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Abstract

Environment-induced relapse is a major concern in drug addiction because of the strong associations
formed between drug reward and environment. Cocaine-conditioned place preference is an ideal
experimental tool to examine adaptations in the molecular pathways that are activated upon re-
exposure to an environment previously paired with drug reward. To better understand the mechanism
of cocaine-conditioned place preference we have used western blot analysis to examine changes in
phosphorylation of cAMP-response element binding protein (CREB), dopamine- and cyclic AMP-
regulated phosphoprotein 32 (DARPP-32), extra-cellular signal-regulated kinase (ERK) and GIuR1,
key molecular substrates altered by cocaine, in the nucleus accumbens (NAc) and dorsal
hippocampus (DHC) of C57BL/6 mice. Our studies revealed that re-exposing mice to an environment
in which they were previously given cocaine resulted in increased levels of Ser133 phospho-CREB
and Thr34 phospho-DARPP-32 with a corresponding decrease in Thr75 phospho-DARPP-32 in the
NAC. In DHC there were increased levels of phospho-CREB, Thr183/Tyr185 phospho-ERK, and
Ser845 phospho-GluR1. These data suggest that the formation of contextual drug reward associations
involves recruitment of the DHC-NACc circuit with activation of the DARPP-32/CREB pathway in
the NAc and the ERK/CREB pathway in the DHC.
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Exposure to drugs of abuse usurp the normal reward and learning mechanisms of the brain
causing maladaptive changes in molecular signal transduction pathways leading to the
addictive state. Addiction is characterized by compulsive drug use, and carries a high risk of
relapse following cessation (Hyman 2005; Hyman et al. 2006). Mesolimbic dopamine neurons
from the ventral tegmental area (VTA) projecting to the nucleus accumbens (NAc) serve as
the primary reward circuitry of the brain, via connections with the striatum, medial prefrontal
cortex and hippocampus, which mediates learning and memory and goal directed behaviors
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(Kelley 2004). A widely used behavioral assay in preclinical drug abuse research is cocaine-
conditioned place preference (CPP). CPP utilizes the natural reward pathways of the NAc and
pathways of learning and memory in the dorsal hippocampus (DHC) allowing the ability to
learn associations between the rewarding, euphoric effects of drugs of abuse with a specific
environment through repeated pairing of the two (Bardo 1998; Bardo and Bevins 2000; Meyers
et al. 2003).

Changes in the function and expression of specific genes and proteins shown to underlie the
persistent and pervasive neurobiological and behavioral changes that characterize addiction
have provided insight into the mechanisms of the addictive properties of drugs of abuse. Of
particular interest is the transcription factor CAMP-response element binding protein (CREB),
which, upon phosphorylation at Ser133, activates gene expression by binding CRE elements
in promoter regions of other proteins and transcription factors that mediate neural plasticity
(Berke and Hyman 2000; Hyman and Malenka 2001). Cocaine and other abused drugs increase
CREB phosphorylation in the NAc (Brami-Cherrier et al. 2005) and hippocampus (Kuo et
al. 2007) after acute exposure, suggesting CREB-mediated pathways have a role in the altered
response to subsequent drug exposure. Furthermore, CREB in the NAc has been directly
implicated in the rewarding properties of cocaine (Carlezon et al. 1998; Walters and Blendy
2001). In the DHC increased CREB activity is observed following training tasks and memory
provoking stimuli (Taubenfeld et al. 1999) akin to the CPP assay, and increased DHC CREB
phosphorylation facilitates long-term associative learning (Brightwell et al. 2007).

The molecular pathways contributing to the extent of phosphorylation of CREB at Ser133 are
diverse and controlled by a number of kinases and phosphatases that vary with brain region.
In the NAc and hippocampus CREB is directly phosphorylated at Ser133 by cAMP activation
of protein kinase A (PKA) (Gonzalez and Montminy 1989), and ERK activation of p90
ribosomal kinase (RSK) and mitogen-and stress-activated protein kinase pathways (MSK)
(Xing et al. 1996; Deak et al. 1998; Mayr and Montminy 2001), kinases implicated in reward-
related learning such as CPP (Valjent et al. 2000; Self 2004; Miller and Marshall 2005;
Ferguson et al. 2006). In the NAc, acute cocaine exposure activates D1 dopamine receptors
that induce CREB phosphorylation directly by PKA activation (Hyman and Malenka 2001;
Nestler 2001). Acute cocaine exposure also activates ERK pathways leading to CREB
phosphorylation (Valjent et al. 2000; Brami-Cherrier et al. 2005).

