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Abstract

Learned associations are hypothesized to develop between drug effects and contextual stimuli
during repeated drug administration to produce context-specific sensitization that is expressed
only in the drug-associated environment and not in a non-drug paired environment.
Neuroadaptations that mediate such context-specific behavior are largely unknown. We
investigated context-specific modulation of CREB phosphorylation and four upstream kinases in
nucleus accumbens that phosphorylate CREB, including ERK, PKA, CaMKII and IV. Rats
received seven once daily injections of cocaine or saline in one of two distinct environments
outside their home cages. Seven days later, test injections of cocaine or saline were administered
in either the Paired or the Non-paired environment. CREB and ERK phosphorylation were
assessed with immunohistochemistry while phosphorylation of the remaining kinases, as well as
CREB and ERK, were assessed by Western blotting. Repeated cocaine administration produced
context-specific sensitized locomotor responses accompanied by context-specific enhancement of
the number of cocaine-induced phosphoCREB and phosphoERK immunoreactive nuclei in a
minority of neurons. In contrast, CREB and CaMKIV phosphorylation in nucleus accumbens
homogenates were decreased by cocaine test injections. We have recently shown that a small
number of cocaine-activated accumbens neurons mediate the learned association between cocaine
effects and the drug administration environment to produce context-specific sensitization. The
corresponding cocaine and context-specific phosphorylation of ERK and CREB in cocaine-
activated accumbens neurons in the present study suggests that this signal transduction pathway is
also selectively activated in the same set of accumbens neurons.
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Introduction

Cocaine-induced psychomotor sensitization is the progressive enhancement of stimulant
drug effects during repeated administration of cocaine (Post & Rose, 1976; Shuster et al.,
1977; Robinson & Becker, 1986; Vanderschuren & Kalivas, 2000). With the appropriate
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treatment conditions, rats and mice can remain sensitized to cocaine for up to 6 months
following repeated cocaine injections (Shuster et al., 1977; Hope et al., 2006). The
sensitized response is thought to be mediated by a combination of learned associations and
long-lasting pharmacologically-induced alterations (Vanderschuren & Kalivas, 2000;
Nestler, 2001; Badiani & Robinson, 2004; Boudreau & Wolf, 2005; Kourrich et al., 2007).
Although many pharmacologically-induced alterations have been identified, little is known
about the molecular and cellular mechanisms underlying the learned component.

The environment where drug is administered modulates the development of psychomaotor
sensitization as well as subsequent sensitized responsivity to psychostimulants (Post et al.,
1981; Vezina et al., 1989; Post et al., 1992). One well-studied factor is relative novelty of
the drug administration environment. Repeated administration of cocaine or amphetamine
outside the animal’s home cage induces greater sensitization of psychomotor responses than
repeated drug administration in their home cage (Badiani et al., 1995; Robinson et al., 1998;
Badiani & Robinson, 2004). A second distinct factor involves the specific sets of stimuli
found in different administration environments outside the home cage. Learned associations
are hypothesized to develop between drug effects and contextual stimuli during repeated
drug administration to produce a form of sensitization called context-specific sensitization
that is expressed only in the drug-associated environment and not in a non-drug paired
environment (Anagnostaras & Robinson, 1996; Carey & Gui, 1998; Duvauchelle et al.,
2000b; Duvauchelle et al., 2000a; Vezina & Leyton, 2009).

Repeated cocaine administration in a novel environment produces context-specific
enhancement of cocaine-induced Fos, a commonly used protein marker of neural activity, in
nucleus accumbens neurons that mediate context-specific locomotor sensitization to cocaine
(Crombag et al., 2002; Todtenkopf et al., 2002; Hope et al., 2006; Mattson et al., 2008;
Koya et al., 2009). Enhanced Fos responses have also been observed following repeated
amphetamine treatment in the rat’s home cages (Nordquist et al., 2008). From this we
hypothesized that upstream signal transduction pathways that activate c-fos transcription
should also be sensitized in a context-specific manner.

CREB (cyclic AMP-regulated element-binding protein) is one of the most important
transcription factors capable of activating c-fos transcription. CREB is activated via
serine-133 phosphorylation by a number of different kinases, including extracellular signal-
regulated kinase (ERK or MAP kinase) (Xing et al., 1996; Sgambato et al., 1998; Thomas &
Huganir, 2004), cAMP-dependent protein kinase (PKA) (Montminy & Bilezikjian, 1987),
and calcium/calmodulin-dependent kinases (CaMKs) (Sheng et al., 1991; Enslen et al.,
1994; Matthews et al., 1994; Braun & Schulman, 1995; Tokumitsu & Soderling, 1996; Heist
et al., 1998; Tokumitsu et al., 2004). Similar to Fos expression, cocaine-induced CREB and
ERK activation is enhanced in nucleus accumbens following sensitization to cocaine in a
novel environment (Valjent et al., 2000; Mattson et al., 2005; Brenhouse et al., 2007). In the
present study, we assessed whether this enhanced activation is also context-specific for
cocaine-induced CREB phosphorylation and the upstream activators ERK, PKA, CaMK 11
and IV in rat nucleus accumbens following sensitization to cocaine in two distinct novel
environments.

