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Abstract
Role of dopamine and glutamate receptors in intracellular mechanisms for
cocaine action
by
Wei-Lun Sun

Adpvisor: Professor Shirzad Jenab

Accumulating evidence suggests that cocaine exerts its behavioral and biochemical
effects through dopamine and glutamate transmission. However, the underlying
mechanisms are not well understood. The purpose of this proposal is to assess the role of
dopamine D1 and NMDA receptors and related signal transduction pathways in response
to acute cocaine. We hypothesize that cocaine-induced intracellular cascades are
mediated by dopamine D1 and NMDA receptors. In addition, the receptor physical
interaction between them is altered by cocaine. To study the intracellular mechanisms
induced by cocaine, we measured extracellular signal-regulated kinase (ERK) and
dopamine- and cAMP-regulated phosphoprotein (DARPP-32) pathways. Overall, a single
cocaine administration increased ERK-mediated signaling proteins, phosphoryation of
cAMP response element-binding protein kinase regulator, pp90 ribosomal S6 kinase, and
c-Fos protein levels in the caudate-putamen (CPu). Acute cocaine administration also
induced phosphorylation of the striatal-enriched protein tyrosine phosphatase and
decreased the phosphorylation of DARPP-32 protein at the Thr-75 site.

To study the role of dopamine D1 and NMDA receptors on cocaine-induced early
gene (IEQ), c-Fos, FosB and p-MKP-1 protein levels were measured. Acute cocaine

administration time dependently increased IEG protein expression and phosphorylation in



the CPu and nucleus accumbens (NAc). In the CPu, the cocaine-induced c-Fos and FosB
proteins expression is totally abolished by pre-administration of dopamine D1 receptor
antagonist, SCH23390. In the NAc, SCH23390 also inhibited cocaine-induced c-Fos
protein expression. The pre-treatment of NMDA receptor antagonist, MK-801, partially
reduced cocaine-activated c-Fos protein expression in the CPu. Furthermore, the
escalation of p-MKP-1 after acute cocaine administration is dependent on both the
activation of dopamine D1 and NMDA receptors in both brain regions examined.

At the receptor level, we found that acute cocaine reduced NMDA-NR1 and
dopamine D1 receptor protein-protein interactions in the CPu. Interestingly, the
administration of NMDA and MK-801 also decreased the physical interaction between
these receptors. These results indicated that pharmacological receptors manipulation
resulted in the dissociation of receptors interactions.

Taken together, we suggest that acute cocaine may regulate the intracellular
transduction and underlying IEG through dopamine D1 and NMDA receptors as well as

through their physical interactions.
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Chapter 1: Introduction
I. Background:
A. Neurocircuitry in addiction

Figure 1 summarizes the interconnected circuit that is thought to be important
for the development and manifestation of addictive behavior. The neurobiological
mechanisms mediating both acute and chronic cocaine-induced behavior changes
are associated with the dopamine pathway originating in the midbrain ventral
tegmental area (VTA) and substantia nigra area, projecting to the ventral
striatum/nucleus accumbens (NAc), dorsal striatum/caudate-putamen (CPu),
prefrontal cortex (PFc) including the anterior cingulated/prelimbic cortex and the
ventral orbital cortex, and amygdala (Berke and Hyman, 2000; Goldstein and
Volkow, 2002; Koob, 1992; Neisewander et al., 2000; Nestler and Aghajanian, 1997;
Self and Nestler, 1995; White and Kalivas, 1998). Behavioral studies have
demonstrated that the NAc and CPu are important for the psychostimulant-induced
locomotor and stereotypic behaviors, respectively (Delf et al., 1990; Kelly et al.,
1975; Kelly and Iverson, 1976). Lesions of the mesolimbic dopamine pathway also
can abolish cocaine self-administration (Roberts et al., 1977, 1980). In addition to
the dopamine pathway, the cell body region in the VT A and terminal region of the
NAc contain glutamatergic inputs from PFc, amygdala and hippocampus (Christe et
al., 1987; Gorelova and Yang, 1997; Grovenewegen et al., 1987; Kelley et al., 1982).
The PFc and the basolateral amygdala also form reciprocal glutamatergic
connections (Kalivas, 2004). At the behavioral level, previous studies demonstrated

that ibotenic acid lesions of PFc disrupted the development and expression



behavioral sensitization in response to chronic psychostimulants exposure (Li et al.,
1999; Li and Wolf, 1997; Pierce et al., 1998). In addition, the CPu also receives
glutamatergic innervations from the cortex and thalamus (Gerfen and Wilson, 1996).
Furthermore, the y-amino butyric acid (GABA)ergic and peptidergic neurons in the
NAc project to the ventral pallidum and VTA as the primary output of this

topographically organized circuitry (Groenewegen et al., 1996).

O={ Dopamine
O={ Opioid peptide

M Micatinic rsceptor

Figure 1. Illustration of circuitry involved in the development and expression of
psychostimulant-induced addiction. C-P, caudate-putamen; NAc, nucleus
accumbens; PFc, prefrontal cortex; VP, ventral palladium; VTA, ventral tegmental

area (Adopted from Nestler, 2001).




B. Cocaine effects on dopaminergic and glutamatergic pathways

Cocaine acts as a monoamine uptake inhibitor, causing a buildup of the
monoamine levels in the synaptic and extra-synaptic compartments (Church et al.,
1987; Di Chiara and Imperato, 1988). For example, in vitro studies have shown that
there is an enhanced dopamine release from accumbal and striatal tissue slices and
synaptosomes from rats sensitized to psychostimulants (e.g. cocaine) (Castaneda et
al., 1988; Kalivas and Duffy, 1988; Kolta et al., 1985; Robinson et al., 1982;
Yamada et al., 1988). In vivo microdialysis studies demonstrated that acute cocaine
administration leads to an immediate and dose-dependent increase in extracellular
dopamine levels in various areas associated with the mesolimbic system (Carboni et
al., 1989; Church et al., 1987; Kuczenski et al., 1991; Maisonneuve et al., 1995;
Maisonneuve and Glick, 1992; Maisonneuve and Kreek, 1994). Studies using freely
moving rats further demonstrated that, although with different profile of dopamine
release, acute and chronic cocaine treatments can elevate the extracellular dopamine
concentration in both CPu and VTA (Parsons and Justice, 1993; Reith et al., 1997).

Cocaine also can exert its influence on the glutamatergic system in the
mesolimbic system. In the VTA, substantia nigra and/or NAc, acute cocaine
injection induces transient extracellular glutamate concentration increases in a dose-
dependent manner but with decreased glutamate level in the CPu (Kalivas and
Duffy, 1995; Smith et al., 1995; Zhang et al., 2001). In a chronic cocaine treatment
paradigm, sensitized rats show higher extracellular glutamate levels in VTA, NAc
and CPu after subsequent challenge compared to relative control animals (Kalivas

and Dufty, 1998; Pierce et al., 1996; Reid and Berger, 1996; Zhang et al., 2001).



Taken together, these findings indicated that cocaine increases the extracellular
dopamine concentration in various areas of mesolimbic system via its direct
interaction with dopamine receptors. In addition, cocaine may modulate the
extracellular glutamate level through its influence on the dopamine system.

C. Dopamine D1 receptor and its interaction to cocaine
Dopamine D1 receptor:

Dopamine receptors can be divided into two classes, the D1-like (D1 and D5)
and the D2-like (D2, D3 and D4) receptors based on their responses to distinct sets
of ligands and their linkage to different intracellular transduction cascades (Civelli
et al., 1993; Gingrich and Caron, 1993). Analysis of the primary structure of
dopamine receptors reveals that they are members of the seven-transmenbrane G
protein-coupled receptors (Missale et al., 1998). Among them, the D1 receptor
mRNA is found throughout the forebrain, highly concentrated in the NAc, CPu,
olfactory tubercle and amygdala, and with moderate levels in the hippocampus,
septum, thalamus hypothalamus and cerebellum (Meador-Woodruff, 1994).
However, no mRNA level has been detected in certain regions where the dopamine
D1 receptor protein is highly expressed such as entopeducular and substantia nigra,
suggesting that the dopamine D1 receptor in these areas is mainly present in
projections (Dawson et al., 1988; Dearry et al., 1990; Fremeau et al., 1991; Weiner
etal., 1991).

The effect of dopamine D1 receptor on cocaine-induced behavior:

Accumulating evidence indicates that dopamine D1 receptor is necessary for

cocaine-mediated behavioral activation. For example, selective dopamine D1



receptor antagonists reverse cocaine-induced stereotypic behavior when
administrated directly into the CPu (Arnt, 1985). Either systemic or intra-accumbens
dopamine D1 receptor antagonists injection attenuates acute cocaine-induced
locomotor and stereotypic behavior in rats (Becker at al., 1998; Kaddis et al., 1993;
Neisewander et al., 1995; Ushijima et al., 1995) and in mice (Cabib et al., 1991). In
addition, short-term intra-accumbens dopamine D1 receptor agonist infusion can
induce enhanced locomotor response to subsequent cocaine challenge (cross-
sensitization) that can be blocked by systemic dopamine D1 receptor antagonist
injection (De Vries et al., 1998). Similarly, dopamine D1 receptor antagonists also
prevent the expression of repeated cocaine-induced behavioral sensitization
(McCreary and Marsden, 1993; Tella, 1994) and the acquisition of behavioral
sensitization to cocaine during the early withdrawal (White et al., 1998). Previous
studies using dopamine D1 receptor mutant mice also suggested that the dopamine
D1 receptor is important for the behavioral activation induced by both acute and
chronic cocaine treatments (Xu et al., 1994, 2000). Moreover, pretreatment of
dopamine D1 receptor antagonist abolished acute and chronic cocaine-induced the
elevation of glutamate concentration in VTA related to the behavioral activation in
response to cocaine (Kalivas and Duffy, 1995, 1998).

Dopamine D1 receptors are also involved in the rewarding effect associated with
cocaine. For instance, dopamine D1 receptor antagonists increase cocaine self-
administration (Hubner and Moreton 1991; Hurd et al., 1997; Koob at al., 1987;
McGregor and Roberts, 1993) and attenuate cocaine priming-induced reinstatement

of drug-seeking behavior followed by cocaine self-administration in rats



(Alleweireldt et al., 2006; Anderson et al., 2003). In addition, dopamine D1 receptor
antagonists have been reported to block the acquisition of the cocaine conditioned
place preference (Baker et al., 1998; Cervo et al., 1995; Nazarian et al., 2004; Pruitt
etal., 1995).

Cocaine effects on dopamine D1 receptors:

Several studies have indicated that cocaine may modulate the activity and
expression of dopamine receptors in various brain areas related to cocaine addiction.
In general, acute binge cocaine treatment does not induce any alternation on
dopamine D1 binding site (Tsukada et al., 1996). However, acute cocaine
administration may enhance dopamine D1 receptor mRNA expression in the
striatum (Svensson and Hurd, 1998).

Previous studies have shown that the earliest physiological changes associated
with cocaine-induced sensitization occur within in VTA including somatodendritic
dopamine autoreceptor subsensitivity and increase dopamine neuron activity but
both of which are relatively transient (Ackerman and White, 1990; Henry et al.,
1989). Repeated cocaine injection increases the postsynaptic dopamine D1 receptor
sensitivity in NAc with persistently behavioral sensitization (Henry and White, 1991,
1995). In addition, chronic dopamine D1 and D2 receptors agonists co-
administration induces cross-sensitization to cocaine, dopamine D1 receptor
supersensitivity in NAc, and decrease autoreceptor activity in VT A mimicking the
cocaine-induced behavioral sensitization (Henry et al., 1998). Previous studies of
alternation of dopamine binding site after repeated cocaine exposure are equivocal.

Overall, repeated cocaine induces no change or delayed decrease of dopamine D1



receptor binding sites in PFc, NAc, and CPu as well as limbic regions in rats
(Kleven et al., 1990; Kunko et al., 1998; Laurier et al., 1994; Peris et al, 1990;
Tsukada et al., 1996). However, the down-regulation of dopamine D1 receptor bind
site observed in CPu and PFc after withdrawal accompanies the increase of D1
mRNA expression, indicating a de novo protein synthesis after proteolytic
degeneration of receptors in response to prolong elevation of extracellular dopamine
concentration (Kleven et al., 1990; Schmidt-Mutter et al., 1999). In contrast,
previous studies demonstrated that the dopamine D1 binding sites were increased in
the CPu and mesolimbic regions followed by either chronic binge or twice daily
cocaine injections (Alburges et al., 1993; Unterwald et al., 1994).

In summary, high dose acute cocaine administration may induce D1 dopamine
mRNA increase in the CPu without any alternation in dopamine D1 binding site.
The discrepancies of chronic cocaine exposure in D1 dopamine binding site are due
to the different doses used in each injection, length of cocaine administration or
duration of withdrawal in different experiment paradigms.

D. NMDA receptor and its interaction with cocaine
NMDA receptor:

The N-methyl-D-aspartate (NMDA) receptor, one of glutamatergic receptors,
contains glycine and glutamate binding sites and is permeable to potassium and
sodium as well as calcium (Ascher and Nowak, 1987; Hollmann and Heinemann,
1994; MacDermott et al., 1986). NMDA receptor is a heteromeric ligand-gated ion
channel composed of multiple subunits including NR1, NR2 and NR3 to form a

functional channel. The diversity of NR1 subunit is created by alternative splicing in



three terminal cassettes (C1, C2 and N) results in eight functional spice variants
(NR1-4 a/b) (Hollmann et al., 1993; McBain and Mayer, 1994). The NR1 splice
variants contain C1 terminal domain with two phosphorylation residues, Ser 896
and Ser 897, which can be phosphorylated by protein kinase C (PKC) and protein
kinase A (PKA), respectively (Tingly et al., 1997). The C2 terminal domain has
been observed mainly in intracellular pool in cell and related to long-term
potentiation-induced insertion of NMDA receptors into the cell membrane (Chazot
and Stephenson, 1997; Grosshans et al., 2002). Splice variants contain N-terminal
cassette are equally distributed between the cell surface and the cytoplasm when
transfected into fibroblasts (Okabe et al., 1999).

