.06–25.49, po0.001Fp¼ 0.04). Bonferroni’s post
hoc tests showed that there were no differences in c-fos
expression between wild-type and ERK1 mutant mice
treated with saline (p40.05), but there were significant
differences between wild-type and ERK1 mutant mice
treated with cocaine (p¼ 0.0005Fpo0.05), due to a
increase in c-fos expression above control levels only in
ERK1 mutant mice.

DISCUSSION

The Ras-controlled Raf-MEK-ERK protein kinase signaling
cascade is known to play a critical role in the development
of neuronal plasticity (English and Sweatt, 1996, 1997;
Martin et al, 1997) and long-term memory formation
(Atkins et al, 1998; Orban et al, 1999; Adams and Sweatt,
2002). Changes in ERK signaling have also been associated

with drug-dependent behavioral plasticity (Pierce et al,
1999; Valjent et al, 2000; Mazzucchelli et al, 2002). In the
present study we found that pharmacological blockade of
ERK signaling attenuated the development of behavioral
sensitization to cocaine, consistent with previous reports
(Pierce et al, 1999; Valjent et al, 2005). In order to extend
these findings, we next examined the role of specific ERK
isoforms in some of the behavioral and neurobiological
actions of cocaine. We found that deletion of ERK1: (1)
facilitated the development of cocaine-induced behavioral
sensitization; (2) facilitated the acquisition of a cocaine
conditioned place preference; and (3) enhanced cocaine-
evoked c-fos expression in the striatum (ie nucleus
accumbens and caudate-putamen) and the cingulate cortex.

Figure 5 The neurobiological impact of cocaine is enhanced in the
nucleus accumbens of ERK1 mutant mice. (a) The mean (7SEM) number
of saline-evoked (left panel) or cocaine-evoked (right panel) c-fos+ cells in
the nucleus accumbens shell at level 1.2mm anterior to bregma. (b) The
mean (7SEM) number of saline-evoked (left panel) or cocaine-evoked
(right panel) c-fos+ cells in the nucleus accumbens core at level 1.2mm
anterior to bregma. White bars represent wild-type groups ( + / + ) and
black bars represent ERK1 mutant groups (�/�). *, differs from the
cocaine-treated wild-type group (po0.05, two-way ANOVA, Bonferroni’s
test). N¼ 7–9/group.

Figure 6 The neurobiological impact of cocaine is altered in the cortex
of ERK1 mutant mice. Mean (7SEM) c-fos expression (integrated density)
across the rostral-caudal extent of the cingulate, a region of cortex that
densely innervates the dorsomedial striatum. Squares represent cocaine-
treated groups and circles represent saline-treated groups. White symbols
represent wild-type groups ( + / + ) and black symbols represent ERK1
mutant groups (�/�). *, differs from the cocaine treated wild-type group
(po0.05, 2 Way ANOVA, Bonferroni’s test). N¼ 7–9/group.
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As previously described, ERK1 mutant mice are anato-
mically normal compared to their littermate controls and do
not manifest any compensatory changes in basal expression
of total ERK2 protein. However, these mice do show
enhanced stimulus-dependent ERK2 signaling in the brain
as well as in all tissues analyzed. Specifically in the brain,
more ERK2 protein becomes phosphorylated in ERK1-
deficient mice following exposure to a glutamate or a
dopamine D1 receptor agonist compared to wild-type
controls (Mazzucchelli et al, 2002). These data suggest,
therefore, that the facilitation of cocaine-evoked behavioral
plasticity and IEG expression seen in the present study is
most likely a consequence of increased ERK2 signaling
following cocaine administration. In support of this idea, it
has recently been reported that the administration of
psychostimulant drugs produces a robust increase in
phosphorylated ERK2 protein in the striatum (Valjent
et al, 2005). The specific role of the ERK1 isoform in
cocaine-mediated events appears more complex. We
suggest that ERK1 normally serves to dampen ERK2
signaling, and drug exposure following suppression of
ERK1 expression leads to heightened ERK2 signaling
(Brambilla, 2003). Consistent with this hypothesis, we have
found that the enhanced stimulus-dependent increases in
ERK2 signaling seen in ERK1-deficient mice can be
completely reversed in fibroblast cultures and primary
neurons by either viral-mediated reintroduction of ERK1
protein or by administration of sub-optimal concentrations
of a MEK inhibitor. Importantly, these treatments were also
effective at reverting facilitation of LTP in the nucleus
accumbens, one cellular correlate of drug-induced beha-
vioral plasticity. Finally, overexpression of ERK1 but not
ERK2 in wild-type cells has been found to downregulate
overall ERK signaling output (Mazzucchelli et al, 2002;
Vantaggiato et al, 2006).
To begin to explore the neurobiological processes by