Materials and methods

Subjects

Male Sprague-Dawley rats (Charles River, Raleigh, NC, USA) weighing 250-320 g were
housed individually in standard plastic cages in a temperature- and humidity-controlled

room. They were maintained on a 12:12 h reverse light:dark cycle (lights on at 19 h), and
allowed free access to food and water. Rats were acclimatized to these housing conditions
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for at least 7 days prior to drug treatments. Experimental procedures were approved by the
NIDA Animal Care and Use Committee.

Apparatus and environmental contexts of drug treatment

Rats were injected in two distinct environments outside the home cage that had different
tactile, visual and auditory cues. Environment A was a 43 x 43 cm square Plexiglas chamber
with a smooth floor; each chamber was located inside a light-and sound-attenuating box in a
dark quiet room. Environment B was a round Plexiglas chamber (38 cm diameter) with
woodchip bedding (Sani-chips; Harlan Teklad, Madison, WI, USA); the doors of the sound-
attenuating box were open in a light room with moderate-volume music by Rammstein.
Each plexiglas chamber was in an activity monitor with 16 photocell pairs on each axis
(Med Associates, St Albans, VT, USA). Distance traveled was calculated from beam breaks
using Activity Monitor v.5.9 software (Med Associates).

General procedure for context-specific sensitization to cocaine

During repeated administration, cocaine (15 mg/kg) or saline (1 ml/kg) was injected
intraperitoneally (i.p.) into rats once daily for seven days. Rats were immediately placed into
either Environment A or B for 60 min and then returned to their home cages after each
session. After the last session, rats were kept in their home cages for seven days. On test
day, all rats were given i.p. injections of cocaine or saline and placed into Environment A.
Thus rats that received repeated injections in Environment A were tested in the same
environment (Paired groups) while rats that received repeated injections in Environment B
were tested in a different environment (Non-paired groups). This procedure was used for
Experiments 1-4.

Experiment 1: Multiple dose test for sensitized locomotor response

We used a 2 x 2 x 4 factorial design (n=8 per group) that included the factors: repeated
administration environment (Environment A, B), repeated administration drug (saline,
cocaine) and the within-subject factor, cocaine dose on test day. Rats were kept in their
home cages for seven days following repeated administration of cocaine or saline in
Environment A or B. On test day, all rats were injected first with saline and placed in
Environment A where distance traveled was monitored for 60 min. Rats were then injected
each subsequent hour with increasing doses of cocaine (5, 10, 20 mg/kg) and distance
traveled was assessed for 60 min after each injection.

Experiment 2: Immunohistochemistry analysis of phosphoCREB and phosphoERK

We used a 2 x 2 x 2 design (n=6-8 per group) that included the factors: repeated
administration environment (Environment A, B), repeated administration drug (saline,
cocaine) and test injection (saline, cocaine). Rats were kept in their home cages for seven
days following repeated administration of cocaine or saline in Environment A or B. On test
day, rats were habituated to Environment A for 30 min prior to their test injections. Based
on results from Experiment 1, we chose the 20 mg/kg dose of cocaine, along with saline
vehicle, for test injections.

Twenty minutes after test injections, rats were deeply anesthetized with isoflurane
(approximately 80 sec) and perfused transcardially with 300 ml of 4% paraformaldehyde in
0.1 M sodium phosphate, pH 7.4. Brains were removed and post-fixed for 2 hr before
transfer to 20% sucrose in 0.1 M sodium phosphate, pH 7.4, for 48 hr at 4°C. Brains were
then frozen in powdered dry ice and stored at —30° C. Coronal sections (30 uM) were cut in
a cryostat, collected in cryoprotectant (20% glycerol and 2% DMSO in 0.1 M sodium
phosphate, pH 7.4), and stored at —80° C until further processing.
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Sections were rinsed 3 x 10 minutes in phosphate-buffered saline (PBS) and placed in
blocking buffer (3% normal goat serum and 0.25% Triton X-100 in PBS) for 1 hr at 22°C.
Sections were then incubated overnight at 4°C in 1:500 dilution of anti-phosphoCREB
antibody (Cat# 9198, Cell Signaling Technology, Boston, MA, USA) or anti-phosphoERK
antibody (Cat# 9101, Cell Signaling Technology) in blocking buffer. Sections were washed
in PBS and incubated at 22°C with 1:100 dilution of biotinylated goat anti-rabbit 1gG
secondary antibody (BA-1000; Vector Laboratories, Burlingame, CA, USA) in 1% normal
goat serum and 0.25% Triton X-100 in PBS. Sections were washed in PBS and processed
with ABC Elite kits (Vector Laboratories) using a 1:80 dilution of each A and B reagent.
Sections were washed again in PBS and developed in a solution containing 0.035%
diaminobenzidine and 0.04% hydrogen peroxide in 0.1 M sodium phosphate buffer, pH 7.4.

Bright-field images of phosphoCREB and phosphoERK immunoreactivity in nucleus
accumbens (1.8 mm anterior to Bregma; (Paxinos & Watson, 1998)) were captured using a
CCD camera (Coolsnap Photometrics, Roper Scientific Inc., Trenton, NJ) attached to a Zeiss
Axioskop 2 microscope (see Figure 2a). Labeled nuclei (see Figure 2b,c) in two hemispheres
per rat were counted using IPLab software (Scanalytics, Inc., Fairfax, VA).