The effect of NMDA receptor on cocaine-induced behaviors:

Accumulating studies have suggested that the NMDA receptor can modulate the
cocaine-induced behavioral response. For example, the non-competitive or
competitive NMDA receptor antagonists can dose-dependently prevent acute
cocaine or dopamine D1 receptor agonist-induced locomotor response in mice
(Uzbay et al., 2000) and in rats (Kreipke and Walker, 2004; Pulvirenti et al., 1991).
Intra-accumbens administration of (+)-HA966, a partial agonist of the glycine site of
NMDA receptor, also attenuates acute cocaine-mediated locomotor augment (Khan
and Shoaib, 1996). Thus, both the glutamate and the glycine binding sites of the
NMDA receptor are important for acute cocaine-induced behavioral changes.

In the chronic treatment paradigm, the NMDA antagonists also prevent the
development of repeated cocaine-induced locomotor and stereotypic behavior

sensitization (De Montis et al., 1992; Haracz et al., 1995; Itzhak and Stein, 1992, Li



et al., 1999; Wolf and Jeziorski, 1993) or reverse tolerance (Karler et al., 1989) and
tolerance (De Montis et al., 1992) as well as cocaine-induced conditioned place
preference and postsynaptic dopamine receptors supersensitivity (Kim et al., 1996).
Moreover, a single NMDA injection can induce drug-seeking behavior in cue-
induced cocaine relapse model (Lu et al., 2005b).

Recently, evidence indicates that specific subunit of NMDA receptor is
important for the cocaine-induced behavioral response. For instance, studies have
demonstrated that mice lacking NMDA-NRI1 subunit show attenuated behavioral
response to acute psychostimulant treatments, blunted conditioned place preference
and behavioral sensitization induced by repeated cocaine administration (Heuser
and Palmiter, 2005; Miyamoto et al., 2004).

Cocaine effects on NMDA receptors:

Similar to dopamine D1 receptors, although acute cocaine administration dose
not change NMDA protein levels (Fitzgerald et al., 1996), it decreases the NMDA-
NR1 mRNA levels in NAc and CPu (Ghasmazadeh et al., 1999). After chronic
cocaine administration, the NMDA-NRI1 protein level is transiently increased in
VTA and non-NMDA receptor (GluR1 subunit of AMPA receptor) protein levels
are persistently increased in NAc which are correlated the development of cocaine-
induced behavioral sensitization (Churchill et al., 1999; Fitzgerald et al., 1996).
However, in prolonged cocaine self-administration paradigm, endurable NMDA -
NRI1 protein level elevations have been observed in NAc, VTA, and central nucleus
of amygdala even after long-term abstain (Lu et al., 2003, 2005a). This persistent

alternation in NMDA-NR1 subunit is followed by the initial increase and
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subsequent decrease of NR1 mRNA levels in the mesolimbic system due to the
neuroadaptation in response to fluctuations of glutamate extracellular concentration
across the period of cocaine withdrawal (Ambrosio and Crespo, 2000; Crespo et al.,
2002; Turchan et al., 2003). Furthermore, in the PFc, repeated cocaine treatment
decreases the phosphorylation of NMDA-NR1 subunit through the reduction of the

PKC activity (Loftis and Janowsky 2002; Steketee et al., 1998).

II. Intracellular mechanisms underlying cocaine addiction
A. cAMP/PKA pathway

By binding to the dopamine transporter, cocaine elevates the extracelluler
dopamine concentration and activates the dopamine D1 receptor, subsequently.
Adenylyl cyclase is a membrane bound protein which catalyzes the conversion of
adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP).
Through the positively coupling to G-proteins, Gs and Golf, the activation of
dopamine D1 receptor stimulates the adenylyl cyclase activity in neostriatum (Herve
et al., 1993; Sibley et al., 1993; Stoof and Kebabian, 1981; Zhuang et al., 2000,
Figure 2) and robustly accumulates the cAMP in various cell lines (Monsma et al.,
1990; Zhou et al., 1990). Enhancement of cAMP activates PKA activity which may
phosphorylate several substrates and receptors.

Studies have demonstrated that repeated cocaine administration leads to
increasing activities of adenylyl cyclase and PKA (Hope et al., 2005; Terwilliger et
al., 1991), as well as increasing dopamine D1 receptor-mediated adenylyl cyclase

activation (Unterwald et al., 1996). Behavioral studies also demonstrated a positive
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association between cAMP/PKA signaling changes and behavior effects after
cocaine administration. Specifically, administration of PKA activator and inhibitor
enhanced and dampened acute cocaine-mediated locomotor behavior, respectively,
as well as modulated the cocaine-induced conditioned place preference (Cervo et al.,
1997; Miserendino and Nestler, 1995). PKA and adenylyl cyclase activators also
potentiate behavioral sensitization after chronic cocaine treatment (Miserendino and
Nestler, 1995; Schroeder et al., 2004). Moreover, in rats, intra-accumbens PKA
activator injection increases cocaine self-administration. In contrast, intra-
accumbens PKA inhibitor infusion decreases cocaine self-administration (Self et al.,

1998).
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Figure 2. Intracellular signaling mechanisms mediated by dopamine D1 and
NMDA receptors. Activation of both receptors stimulates multiple kinases leading
to gene transcription and neuroadptations (Adopted from Hyman and Malenka

2001).

B. MEK/ERK/EIkK-1 signaling

Initially, the intracellular extracelluler signal-regulated kinases (ERK1/2 or
p44/p42 MAPKs) cascade, one of isoforms of mitogen-activated protein kinases
(MAPK), has been characterized to respond to extracellular stimuli and regulates the
cell proliferation and differentiation (Seger and Krebs, 1995). For example, once
activating by growth factors, the receptor tyrosine kinases recruit Ras family G-
proteins and lead to sequential activation Raf (MAPK kinase kinase), MEK (MAPK

kinase), and ERKSs. After activation, ERK proteins can translocate to the nucleus
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(Chen et al., 1992), where they phosphorylate the ternary complex factor Elk-1
(Gille et al., 1992, 1995a) and thereby control gene transcription. Increasing
evidence shows a glutamate linkage to ERKs phosphorylation in neurons both in
vivo and in vitro (Figure 3). For instance, through the elevation of intracellular
calcium (Ca2+)/calmodulin (CaM)/CaM kinases (CaMKs), the activation of the
NMDA receptor can increase the phosphorylation of MEK/ERK/EIk-1 in
hippicampal slice and neuronal culture (Kurino et al., 1995; Roberson et al., 1999),
cortical cultured neurons (Xia et al., 1996), and striatal cultured neurons (Mao et al.,
2004; Perkinton et al., 2002; Vincent et al., 1998). Inhibition of ERKSs activation
attenuates glutamate-mediated Elk-1 phosphorylation in striatal slice (Vanhoutte et
al., 1999), striatum (Choe and McGinty 2001; Sgambato et al., 1998a, 1998b) and in
hippocampus (Davis et al., 2000). Alternatively, in PC12 cell, Ca®" may increase the
intracellular cAMP through Ca®*/CaM-sensitive adenylyl cyclase leading to the
activation of PKA. Increase of cAMP and PKA phosphorylates the MEK via the
activation Rap1/Raf (Grewal et al., 2000; Vossler et al., 1997). Consistent with
these studies, pharmacological activation of dopamine D1 receptor or the adenylyl
cyclase markedly stimulates ERKs activity in various neuronal cells (Choe and
McGinty, 2000; Gerfen et al., 2002; Impey et al., 1998; Roberson et al., 1999;
Zanassi et al., 2001).

Recently, studies have shown that the MEK/ERK/EIk-1 signaling is involved in
psychostimulants addiction. In mice, acute cocaine treatment induces rapid and
transient increase of the ERK protein phosphorylation (p-ERKSs) in CPu, NAc, FCx

and amygdala which can be abolished by the pretreatment of NMDA receptor
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antagonist, dopamine D1 receptor antagonist or MEK inhibitor (Radwanska et al.,
2005; Valjent et al., 2000, 2004). In addition, pharmacological inhibition of NMDA
receptor also attenuated acute cocaine-induced p-ERK in rats CPu (Jenab et al.,
2005). Repeated cocaine injections followed by subsequent challenge increases the
phosphrylation of ERKSs protein or ERKSs catalytic activity in the CPu, NAc and
VTA (Berhow et al., 1996; Valjent et al., 2000). Behaviorally, the cocaine-induced
hyper-locomotor activity, the development of sensitization and conditioned place
preference as well as underlying Elk-1 phosphorylation are attenuated by the
treatment of MEK inhibitor (Mattson et al., 2005; Miller et al., 2005; Pierce et al.,
1999; Valjent et al., 2000, 2005). Recent study on ERK1 mutant mice indicated that,
due to the hyper-phosphorylation of ERK2 protein, mutated mice show stronger
psychostimulant- (e.g. cocaine) induced conditioned place preference and
behavioral sensitization than those of the wild-type controls (Ferguson et al., 2006;
Mazzucchelli et al., 2002). Moreover, in the CPu, mice lacking of dopamine D1
receptor show attenuated ERKs phosphorylation in response to acute cocaine
treatment suggesting the important role of dopamine D1 receptor-mediated

MEK/ERK/EIk-1 signaling in cocaine addiction (Zhang et al., 2004).
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Figure 3. MEK/ERK/EIk intracellular signal transduction pathways. Stimulation of
dopamine D1 receptor and NMDA receptor activates MAPK signaling and

influences the cell gene transcription (Adopted from Roberson et al., 1999).

C. Interaction between dopamine D1 receptor- and NMDA receptor-signaling
cascades

As noted in earlier sections, both dopamine D1 receptor and NMDA receptor
mediate psychostimulant-induced intracellular signaling alternation. The
MEK/ERK/EIk-1 cascade acts as an integrator to both dopamine and glutamate
transmission. In addition, the activation of D1/cAMP/PKA pathway modulates

NMDA receptor-mediated signals transduction. In this section, we review several
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candidates may be responsible for the intracellular cascades interaction between
dopamine D1 and NMDA receptors.
DARPP-32:

Dopamine- and cAMP-regulated phosphoprotein of Mr 32 kDa (DARPP-32) is a
cytosolic protein that is enriched in medium spiny neurons in the CPu and NAc
(Greengard, 2001; Greengard et al, 1999). Once DARPP-32 is phosphorylated at
Thr-34 site (p-Thr 34 DARPP-32) by means of PKA, it becomes an inhibitor of
protein phosphatase-1 (PP-1) and thereby potentiates dopaminergic transmission
(Hemmings et al, 1984; Nishi et al, 1997, 2000; Svenningsson et al, 2004). On the
other hand, cyclin-dependent kinase 5 phosphorylates DARPP-32 at Thr-75 site (p-
Thr-75 DARPP-32) both in vitro and in vivo. P-Thr 75 DARPP-32 inhibits PKA in
vitro by a competitive mechanism (Bibb et al., 1999). It is well established that the
activation of dopamine D1 receptor leading to the accumulation of PKA activates p-
Thr-34 and inhibits p-Thr-75 DARPP-32 via PKA-activated protein phosphatase 2A
(PP-2A), respectively (Nishi et al., 2000). Dephosphorylation of p-Thr-75
DARPP32 leads to a disinhibitory effect on PKA and further amplifies the
D1/cAMP/PKA/p-Thr-34 DARPP-32/PP-1 signaling. In contrast, when phosphatase
groups are removed from p-Thr-34 DARPP-32 by protein phosphatase-2B (PP-2B),
the DARPP-32 mediated-inhibitory effect on PP-1 is blocked and dampens the
D1/cAMP/PKA pathway, subsequently (Gupta and Tsai, 2001; King et al., 1984).
Stimulation of NMDA receptor has been reported to dephosphorylate the p-Thr-34

and p-Thr-75 DARPP-32 through Ca*"-activated PP-2A and PP-2B, respectively
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(Figure 4, Halpain et al., 1990; Nishi et al., 2000, 2002). Thus, DARPP-32 serves as

an integrator for dopamine- and glutamate-mediated intracellular signaling.

dopamine

/—[ D1 receptors } - : ~
* medium spiny neurons

cAMP
PP-1 PKA _.-- PP-2A
s Cd k5!p35
inﬁfbﬂ{t_::r_n :nhn'b-lt.rcln
NH . T34 DARPP-32 T75 L coown
calcineurin PP-2A
\ CEE-I-

e [NMDA/AMPA receptors }———

- & glutamate

Figure 4. Scheme illustrating of the dopamine and glutamate signaling pathways in
phosphorylation and dephosphorylation of DARPP-32 at Thr-34 and Thr-75 sites

(Adopted from Nishi et al., 2002).