Another important regulator of CREB phosphorylation is dopamine- and cyclic AMP-
regulated phosphoprotein 32 (DARPP-32). In the NAc DARPP-32 is regulated by the PKA
and Ca2* signaling pathways (Halpain et al. 1990; Svenningsson et al. 2004). PKA-mediated
phosphorylation at Thr34 results in increases in Ser133 CREB phosphorylation via inhibition
of protein phosphatase 1 whereas phosphorylation at Thr75 converts DARPP-32 into an
inhibitor of PKA decreasing levels of Ser133 CREB phosphorylation (Nairn et al. 2004).

The current study explored the molecular substrates activated in the NAc and DHC of cocaine-
treated mice that were reintroduced to an environment in which they were previously given
cocaine (cocaine-paired) or saline (cocaine-unpaired) 2 days after CPP testing. We found that
cocaine-paired mice had higher levels of Ser133 phospho-CREB (P-CREB) in both NAc and
DHC compared with cocaine-unpaired mice and also compared with saline-treated mice
reintroduced into the environment in which they were given saline (saline-paired).
Furthermore, cocaine-paired mice displayed decreased Thr75 phospho-DARPP-32 (P-DAR-
PP-32) and increased Thr34 P-DARPP-32 in the NAc with no difference in levels of Thr202/
Tyr204 phospho-ERK2 (P-ERK2) or Ser845 GluR1 phosphorylation (phospho-GluR1),aPKA
target and an important mediator of synaptic plasticity (Wolf et al. 2004; Wang et al. 2005).
In the DHC, cocaine-paired mice exhibited higher levels of P-ERK2 and phospho-GIuR1.
These results provide evidence of increased PKA signaling in the NAc and increased PKA and
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ERK signaling in the DHC as persistent drug-related changes induced and triggered by
contextual association, which provide insight into the mechanism of drug reward and relapse.

Materials and methods

Animals

Eight- to 10-week-old C57BL/6 mice (Jackson Labs, Bar Harbor, ME, USA) were used in this
study. Animals were handled and weighed each day prior to testing, and allowed to habituate
to the testing room for 1 h prior to each day’s experiment.

Drugs and antibodies

Cocaine HCI was dissolved in physiological saline at a concentration of 1 mg/mL, and injected
at0.01 mL/g body weight at a dose of 10 mg/kg. Antibodies for Ser133 P-CREB, CREB, Thr34
P-DARPP-32, Thr75 P-DARPP-32, Thr183/Tyr 185 P-ERK1/2, and ERK were obtained from
Cell Signaling Technology (Danvers, MA, USA), GIuR1 and Ser845 phospho-GIluR1 were
obtained from Abcam (Cambridge, MA, USA) and actin was obtained from Chemicon
(Temecula, CA, USA).

Conditioned place preference

Our model employed a 5-day CPP protocol shown to be effective for CPP (Carlezon et al.
1998). Because preliminary studies found a more substantial change in preference when
conditioned in the morning (data not shown), we utilized a semi-biased design during which
all animals were conditioned in the morning. To have an operational definition of reward with
high face validity we used a method to screen mice that had an initial bias, and defined reward
as the difference in time spent in the chamber where drug was given on the test day minus the
time spent in the same chamber on the preconditioning day. This allowed us to control for as
many biasing variables as possible (Roma and Riley 2005).

Specifically, we used a three-chamber place preference apparatus (Med Associates Inc., St.
Albans, VT, USA) made of two equal-sized (16.8 x 12 cm) preference chambers connected
by a central chamber (7.2 x 12 cm), outfitted with sliding guillotine-style doors between each
chamber, and photo-beams wired to a computer to record animal location and activity. The
central chamber had a smooth floor and was colored gray, while each preference chamber was
either white with a floor made of a fine metal mesh or black with a floor made of equally spaced
metal bars.