Experiment 3: Western blotting analysis of phosphoCREB and upstream kinases

This experiment used the same treatment procedure used in Experiment 2. We used a 2 x 2
x 2 design (n = 8 per group) that included the factors: repeated administration environment
(Environment A, B), repeated administration drug (saline, cocaine) and test injection (saline,
cocaine). This time however, rats were rapidly decapitated 20 min after test injections with
20 mg/kg of cocaine or saline. Brains were extracted and frozen in isopentane (—50°C)
within 30-45 s of decapitation and stored at —80°C until dissection.

One-millimeter coronal slices of brain (rostral face approximately 2.0 mm from Bregma
based on the atlas of Paxinos & Watson (1998)) were cut in a cryostat at —20°C. Tissue
punches (blunt 14-gauge needle) were obtained from nucleus accumbens (see Figure 4a) and
then sonicated in 1% sodium dodecyl sulfate (SDS). Tissue was kept frozen at all times until
sonication in SDS. Protein concentrations of the samples were determined using the
bicinchoninic acid assay (Pierce Chemical Company; Rockford, IL, USA). Sample protein
concentrations were equalized by diluting with 1% SDS. Samples were then subjected to
SDS-polyacrylamide gel electrophoresis for 3 h at 200 V. Proteins were transferred
electrophoretically to Immobilon-FL PVDF membranes (Millipore, Billerica, MA, USA) at
0.3 A for 3.5h.

Membranes were incubated for 1h in blocking buffer (Li-Cor Biosciences, Lincoln, NE,
USA) and then incubated overnight at 4°C in fresh Li-Cor blocking buffer containing two
primary antibodies for each signaling protein: one antibody specifically labeled the
phosphorylated form of the protein while the second antibody labeled total levels of the
same protein. Each pair of antibodies were chosen so that one was a rabbit antibody while
the other was a mouse antibody. CREB phosphorylation levels were assessed using
antibodies against total CREB (1:500; Cat# 9197; Cell Signaling Technology) and
phosphoCREB (1:1000; Cat# 05-807; Millipore). ERK activity levels were assessed using
antibodies against total ERK (1:2000; Cat# 9102; Cell Signaling Technology) and
phosphoERK (1:1000; Cat# 7383; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
CaMKII activity levels were assessed by measuring phosphorylation at Thr286, which is
autophosphorylated when the enzyme is activated (Lisman et al., 2002; Wayman et al.,
2008). We used antibodies against total CaMKII (1:2000; Cat# 05-532; Millipore) and
phosphoCaMKII (1:500; Cat# 06-881; Millipore). CaMKIV activity levels were assessed by
measuring phosphorylation of Thr196, which is phosphorylated by CaMK kinase to activate
the enzyme (Tokumitsu et al., 2004; Wayman et al., 2008). We used antibodies against total
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CaMKIV (1:300; Cell Signaling Technology) and phosphoCaMKIV (1:10; see Tokumitsu et
al. (2004)). Endogenous PKA activity levels were assessed by measuring PKA-specific
phosphorylation of Ser845 in the GIuR1 subunit of the alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionate receptor (Roche et al., 1996; Chao et al., 2002; Mattson et al.,
2005). We used antibodies against total GIuR1 (1:200; Cat# 13152; Santa Cruz
Biotechnology) and phosphoGIluR1 (1:500; Cat# AB5849; Millipore). After incubation with
primary antibodies, blots were washed and incubated 1h with anti-mouse and anti-rabbit
secondary antibodies labeled with IRDyes 680 and 800 (Li-Cor Biosciences). Fluorescence
from both fluorophores (see Figure 4b) was assessed simultaneously using an Odyssey IR
fluorescence scanner (Li-Cor Biosciences) and bands were quantified using Odyssey 2.0
software.

Experiment 4: Locomotor activity and western blotting following 10 mg/kg cocaine

This experiment was designed to replicate the results of the previous experiment with a
lower dose of cocaine on test day, as well as to evaluate locomotor activation in the same
animals. We used a 2 x 2 x 2 design (n =11-12 per group) that included the factors: repeated
administration environment (Environment A, B), repeated administration drug (saline,
cocaine) and test injection (saline, cocaine). On test day, rats were habituated to
Environment A for 30 min prior to their test injections with 10 mg/kg of cocaine or saline.
Distance traveled by the rats was assessed for 20 min before we rapidly decapitated the rats
and removed their brains for Western blotting analysis similar to experiment 3.

Statistical analysis

Results

Data from experiments 1 to 4 were analyzed with Statistica program using three-way
analyses of variance (ANOVA) considering the factorial design in the experiments described
above. Distance traveled during the repeated treatment of rats from all experiments was
analyzed with two-way ANOVA for each administration environment. Factors considered
were repeated administration drug and administration day. Newman-Keuls post-hoc test or
Contrast Analysis was used to make specific group comparisons when appropriate. Effects
were considered significant when p < 0.05.