which ERK signaling may facilitate drug reward and
psychomotor sensitization, we compared the responses of
ERK1 mutant and wild-type mice to a single injection of
cocaine. We found that the neurobiological impact of the
same dose of cocaine was markedly different in mesocorti-
colimbic brain regions. Importantly, these effects cannot be
attributed to mere differences in activity, as the acute
locomotor activating effects of cocaine did not differ
between groups. Specifically, cocaine increased gene ex-
pression in the cingulate cortex above control levels only
when given to mice lacking the ERK1 isoform. Additionally,
ERK1-deficient mice displayed a much more robust
cocaine-evoked c-fos response in the striatum compared
to wild-type mice. This effect in the caudate-putamen
appears to be driven by the recruitment of striatopallidal
neurons, which co-express mRNA for dopamine D2
receptors and preproenkephalin and project indirectly to
the substantia nigra via the subthalamic nucleus to form the
so-called ‘indirect’ pathway (Kawaguchi et al, 1990; Smith
and Bolam, 1990; Smith et al, 1990). This result is consistent
with a previous report that pharmacological blockade of the
ERK signaling cascade preferentially attenuates psychosti-
mulant-evoked c-fos expression in striatopallidal neurons
(Ferguson and Robinson, 2004). Notably, the ability of
drugs of abuse to engage this striatofugal circuit has been
associated with the facilitation of psychomotor sensitization

(Samaha et al, 2005, 2004; Ferguson and Robinson, 2004;
Samaha and Robinson, 2005). However, the relative signal
intensity of each c-fos+ cell was not examined in the
present study, and therefore, it is possible that gene
expression in striatonigral neurons was enhanced following
cocaine administration in ERK1 mutant mice.
The functional significance of the changes in gene

expression observed in the present experiments remains
to be determined, however, activation of IEGs in mesocor-
ticolimbic brain regions is thought to be one initial step in
the induction of long-term changes in brain and behavior
by drugs. In addition to behavioral plasticity, repeated
cocaine treatment produces neurochemical (Di Chiara and
Imperato, 1988), structural (Robinson and Kolb, 2004) and
electrophysiological (Thomas et al, 2001; Borgland et al,
2004) alterations in mesocorticolimbic brain regions. These
other forms of neural plasticity are all regulated by the Ras-
controlled Raf-MEK-ERK protein kinase signaling cascade
(English and Sweatt, 1996, 1997; see Impey et al, 1999; Wu
et al, 2001; Mazzucchelli et al, 2002; Goldin and Segal, 2003;
Thomas and Huganir, 2004 for review). Thus, it is possible
that increased ERK2 signaling due to deletion of ERK1
engages neural circuits that facilitate the neuroadaptations
associated with the rewarding and psychomotor sensitizing
effects of cocaine. In support of this idea, one cellular
correlate of psychomotor sensitization, synaptic plasticity in
the nucleus accumbens, is enhanced in ERK1-deficient
mice, as demonstrated by increased long-term potentiation
following stimulation of cortical inputs (Mazzucchelli et al,
2002). As stated above, these changes in synaptic strength in
the nucleus accumbens are directly linked to an increase in
ERK2 activity since they can be fully rescued by treatment
with a MEK inhibitor (Mazzucchelli et al, 2002). In addition,
repeated cocaine exposure increases tyrosine hydroxylase
(TH- the rate-limiting enzyme in dopamine synthesis)
enzyme activity in the ventral tegmental area along with
basal ERK catalytic activity (Vrana et al, 1993; Berhow et al,
1996). Given that blockade of the Raf-MEK-ERK signaling
cascade decreases depolarization-induced phosphorylation
of TH and subsequent accumulation of the dopamine
precursor DOPA in striatal slices (Lindgren et al, 2002),
these data suggest that ERK signaling may also regulate the
neurochemical changes (eg augmented dopamine neuro-
transmission) associated with cocaine treatment. None-
theless, given the complex interactions between the various
signaling cascades, it is worth noting that there could be, as
yet unidentified, compensatory changes in other signaling
cascades that could contribute to the results seen in the
present experiments. Future studies are necessitated to rule
out these possibilities completely.
In conclusion, our findings demonstrate that mice that

lack the ERK1 isoform, and consequently exhibit upregula-
tion of stimulus-dependent ERK2 activity in the striatum,
exhibit enhanced susceptibility to the rewarding and
psychomotor sensitizing effects of cocaine. The neurobio-
logical impact of cocaine, as indicated by an increase in
cocaine-evoked c-fos expression, is also facilitated. Based on
these observations, we propose that in the absence of ERK1,
repeated exposure to cocaine leads to enhanced ERK2
signaling in the striatum, thus facilitating the development
of enduring forms of drug-dependent behavioral plasticity
and associated neuroplastic changes. Of note, similar
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patterns of ERK activation in brain have recently been
observed for many commonly abused drugs (Valjent et al,
2004). In addition, the rewarding effects of morphine are
also enhanced in ERK1-deficient mice (Mazzucchelli et al,
2002). It is likely, therefore, that altered ERK2 signaling in
the mesocorticolimbic circuit represents part of a shared
mechanism that mediates forms of drug-induced plasticity
that may play a role in the development of addiction across
drug classes.
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