The NMDA-NRI1 subunit C1 terminal contains the PKA phosphorylation site
(Tingley et al., 1997). In striatal neuron, pharmacological stimulation of dopamine
D1 receptor, through activation of PKA, phosphorylates NMDA-NR1 subunit
(Dudman et al., 2003; Snyder et al., 1998) and enhances NMDA receptor-mediated
current, subsequently (Cepeda et al., 1998; Flores-Hernandez et al., 2002; Westphal

et al., 1999). P-Thr-34 DARPP-32 can be recruited to stabilize PKA-induced
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NMDA receptor phosphorylation by inhibiting PP-1 cascade which may
dephosphorylates the NMDA receptor and reduce NMDA receptor-mediated current
(Blank et al., 1997; Flores-Hernandez et al., 2002; Greengard et al., 1999; Westphal
et al., 1999). However, the increase of intracellular Ca*>" level by PK A-potentiated
NMDA receptor current, in turn, activates PP-2B and dephosphrylated the p-Thr-34
DARPP-32 as a negative feedback loop (Greengard et al., 1999; Nishi et al., 2000).
Cocaine induced alternations of DARPP-32 phosphorylation have been studied
in vivo. In the CPu, NAc and FCx, acute cocaine administration transiently increases
p-Thr-34 and decrease p-Thr-75DARPP-32 with correspondent elevation of
extracellular dopamine levels (Nishi et al, 2000; Rauggi et al., 2005). However, in
cocaine-sensitized rats, a long-lasting and opposite DARPP-32 phosphrylation
pattern (increase in p-Thr75 DARPP-32 and decrease in p-Thr 34 DARPP-32) has
been reported (Scheggi et al., 2004a, 2004b). Recently, studies have been shown
that mice with a targeted disruption of DARPP-32 gene (Fienberg et al, 1998) or
with the site of Thr-34 DARPP-32 mutation (Valjent 2005; Zachariou et al, 2006)
have attenuated locomotor activity and rewarding effect in response to cocaine
treatment, and blunted ERK/EIk-1 protein phosphorylation after acute cocaine
treatment. However, after chronic cocaine treatment paradigm, both Thr-34 and
Thr-75 DARPP-32 mutant mice show augmented and reduced behavioral
sensitization, respectively, indicating distinct role of p-Thr-34 and p-Thr-75
DARPP-32 in regulating short- and long-term behavioral actions of cocaine

(Zachariou et al., 2006).
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STEP:

Striatal-enriched protein tyrosine phosphatase (STEP) is preferentially expressed
in the basal ganglia and related structures (Boulanger et al., 1995; Lombroso et al.,
1993). Alternative splicing produces various STEP family members, and both
cytosolic (STEP46) and membrane-associated (STEP61) variants exist (Bult et al.,
1996). Through the protein-protein interaction via kinase-interacting motif (KIM),
STEP and its non-neuronal homologs has been implicated in the dephosphorylation
of ERKs protein and prevented its nuclear translocation (Nika et al., 2004; Zuniga et
al., 1999). Both in vitro and in vivo, stimulation of D1/cAMP/PKA pathway has
been reported to phosphorylate KIM and abolish STEP capability to
dephosphorylate ERKs (Paul et al., 2000, Nika et al., 2004). However, the activation
of PP-1 or PP-2B through NMDA receptor-induced Ca®" influx dephosphorylates
STEP and attenuates NMDA receptor-mediated ERKs protein phospohrylation
(Paul et al., 2003; Nika et al., 2004).

Recently, in mice, amphetamine induces significant increase of STEP and ERKs
phosphorylation in the striatum. In contrast, in DARPP-32 knockout mice, the
phosphorylation of STEP and ERKs is attenuated after acute amphetamine treatment
(Valjent et al., 2005). Taken together, dopamine D1 receptor-activated cAMP/PKA
signaling influences the MEK/ERKSs activations through STEP and its upstream
DARPP-32/PP-1. Thus, in striatal neurons, STEP may serve as a coincidence
detector to converge dopamine and glutamate signaling cascades induced by

psychostimulants.
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CREB:

Phosphorylation of Ser133 of the cAMP-regulated element-binding protein
(CREB) increases a large number of genes that alter neuronal function and regulate
synaptic plasticity (Frank and Greenberg, 1994; Mayr and Montiminy, 2001).
Several kinase pathways can phosphorylate CREB, including PKA (Montminy and
Bilezikjian 1987) and neuronal activity-induced CaMKs (Dash et al., 1991; Sheng et
al., 1991; Tokumitsu et al., 2004). In addition, ERKs has been reported to
phosphorylate CREB via pp90 ribosomal S6 kinase (p-RSKs) family (Frodin and
Gammeltoft, 1999; Xing et al., 1998) and mitogen- and stress-activated protein
kinase-1 (p-MSK-1, Authur and Cohen, 2000). In the primary striatal neuronal
culture, dopamine application induces the phosphorylation of CREB with similar
cAMP activity profile. Either dopamine D1 receptor antagonist or NMDA receptor
antagonists can block the dopamine-induced CREB phosphorylation (Cole et al.,
1995; Eaton et al., 2004; Konradi et al., 1996). In addition, in rats, pharmacological
activation PKA induces CREB and Elk protein phosphorylation that can be blocked
by NMDA receptor antagonist (Choe and McGinty, 2000). Similarly, in the striatal
brain slice, the application of glutamate also induces the CREB and Elk-1
phosphorylation that can be attenuated by MEK and CaMKs inhibitor indicating the
role of MEK/ERK/EIk-1 signaling cascade in the CREB activation (Vanhoutte et al.,
1999).

Accumulating evidence has reported that cocaine activates CREB in various
areas associated to drug addiction. For instance, in mice, acute cocaine treatment

induces CREB phosphorylation in CPu (Karasinska et al., 2005). Cocaine-induced
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conditioned place preference is associated with the increase of CREB
phosphorylation in the NAc, and both behavioral and CREB alternations can by
blocked by MEK inhibitor (Miller and Marshall, 2005). After chronic cocaine
administration, the phosphorylation of CREB is increased in the NAc and CPu
(Kano et al., 1995; Mattson et al., 2005; Terwilliger et al., 1991) and can be blocked
by MEK inhibitor (Mattson et al., 2005). In addition, dopamine D1 receptor mutant
mice exhibit attenuated CREB phosphorylation in CPu after acute and chronic
cocaine administration (Karansinska et al., 2005). Viral-mediated overexpression of
CREB in the NAc decreases the reinforcing properties of cocaine, whereas,
overexpression a mutant form of CREB increases the reinforcing properties of
cocaine (Carlezon et al., 1998). CREB knockout mice exhibit stronger cocaine-
induced behavioral sensitization and conditioned place preference when compared
to wild-type controls (Walters and Blendy, 2001). Using inducible knockout
technology, mice with mutant CREB show blunted locomotor sensitization induced
by repeated cocaine treatment (Sakai et al., 2002). Overall, in cAMP/PKA and
MEK/ERK/EIk-1 pathways dependent manner, both acute and chronic cocaine
administration increase the CREB phosphorylation in various brain areas in the
mesolimbic system. The suppression and overexpression of CREB increase and
decrease the rewarding effect of cocaine, respectively.
c-fos:

Neurotransmission in the brain activates the transcription of immediate-early
genes, including c-fos. The c-fos promoter contains cAMP response elements (CRE)

and serum response elements (SRE). Through the formation of homo- or
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heterodimers with other CREB/ATF proteins at the leucine zipper domains,
phosphorylated CREB binds to CRE of target gene regulates gene expression and
leads to activation of transcription complexes and increasing gene expression (Hai
and Curran, 1991; Montminy et al., 1990). On the other hand, the SRE is the second
major cis-element responsible for the activation of c-fos and is constitutively
occupied by a serum response factor (SRF) dimer. SRF dimer recruits the ternary
complex factor that may include Elk-1 protein and promote c-fos transcription
(Adams and Sweatt, 2002; Davis et al., 2000; Hill et al., 1993). In the strtatal
neuronal culture, dopamine or dopamine D1 receptor agonists induce c-fos mRNA
increase and can be diminished by the NMDA receptor antagonists (Konradi et al.,
1996). In vivo, acute dopamine D1 receptor agonist treatment induces robust c-fos
expression in rat CPu (Capper-Loup at al., 2002; Svenningsson et al., 2000). In
addition, glutamate application may induce c-fos expression in striatal brain slice
through activation of Elk-1 and CREB (Vanhoutte et al., 1999). Acute glutamate
receptors agonist treatment also induces rapid Fos-like protein expression in rat CPu
in dopamine D1 and NMDA receptors-dependent manners (Berretta et al., 1992).
Dopamine and glutamate transmissions have been implicated for cocaine-
induced c-fos transcription. Acute cocaine induces c-fos mRNA expression and Fos-
like protein immunoreactivity in rat CPu and NAc that can be blocked by the
pretreatment of dopamine D1 receptor antagonists, NMDA receptor antagonists or
MEK inhibitors. (Berretta et al., 1992; Grabus et al., 2004; Graybial et al., 1990;
Johansson et al., 1994; Radwanska et al., 2005; Steiner and Gerfen, 1993; Torres

and Rivier, 1992; Young et al., 1991). In addition, acute cocaine injection fails to
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induce c-fos expression in dopamine D1 receptor deficient mice (Drago et al., 1996).
Similarly, chronic cocaine treatment increases c-fos expression and Fos protein
immunoreactivity in PFc, CPu, NAc, amygdala and the subthalamic nucleus
correlated to behavioral sensitization (Brown et al., 1992; Crombag et al., 2002;
Samaha et al., 2004; Steiner and Gerfen, 1993; Todtenkopf at al., 2002; Uslaner et
al., 2003). Furthermore, recent study demonstrated that c-fos mutant mice show
attenuated behavioral sensitization after chronic cocaine and more persistent
memory of cocaine-induced conditioned place preference, suggesting that c-Fos is
critical to long-term behavioral plasticity and rewarding effects of chronic cocaine

(Zhang et al., 2006).

II1. Directly physical interaction between dopamine D1 and NMDA receptors
In contrast with classical role of G-protein coupled receptors family functioning
as monomers, accumulating evidence indicated that these receptors may form as
oligodimers with other members to increase the signaling, trafficking and
pharmacological complexities of interacting receptors (Anger et al., 2002; Devi,
2000). For example, the dopamine D2 and D3 receptors can form a heterodimeric
complex with particular pharmacological and signaling properties (Scarselli et al.,
2000) and dopamine D1 receptors bind to adenosine A1 receptors forming
heterodimeric complexes with decreasing dopamine D1 receptor agonist-induced
accumulation of cAMP (Gines et al., 2000). In addition, dopamine receptors also

interact with ligand-gated ion receptors such as direct protein-protein coupling
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between the dopamine D5 receptor and y-aminobutyric acid A (GABA,) receptor
enables mutually inhibitory functional interactions (Liu et al., 2000).

Recently, studies have shown that dopamine D1 receptors bind to specific
subunits of NMDA receptors in various cell lines (Lee et al, 2002; Fiorentini et al.,
2003; Fiorentini and Missale, 2004; Lee and Liu, 2004; Pei et al., 2004). Dopamine
D1 receptor C-terminal (CT) region regions, D1-t2 (Leu’®-Leu*'®) and D1-t3 (Ser
H7_Thr**®), mediate direct protein interactions with the C1 terminal of NR1-1a and
NR2A subunits of NMDA receptor, respectively, in hippocampal neurons and COS-
7 cells (Lee et al., 2002; Pei et al., 2004). Furthermore, in vitro studies also
indicated that both NR1-1a/b and NR1-3a/3b isoforms may interact with dopamine
D1 receptor in striatal neurons (Fiorentini et al., 2003).

The functional significance of dopamine D1 and NMDA receptors physical
interactions:

In primary hippocampal neuron culture and human embryonic kidney 293
(HEK-293) cells co-expressing dopamine D1 receptors and NR1-1a/NR2A subunits,
dopamine D1 receptor agonist application significantly reduced the physical
association between dopamine D1 receptors and NR1 subunit of NMDA receptors
but not NR2A subunits (Lee et al., 2002). In addition, the dopamine D1 agonist-
induced receptors disassociation is related to the reduction of inward current and
apoptosis mediated by NMDA receptors through the activation the PI-3 kinase
(phosphoinositide 3-kinase) pathway (Figure 5), and is independent of traditional
PKA or PKC intracellular signaling (Fischer et al., 1998; Hisatsune et al., 1997;

Joyal et al., 1997; Lee and Liu, 2004; Lee et al., 2002; Wyszynski et al., 1997).
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However, in the striatal post-synaptic density, dopamine D1 receptors form direct
protein- protein interactions with the CT of NMDA receptors NR1 subunits but not
with either NR2A or NR2B subunits (Fiorentini et al., 2003). Bioluminescence
resonance energy transfer experiment indicated that D1/NR1 interaction is not
influenced by administration of dopamine or glutamate in COS-7 co-expressing
dopamine D1 receptor and NR1/NR2B subunits of NMDA receptors. Furthermore,
the expression of NR2B subunits promotes the translocation of the NR1/D1
complexes from cytoplasmic compartments to plasma membrane and prevents SKF-
81297 induced dopamine D1 receptors internalization in HEK-293 cells (Fiorentini
et al., 2003; Fiorentini and Missale, 2004). This different D1/NMDA receptors
interaction patterns in hippocampal and striatal neurons as well as the insensitivity
of agonists-induced D1/NR1 disassociation and receptors translocation in the cells
transfecting with NR2B subunits may reflect that differential functional NMDA
receptor properties is dependent on NR2 subunit subtype composition and the
NR2B is the prevalent subunits in striatal neurons (Brimecombe et al., 1997; Krupp

at al., 1996; Sprengel et al., 1998; Standaert et al., 1994).
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inhibition of NMDA currents

PI-3 kinase activity

Figure 5. A model of the direct interactions between dopamine D1 and NMDA
receptors. Through intracellular C-terminals, dopamine D1 receptors interact with

NRI1 and NR2A subunits of NMDA receptors. (Adopted from Lee and Liu, 2004)

On the other hand, in rat hippocampal tissue and cells co-transfecting dopamine
D1 and NMDA receptors, pretreatment with NMDA significantly increased the
dopamine D1 receptor-mediated cAMP accumulation by recruiting more dopamine
D1 receptors to the plasma membrane via exocytotic process. This effect can be

abolished through the application of dopamine D1 or NMDA receptors antagonists
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(Pei et al., 2004). Furthermore, the potentiating effect of NMDA receptor on
dopamine D1 receptor-activated cAMP accumulation and dopamine D1 receptor
membrane insertion are mediated by D1-t2/NR1-1a interaction because of the
inhibitory effect of the overexpression D1-t2 or NR1-C1 (Asp***-Thr’*) of the

NRI1-1a CT mini-gene (Lee and Liu, 2004; Pei et al., 2004).