Development of cocaine-induced locomotor sensitization

We analyzed distance travelled during the seven-day pretreatment of rats from all
experiments (n = 48 per group) to verify development of sensitization in each environment.
For rats injected repeatedly in Environment A (Figure 1a), two-way ANOVA indicated a
significant interaction between factors (Fg 534=10.57, p<0.001). Contrast analysis indicated
that cocaine-induced locomator activity was greater on day 7 than on day 1 following
repeated administration of cocaine, but not saline (p<0.001). For rats injected repeatedly in
Environment B (Figure 1b), two-way ANOVA indicated a significant interaction between
factors (Fg 474=2.89, p<0.001). Contrast analysis indicated that cocaine-induced locomotor
activity was greater on day 7 than on day 1 following repeated administration of cocaine, but
not saline (p<0.001). Thus, sensitization developed during repeated cocaine administration
in both environments.

Experiment 1

Seven days following the last repeated injections, test injections of saline, 5, 10, or 20 mg/kg
of cocaine were administered to each rat within a single session to assess expression of
sensitization (Figure 1c). Three-way ANOVA (repeated administration drug, test dose,
administration environment) indicated an interaction among these three factors (F3 g4=4.02,
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p<0.01). When data were analyzed by two-way ANOVA using the main factors of repeated
administration drug and time (each 60-min block corresponded to a separate dose of
cocaine), repeated administration drug interacted significantly with time, and thus test dose,
but only when injected in the Paired environment (F,3 42=5.86, p<0.01), and not in the Non-
paired environment. Contrast analysis indicated that when rats were injected in the Paired
environment, repeated cocaine administration produced significantly enhanced locomotor
responses on test day for the 20 mg/kg cocaine dose (p<0.01), but not for the 5 or 10 mg/kg
doses. Thus, our treatment procedure produced a context-specific sensitized locomotor
response with only the 20 mg/kg test dose of cocaine.

Experiment 2

PhosphoCREB immunoreactivity—We assessed the number of phosphoCREB-
immunoreactive nuclei in nucleus accumbens of rats following the above treatment
procedure but using only the 20 mg/kg cocaine dose along with saline vehicle for test
injections (images in Figure 2b, graphs in Figure 3a,b). Many nuclei had lower basal levels
of immunoreactivity. We selected a higher threshold for counting nuclei with increased
levels of phosphoCREB immunoreactivity. Three-way ANOVA (repeated administration
drug, test drug, administration environment) indicated an interaction among these three
factors (F1 50=31.75, p<0.001). Newman-Keuls post hoc tests indicated that, in general,
cocaine test injections increased the number of phosphoCREB-immunoreactive nuclei in
rats following either repeated administration of cocaine or saline for rats injected in the
Paired environment (p<0.01) or in the Non-Paired environment (p<0.001). Most
importantly, repeated cocaine administration increased the number of phosphoCREB-
immunoreactive nuclei induced by cocaine injections in the Paired environment (p<0.001);
repeated cocaine administration did not increase the number of phosphoCREB-
immunoreactive nuclei induced by cocaine injections in the Non-paired environment. Thus,
our treatment procedure produced a context-specific enhancement of the number of
phosphoCREB-immunoreactive nuclei following cocaine test injections.

PhosphoERK-immunoreactivity—We assessed the number of phosphoERK-
immunoreactive nuclei in nucleus accumbens from the same rats used to assess
phosphoCREB-immunoreactive nuclei (images in Figure 2c, graphs in Figure 3c,d). Three-
way ANOVA indicated an interaction among these three factors (F1 50=31.75, p<0.001).
Newman-Keuls post hoc tests indicated that, in general, cocaine test injections increased the
number of phosphoERK-immunoreactive nuclei in rats following either repeated
administration of cocaine or saline for rats injected in the Paired environment (p<0.01) or in
the Non-Paired environment (p<0.001). Most importantly, repeated cocaine administration
increased the number of phosphoERK-immunoreactive nuclei induced by cocaine injections
in the Paired environment (p<0.001), and decreased the number of phosphoERK-
immunoreactive nuclei in the Non-paired environment (p<0.05). Thus, our treatment
procedure produced a context-specific enhancement of the number of phosphoERK-
immunoreactive nuclei following cocaine test injections.

Experiment 3

We used Western blotting to assess phosphorylated levels and total levels of CREB and
upstream kinases capable of phosphorylating CREB from homogenates of nucleus
accumbens (see images in Figure 4). Overall, total levels of each protein were not
significantly altered by drug administration or environment. Phosphorylation levels are
described below as the ratio of phosphorylated protein to total protein levels to account for
differences in sample input in each lane.
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CREB phosphorylation—Three-way ANOVA (repeated administration drug, test drug,
administration environment) of CREB phosphorylation levels indicated only a main effect of
test drug injections (F1 56=64.23, p<0.001) (Figure 5a,b). Newman-Keuls post hoc tests
indicated that, in general, cocaine test injections decreased CREB phosphorylation levels
following either repeated administration of cocaine or saline for rats injected in either the
Paired or Non-paired environment (p<0.05). Notably, repeated cocaine administration
(compared to repeated saline administration) produced nearly significant higher levels of
CREB phosphorylation following cocaine test injections in the Paired (p=0.08), but not in
the Non-paired, environment.