On the first day of experimentation (preconditioning; Fig. 1a) mice were placed in the central
chamber for a 1-min (60 s) habituation period with the sliding doors closed, followed by a 20-
min (1200 s) period of free exploration throughout the whole apparatus. Time spent in each
chamber was recorded, and mice were returned to their cage. To control for apparatus bias, a
set of criteria were used to exclude some mice from the study. First, any mouse that spent more
than 600 s of the 1200-s pre-conditioning period in the central gray chamber was excluded. Of
the remaining mice, the time spent in the gray chamber was subtracted from 1200 (the total
test time), and divided by two to give a ‘half-time’ (equal to the amount of time the mouse
would spend in each chamber, black and white, if it demonstrated no innate preference). The
half-time was multiplied by 0.2 and this value was added or subtracted to the half-time to give
a range of allowable time a mouse can spend in the black or white chamber. If the time the
animal spent in one chamber exceeded the upper or lower limits of the range then the animal
was assumed to have an apparatus bias and was removed from the study.

The remaining mice were then randomly assigned to either cocaine or saline-paired groups.
On days 2—4 (conditioning; Fig. 1a) mice were given an injection of cocaine or saline and
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confined randomly to either the black or white chamber for 20 min (AM session). Mice were
then returned to their home cages. After 4 h a saline injection (0.01 mL/g body weight) was
given to all mice and they were confined to the opposite side to which they received saline or
cocaine in the AM session for 20 min (PM session). On the final day (test; Fig. 1a) mice were
again placed in the central chamber with the doors closed for a 1-min habituation period. The
doors were raised and the mice were allowed to walk freely about the chamber. Time spent in
each chamber was recorded.

Preference was defined as the difference in time spent in the chamber where drug was given
on the test day minus the time spent in the same chamber on the pre-conditioning day and is
reported as difference score in Fig. 1b. Data obtained from pairing in black or white chambers
were collapsed because initial experiments showed that the preference obtained by pairing in
the black or pairing in the white was indistinguishable (data not shown).

Western immunoblotting

Statistics

Forty-eight hours following the test day, mice that had been given saline were confined to the
chamber in which they were given saline (saline-paired group) and mice that had been given
cocaine were confined to either the chamber in which they were given cocaine (cocaine-paired
group) or saline (cocaine-unpaired group) for a 20-min period followed immediately by rapid
decapitation, whole brain dissection and freezing in isopentane at —40°C. Brains were sectioned
in a cryostat in the coronal plane up to the rostral end of the NAc (shell and core) and 0.5 mm
deep bilateral tissue punches spanning approximately +1.7 to +1.2 mm relative to bregma
(Paxinos and Franklin 2003), were obtained with a 17-gauge stainless steel stylet. The same
brain was sectioned to the rostral end of the hippocampus and 0.5 mm deep bilateral tissue
punches of the DHC containing the dentate gyrus and CAL regions spanning approximately
—2.70 to —3.20 mm relative to bregma (Paxinos and Franklin 2003), were obtained with a 17-
gauge stainless steel stylet. Tissue was sonicated in 1% sodium dodecyl sulfate buffer in Tris—
EDTA, pH 7.4, containing 1x protease inhibitor cocktail (Sigma, St Louis, MO, USA), 5 mM
NaF, and 1x phosphatase inhibitor cocktail (Sigma). Samples were boiled for 5 min and
centrifuged at 16 100 g for 10 min. Supernatants were collected and protein concentration
determined by bicinchoninic acid assay (Pierce, Rockford, IL, USA); 30 ug of protein were
loaded on a 12% sodium dodecyl sulfate polyacrylamide gel, transferred to polyvinylidene
fluoride membranes (Immuno-Blot polyvinylidene fluoride, 0.2 um; Bio-Rad Laboratories,
Hercules, CA, USA) and blocked in blocking buffer (5% non-fat dried milk in 0.25 M Tris—
HCI, pH 7.6, 1.37 M NaCl, 0.1% Tween) for 60 min. Membranes were probed with primary
antibody to Ser133 P-CREB (1:850), CREB (1:850), Thr34 P-DARPP-32 (1:500), Thr75 P-
DARPP-32 (1::500), DARPP-32 (1:1000), Thr183/Tyr185 P-ERK1/2 (1:850), ERK (1:1000),
Ser845 phospho-GluR1 (1:850), GIuR1 (1:5000), or B-actin (1:20 000) for 12-48 h at 4°C.
They were then washed four times for 5 min each in blocking buffer and exposed to goat anti-
rabbit (1:5000 for P-CREB, CREB, P-ERK1/2, ERK, phospho-GIuR1, GIuR1, Thr34 P-
DARPP-32, Thr75 P-DARPP-32, and DARPP-32) or horse anti-mouse (1:30 000 for -actin)
horseradish peroxidase-linked 1gG (Vector Laboratories, Burlingame, CA, USA) for 1 h at
22.5°C. Blots were washed once for 15 min and four times for 5 min each in Tris-buffered
saline. Protein bands were detected by chemiluminescence (Western Lightning; Perkin Elmer
Life Sciences, Boston, MA, USA) and exposed on X-Omat Blue autoradiographic film (Kodak,
Rochester, NY, USA). Films were scanned and optical density determined using the NIH Image
program (NIH, Bethesda, MD, USA).