IV. Significance of work

Cocaine exposure leads to transient and long-term molecular molecular and
neurochemical alternations that underlie addiction and associative behaviors. In the
striatum including the CPu and NAc, effects of cocaine are mediated by dopamine
and glutamate transmissions through cAMP/PKA and MEK/ERK/EIk-1 signaling
cascades. Furthermore, activations of DARPP-32, CREB, STEP and c-fos serve as
intermediate steps to converge cocaine-activated intracellular mechanisms as well as
to modulate addictive behaviors. The objectives of present study can be divided into
three parts. First, we will evaluate the intracellular mechanisms mediated by
dopamine D1 and NMDA receptors after acute cocaine administration in the CPu, a
region associated with cocaine-induced behavioral changes. We hypothesize that
dopamine D1 and NMDA receptors-mediated intracellular signaling will be
activated after acute cocaine administration. Second, through pharmacological
manipulation of NMDA and dopamine D1 receptors, we will evaluate their effects
on immediate early gene expression after acute cocaine. We postulate that both
dopamine D1 and NMDA receptors are necessary for the induction and

phosporylation of immediate early gene. Lastly, we will determine whether acute
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cocaine administration or NMDA receptors activation/inhibition alters the physical
interaction between dopamine D1 and NMDA receptors. We speculate that the
physical receptor interaction will be decreased after manipulations.
Accomplishment of this study will provide novel information about the physical
interaction between dopamine D1 receptors and NR1 subunit of NMDA receptors as
well as the key molecules that are shared between these two pathways and regulate
cocaine-induced gene expression. Thus, this approach will advance general
knowledge regarding the development of novel pharmacotherapies for treatment of
cocaine addiction.
Aims:
Specific Aim I To determine the effect of acute cocaine administration on dopamine
D1 and NMDA receptors-mediated intracellular mechanisms in rats CPu.
1A: We hypothesize that acute cocaine administration will induce the activation
of  MEK/ERK/ Elk-1 pathway signaling in rats.
1B: We hypothesize that acute cocaine administration will result in the
activation of relevant regulators (e.g., DARPP-32 pathway and STEP) for the
interaction between NMDA receptors- and dopamine D1 receptors-mediated
intracellular signaling.
Specific Aim II: To determine the effect of pharmacological blockade of NMDA or
dopamine D1 receptors on acute cocaine-induced immediate early genes in the CPu
and NAc, brain regions are associated with cocaine-induced behavioral changes and

rewarding effects.
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2A: We postulate that acute cocaine administration will induce ERK and
immediate early genes expression/phosphorylation in a time-dependent
manner.
2B: We postulate that pharmacological inhibition of NMDA or dopamine D1
receptors will reduce acute cocaine-induced immediate early genes expression
and phosphorylation.
Specific Aim Ill: To determine the effects of dopamine and glutamate transmission
on NMDA and dopamine D1 receptors physical interactions in rats CPu.
3A: We speculate that acute cocaine administration will lead to changes on
NMDA and dopamine D1 receptors physical interactions in time course
experimental design.
3B: We speculate that pharmacological activation and inhibition NMDA
receptors will alter NMDA and dopamine D1 receptors physical protein-

protein interaction.
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Chapter 2: Effects of acute cocaine on ERK and DARPP-32 phosphorylation

pathways in the dorsal striatum/caudate-putamen (CPu) of Fischer rats.

I. Introduction

Cocaine is primarily a drug of abuse in Western countries. The dopaminergic
inputs from the ventral tegmental area to the nucleus accumbens and the
nigrostriatal projections to the caudate-putamen (CPu) have been attributed to
behavioral and biochemical effects of cocaine (reviewed in Hyman and Malenka
2001; Koob and Nestler 1997; Spanagel and Weiss 1999). For example, by binding
to the dopamine transporter, cocaine leads to a buildup of extracellular dopamine
levels in the mesocorticolimbic system (Maisonneuve and Kreek 1994; Reith et al.,
1997). In addition, acute cocaine administration has been shown to alter synaptic
glutamate concentration in the CPu (Kalivas and Duffy 1995; Smith et al., 1995;
Zhang et al., 2001).

Accumulating studies have been demonstrated that extracellular signal-regulated
kinase (ERK), a member of mitogen-activated protein kinase family, is critical in
mediating cocaine-induced intracellular mechanisms. For instance, in rodents, both
repeated and acute cocaine administration increase ERK phosphorylation (p-ERK)
in the mesocorticolimbic system and CPu (Berhow and Nestler 1996; Jenab et al.,
2005; Valjent et al., 2000, 2004, 2005, Zhang et al., 2004). ERK1 knockout mice
show enhanced behavioral and reward responses to morphine and cocaine (Ferguson
et al., 2006; Mazzucchelli et al., 2002). Pharmacological inhibition of mitogen-

activated protein kinase/ERK kinase (MEK), the upstream activator of ERK, blunts
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cocaine-induced p-ERK, ternary complex factor Elk-1 phosphorylation (p-Elk-1),
and immediate early gene expression (such as c-Fos), suggesting that MEK
activation is necessary for ERK activation and underlying transcriptional
mechanisms (reviewed in Lu et al., 2006; Mattson et al., 2005; Miller and Marshall
2005; Valjent et al., 2000; Zhang et al., 2004). In addition, through pp90 ribosomal
S6 kinase (p-RSK) family, p-ERK has been reported to result in cAMP response
element-binding protein phosphorylation (p-CREB), a transcriptional factor that has
been shown to regulate gene expression (Frodin and Gammeltoft 1999; Xing et al.,
1998). Recently, studies have shown that prenatal cocaine treatment caused
augmented p-RSKs and p-CREB protein levels in the heart tissue of neonatal rats
(Sun and Quamina 2004).

Alternatively, dopamine- and cAMP-regulated phosphoprotein of Mr 32 kDa
(DARPP-32), a cytosolic protein enriched in medium spiny neurons of CPu, is
another important regulator in mediating cocaine-induced intracellular signaling
(Greengard et al., 1999; Svenningsson et al., 2005). Once DARPP-32 is
phosphorylated at Thr-34 site (p-Thr 34 DARPP-32) by means of protein kinase A
(PKA), it becomes an inhibitor of protein phosphatase-1 (PP-1) thereby modulating
several substrates (Hemmings et al., 1984; Nishi et al., 1997, 2000; Svenningsson et
al., 2004). On the other hand, phosphoylation of DARPP-32 at the Thr75 site (p-
Thr75 DARPP-32) inhibits PKA and attenuates its capability to increase p-Thr34
DARPP-32 (Bibb et al., 1999; Nairn et al., 2004). In vitro, dopamine D1 receptor
activation has been shown to activate p-Thr34 and inhibit p-Thr75 DARPP-32 via

PKA-activated protein phosphatase 2A (PP-2A; Nishi et al., 2000). In the



32

mesocorticolimbic system and CPu, acute cocaine administration transiently
increases p-Thr34 and decreases p-Thr75 DARPP-32 with correspondent elevation
of extracellular dopamine levels (Nishi et al., 2000; Rauggi et al., 2005).
Furthermore, studies have shown that DARPP-32 mutant mice display attenuated
behavioral effects and blunted p-ERK in response to cocaine treatment, suggesting
that DARPP-32 is an upstream regulator for ERK-mediated signaling (Fienberg et
al., 1998; Valjent et al., 2005; Zachariou et al., 2006).

One possible candidate to link the DARPP-32- and ERK-mediated cascades is
striatal-enriched protein tyrosine phosphatase (STEP), preferentially expressed in
mesocorticolimbic system and CPu (Boulanger et al., 1995; Lombroso et al., 1993).
Through direct interaction of a kinase-interacting motif, STEP and its non-neuronal
homologues have been implicated in the dephosphorylation of p-ERK and
prevention of its nuclear translocation (Nika et al., 2004; Zuniga et al., 1999).
Stimulation of PKA has been reported to phosphorylate STEP (p-STEP) and
decrease its capability to dephosphorylate p-ERK (Nika et al., 2004; Paul et al.,
2000). Recently, Valjent et al. (2005) demonstrated that, in the CPu, acute
amphetamine administration increases p-STEP and p-ERK in mice, whereas, similar
activation is abolished in DARPP-32 mutant mice. Thus, psychostimulant-activated
DARPP-32 signaling may control p-ERK signaling through activation of STEP.

On this basis, the aim of our study was to systematically investigate ERK- and
DARPP-32-mediated signaling in the CPu, an area known to regulate cocaine

treatment response, after acute cocaine administration.
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II. Methods
Animals:

60-day-old male Fischer rats (Charles River, Raleigh, NC) were individually
housed in Plexiglas chambers (20 x 20 x 41 cm). Rats were maintained on a 12-hour
light/dark cycle (lights on at 9:00 a.m.) with free access to food and water. Animal
care and use was in accordance with the Guide for the Care and Use of Laboratory
Animals (NIH publication 85-23, Bethesda, MD) and approved by the Institutional

Animal Care and Use Committee of Hunter College.

Drug and antibodies:

Cocaine hydrochloride was purchased from Sigma chemical Co. (St. Louis, MO).
Primary antibodies of p-Thr34 and p-Thr75 DARPP-32 were purchased from
Phosphosolutions (Aurora, CO). Antibodies for p-MEK, MEK, p-ERK, ERK,
DARPP-32, PP-2A B (PP-2A regulatory B subunit), PP-2A C (PP-2A catalytic
subunit), p-RSK, RSK, p-Elk-1, Elk-1 and c-Fos were bought from Cell Signaling
Technologies (Beverly, MA). Antibodies against STEP and PP-2A B’ (PP-2A
regulatory B’ subunit) were from Upstate Group Inc. (Waltham, MA). a-tubulin
antibody was purchased from Santa Cruz Technologies (Santa Cruz, CA). Both
horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG were

purchased from Amersham Pharmacia (Piscataway, NJ).

Drug administration:
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Cocaine solutions were prepared by dissolution in physiological saline (0.9%)
and injected intra-peritoneally (i.p.). Rats received an injection of saline (1 ml/kg) or
cocaine (30 mg/kg) and sacrificed 5, 10, 15, 30, 45, or 60 min later. P-Thr34
DARPP-32 protein levels were evaluated by the time course design. c-Fos protein
expression was determined 45 min after cocaine administration. The 10 min samples

were used for detecting all the other proteins.

Protein preparation and measurement:

After decapitation (following a brief 20 s exposure to CO,), rat brains were
removed, flash frozen in 2-methylbutane (-40° C), and stored at -80° C until used.
The coronal slices (Imm thick) were cut out in a matrix (ASI instruments, Warren,
MI) and CPu was dissected out on a cold glass plate. CPu was homogenized by
using a Polytron handheld homogenizer (Kinematica, Luzern, Switzerland) in lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA, 10% Glycerol, 1% Triton X-
100, 1% Igepal CA-630, 1% sodium dexycholic acid) containing phosphatase
inhibitors mixture. After 30 min incubation, homogenates were centrifuged at
13,000 rpm for 15 min at 4° C. Supernatants were then collected and stored at -80°
C until used. Total protein content was determined using a Bradford kit from Bio-

Rad Laboratories (Hercules, CA).

Western blot analysis:
Protein samples were analyzed by using Western blot as previously described

(Jenab et al., 2005). Briefly, 40 pg of protein extracts were boiled in Lammeli buffer
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containing 1% B-mercaptoethanol for 5 min and ran on SDS-PAGE gels, transferred
to PVDF membranes. Membranes were then blocked with 5% nonfat dry milk for
Ihr at room temperature and incubated with antibodies of MEK (1:1000), p-MEK
(1:500), ERK (1:1000), p-ERK (1:1000), RSK (1:1000), p-RSK (1:1000), Elk-1
(1:1000), p-Elk-1 (1:500), c-Fos (1:1000), DARPP-32 (1:1000), p-Thr34 DARPP-
32 (1:1000), p-Thr75 DARPP-32 (1:1000), PP-2A B (1:2000), PP-2A B’ (1:1000),
PP-2A C (1:5000), or STEP (1:2000) overnight at 4° C. After three washes with
Tris-Tween-20 Buffer (TBST; pH = 7.4), membranes were incubated with their
appropriate secondary antibodies (1:1000) for 1hr at room temperature followed by
three more washes with TBST. Antibody binding was detected by using an
enhanced chemiluminescence kit (ECL; Amersham Pharmacia, Piscataway, NJ).
Intensity of protein bands was quantified with a computer densitometer and Image
Quant Program (Molecular Dynamics). For normalization of protein levels, all

membranes were re-probed with o-tubulin antibody (1:1000).

Statistical analysis:

Protein levels were expressed as a ratio to a-tubulin levels. For p-STEP, the
protein level was normalized by its non-phophospholated isoforms. Data was
expressed as mean+SEM relative to saline controls, which were arbitrarily set at
100%. Student’s t-tests were used to determine differences between cocaine- and
saline-treated animals. For time course experiments, p-Thr 34 DARPP-32 and

DARPP-32 protein levels were analyzed by two-way ANOVA; treatment (saline or
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cocaine) x time (5, 15, 30 or 60 min) followed by with LSD post hoc analysis when

appropriate. Differences were considered statistically significant at 0.05 level.