CaMKIV phosphorylation—Three-way ANOVA of CaMKIV phosphorylation levels
indicated an interaction for only administration environment and repeated administration
drug (F1,56=9.74, p<0.01) (Figure 5c,d). Newman-Keuls post hoc test indicated that, in
general, cocaine test injections decreased CaMKIV phosphorylation levels following either
repeated administration of cocaine or saline for rats injected in either the Paired or Non-
paired environment (p<0.05). Notably, repeated cocaine administration (compared to
repeated saline administration) produced significantly higher levels of CaMKIV
phosphorylation following cocaine test injections in the Paired (p<0.01), but not in the Non-
paired environment. Overall the regulation of CaMKIV phosphorylation was very similar to
regulation of CREB phosphorylation in the nucleus accumbens. Although cocaine test
injections always decreased phosphorylation levels of CREB and CaMKIV, our repeated
drug administration procedure attenuated this acute decrease in a context-specific manner.

ERK phosphorylation—Three-way ANOVA of ERK phosphorylation levels indicated a
significant effect for only test injections (F1 55=16.99, p<0.001); cocaine test injections
increased ERK phosphorylation levels (Figure 5e,f). However, Newman-Keuls post hoc
tests did not indicate significant differences between specific pairs of groups.

CaMKIl phosphorylation—Three-way ANOVA of CaMKII phosphorylation levels did
not indicate any significant effects (Figure 5g,h).

GluR1 Ser845 phosphorylation—Three-way ANOVA of GIuR1 phosphorylation levels
indicated significant effects of test injections (F1 56=13.21, p<0.001) and an interaction
between repeated administration drug x test drug (F1 56=7.75, p<0.01) (Figure 5i,j).
Newman-Keuls post hoc test indicated that cocaine test injections increased GIuR1
phosphorylation levels in rats that received repeated saline administration (p<0.05), but not
in rats that received repeated cocaine administration in either environment. Thus, repeated
cocaine administration attenuates acute cocaine-induced increases in GIuR1 phosphorylation
levels regardless of the administration environment.

Experiment 4

We also examined locomotor activity and phosphorylation levels using western blotting of
nucleus accumbens samples obtained from rats following injections of 10 mg/kg, instead of
20 mg/kg, cocaine on test day (Figure 6). Three-way ANOVA (repeated administration
drug, test drug, administration environment) of locomotor activity indicated a significant
effect of administration environment (F1 g6=5.73, p<0.05), test injections (F1 gg=28.76,
p<0.001) and an interaction of administration environment with test injections (F1 gg=4.48,
p<0.05) (Figure 6). Newman-Keuls post hoc test indicated that repeated cocaine
administration significantly enhanced cocaine-induced locomotor activity for test injections
in the Paired environment (p<0.01), but not in the Non-paired environment. Thus, our
treatment procedure produced a context-specific sensitized locomotor response using a 10
mg/kg dose of cocaine injected after only 30 minutes of habituation in the test chamber. This
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effect was different than our lack of sensitized response in Experiment 1. The longer time
for habituation to environmental stimuli in Experiment 1 prior to 10 mg/kg cocaine
injections probably contributed to reducing acute locomotor responsivity (Crombag et al.,
2001). Also Experiment 4 assessed acute locomotor responses during peak activation by
cocaine, which was not diluted by lesser locomotor response assessed during the later non-
peak time period 20-60 minutes following drug injections in Experiment 1.

Using western blotting, total levels of each protein were again not significantly altered by
drug administration or environment. Overall, the data from this experiment indicated smaller
alterations in phosphorylation levels compared to those following test injections with 20 mg/
kg of cocaine in Experiment 3.

CREB phosphorylation—Three-way ANOVA (repeated administration drug, test drug,
administration environment) of CREB phosphorylation levels indicated a main effect of
administration environment (F1 gg=4.00, p<0.05) and test drug injections (F1 gg=17.87,
p<0.001) (Figure 7a,b). Newman-Keuls post hoc test indicated that cocaine test injections
decreased CREB phosphorylation levels only following repeated cocaine administration in
the Paired environment (p<0.05).

CaMKI1V phosphorylation—Three-way ANOVA of CaMKIV phosphorylation levels
indicated a main effect of test injection (Fq gg=22.13, p<0.001) and near significant effect of
repeated administration environment (F1 gg=3.25, p=0.07) (Figure 7c,d). Newman-Keuls
post hoc test indicated that cocaine test injections in the Paired environment decreased the
CaMKIV phosphorylation only following repeated cocaine administration in the Paired
environment (p<0.05).

ERK phosphorylation—Three-way ANOVA of ERK phosphorylation levels indicated a
main effect of test injection (F1 gg=6.95, p<0.01); in general, cocaine test injections
produced a small increase in phosphorylation levels (Figure 7e,f). However, Newman-Keuls
post hoc test did not indicate significant differences between specific pairs of groups.

CaMKIl phosphorylation—Three-way ANOVA of CaMKII phosphorylation levels
indicated a main effect of administration environment (F1 gg=4.18, p<0.05) (Figure 7g,h).
However, Newman-Keuls post hoc test did not indicate significant differences between
specific pairs of groups.