For conditioned place preference, difference score data and for western immunaoblots, the
optical density data were analyzed by one-way ANOVA followed by post hoc comparisons
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(Fisher’s probability of least significant difference) between treatment groups using Statview
software (SAS Institute Inc., Cary, NC, USA).

Prior to western blot analysis described in Figs 2-5, mice were assessed for conditioned place
preference behavior as outlined in Fig. 1(a). Mice were randomly assigned to three treatment
groups. These included mice treated with saline (days 2—4, Fig. 1a) and reintroduced to the
saline-paired chamber 48 h following behavioral testing on day 5 (saline-paired) (Fig. 1a) and
mice that were treated with cocaine and reintroduced to the cocaine-paired chamber (cocaine-
paired) or reintroduced to the saline-paired chamber (cocaine-unpaired). To evaluate
preference for cocaine, difference score was calculated as time spent in the cocaine-paired
chamber on the test day minus time spent in the cocaine-paired chamber on the pre-conditioning
day (Fig. 1a).

Conditioned place preference

A comparison of the difference in time spent on the drug paired side revealed a main effect of
drug treatment (F 23 = 9.526, p = 0.001). Post hoc analysis revealed that mice given cocaine
had significantly higher difference scores compared to mice in the saline-paired group (p <
0.01; Fig. 1b). Data for the saline-paired group were collapsed for both time and chamber color
because mice received saline in the AM and PM sessions and in both black and white chambers;
however, they did not reveal main effects of either variable (i.e. no difference for AM vs. PM,
nor black chamber vs. white chamber respectively). As no significant differences in time spent
in a chamber were observed in any of the analyses performed for the saline-paired mice, only
data for AM pairing (same time as cocaine pairing for the cocaine group) is presented in Fig.
1 (PM pairing data is not shown).

Western immunoblotting

Forty-eight hours following behavioral assessment on test day the saline-paired, cocaine-
paired, and cocaine-unpaired mice were reintroduced to the saline-, cocaine-, or saline-paired
chambers, respectively and remained there for 20 min. Immediately following, all mice were
rapidly decapitated and NAc and DHC tissue was used for western blot analysis.

Nucleus accumbens

Examination of total protein levels in the NAc of mice from saline-paired, cocaine-paired, and
cocaine-unpaired groups revealed no difference in CREB, DARPP-32, ERK2, or GIuR1
between the three groups (Fig. 2b). Analysis of phosphorylated forms of the above proteins
(Fig. 3) revealed a main effect of treatment condition on levels of Ser133 P-CREB (Fy 21 =
3.545; p < 0.05), Thr34 P-DARPP-32 (F;,14 = 3.796; p < 0.05), and Thr75 P-DARPP-32
(F2,20 = 4.636; p < 0.05). Ser133 P-CREB and Thr34 P-DARPP-32 levels were significantly
higher and Thr75 P-DARPP-32 was significantly lower in the NAc of cocaine-paired mice
compared with saline-paired and cocaine-unpaired mice. No significant difference in
phosphorylated protein levels of P-ERK2 or Ser845 phospho-GluR1 was observed between
the three groups (Fig. 3).

Hippocampus

Examination of total protein levels in the DHC of mice from saline-paired, cocaine-paired, and
cocaine-opposite treatment groups revealed no difference in CREB, ERK2, or GIuR1 between
the three groups (Fig. 4b). Analysis of phosphorylated forms of the above proteins (Fig. 5)
revealed a main effect of treatment condition on Ser133 P-CREB (F3 21 = 3.478; p < 0.05),
Tyrl85 P-ERK2 (F3 21 = 4.907; p < 0.05), and Ser845 phospho-GIuR1 (F3 21 = 5.635; p <
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0.05) levels. Ser133 P-CREB, Tyr185 P-ERK2, and Ser845 phospho-GIuR1 levels were
significantly higher in the DHC of cocaine-paired mice exposed to the chamber in which they
received cocaine compared with saline-paired and cocaine-unpaired mice exposed to the
chamber in which they received saline (Fig. 5).