III1. Results
Effects of acute cocaine on ERK pathway:

Comparison of control animals treated with saline to animals treated with acute
cocaine demonstrated that the administration of 30 mg/kg cocaine significantly
increased p-MEK and p-ERK protein levels [t(7) = 3.50, p< 0.01; t(7) = 7.57,
p<0.0001; Figure 6A and B, respectively]. In addition, cocaine also increased p-
RSK, p-Elk-1, and c-Fos protein expression in the CPu [t(7) = 3.60, p< 0.01; t(7) =
2.99, p<0.01; t(6) = 2.66, p< 0.05; Figure 6C-E, respectively]. As shown in Table 1,
the acute cocaine administration did not alter total protein levels for all phospho-

proteins that we were measured.

Effects of acute cocaine on DARPP-32 pathway:

For the DARPP-32-mediated cascades, animals with cocaine administration had
lower p-Thr75 DARPP-32 protein level compared to the saline control [t(7) = -2.37,
p<0.05; Figure 7A]. However, the p-Thr34 DARPP-32 protein level was not
significantly changed after cocaine (Figure 7B). No significant changes were
observed for PP-2A protein levels including its regulatory subunits, B and B’
subunits, and catalytic subunit, C-subunit (Figure 7C-E, respectively). Furthermore,

time course experiments demonstrated that acute cocaine injection did not alter p-
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Thr34 DARPP-32 or total DARPP-32 protein expression in the CPu compared to

respective saline controls (Figure 8A and B, respectively).

Effect of acute cocaine on p-STEP:

Figure 9 demonstrates that the phosphorylation of STEP as shown by the
decrease of mobility of the 46-kDa STEP, the cytosolic isoform of STEP presented
in the CPu (Lombroso et al., 1993; Valjent et al., 2005), was significantly increased

after acute cocaine administration [t(6) = 3.27, p< 0.05].
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Table 1. Effects of acute cocaine on total proteins in the rat CPu

Proteins/ Saline Cocaine Saline Cocaine
Treatment

MEK 100.0026.10 95 187 40 a———
ERK 100.00+7.91 91.47+6.14 P
R5K 100,.00+12.349 102.69+8.26 E— —
Elk-1 100.00x6.74 124 38=16 .48 _—— =
DAEFP-32 130.00+£10.45 107.66+6.45 W, —

Left: The ratio of total proteins over a-tubulin is expressed relative to saline controls which
are set at 100%. Data represent mean +£ SEM. Right: Representative Western blots for

respective proteins.
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IV. Discussion

Consistent with previous studies demonstrating that acute cocaine induced rapid and
transient ERK activation in mice (Valjent et al., 2000, 2004), we further showed that p-
MEK, p-ERK and p-Elk-1 protein levels were increased in the CPu of rats. After
phosphorylation by p-MEK, p-ERK is able to translocate to the nuclear compartment,
where it phosphorylates the ternary complex factor Elk-1 (Gille et al., 1992, 1995b).
Elk-1 and other ternary complex factors may associate with serum response factor
(SRF), dimmerize with c-fos serum response element, and promote its transcription
(Davis et al., 2000; Hill et al., 1993; Treisman, 1996). Recently, we also demonstrated
that the cocaine-induced ERK-mediated signaling is dependent on both dopamine D1
and glutamate NMDA receptor activation (Jenab et al., 2005). Thus, in the CPu, both
dopamine and glutamate transmission may converge on the elevation of
MEK/ERK/EIk-1 activation, resulting in c-Fos expression after acute cocaine
administration.

Consistent with previous studies showing that prenatal cocaine exposure resulted in
elevated p-RSK in neonatal heart tissue (Sun and Quamina, 2004), p-RSK protein levels
were also increased in the CPu after acute cocaine administration in the current study.
Both in vitro and in vivo evidence have indicated that ERK activation is required for the
phosphorylation of RSK (Alessi et al., 1995; Lazar et al., 1995; Sturgill et al., 1988).
RSK has been shown to phosphorylate CREB (Pende et al., 1997; Xing et al., 1996) and
up-regulate c-fos expression in an Elk-independent manner (Chen et al., 1993, 1996; De
Cesare et al., 1998). Moreover, RSK and the CREB binding protein (CBP) have

physical interactions in quiescent cells. After ERK activation, the RSK-CBP complex is



44

dissociated allowing p-RSK to phosphorylate CREB, recruit CBP to p-CREB, and
subsequently modulate underlying transcriptional mechanisms (Merienne et al., 2001).
Together, these results indicate that, instead of the ERK/Elk-1 signaling,
ERK/RSK/CREB pathway may represent a distinct and/or redundant cascade to induce
the c-Fos expression after acute cocaine administration.

Studies in PC12 and hippocampal neuronal cells have demonstrated that PKA-
mediated signaling regulates ERK pathway activation (Impey et al., 1998; Roberson et
al., 1999; Vossler et al., 1997). Recently, our laboratory and others have demonstrated
that cocaine-induced p-ERK is dependent on dopamine D1 receptor stimulation, which
accumulates PKA through the activation of adenylyl cyclase (Jenab et al., 2005; Valjent
et al., 2000; Zhang et al., 2004; Zhang and Xu, 2006). To evaluate the influence of
D1/PKA on ERK signaling, we systemically analyzed the DARPP-32 pathway in
response to acute cocaine injections. Previous studies have shown that acute cocaine
administration increases p-Thr34 DARPP-32 in the mice neostriatum or in the rat
prefrontal cortex and nucleus accumbens (Nishi et al., 2000; Rauggi et al., 2005).
However, we did not detect any changes in the CPu of Fischer rats. A recent study by
D’Addario et al. (2007) demonstrated that acute cocaine (10 mg/kg) induced p-Thr34
DARPP-32 in Sprague-Dawley caudate extracts. However, in their study, rats received
5 days of vehicle injections before cocaine administration. In addition, they also used a
different strain of rats, the Sprague-Dawley, which have been shown to differ in their
response to cocaine self-administration than our Fischer rats (Kosten et al., 2007).
Strains and/or cocaine injection schedule differences may contribute to the differential

p-Thr34 DARPP-32 phosphorylation in the dorsal striatum of rats. On the other hand,
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the p-Thr75 DARPP-32 was decreased in response to acute cocaine administration. The
PKA-activated PP-2A is the major protein phosphatase to downregulate p-Thr75
DARPP-32 in the striatum (Ahn et al., 2007; Nishi et al., 2000). Interestingly, in the
current study, the PP-2A protein levels were not changed in the CPu, suggesting that
during the early stage after acute cocaine (e.g., 10 min) the reduction of p-Thr75
DARPP-32 is not mediated by PKA activation. However, an inhibitory effect of PP-2A
on p-Thr75 DARPP-32 at later time point after acute cocaine cannot be excluded. In
addition, other protein phosphatases including PP-1 and PP-2C have been implicated in
the dephosphorylation of p-Thr75 DARPP-32 in virto and neostriatal slice (Nishi et al.,
2000). The activation of NMDA receptors is essential for acute cocaine-mediated ERK
phopsphorylation; however, such receptors activation may dephosphorylate p-Thr75
DARPP-32 in Ca2+-dependent mechanisms (Jenab et al., 2005; Nishi et al., 2002). Thus,
the inhibitory effects of NMDA-mediated Ca*" influx and other protein phosphatases on
p-Thr75 DARPP-32 should be further elucidated in the CPu after acute cocaine
administration. Taken together, since p-Thr75 DARPP-32 is constitutively activated and
has been shown to be a potential inhibitor of PKA, it is reasonable to postulate that
disinhibition on PKA activity by attenuated p-Thr75 DARPP-32 may contribute to the
ERK-dependent transcription after acute cocaine administration.

By direct protein-protein interaction, STEP has been shown to dephosphorylate p-
ERK providing a time-limited activation of ERK (Paul et al., 2000, 2003; Pulido et al.,
1998). Phosphorylation of STEP reduces its affinity to p-ERK and causes dissociation
between them via activation of D1 receptor and PKA (Blanco-Aparicio et al., 1999;

Paul et al., 2000). Veljent et al. (2005) demonstrated that acute amphetamine injections
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increased p-STEP protein level, the decreased mobility of the 46-kDa isoform of STEP,
with the activation of ERK in the CPu of mice. In the present study, we also showed
that acute cocaine induced elevated p-STEP protein level, indicating that release of the
inhibitory effect of STEP may promote the ERK phosphorylation stimulated by
psychostimulants.

Finally, previous studies indicated that the induction of p-STEP is presumably
dependent on the activation of p-Thr34 DARPP-32/PP-1 pathway (Girault et al., 2006;
Valjent et al., 2005). However, in our analysis of CPu extracts, we did not detect any
changes in p-Thr34 DARPP-32, suggesting that other molecular signaling cascades may
contribute to STEP phosphorylation. In addition, application of protein phosphatase
including PP-2A has been shown to dephosphorylate hematopic protein tyrosine
phosphatase, a non-neuronal homolog of STEP, in T-cells (Nika et al., 2004). Thus, the
unaltered PP-2A protein levels after acute cocaine administration in CPu could be
partially explained by the net balance between the PKA-driven PP-2A elevation (an
inhibitory effect on p-Thr75 DARPP-32) and reduction of PP-2A inhibitory effects on
p-STEP.

In summary, at least two intracellular signaling pathways, the PKA/DARPP-32 and
ERK pathways, have been shown to participate in the regulation of locomotor behavior
by dopamine transmission (Greengard et al., 1999; Valjent et al., 2005). Here, we
demonstrated that both pathways were modulated by acute cocaine administration, and
immediate early gene, c-Fos, expression was also enhanced in the CPu which may

contribute to the initiation of cocaine induced behavioral effects.



47

Chapter 3: Effects of dopamine and NMDA receptors on cocaine-induced Fos

expression in the dorsal and ventral striatum of Fischer rats

I. Introduction

Cocaine is a major drug of abuse in Western countries and induces its psychomotor
effects by blocking monoamine transporters. Among three monoaminergic systems, the
dopaminergic inputs from the ventral tegmental area (VTA) to the ventral
striatum/nucleus accumbens (NAc) and the nigrostriatal projections to the dorsal
striatum/caudate-putamen (CPu) have been postulated to be the main regulator of
cocaine’s behavioral and biochemical effects (reviewed in Hyman and Malenka 2001;
Koob and Nestler 1997; Spanagel and Weiss 1999). For example, in vitro and in vivo,
cocaine administration causes a buildup of synaptic dopamine (DA) levels and increases
DA neuronal activity in the CPu and NAc (Carboni et al., 1989; Kalivas and Duffy
1988; Maisonneuve and Kreek 1994; Reith et al., 1997). Cocaine also exerts its
influence on the glutamatergic system. For instance, in the CPu and NAc, studies have
shown that single or repeated cocaine injection modulates extracellular glutamate
concentration (Pierce et al., 1996; Reid and Berger, 1996; Smith et al., 1995; Zhang et
al., 2001).

Extracellular signal-regulated kinases (ERK), one of isoforms of mitogen-activated
protein kinases, has been characterized to respond to extracellular stimuli and regulates
cell proliferation and differentiation (Seger and Krebs, 1995). In both CPu and NAc,
acute cocaine administration induces ERK phosphorylation (p-ERK; Corbille et al.,

2007; Jenab et al., 2005; Sun et al., 2007; Valjent, et al., 2000; 2005; Zhang et al., 2004;
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review in Zhai et al., 2008). p-ERK, in turn, translocates to the nucleus and controls
gene expression through regulating cAMP response element binding protein (CREB)
and ternary complex factor Elk-1 (Adams and Sweatt, 2002; Davis et al., 2000; Hill et
al., 1993). Pharmacological inhibition of mitogen-activated protein kinase/ERK kinase
(MEK), an upstream activator of ERK, attenuates cocaine-induced immediate early
gene (IEG) expression in mesocorticolimbic brain regions (Ferguson et al., 2006;
Valjent et al., 2000); suggesting that ERK-mediated cascades are important for cocaine-
regulated transcriptional mechanisms.

Mitogen-activated protein kinase phosphatase-1 (MKP-1) belongs to the family of
dual specificity phosphatase that is highly regulated by ERK activation. For example, p-
ERK directly induces MKP-1 expression in vivo and in vitro (Brondello et al., 1997;
Sgambato et al., 1998). After induction, MKP-1 dephosphorylates p-ERK, inactivating
it, as a negative feedback mechanism (Duff et al., 1995; Sun et al., 1993). Corticostriatal
stimulation coincidently increases MKP-1 and c-fos mRNA in an ERK-dependent
manner (Sgambato et al., 1998). In the striatum, MKP-/ mRNA and protein levels were
increased after either acute or chronic methamphetamine administration (Takaki et al.,
2001; Ujike et al., 2002). In addition, chronic amphetamine injection also induces MKP-
1 mRNA in the ventral VTA (Rajadhyaksha et al., 2004). Furthermore, there is
evidence that MKP-1 is phosphorylated (p-MKP-1) by p-ERK at two extreme C-
terminal Ser residues in vitro (Brondello et al., 1999). The phosphorylation stabilizes
MKP-1 protein but dose not influence its ability to dephosphorylate p-ERK.