GluR1 Ser845 phosphorylation—Three-way ANOVA of GIuR1 phosphorylation levels
indicated a main effect of test injection (F1 gg=10.74, p<0.01); in general, cocaine test
injections produced a small increase in phosphorylation levels (Figure 7i,j). However,
Newman-Keuls post hoc test did not indicate significant differences between specific pairs
of groups.

Discussion

Repeated cocaine administration to rats in an environment outside their home cage results in
context-specific locomotor sensitization accompanied by selective alterations in cocaine-
induced CREB and ERK phosphorylation in nucleus accumbens. The phosphorylation data
raise two major issues. The immunohistochemical data indicate that repeated cocaine
administration produces context-specific enhancement of cocaine-induced CREB and ERK
phosphorylation in a minority of nucleus accumbens neurons. Meanwhile we infer from the
Western blotting data that cocaine decreases phosphorylation levels in the majority of
accumbens neurons when cocaine is administered outside the home cage. Overall, sensitized
locomotor responsivity to cocaine appears to be context-specific and corresponds with
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context-specific enhancement of cocaine-induced CREB and ERK phosphorylation in a
minority of accumbens neurons, but not with phosphorylation in homogenates from nucleus
accumbens.

Many investigators have shown context-dependent sensitized responses to cocaine and other
psychostimulants following repeated drug administration in the animal’s home cage versus a
relatively novel environment outside the home cage (reviewed in Badiani & Robinson,
2004). However it is clear from the extensive work of Badiani, Robinson, and others that
this novelty factor is distinct from learned associations between drug and specific stimuli
sets in the drug administration environment. Thus for studies that compared repeated drug
administration in the home cage versus administration outside the home cage, these two
factors are intertwined in an undefined manner. We controlled for the novelty factor in the
present study by repeatedly administering cocaine in two different novel environments. We
used a full factorial version of the experimental design used in the “Third world” experiment
of Anagnostaras & Robinson (1996), which indicated context-specific expression of
sensitization of amphetamine-induced rotations in rats with unilateral 6-hydroxydopamine
lesions. By controlling for novelty, our locomotor data indicate sensitized locomotor
responsivity was context-specific, and not just context-dependent. It should be noted that
sensitization can be context-independent (Heidbreder et al., 1996; VVanderschuren et al.,
2000). This has been shown most often using higher doses of cocaine injections in the home
cage. Some of the neuroadaptations mediating context-independent sensitization in these
studies may be induced along with the learned associations mediating context-specific
sensitization in our treatment regimen.

Conditioned inhibition by the non-drug paired environment has been hypothesized to mask
expression of sensitized responses whose underlying mechanisms are inherently non-
associative (Stewart & Vezina, 1991; Anagnostaras et al., 2002). In the experiments that
form the basis for this hypothesis, the non-drug paired environment used to assess sensitized
responsivity on test day has usually been explicitly paired with saline vehicle during the
previous repeated administration procedure. Although explicit pairing of saline with the test
environment may indeed produce conditioned inhibition of sensitized drug responses, it does
not appear to be necessary for context-specific sensitization. Non-paired rats in our study
and in the “Third world” experiment of Anagnostaras & Robinson (1996) did not express
sensitized responsivity even though they were never exposed to the test environment prior to
test day. This prevented any conditioned associations, inhibitory or not, with the test
environment. Similar effects have been noted in other sensitization studies that compared
repeated drug administration in different novel environments (Vezina & Stewart, 1987;
Duvauchelle et al., 2000b; Duvauchelle et al., 2000a; Rademacher et al., 2007; Mattson et
al., 2008). Overall these studies suggest that the drug-paired environment can play a
facilitatory role in the expression of sensitization (see review of Vezina & Leyton, 2009). It
should be noted that we consider the learned association mediating the sensitized response in
the presence of drug to be distinct from the learned association mediating ‘conditioned
locomotion’ in the absence of drug. ‘Conditioned locomotion’ has been clearly established
as distinct from sensitization in the presence of drug (Stewart & Vezina, 1991; Carey & Gui,
1998; Robinson et al., 1998; Michel & Tirelli, 2002; Carey et al., 2005).

Immunohistochemical analyses of CREB and ERK phosphorylation in nucleus accumbens
of these rats indicate a correlation between enhanced cocaine-induced phosphorylation and
sensitized locomotor responses. Acute cocaine administration on test day increased the
number of phosphoCREB-immunoreactive nuclei compared to saline administration, similar
to previous studies with cocaine (Mattson et al., 2005; Miller & Marshall, 2005) and
amphetamine (Konradi et al., 1994; Simpson et al., 1995; Turgeon et al., 1997; Self et al.,
1998). We had previously found that repeated cocaine administration to rats outside their
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home cage enhances cocaine-induced CREB phosphorylation in nucleus accumbens
(Mattson et al., 2005). We now show that this enhancement of cocaine-induced CREB
phosphorylation is expressed only in the drug-paired environment, but not in the non-paired
environment, and is thus context-specific.