Discussion

The present study examined changes in total protein levels and phosphorylated forms of the
molecular substrates CREB, DARPP-32, ERK2, and GIuR1 in the NAc and DHC in mice that
had undergone cocaine CPP followed by re-exposure to the environment in which cocaine or
saline was given. Upon re-exposure to the chamber in which the mice were given cocaine
higher P-CREB levels were found in both the NAc and DHC compared with saline or cocaine-
treated mice re-exposed to the saline-paired environment. In the NAc there were
correspondingly higher levels of Thr34 P-DARPP-32 and lower levels of Thr75 P-DARPP-32.
Examination of P-ERK2 and phospho-GIuR1 levels revealed no difference. In the DHC higher
levels of P-ERK2 and phospho-GluR1 were observed. These data suggest that association of
environmental context with drug reward involves recruitment of the DHC-NAC circuit by
activation of the DARPP-32/CREB pathway in the NAc and the ERK/CREB pathway in the
DHC.

Nucleus accumbens pathways and cocaine-conditioned place preference

Dopamine in the NAc is the key neurotransmitter that mediates drug reward (Wise and Rompre
1989; Wise and Hoffman 1992) primarily via D, dopamine receptors. Systemic D; but not
D, dopamine receptor antagonists block the development of place preference to cocaine (Cervo
and Samanin 1995; Graham et al. 2007). Similarly microinjection of the D antagonist
SCH23390, but not the D, antagonist sulpiride into the NAc blocks cocaine place preference
(Baker et al. 1996, 1998).

The precise signaling pathway that is involved in mediating cocaine preference is not yet fully
understood. We found that mice exhibiting cocaine preference have higher levels of CREB
phosphorylated at Ser133. One route to CREB phosphorylation in the NAc is via D receptor
activated PKA, which leads to phosphorylation of DARPP-32 at Thr34 thus inhibiting protein
phosphatase 1, a potent inhibitor of Ser133 CREB phosphorylation (Hemmings et al. 1984).
Additionally, cocaine-mediated decreases in phosphorylation of DARPP-32 at Thr75 has been
shown to release the inhibition of PKA (Bibb et al. 1999). Both of these events lead to increases
in Ser133 P-CREB. Based on the above observations, our findings of increased levels of Thr34
P-DARPP-32 and P-CREB with a corresponding decrease in Thr75 P-DARPP-32 suggests
that the D1/PKA pathway is recruited in the NAc upon re-exposure of cocaine-treated mice to
the environment in which they were given cocaine. This agrees with previously published work
suggesting recruitment of the D; dopamine pathway following exposure to drug cues (Crombag
et al. 2002) and D, receptors specifically in the NAc following cocaine-primed reinstatement
(Schmidt et al. 2006) (Fig. 6).

In our model, the finding of increased Thr34 P-DARPP-32 in the NAc is in agreement with
the important role of phosphorylation of DARPP-32 at Thr34 in cocaine CPP; and is consistent
with the fact that Thr34 mutants do not develop a place preference to cocaine (Zachariou et
al. 2006). However, our finding of a lack of an increase in P-ERK2 following re-exposure
differs from previous work showing an important role for the ERK pathway in cocaine CPP
(Valjent et al. 2000, 2004; Miller and Marshall 2005). For example, ERK1 knockout mice that
have increased ERK2 signaling show an increased ability to develop a place preference
(Ferguson et al. 2006). Furthermore, Miller and Marshall (2005) show that during the test
period place preference can be blocked by mitogen-activated protein kinase kinase (MEK)
inhibitor microinjection into the NAc core thus blocking ERK phosphorylation. The difference
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between our results and those of Miller and Marshall may be attributable to (i) the differences
between a chamber preference test performed by Miller and Marshall versus drug-paired
chamber re-exposure, (ii) the difference in time points that were examined (on test day by
Miller and Marshal vs. 48 h following test day) or (iii) the difference in anatomical regions
examined. Our data reflect ERK phosphorylation levels examined in the mouse NAc core and
shell whereas Miller and Marshall found increased levels of ERK phosphorylation specifically
in the rat NAc core and not the NAc shell.