Recently, our group and others have shown that cocaine induction of p-ERK may be

mediated via DA-D1 and NMDA receptors activation (Jenab et al., 2005; Zhang et al.,
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2004). Although MPK-1 and c-fos mRNA induction in response to ERK activation has
been documented, the parallel p-MKP-1 and Fos-related protein expression after acute
cocaine administration has not been elucidated. To this end, we examined the activation
profile of p-ERK, p-MKP-1 and Fos-related proteins expression after a single cocaine
injection. In a second study, we determined the effects of DA-D1 and NMDA receptor
blockade on cocaine-increased p-MKP-1 and Fos protein expression in the CPu and

NAc.

II. Methods
Animals:

60-day-old male Fischer rats (Charles River, Raleigh, NC) were individually housed
in Plexiglas chambers (20 x 20 x 41 cm). Rats were maintained on a 12-hour light/dark
cycle (lights on at 9:00 a.m.) with free access to food and water. Animal care and use
was in accordance with the Guide for the Care and Use of Laboratory Animals (NIH
publication 85-23, Bethesda, MD) and approved by the Institutional Animal Care and

Use Committee of Hunter College.

Drug and antibodies:

Cocaine hydrochloride, MK-801, and SCH23390 hydrochloride were purchased
from Sigma Chemical Co. (St. Louis, MO). Primary antibodies for ERK (#9102), p-
ERK (#9101), p-MKP-1 (#2857), c-Fos (#4384) and FosB (#2251) were purchased
from Cell Signaling Technologies (Beverly, MA). Antibodies against MKP-1 (sc-370)

and a-tubulin (sc-8035) were purchased from Santa Cruz Technologies (Santa Cruz,
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CA). Both horseradish peroxidase-conjugated anti-rabbit IgG (NA-934) and anti-mouse

IgG (NA-931) were from Amersham Pharmacia (Piscataway, NJ).

Drug administration:

Cocaine solutions were prepared by dissolution in physiological saline (0.9%) and
injected intra-peritoneally (i.p.). One week after arrival, rats received an injection of
saline (1 ml/kg) or cocaine (30 mg/kg). For evaluating p-ERK protein levels, rats were
sacrificed 5, 15, 30, or 60 min after drug treatment. For the measurement of p-MKP-1,
c-Fos and FosB protein expression, rats received same doses of saline or cocaine
administration and sacrificed 45, 90, 180 or 360 min later. For experimental paradigm
involving antagonists, rats were administered MK801 (0.25 mg/kg in 0.9% saline, i.p.)
or SCH23390 (0.25 mg/kg in 0.9% saline, i.p.) 30 min before single cocaine (30 mg/kg)
or saline injections and sacrificed 60 min after the last injection. The doses of MK801
and SCH23390 were previously reported to inhibit the acute cocaine-induced p-ERK in

the striatum (Jenab et al., 2005).

Protein preparation and measurement:

After decapitation (following a brief 20 s exposure to CO,), rat brains were removed,
flash frozen in 2-methylbutane (-40° C), and stored at -80° C until used. The coronal
slices (1mm thick) were cut out in a matrix (ASI instruments, Warren, MI) and areas of
CPu and NAc were simultaneously dissected out on a cold glass plate. Tissue samples
were homogenized by using a Polytron handheld homogenizer (Kinematica, Luzern,

Switzerland) in lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA, 10%
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Glycerol, 1% Triton X-100, 1% Igepal CA-630, 1% sodium dexycholic acid) containing
a mixture of phosphatase inhibitors. After 30 min incubation, homogenates were
centrifuged at 13,000 rpm for 15 min at 4° C. Supernatants were then collected and
stored at -80° C until used. Total protein content was determined using a Bradford kit

from Bio-Rad Laboratories (Hercules, CA).

Western blot analysis:

Protein samples were analyzed by using Western blot analysis as previously
described (Jenab et al., 2005). Briefly, equal amount of protein extracts were boiled in
Lammeli buffer containing 1% B-mercaptoethanol for 5 min and ran on SDS-PAGE
gels, then transferred to PVDF membranes. Membranes were blocked with 5% nonfat
dry milk for 1hr at room temperature and then incubated with primary antibodies of
ERK (1:1000), p-ERK (1:1000), MKP-1 (1:500), p-MKP-1 (1:1000), c-Fos (1:1000),
and FosB (1:1000), individually, overnight at 4° C. After three washes with Tris-
Tween-20 Buffer (TBST; pH = 7.4), membranes were incubated with their appropriate
secondary antibodies (1:1000) for 1hr at room temperature followed by three more
washes with TBST. Antibody binding was detected by using an enhanced
chemiluminescence kit (ECL; Amersham Pharmacia, Piscataway, NJ). Intensity of
protein bands was quantified with a computer densitometer and Image Quant Program
(Molecular Dynamics). For normalization of protein levels, all membranes were re-

probed with a-tubulin antibody (1:1000).

Statistical analysis:
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Protein levels were expressed as a ratio to a-tubulin levels. Data was expressed as
mean %+SEM relative to respective saline controls, which were arbitrarily set at 100%.
For time course experiments, protein levels were analyzed by two-way ANOVA;
treatment (saline or cocaine) X time (5, 15, 30 or 60 min/45, 90, 180 or 360 min). To
determine the effect of antagonist treatment on cocaine-induced activation, a one-way
ANOVA was used. For Post hoc analysis, LSD tests were conducted when appropriate.

Differences were considered significant at 0.05 level [P<0.05].

I11. Results
Effects of acute cocaine administration on p-ERK:

In the CPu, 5 and 15 min after acute cocaine administration, p-ERK protein levels
were increased by approximately 65% and 40%, respectively [Figure 10A]. However,
two-way ANOVA only revealed marginal treatment x time interaction [F (3, 24) = 3.98,
P =0.57]. No treatment and time main effects were observed. In the NAc, acute cocaine
time-dependently increased p-ERK protein levels [treatment main effect: F (1, 24) =
9.68, P<0.05; time main effect: F (3, 24) = 5.93, P<0.05; treatment X time interaction: F
(3, 24) = 5.93, P<0.05; Figure 10B]. Post hoc test demonstrated that, compared to saline
controls, acute cocaine increased p-ERK protein levels at 5 and 15 min [both P<0.05].
In cocaine-treated animals, p-ERK protein levels were higher at 5 min when compared
to other time points [all P<0.05]. Acute cocaine also induced higher p-ERK protein
levels 15 min than those at 60 min [P<0.05]. In addition, acute cocaine administration

did not alter total protein levels of ERK in both brain regions [Table ITA].
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Effects of acute cocaine on c-Fos and FosB:

Overall, in the CPu, cocaine increased c-Fos protein levels expression in a time
dependent manner [treatment main effect: F (1, 24) = 24.19, P<0.05; time main effect: F
(3, 24) = 3.79, P<0.05; treatment x time interaction: F (3, 24) = 3.79, P<0.05; Figure
11A]. Cocaine induced higher c-Fos protein expression from 45 to 180 min when
compared to saline controls [all P<0.05]. Furthermore, in cocaine-treated animals, c-Fos
protein levels were higher at 45 and 90 min than those at 360 min [both P<0.05]. In the
NAc, a significant treatment main effect was found [F (1, 24) = 32.92, P<0.05; Figure
11B]. In comparison with saline-treated animals, acute cocaine induced higher c-Fos
protein levels from 45 to 180 min [all P<0.05].

In the CPu, acute cocaine increased FosB protein expression [treat main effect: F (1,
24) =32.67, P<0.05; Figure 11C]. Further analysis indicated that, 90 to 360 min after
cocaine administration; FosB protein levels in cocaine-treated groups were higher than
those in saline controls [all P<0.05]. On the other hand, in the NAc, acute cocaine time
dependently increased FosB protein expression [treatment main effect: F (1, 24) = 28.02,
P<0.05; time main effect: F (3, 24) = 4.80, P<0.05; treatment x time interaction: F (3,
24) =5.16, P<0.05; Figure 11D]. In comparison with saline-treated animals, acute
cocaine induced higher FosB protein levels from 180 to 360 min [all P<0.05]. In
cocaine-treated animals, FosB protein levels from 180 to 360 min were significant

higher than those at 45 min [all P<0.05].

Effects of acute cocaine on p-MKP-1:
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In the CPu, 45 and 90 min after acute cocaine administration, p-MKP-1 protein levels
were increased by approximately 210% and 35%, respectively [Figure 12A]. Two-way
ANOVA showed that p-MKP-1 protein levels were time-dependently increased by
acute cocaine administration [treatment main effect: F (1, 24) = 13.01, P<0.05; time
main effect: F (3, 24) = 6.76, P<0.05; treatment X time interaction: F (3, 24) = 6.76,
P<0.05]. p-MKP-1 protein levels were higher 45 and 90 min after acute cocaine when
compared to respective saline controls [both P<0.05]. In addition, in cocaine-treated
animals, p-MKP-1 protein levels at 45 min were significantly higher than those at other
time points [all P<0.05]. In the NAc, acute cocaine administration also increased p-
MKP-1 in a time dependent manner [treatment main effect: F (1, 24) = 7.74, P<0.05;
time main effect: F (3, 24) = 4.03, P<0.05; treatment X time interaction: F (3, 24) = 4.03,
P<0.05; Figure 12B]. In comparison with saline-treated animals, acute cocaine induced
higher p-MKP-1 protein levels at 45 and 90 min [both P<0.05]. In cocaine-treated
animals, p-MKP-1 protein levels at 45 min were higher than those at 360min [P<0.05];
protein levels of p-MKP-1 at 90 min were also higher than those at 180 and 360 min
[both P<0.05]. In addition, acute cocaine administration did not alter total protein levels

of MKP-1 in both brain regions [Table IIB].

Effects of MK801 and SCH23390 pre-treatments on cocaine-induced Fos protein
expression and p-MKP-1:

In the CPu, a significant antagonist pre-treatment effect was found on c-Fos induced
by cocaine [F (5, 29) = 3.06, P<0.05; Figure 13A]. Both MK801 and SCH23390

blocked acute cocaine-induced c-Fos protein induction [P<0.05]. However, in the NAc,
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although an effect of antagonist pre-treatment was observed in c-Fos protein expression
[F (5,29)=2.92, P<0.05; Figure13B], only SCH23390 attenuated cocaine-induced c-
Fos expression when compared with saline/cocaine-treated rats [P<0.05].

In the CPu, a significant effect of antagonist pre-treatment on cocaine-induced FosB
protein expression was found [F (5, 29) = 3.77, P<0.05; Figure 13C]. SCH23390
blocked cocaine induction of FosB protein levels [P<0.05]. However, neither MK801
nor SCH23390 altered cocaine effects on FosB in the NAc [Figure 13D].

Similar to Figurel2, acute cocaine administration significantly increased p-MKP-1
protein levels in the CPu. A significant effect of antagonist pre-treatment on cocaine-
induced p-MKP-1 protein levels was obtained [F (5, 29) = 3.06, P<0.05; Figure 13E].
SCH23390 blocked the increase of p-MKP-1 after cocaine injection [P<0.05]. Although
MKS01 pre-treatment decreased cocaine-induced p-MKP-1 protein levels by
approximately 40%, it failed to reach the significant level [P>0.05]. In the NAc, a
significant effect of antagonist pre-treatment on cocaine-induced p-MKP-1 was also
observed [F (5, 29) = 3.54, P<0.05; Figure13F]; where both MK801 and SCH23390
pre-treatments reduced cocaine-induced p-MKP-1 activation [P<0.05]. As shown in
Table II C, antagonists pre-treatment and/or acute cocaine injections had no effect on

non-phosphorylated MKP-1 protein levels in both CPu and NAc.
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Figure 10. The time course of cocaine effects on p-ERK in (A) CPu and (B) NAc.
Results represent as protein levels over a-tubulin expressed as percentage of saline control
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Figure 11. The time course of cocaine effects on Fos-like protein expression. c-Fos in
(A) CPu and (B) NAc; FosB in (C) CPu and (D) NAc. Results represent as protein levels
over a-tubulin expressed as percentage of saline control (4 animals per group). 45, 90, 180,
or 360 min after rats were given injections. M is the molecular marker in kDa. @p <0.05 as
a significant treatment main effect; *p <0.05 as compared with respective saline group; * p
<0.05 as compared with cocaine groups at different time points.
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Figure 13. Effects of MK801 and SCH23390 on cocaine-induced Fos-like protein
expression and p-MKP-1. c-Fos in (A) CPu and (B) NAc; FosB in (C) CPu and (D)
NAc; p-MKP-1 in (E) CPu and (F) NAc. Rats were pre-administrated saline, MK801, or
SCH23390 30 min before a single saline or cocaine injection. Results represent as
protein levels over a-tubulin expressed as percentage of saline/saline control (5 animals
*p <0.05 as compared with saline/saline group and #p<0.05 as compared
with saline/cocaine group. [S/S= saline/saline; S/C=saline/cocaine;MK/S=MKS801/saline;
MK/C=MKZ801/cocaine; SCH/S=SCH23390/ saline; SCH/C=SCH23390/cocaine].

per group).
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Table II. Total protein levels after cocaine/antagonist treatment in the rat CPu and NAc.