The pattern of cocaine-induced alterations of phosphoERK immunoreactivity by drug and
environment was very similar to that for phosphoCREB immunoreactivity. Acute cocaine
administration on test day increased the number of phosphoERK-immunoreactive nuclei
compared to saline administration, similar to previous studies with cocaine (Valjent et al.,
2000; Valjent et al., 2004; Zhang et al., 2004; Mattson et al., 2005; Miller & Marshall,
2005). Previous studies further indicate that repeated cocaine administration to rats outside
their home cage enhances cocaine-induced ERK phosphorylation in nucleus accumbens
(Valjent et al., 2000; Mattson et al., 2005). We now show that this enhancement of cocaine-
induced ERK phosphorylation is expressed only in the drug-paired environment, but not in
the non-paired environment, and is thus context-specific. Previous studies indicate that
cocaine administration to rats in a novel environment increases CREB phosphorylation via
ERK activation (Brami-Cherrier et al., 2002; Mattson et al., 2005; Miller & Marshall, 2005),
and not via PKA activation (Mattson et al., 2005). Thus context-specific enhancement of
cocaine-induced ERK activation is likely responsible for the corresponding enhancement of
cocaine-induced CREB phosphorylation in nucleus accumbens of cocaine-sensitized rats.

Context-specific sensitized locomotor responses to cocaine correlate with context-specific
enhancement of cocaine-induced Fos expression in approximately 2—-3% of sparsely
distributed nucleus accumbens neurons when cocaine or amphetamine is repeatedly
administered in a novel environment (Crombag et al., 2002; Todtenkopf et al., 2002; Hope
et al., 2006; Rademacher et al., 2007; Koya et al., 2009). In the present study, the same
repeated cocaine treatment regimen used in Koya et al (2009) produced context-specific
enhancement of cocaine-induced phosphoCREB and phosphoERK immunoreactivity in a
similarly small proportion of sparsely distributed accumbens neurons. Considering that Fos
protein is a marker of neuronal activation and the c-fos gene is activated through ERK and
CREB, enhanced cocaine-induced CREB and ERK phosphorylation is likely be induced in
the same minority of activated accumbens neurons as Fos (Sgambato et al., 1998; Vanhoutte
et al., 1999). From this, we hypothesize that learned associations between drug and specific
sets of stimuli in the drug-paired environment produce context-specific enhancement of
cocaine-induced activation of the ERK-CREB-Fos signal transduction pathway in a minority
of strongly activated neurons in nucleus accumbens that mediate the expression of context-
specific sensitization (Koya et al., 2009).

Our Western blotting assays provide a different view where cocaine decreased CREB
phosphorylation levels in homogenates of nucleus accumbens. We hypothesize that cocaine
increases phosphorylation levels in a small number (approximately 2—-3% from Koya et al.,
2009) of activated neurons while cocaine decreases phosphorylation levels in the majority of
surrounding deactivated neurons. Immunohistochemical labeling of phosphoCREB-
immunoreactive nuclei is limited to those neurons that were sufficiently activated to increase
phosphorylation levels. Decreased phosphorylation in surrounding neurons would not be
detected in these immunohistochemical assays. On the other hand, Western blotting does not
distinguish between activated neurons and non-activated neurons. In homogenates used for
western blotting experiments, increased CREB phosphorylation levels in a minority of
activated neurons are likely diluted by unaltered or even decreased phosphorylation levels in
the majority of nonactivated or deactivated neurons. The observation that cocaine decreased
phosphorylation levels was somewhat unexpected since other studies observed increased
phosphorylation with injections of cocaine and other psychostimulants to rats most often in
their home cages. The difference may be due to higher basal levels of phosphorylation in a
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novel environment than basal levels produced in the home cage (Mattson et al., 2005).
Higher basal levels in a novel environment allow observation of drug-induced decreases in
phosphorylation levels. In contrast, lower basal phosphorylation levels in the home cage in
other studies make it difficult to observe cocaine-induced decreases in phosphorylation
levels using Western blotting, but easier to observe cocaine- or amphetamine-induced
increases in CREB phosphorylation in the minority of activated neurons (Konradi et al.,
1994; Kano et al., 1995).

The pattern of CREB phosphorylation alterations in homogenates corresponded well with
the pattern of alterations in CaMKIV phosphorylation, but not with ERK, CaMK |1 or
Ser845 GIuR1 phosphorylation. CaMKIV can phosphorylate CREB (Enslen et al., 1994;
Matthews et al., 1994; Sun et al., 1996; Tiraboschi et al., 2004). Assuming that these
phosphorylation patterns reflect alterations in the majority of accumbens neurons, CaMKIV
activity may be an important regulator of CREB phosphorylation in these neurons when
cocaine is injected into rats in a novel environment. Test injections with cocaine increased
endogenous PKA activity, as indicated by GIuR1 serine-845 phosphorylation, similar to our
previous study (Mattson et al., 2005). None of the alterations of phosphorylation levels in
homogenates were context-specific, which contrasted with context-specific enhanced
phosphorylation in the minority of activated neurons observed with immunohistochemistry.