In our study, we did not observe a change in total GIuR1 levels in the NAc when examined 2
days following cocaine treatment or a change in phospho-GIuR1 levels after re-exposure to
the cocaine-paired environment, which is consistent with others who have found that GIuR1
does not play a role in cocaine cue-induced drug seeking (by using either over-expression of
GIuR1 in the NAc or GIuR1 genetic knockout mice) (Mead et al. 2007; Bachtell et al. 2008).
However intra-NAc administration of a-amino-3-hydroxy-5-methylisoxazole-4-propionate
(AMPA) receptor antagonists have been shown to block cue-induced cocaine-seeking behavior
(Di Ciano and Everitt 2001; Backstrom and Hyytia 2007) and NAc GIuR1 has been shown to
mediate incubation of cue-induced cocaine seeking by enhancing drug seeking 45 days
following drug self-administration (Conrad et al. 2008). In addition, an important role of
AMPA receptor regulation in cocaine-induced drug-seeking (Cornish and Kalivas 2000; Park
et al. 2002; Suto et al. 2004) and sensitizing behaviors (Pierce et al. 1996; Boudreau and Wolf
2005; Boudreau et al. 2007; Kourrich et al. 2007) has been reported. The different time points
examined in this study compared with Conrad et al. (2008) that also examined GIuR1 protein
levels may explain the divergent results. We examined protein changes 2 days following
cocaine treatment, a time point at which Conrad et al. (2008) demonstrate that GIuR1
contributes to a lesser extent to cue-induced drug seeking than at later time points. Examination
of GIuR1 and Ser845 phospho-GIuR1 levels at later time points in our CPP protocol could
possibly uncover a role for GIuR1. Furthermore, the differences observed between our study
and drug-seeking behavior could be attributed to the different molecular pathways involved in
non-contingent drug re-exposure and drug-seeking behavior following self-administration
versus drug context re-exposure and place preference in the CPP model. Further studies would
be necessary to delineate the specific molecular pathways underlying the discrete aspects of
CPP versus self-administration behavior.

Hippocampal pathways and cocaine-conditioned place preference

Dorsal hippocampus function is essential to cocaine CPP as ablation of the DHC has been
shown to block development of cocaine CPP (Meyers et al. 2003). The molecular changes we
report here in the DHC in cocaine CPP is consistent with previous work that has shown an
essential role of the DHC in self-administration reinstatement by contextual cues but not
explicit conditioned stimuli or cocaine-priming (Fuchs et al. 2005), nor recall of contextual
memories (Hall et al. 2001).

Dopaminergic neurons originating from the VTA project to the CA1 and dentate gyrus of the
hippocampus (Gasbarri et al. 1994) and are known to modulate the formation of long-term
memory (Lisman and Grace 2005). The DHC dopaminergic systems’ involvement in cocaine
reward has not been well studied. However, previous work has shown that stimulation of
dopamine D, or D, receptors in the DHC facilitates the development of morphine-induced
CPP (Rezayof et al. 2003). Given that both morphine and cocaine activate VTA-NAc
dopaminergic neurons (Beitner-Johnson and Nestler 1991), it is possible that morphine and
cocaine have similar effects on VTA-hippocampal projections.

Dopaminergic D4 receptor activation of DHC neurons can lead to increased synaptic plasticity
via increased AMPA and NMDA function (Yang 2000; Gao et al. 2006). In the hippocampus
PKA activation directly phosphorylates GIuR1 at Ser845 (Esteban et al. 2003). In our model
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following re-exposure to the chamber in which cocaine was administered we find higher levels
of Ser845 phospho-GIuR1, which may result from dopamine activation of the D1-PKA
pathway. This heightened phosphorylation of GIuR1 suggests that mechanisms of drug reward
result in changes in synaptic plasticity of the DHC (Fig. 6).