Time 5 min

15 min

30 min &0 min

Treatment Saline Cocaine

Saline Cocaine

Saline Cocaine Saline Corcaine

A, Cocaine effect on ERK

CPu 100.00+4.62 049041024 1000041150 B211+873 100.00+20.41 G248+26.17 1000043150 10186424 81
MAC 100.00+8.18 ER1645.85 10000+ 178 0494 +6.10 100004194 07 e5+1045 100004972 111.85+273
Time 45 min 80 min 180 min 360 min
Treatment Saline Cocaine Saline Cocaine Saline Coraine Saline Corcaine

B. Cocaine effect on MEP-1

CPu 100004535  13310+15.12
MAC 100.00+6.50 103.72+17.51
Treatment S/5 S/C

1000045906 1002211190
100.00+5.57 5054+13.64

MEK/5 ME/C

10000+14.46 12056+1935 10000+2665  B547+559
10000+11.25 75044915 100001757 82414754

SCHYS SCH/C

C. Cocoine/antagomst e fects on MEP-1
CFu 100.00+1144  110.00413.29
NAC 100.00+1221 99534553

114372336 10036+9.04
99.47+930 109.39+9.06

12423+1375  9B21+15.74
1072241092 1104541490

The ratio of total proteins over a-tubulin is expressed reladve to saline controls which are set at 100%. Data are represented as mean+SEM. (A)
Time course of ERK protein levels after acute cocaing in CPuand NAc. (B) Time course of MKP-1 protein levels after acute cocaine in CPu and NAc.
(C) MEP-1levels after antagonist (MKBO1 or SCH23390) pre-treatment followed by cocaine or saline injections. [5/S = saline/saline; §/C = saling/
cocaine ME/S = MEBOY/saline, ME/C = MK&DY/cocaine; S5CH/S = 5CH233%0/ saling; SCH/C = SCH233%0/cocaing].
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IV. Discussion

In the present study, after a single cocaine injection, a rapid and transient increase of
p-ERK protein levels was observed in the CPu and NAc. This result is consistent with
studies demonstrating that acute cocaine induced ERK activation in drug reward
associated areas (Corbille et al., 2007; Jenab et al., 2005; Sun et al., 2007; Valjent, et al.,
2000; 2005; Zhang et al., 2004). In addition, we further showed the delayed elevation of
IEG protein expression and phosphorylation in response to acute cocaine administration.
Two transcription factors, Elk-1 and CREB, have been characterized as nuclear targets
of ERK activation (Adams and Sweatt, 2002; Davis et al., 2000; Hill et al., 1993).
Previous studies have reported that acute cocaine administration increases Elk-1
phosphorylation in the striatum (Jenab et al., 2005; Sun et al., 2007; Valjent et al., 2000).
Pharmacological inhibition of ERK pathway signaling also attenuates acute cocaine-
induced c-Fos and FosB protein rexprssion in the striatum (Radwanska et al., 2006;
Guan et al., 2008). In mice CPu and NAc, acute cocaine injection augments CREB
phosphorylation in an ERK-dependent manner (Brami-Cherrier et al., 2005; Kano et al.,
1995; Karasinska et al., 2005; Walters et al., 2003). To the best of our knowledge there
is no evidence showing that acute cocaine increases CREB phosphorylation in the CPu
of rats. However, in rats, we have observed an elevation of CREB phosphorylation in
the NAc after acute cocaine injection (Nazarian et al., unpublished observation).
Furthermore, ERK-regulated phosphorylation of pp90 ribosomal S6 kinase, a kinase
mediating CREB phosphorylation, was increased in response to acute cocaine

administration in the CPu of Fischer rats (Sun et al., 2007). Thus, based on the current
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results and those of Nazarian, it can be hypothesized that ERK-activated Elk-1 and/or
CREB may underlie cocaine-induced gene expression in both CPu and NAc.

Numerous studies have demonstrated that acute cocaine induces c-fos, FosB mRNA
and Fos-like protein expression (Brown et al., 1992; Chen et al., 1995; Graybiel et al.,
1990; Hope et al., 1992; Jenab et al., 2003; Steiner and Gerfen, 1993; Sun et al., 2007,
Young et al., 1991). Herein, similar to previous studies suggesting distinct cocaine
effects on Fos-like protein induction (Nestler et al., 2001; Ranwanska et al., 2006;
Young et al., 1991), we also found that acute cocaine administration induces differential
activation profiles in immediate early gene protein expression in both areas examined: a
rapid and transient c-Fos protein expression (45-180 min) and delayed activation of
FosB (90-360 min). A recent study has indicated that acute cocaine induced robust and
moderate histone H4 acetylation in c-fos and FosB promoters, respectively (Kumar et
al., 2005). In addition, after chronic cocaine injection, the histone H3 acetylation is
evident in FosB but not in c-fos. Therefore, distinct protein expression and histone
modification may further promote different transcriptional regulation after cocaine
exposure.

Accumulating evidence has established that the interaction between DA-D1 and
NMDA receptors in the postsynaptic region is necessary for Fos-like protein induction
in the striatum (Berretta et al., 1992; Das et al., 1997). Previous studies have shown that,
in the CPu, the acute cocaine-induced c-fos mRNA and protein expression is dependent
on both DA-D1 and NMDA receptor activation (Jenab et al., 2003; Torres and Rivier,
1993; Young et al., 1991). We also demonstrated that DA D1 antagonist, SCH23390,

abolished cocaine-mediated c-Fos protein expression in the CPu and NAc. However,



63

only in the CPu, the NMDA receptor antagonist, MK801, partially inhibited c-Fos
expression. Three plausible explanations may underlie the regional discrepancy in
response to NMDA receptor antagonism. First, microdialysis studies in freely moving
rats have indicated that systemic MK801 administration (0.2-0.5 mg/kg) significantly
increases extracellular DA levels in the prefrontal cortex and the NAc but not in the
CPu (Mathe et al., 1996; Wedzony et al., 1993; Wolf et al., 1993). In addition, previous
studies indicated that moderate to high doses of MK801 (0.5-8.0 mg/kg) may induce
Fos-like protein expression in various brain regions including the striatum (Draunow
and Faull, 1990; Liu et al., 1994; Storvik et al., 2006). However, in both CPu and NAc,
low doses of MK801 (0.1-0.3 mg/kg) itself had no effect on c-fos mRNA induction (De
Leonibus et al., 2002; Dalia and Wallace, 1995). Similarly, although MKS801 (0.25
mg/kg) itself did not change basal c-Fos protein expression in present study, it is
possible that both MK801 and cocaine administration may elevate dopamine outflow in
the NAc by a synergistic action and result in inefficiency of MK801 blockade of c-Fos
protein expression. Nevertheless, the relationship between MK801-induced
extracellular DA level and postsynaptic IEG protein expression should be further
elucidated. Secondly, as postulated by Zhai et al (2008), glutamate signaling may play a
subsidiary role to DA’s dominant signaling role. In our CPu extract, NMDA antagonism
partially blocked cocaine-induced c-Fos protein expression similar to a previous study
using higher dose of MK801 or CPP (Torres and River, 1993). On the other hand,
administration of SCH23390 abolished cocaine-induced c-Fos protein expression in
both brain regions. In the CPu, DA-D1 but not NMDA receptor blockade also prevents

the early development of FosB expression after acute cocaine injection. Since a high
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dose of cocaine was used in present study, it is tempting to suggest that dopaminergic
signaling cascades are the major component mediating IEG expression. Finally, the CPu
and NAc mediate distinct cocaine-induced behavioral responses (Hyman et al., 2006).
With a detailed examination, we have demonstrated that acute cocaine induced high and
moderate magnitude IEG proteins expression in the CPu and NAc, respectively (Figure
11). A different time course for activation was also observed in both brain regions. One
hour after cocaine administration, fully developed c-Fos protein expression may occur
in the CPu depending on both DA and glutamate signaling. However, DA-D1 receptors
activation is necessary for premature/initial c-Fos development in the NAc. Thus, the
different activation profile and sensitivity in response to receptor antagonism may
reflect a shift in neuronal activity between both regions underlying cocaine’s
psychomotor responses.

MKP-1 protein, an IEG product, is the phosphatase involved in the inactivation of
ERK in several transfected cells (Alessi et al., 1993; Sun et al., 1993). P-ERK has been
reported to induce and stabilize p-MKP-1 without altering its intrinsic capability to
downregulate ERK activation (Brondello et al., 1999). Previous studies have shown that
acute methamphetamine administration induces MKP-1 mRNA in the striatum (Ujike et
al., 2002; Takaki et al., 2001). In the CPu and NAc, we further demonstrate an elevation
of p-MKP-1 protein levels in DA-D1 and NMDA receptor-dependent manner. After
acute cocaine, increasing p-MKP-1 protein levels are followed by the downregulation of
p-ERK suggesting that p-MKP-1 may regulate the time-limited activation of ERK.
Interestingly, acute cocaine administration coincidentally induces c-Fos protein

expression and p-MKP-1. Although a different experimental paradigm, Sgambato et al
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(1998) showed a spatially coincident distribution of c-fos and MKP-1 mRNAs in the
striatum via electrical stimulation of the glutamatergic corticostriatal pathway. In
addition, blocking Elk-1 and CREB activation using intrastriatal infusion of the ERK
inhibitor, PD 98059, completely abolished c-fos and MKP-1 induction. Since the dose
of antagonists used in present study has been shown to attenuate acute cocaine-induced
p-ERK in the CPu (Jenab et al., 2005), it is reasonable to suggest that the decrease in
cocaine-activated p-MKP-1 after DA D1 and NMDA receptor antagonism is due to the
inactivation of ERK signaling. Taken together, in both CPu and NAc, we demonstrated
that p-MKP-1 protein levels were significantly increased after single cocaine injection.
Perhaps, via the ERK-mediated intracellular cascade, DA-D1 and NMDA receptor
antagonist pretreatment abolished cocaine-induced p-MKP-1. In addition,
administration of abused drug and/or striatal stimulation may regulate MKP-1 gene
induction and its protein phosphorylation underlying the synaptic plasticity in the
striatum. However, the contribution of total MKP-1 and p-MKP-1 protein to p-ERK
inactivation after cocaine administration should be further examined.

In summary, several drugs, including cocaine, stimulate the expression of IEG in
specific regions resulting in the modulation of downstream genes expression. Our data
demonstrate that acute cocaine administration induces IEG protein expression (c-Fos
and FosB) and phosphorylation (p-MKP-1). However, such protein activation profiles
vary in the CPu and NAc, indicating that cocaine exerts differential influence on the
two brain regions. In addition, the activation of DA-D1 and/or NMDA receptors seems
to converge on ERK-mediated signaling and to control IEG protein expression

underlying the cocaine-induced neuronal plasticity and psychomotor effects.
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Chapter 4: The role of NMDA and dopamine D1 receptors in NMDA-NR1/D1

physical interactions in the dorsal striatum/caudate-putamen of Fischer rats.

I. Introduction

Cocaine, a psychostimulant, is one of the most widely abused drugs in Western
countries. By acting as an indirect dopamine agonist, cocaine regulates dopamine
and glutamate release in the striatum (Carboni et al., 1989; Kalivas and Duffy, 1988;
Lee et al., 2008; Maisonneuve and Kreek, 1994; Reith et al., 1997; Shin et al., 2007;
Williams and Steketee, 2004). At the receptor level, it has been shown that either
pharmacological or genetic manipulation of dopamine D1 and NMDA receptor
attenuates acute cocaine-induced locomotor activity (Jenab et al., 2005; Karasinska
et al., 2005; Ramsey et al., 2008; Uzbay et al., 2000; Xu et al., 1994), reinforcing
and rewarding effects of cocaine (Caine et al., 2007; Heusner and Palmiter, 2005;
Nazarian et al., 2004; Ramsey et al., 2008) and cocaine-induced intracellular
signaling alternations (e.g., extracellular signal-regulated kinase (ERK) and cyclic
AMP response element-binding protein phosphorylation) in response to acute
cocaine in the dorsal striatum/caudate-putamen (CPu; Jenab et al., 2005; Karasinska
et al., 2005; Valjent et al., 2000; Zhang et al., 2004). These results suggested that
both dopamine D1 and NMDA receptors are involved in cocaine-induced behavioral
and biochemical changes.

Accumulating evidence demonstrated that chronic but not acute cocaine alters
dopamine D1 receptor binding density in the striatum (Kleven et al., 1990; Laurier

at al., 1994; Tsukada et al., 1996; Unterwald et al., 1994). Similarly, protein levels



67

of the NR1 subunit of NMDA receptor (NMDA-NR1) are not changed after acute
cocaine administration (Fitzgerald et al., 1996). On the other hand, repeated cocaine
exposure decreases NMDA-NR1 mRNA levels and increases its protein levels in
the CPu and the ventral tegmental area (VTA), respectively (Churchill et al., 1999;
Fitzgerald et al., 1996; Ghasmazadeh et al., 1999). Thus, it shows that acute cocaine
may play a limited role in dopamine D1 and NMDA-NRI1 protein levels. However,
recent in vitro and in vivo studies demonstrated that dopamine D1 and NMDA-NR1
physically interact with each other via protein-protein interactions at their carboxyl
terminal (CT) regions (Fiorentini et al., 2003; Lee et al., 2000; Lee and Liu 2004;
Pei et al., 2004). In hippocampal neurons and dopamine D1 and NMDA-NRI1 co-
transfected cell lines, the stimulation of dopamine D1 receptor results in a
disassociation between dopamine D1/NMDA-NR1 CT regions (Lee et al., 2000;
Figure 18). In addition, the NMDA receptor-mediated dopamine D1 receptor
membrane surface insertion is also dependent on dopamine DI/NMDA-NR1
physical interactions (Pei et al., 2004). Taken together, it suggests that dopamine
and glutamate transmission may subtly modulate physical interactions between
dopamine D1 and NMDA-NRI1.

Previously, we have demonstrated that acute cocaine-induced p-ERK and
immediate early gene are dependent on the activation of dopamine D1 and NMDA
receptor (Jenab et al., 2005; Sun et al., 2008). However, these receptors interactions
in response to acute cocaine are not well understood. Thus, the present study was
designed to evaluate the effect of acute cocaine in dopamine D1/NMDA-NR1

protein-protein interactions in the CPu. Based on Lee et al (2000) showed that
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dopamine reduces receptors interactions in vitro, we hypothesize that these
receptors interactions may also dissociate after acute cocaine through the elevation
of extracellular dopamine levels. In a second study, we further determined the effect
of NMDA receptor activation and blockade on dopamine D1/NMDA-NR1 physical

interactions.