Overall, sensitized cocaine-induced locomotor responses were context-specific and
corresponded with context-specific enhancement of cocaine-induced CREB and ERK
phosphorylation in a minority of accumbens neurons that we have previously shown to
mediate context-specific sensitization (Koya et al., 2009). It is likely that this leads to
context-specific alterations in gene expression in these neurons. The contrasting effects of
cocaine on phosphorylation in accumbens homogenates suggest that CREB and ERK
phosphorylation is regulated differently in the majority of surrounding non- or deactivated
neurons. Based on our previous study (Koya et al., 2009), activation of these latter neurons
do not appear necessary for context-specific sensitization, but could still play a supporting
role sensitization. Differential regulation of ERK and CREB in activated versus inactivated
neurons is likely to lead to differences in gene expression in these two populations of
neurons that could underlie their different roles in context-specific sensitization.
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Figure 1.

Locomotor sensitization during repeated treatment and in the test day. Distance travelled of
Paired group rats (a) was assessed in the square locomotor boxes (Environment A), while
locomotor activity of Non-paired group rats (b) was assessed in the round chamber
(Environment B) following each daily injection of saline or 15 mg/kg of cocaine. Activity
on test day (c) was evaluated in the square locomotor boxes, seven days after repeated
administration of saline or cocaine. Rats were injected at one-hour intervals with saline, then
5, 10 and 20 mg/kg of cocaine. Data represent mean + SEM (N = 8 rats per group) of
locomotor activity during 60 min following each injection for Paired or Non-paired groups
of rats. # p < 0.001: locomotor activity on day 7 compared to day 1. * p < 0.01: compared to
rats repeated injected with saline and tested with the same drug dose.

Eur J Neurosci. Author manuscript; available in PMC 2010 November 11.



Marin et al. Page 17

Figure 2.
Schematic representation of brain regions and immunohistochemistry images. (a) Schematic

of coronal section approximately 1.8 mm anterior to Bregma employed in the
immunohistochemistry detection. Drawings of coronal sections and coordinates were
obtained from the atlas of Paxinos & Watson (1998). The rectangle represents the area used
to protein quantification. (b) Example of phosphoCREB-immunoreactive nuclei in nucleus
accumbens. (c) Example of phosphoERK-immunoreactive cells in nucleus accumbens.
Arrows indicate immunoreactive cells.
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Immunohistochemistry
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Quantification of immunchistochemical results for CREB and ERK phosphorylation in
nucleus accumbens. Data represent mean £ SEM (N = 6-8 rats per group) of phosphoCREB
(a, b) and phosphoERK (c, d) immunoreactive nuclei from rats injected on test day in a
Paired or Non-paired environment. # p < 0.01: compared to rats that received saline test
injections following repeated administration of either saline or cocaine. * p < 0.05:
compared to rats that received cocaine test injections following repeated saline

administration.
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Figure 4.

Schematic representation of brain regions and fluorescent images of proteins analyzed by
Western Blotting. Schematic representation (a) of rostral face (2.0 mm anterior to Bregma)
of Imm slice employed in the assays. The circle represents the area taken for tissue punches.
Drawings of coronal sections and coordinates were obtained from the atlas of Paxinos &
Watson (1998). (b) Example of fluorescent bands from Western blots of each analyzed
protein.
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Figure 5.

Western blotting analysis of phosphorylation of CREB and upstream kinases in the nucleus
accumbens following test injections of saline or 20 mg/kg of cocaine. Data represent mean +
SEM (N = 8 rats per group) phosphorylation levels for CREB (a, b), CaMKIV (c, d), ERK
(e, f), CaMKII (g, h) and GIuR1 serine-845 (i, j) in rats that received test injections in Paired
or Non-paired environments. # p < 0.01: compared to rats that received saline test injections
following repeated administration of either saline or cocaine. * p < 0.05: compared to rats
that received cocaine test injections following repeated saline administration.
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Locomotor activity following test injections of saline or 10 mg/kg of cocaine in the square
locomotor boxes, seven days after repeated administration of either saline or cocaine. Data
represent mean £ SEM (N = 11-12 rats per group) of locomotor activity during 20 min
session for (a) Paired or (b) Non-paired groups of rats. * p < 0.01: compared to rats that
received cocaine test injections following repeated saline administration.

Eur J Neurosci. Author manuscript; available in PMC 2010 November 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Marin et al.

Western blotting
200, 10 mg/kg cocaine test injection

Page 22

CREB @z

phosphorylation

% of control

CaMKIV £
phosphorylation
2

N
o

(e)
ERK
phosphorylation

% of control

o

(9)%°%9

CaMKI|
phosphorylation

% of contro

=

o

(i) 200

GluR1
phosphorylation

% of control

Figure 7.

oo

Paired

" Saline Cocaine
Test injections

(b)

(f)

(h)

1)

Non-paired

[ ] Repeated saline

B Repeated cocaine

Saline Cocaine

Test injections

Western blotting analysis of phosphorylation of CREB and upstream kinases in the nucleus
accumbens following test injections of saline or 10 mg/kg of cocaine. Data represent mean +
SEM (N = 11-12 rats per group) phosphorylation levels of CREB (a, b), CaMKIV (c, d),
ERK (g, f), CaMKII (g, h) and GIuR1 serine-845 (i, j) from rats that received test injections
in Paired or Non-paired environments. # p < 0.05: compared to rats that received saline test
injections following repeated administration of either saline or cocaine.
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