In the DHC, in addition to dopamine D receptors, activation of glutamatergic, L-type Ca2*
channel, or neurotrophin signaling could result in activation of the CREB and ERK pathway
(Ghosh and Greenberg 1995; Wu et al. 2001; Minichiello et al. 2002; Deisseroth et al. 2003;
Pokorska et al. 2003) (Fig. 6). This is in agreement with cocaine’s ability to increase ERK
phosphorylation in the hippocampus independent of D4 receptors (Valjent et al. 2004). In our
model, we find higher levels of ERK phosphorylation in the DHC in mice re-exposed to the
environment in which cocaine was given that could result via either pathway. A recent study
has reported increased expression of the neurotrophin receptor tyrosine receptor kinase B
(TrkB) in the hippocampus following amphetamine CPP (Shen et al. 2006) and a role for
hippocampal Ca, 1.2 L-type Ca?* channel-activated CREB and ERK has been identified in
spatial memory (Moosmang et al. 2005). An essential role for the CREB/ERK pathway in
contextual memory has been shown in the contextual fear model (Ahi et al. 2004; Thomas and
Huganir 2004; Chen et al. 2005; Sindreu et al. 2007). Higher levels of CREB and ERK
phosphorylation in the CA1 region of the hippocampus (sampled in our study) were observed
following contextual fear conditioning and inhibitors of ERK phosphorylation blocked the
development of context- and tone-dependent fear conditioning (Ahi et al. 2004). Additionally,
in a contextual fear memory recall task higher levels of ERK phosphorylation were observed
in the DHC (Chen et al. 2005). This suggests that activation of ERK in the DHC is important
for recall of contextual memories related to drugs and fear.

CREB and cocaine-conditioned place preference

The link between CREB function and drug reward has been characterized in numerous reviews
(Blendy and Maldonado 1998; Carlezon et al. 1998; Chao and Nestler 2004; Nestler 2004).
Despite extensive research studying this link the evidence for CREB’s role in drug reward
remains difficult to interpret. Upon acute cocaine exposure CREB phosphorylation transiently
increases in the NAc (Walters et al. 2003), which leads to increased excitability of NAc neurons
(Dong et al. 2006), a potential mechanism of drug reward. However, studies using transgenic
mice with reduced CREB function and viral vector delivery of inhibitors of CREB imply that
decreases in CREB, not increases in CREB, mediate the rewarding properties of cocaine,
amphetamine, and morphine (Carlezon et al. 1998; Walters and Blendy 2001; Barrot et al.
2002). It seems possible that the induction of CREB phosphorylation following acute cocaine
initiates a negative feedback mechanism causing reduced basal dopamine activity (Cole et
al. 1995). According to this theory, exposure to cocaine would lead to increased dopamine
activity leading to euphoria during periods of drug use, and dysphoria during drug-free periods
because of the reduced basal dopamine activity (Carlezon et al. 1998). It is clear from the
present results that exposure to a drug-associated context remains a potent activator of signaling
pathways leading to CREB phosphorylation in the reward pathways of the brain indicating a
sustained susceptibility to plasticity-related protein activation during drug-related cue
exposure.

The CREB function in the DHC of mice given morphine has shown that CREB phosphorylation
increases during the conditioning phase, as well as during morphine-reinstatement of place
preference behavior (Zhou and Zhu 2006), which may suggest a functional role for CREB in
the development and recall of morphine-induced place preference. Furthermore, a reduction
in CREB function in the DHC of mice impairs delayed spatial-task memory suggesting that
CREB in the DHC is essential for long-term memory formation (Bourtchuladze et al. 1994).
CREB has also been shown to be responsible for the stability of retrieved or reactivated fear
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conditioned contextual memories (Kida et al. 2002). Taken together it seems CREB activation
in the DHC plays an important role in the development and stability of long-term contextual
memories.

In conclusion, an in-depth analysis of changes in the molecular pathways of drug reward and
aberrant learning resulting from drug exposure is essential to understanding the progression to
compulsive drug use and abuse relapse. Evidence from our study shows that discrete molecular
signaling pathways play an important role in drug abuse, providing insights regarding

molecular substrates in the NAc and DHC that are associated with context-induced adaptations.
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Fig. 1.

Schematic of cocaine-conditioned place preference protocol and behavioral results. (a)
Following a pre-conditioning assessment of initial preference (day 1) mice were randomly
assigned to saline-paired (SAL; n = 11), cocaine-paired (COC; n = 10) or cocaine-unpaired
(UNP; n = 6) treatment groups, and received saline or cocaine (10 mg/kg, i.p.), respectively
on days 2—4 in the morning (AM) and were confined to the black or white chamber for 20 min.
Four hours later all mice were injected with saline and confined in the opposite chamber for
20 min. On day 5 (test) mice were allowed free access to both chambers. (b) The mice given
cocaine spent significantly greater time in the cocaine-paired chamber (COC and UNP) while
saline-paired mice showed no change in chamber preference. Difference score equals
difference in time spent in chamber from preconditioning to test. *p < 0.01 versus SAL.
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Quantitative analysis of protein levels in the nucleus accumbens (NAc) of saline-paired,
cocaine-paired, and cocaine-unpaired mice. (a) Punches of NAc tissue (shell and core, +1.7
mm relative to bregma) (Paxinos and Franklin 2003), were obtained from mice from saline-
paired (SAL), cocaine-paired (COC), and cocaine-unpaired (UNP) treatment groups. (b)
Analysis of protein levels of CREB, DARPP-32, ERK?2, and GIuR1 in the NAc of mice using
western blot analysis from the above three treatment groups. Protein levels were normalized
to actin and values are shown as fold-induction (mean optical density £ SEM) compared with
saline-paired controls. No differences were observed between any of the treatment conditions;
n = 6-9 mice per treatment group for each protein examined.
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Fig. 3.

Quantitative analysis of phosphorylated protein levels in the nucleus accumbens (NAc) of
saline-paired, cocaine-paired, and cocaine-unpaired mice. Phosphorylation levels of Ser133 P-
CREB, Thr34 and Thr75 P-DARPP-32, Tyr 185 P-ERK2 and Ser845 P-GluR1 in saline-paired
(SAL), cocaine-paired (COC) and cocaine-unpaired (UNP) mice were detected by western blot
analysis. Protein phosphorylation levels were normalized to their respective total protein levels
and values are shown as fold-induction (mean optical density + SEM) compared with saline-
paired controls. *p < 0.05 versus saline-paired and cocaine-unpaired groups; n = 6-9 mice per
group for each protein examined.
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Quantitative analysis of protein levels in the dorsal hippocampus (DHC) of saline-paired,
cocaine-paired, and cocaine-unpaired mice. (a) Punches of DHC tissue +2.7 mm relative to
bregma (Paxinos and Franklin 2003), were obtained from mice from saline-paired (SAL),
cocaine-paired (COC), and cocaine-unpaired (UNP) treatment groups. (b) Analysis of protein
levels of CREB, ERK2, and GIuR1 in the DHC of mice using western blot analysis from the
above three treatment groups. Protein levels were normalized to actin and values are shown as
fold-induction (mean optical density + SEM) compared with saline-paired controls. No
differences were observed between any of the treatment conditions; n = 6-9 mice per treatment

group for each protein examined.
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Fig. 5.

Quantitative analysis of phosphorylated protein levels in the dorsal hippocampus (DHC) of
saline-paired, cocaine-paired, and cocaine-unpaired mice. Phosphorylation levels of Ser133 P-
CREB, Tyr185 P-ERK2, and Ser845 P-GIuRL1 in saline-paired (SAL), cocaine-paired (COC),
and cocaine-unpaired (UNP) mice were detected by western blot analysis. Protein
phosphorylation levels were normalized to their respective total protein levels and values are
shown as fold-induction (mean optical density + SEM) compared with saline-paired controls.
*p < 0.05 versus saline-paired and cocaine-unpaired groups; n = 6-9 mice per group for each
protein examined.
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Fig. 6.

Schematic representation of signal transduction pathways activated in the nucleus accumbens
(NACc) and dorsal hippocampus (DHC) in cocaine-place preference behavior. We propose that
in the NAc activation of the D1/PKA/DARPP-32 pathway results in higher levels of P-CREB
following re-exposure to a previously rewarding environment. Higher levels of Thr34 P-
DARPP-32 inhibits protein phosphatase 1 (PP1), a CREB phosphatase and lower levels of
Thr75 P-DARPP-32, a PKA inhibitor would lead to increased PKA activity. Both of these
events would lead to higher levels of P-CREB. In the DHC, we propose that in addition to the
D1/PKA pathway the GIUR1/NMDA/L-type Ca?* channel/Ca%* pathway via ERK results in
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higher levels of P-CREB. Lines with arrows indicate activation while lines with bars indicate
inhibition.
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