D1 activation

inhibition of NMDA currents

PI-3 kinase activity

Figure 14. Physical interactions between dopamine D1 and NMDA receptors.
Through t; and t; regions at the intracellular C-terminal, dopamine D1 receptor
forms physical interactions with C-terminals of NMDA-NR1 and NMDA-NR2A
subunits, respectively. Activation of dopamine D1 receptors reduces physical
interactions with NMDA-NR1 and NMDA receptor-mediated Ca** influx

subsequently. (Adopted from Lee and Liu, 2004)
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II. Methods
Animals:

60-day-old male Fischer rats (Charles River, Raleigh, NC) were individually
housed in Plexiglas chambers (20 x 20 x 41 cm). Rats were maintained on a 12-hour
light/dark cycle (lights on at 9:00 a.m.) with free access to food and water. Animal
care and use was in accordance with the Guide for the Care and Use of Laboratory
Animals (NIH publication 85-23, Bethesda, MD) and approved by the Institutional

Animal Care and Use Committee of Hunter College.

Drugs and antibodies:

Cocaine hydrochloride, NMDA and MK-801 were purchased from Sigma
chemical Co. (St. Louis, MO). Antibody for dopamine D1a receptor was bought
from Chemicon International (Temecula, CA). Mouse monoclonal antibody for
NMDA-NRI1 subunit was purchased form BD Pharmingen (San Diego, CA). a-
tubulin antibody and protein A/G agarose were from Santa Cruz Technologies
(Santa Cruz, CA). Both horseradish peroxidase-conjugated anti-rabbit IgG and anti-

mouse IgG were purchased from Amersham Pharmacia (Piscataway, NJ).

Drugs administration:
For cocaine time course study, cocaine solutions were prepared by dissolution in
physiological saline (0.9%) and injected intra-peritoneally (i.p.). Rats were received

an injection of saline (1 ml/kg) or cocaine (30 mg/kg) and sacrificed 5, 15, 30 or 60
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min later. A separate cohort of rats was received saline, NMDA (25 mg/kg, i.p.) or

MK-801 (0.25 mg/kg, i.p) administration and sacrificed 30 min later.

Protein preparation and measurement:

After decapitation (following a brief 20 s exposure to CO,), rat brains were
removed, flash frozen in 2-methylbutane (-40° C), and stored at -80° C until used.
The coronal slices (Imm thick) were cut out in a matrix (ASI instruments, Warren,
MI) and CPu was dissected out on a cold glass plate. CPu was homogenized by
using a Polytron handheld homogenizer (Kinematica, Luzern, Switzerland) in lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA, 10% Glycerol, 1% Triton X-
100, 1% Igepal CA-630, 1% sodium dexycholic acid) containing phosphatase
inhibitors mixture. After 30 min incubation, homogenates were centrifuged at
13,000 rpm for 15 min at 4° C. Supernatants were then collected and stored at -80°
C until used. Total protein content was determined using a Bradford kit from Bio-

Rad Laboratories (Hercules, CA).

Western blot and immunoprecipitation analyses:

Western blot: Protein samples were analyzed by using Western blot as previously
described (Jenab et al., 2005). Briefly, 40 pg of protein extracts were boiled in
Lammeli buffer containing 1% PB-mercaptoethanol for 5 min and ran on SDS-PAGE
gels, transferred to PVDF membranes. Membranes were then blocked with 5%
nonfat dry milk for 1hr at room temperature and incubated with antibodies of D1a

(1:1000) or NMDA-NRI1 (1:1000) overnight at 4° C. After three washes with Tris-
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Tween-20 Buffer (TBST; pH = 7.4), membranes were incubated with their
appropriate secondary antibodies (1:1000) for 1hr at room temperature followed by
three more washes with TBST. Antibody binding was detected by using an
enhanced chemiluminescence kit (ECL; Amersham Pharmacia, Piscataway, NJ).
Intensity of protein bands was quantified with a computer densitometer and Image
Quant Program (Molecular Dynamics). For normalization of protein levels, all
membranes were re-probed with o-tubulin antibody (1:1000).
Immunoprecipitation: For immunoprecipition experiments, equal amount of protein
(400-500pg) extracts were incubated in lysis buffer containing protease inhibitors
mixture with anti-NMDA-NR1 or anti-dopamine D1a primary antibody (1:50-100)
for overnight at 4°C, followed by the addition of protein A/G agarose (20 ul) for
4hrs. For control samples, protein extracts were incubated in absence of primary
antibody. Beads were washed in lysis buffer, and centrifuged (2,500 rpm, 5 min) for
4 times. After final centrifugation, same amount of Lammeli buffer containing 1%
B-mecraptoethanol (50-70 pl) was added and boiled for 5 min. Samples were re-
centrifuged at 13,000 rpm for 5 min. Equal amount of supernatants (10-20ul) were

run on SDS-PAGE gels for Western blot analysis.

Statistical analysis:

Protein levels were expressed as a ratio to o-tubulin levels in western blot
analysis. For immunoprecipitation analysis, NMDA-NR1 protein levels were
expressed as a ratio over optic density of NMDA-NRI1 levels obtained from western

blot experiments. Data was expressed as mean % + SEM relative to respective
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saline controls, which were arbitrarily set at 100%. For time course experiments,
protein levels were analyzed by two-way ANOVA; treatment (saline or cocaine) X
time (5, 15, 30 or 60 min). Additional planned multiple comparisons were used to
determine the difference between saline- and cocaine-treated groups at each time
point. To determine effects of NMDA and MK-801 administration on receptors
interactions, a one-way ANOVA was used. For Post hoc analysis, LSD tests were
conducted when appropriate. Differences were considered significant at 0.05 level

[P<0.05].

I11. Results
Effects of acute cocaine on dopamine DI and NMDA-NRI receptors interactions.
Because a large amount of protein is necessary for immunoprecipitation assay,
only the dorsal striatum/CPu but not the ventral striatum/nucleus accumbens was
used in the present study. First, through western blot experiments, we evaluated
whether total protein levels of dopamine D1 and NMDA-NRI1 receptors were
changed by a single cocaine administration. As shown in Figure 15, acute cocaine
did not alter either dopamine D1 receptor or NMDA-NRI protein levels in the CPu.
In the immunoprecipitation experiment for receptors interactions, two-way ANOVA
did not reveal any significant main effects or interaction [all P>0.05]. However,
planned multiple comparisons indicated that 30 min after cocaine administration,
the NMDA-NR1 and dopamine D1 receptors interactions was decreased when
compared to the saline control [P< 0.01; Fig. 16A]. No significant changes were

found at other time points. In order to validate the disassociation of receptors
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interactions induced by acute cocaine, an opposite immunoprecipitation
experimental procedure was used: immunoprecipitated by NMDA-NR1 antibody
followed by probing with dopamine D1a antibody. As shown in Figure 16B, a
decreasing of receptors interactions was also observed from 15 to 30 min after acute

cocaine administration.

Effects of NMDA and MK-801 administration on NMDA-NRI and D1 receptors
interactions:

Since acute cocaine modulated the NMDA-NR1 and dopamine D1 receptor
dimerization, we conducted a separate experiment to determine whether
pharmacological activation or inhibition of NMDA receptor may alter the physical
interactions between NMDA-NR1 and dopamine D1 receptor in the CPu. Similar to
the effect of acute cocaine, 30 min after NMDA or MK-801 injection did not change
the total protein levels of NMDA-NRI1 subunit and dopamine D1 receptor [Fig. 17A
and B, respectively]. However, immunoprecipitation experiment showed that there
was a significant treatment effect on receptors interactions [F (2, 6) = 22.23, P<0.05;
Fig. 18A]. Further post hoc test revealed that both NMDA and MK-801 treatments
significantly reduced NMDA-NRI1 and dopamine D1 receptors interactions
compared to saline-treated animals [P<0.01 and P<0.01, respectively]. No
difference was found between NMDA- and MK-801-treated groups. On the other
hand, by using NMDA-NRI1 antibody to pull down the dimerization complex, a
similar reduction in receptors interactions was also observed in our CPu extract [Fig.

18B].
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Figure 15. The time course of cocaine effects on total NMDA and D1 receptor
in the CPu. (A) NMDA-NR1; (B) Dla. Results represent as protein levels over a-
tubulin expressed as percentage of saline control (4 animals per group). 5, 15, 30,
or 60 min after rats were given injections. M is the molecular marker in kDa.
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Figure 16. The time course of cocaine effects on NMDA and D1 receptor physical
interactions in the CPu. (A) NR1 protein levels by using D1a antibody to pull down.
Results represent as protein levels over total NR1 levels expressed as percentage of saline
control (3 animals per group). 5, 15, 30, or 60 min after rats were given injections. *p
<0.05 as compared with respective saline group. (B) Representative D1a protein levels by
using NR1 antibody to pull down. [Con = control; S = Saline; C = Cocaine]
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Figure 17. Effects of NMDA and MK-801 administration on total NMDA and
D1 receptor in the CPu. (A) NMDA-NRI1; (B) D1a. Results represent as protein
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Figure 18. Effects of NMDA and MK-801 administration on NMDA and D1
receptor physical interactions in the CPu. (A) NR1 protein levels by using Dla
antibody to pull down. Results represent as protein levels over total NR1 levels
expressed as percentage of saline control (3 animals per group). 30 min after rats were
given saline, NMDA or MK-801 injection. *p <0.05 as compared with saline control. (B)
Representative D1a protein levels by using NR1 antibody to pull down.
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IV. Discussion

Results presented here demonstrated that acute cocaine injection time-
dependently reduced NMDA-NR1 and dopamine D1 receptor protein-protein
interactions in the CPu. In line with previous studies, we also showed that acute
cocaine did not change protein levels of NMDA-NR1 and dopamine D1 receptor,
suggesting the reduction of physical interactions between theses receptors is not due
to total proteins alternation. In addition, after NMDA and MK-801 treatment the
association between NMDA-NR1 and dopamine D1 receptor was also decreased.
Thus, either activation or inhibition of NMDA receptor disrupts these receptors
physical interactions.

Numerous studies indicated a complex interaction between NMDA and
dopamine D1 receptors. For example, in hippocampal and striatal cultures, the
stimulation of dopamine D1 receptor and PKA results in the phosphorylation of
NMDA-NRI1 subunits and increasing of cytosolic calcium which may lead to the
phosphorylation of ERK proteins (Choe et al., 2001; Dudman et al., 2003; Leveque
et al., 2000; Sweatt et al., 2001; Vanhoutte et al., 1999; Xia et al., 1996). In the
striatal culture and VTA, a rapid NMDA-NRI1 subunits postsynaptic membrane
insertion has been also reported after dopamine D1 receptor agonists or a single
cocaine administration (Dunah and Standaert, 2001; Schilstrom et al., 2006). The
membrane insertion of NMDA-NR1 subunits may contribute to the potentiation of
NMDA receptor-mediated current by dopamine D1 receptor. However, Lee et al
(2002) showed that the dopamine D1 receptor activation by dopamine application

disrupted the NMDA-NR1/D1 physical interactions and reduced the NMDA
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receptor-mediated calcium influx via NMDA-NR2A/D1 CT interactions. Previously,
we have demonstrated that single cocaine injection (30 mg/kg) transiently induced
ERK phosphorylation, which gradually returned to basal levels 30 min after
injections (Sun et al., 2008; see Figure. 10). In present study, although the functional
significance of cocaine-induced disassociation on NMDA-NR1/D1 interactions is
still unknown, it is tempting to postulate that the disassociation of receptors
interactions may act as a time-limited gating mechanism on ERK activation is
response to acute cocaine: (1) a rapid ERK phosphorylation due to potentiated
NMDA-mediated calcium influx and/or NMDA-NRI1 redistribution through
cocaine-elevated extracellular dopamine levels and dopamine D1 receptor activation
followed by (2) a deactivation of ERK protein because of the decreasing in
intracellular calcium via the disruption between NMDA-NR1 and dopamine D1
receptors interactions.

Alternatively, the NMDA-NR1/D1 physical associations may regulate the
dopamine D1 receptor surface expression. Recently, NMDA-NR1/D1
oligomerization was also found in cells co-transfected with dopamine D1 and
NMDA receptors including NR1/NR2B subunits as well as in the striatal post-
synaptic density (PSD; Fiorentini et al., 2003; Fiorentini and Missale, 2004). In the
presence of the NMDA-NR2B subunit, the NMDA-NR1/D1 complex was delivered
to membrane surface and then prevents the dopamine D1 agonist-induced D1
receptor internalization, suggesting these receptors interactions may represent as a
mechanism to recruit dopamine D1 receptor to the sriatal PSD (Fiorentini et al.,

2003, Missale et al., 2006). However, in the present study, we demonstrated a
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decreasing of NMDA-NR1 and dopamine D1 receptor physical interactions after
acute cocaine which is opposite to the finding from Missale’s group. In part, two
plausible explanations may resolve this discrepancy. First, evidence has shown that
dopamine D1 receptor stimulation results in NMDA receptor membrane insertion in
the striatum (Dunah and Standaert, 2001; Dunah et al., 2004). It is plausible that
through dopamine D1 activation, acute cocaine recruits NMDA receptor to the
membrane region. The newly inserted NMDA receptor may not physically associate
with dopamine D1 receptor immediately but form receptors interactions at later time
point. This temporal change in receptors interactions is consistent with present
results in that transient reduction of NMDA-NR1/D1 interactions was observed only
30 min after acute cocaine administration. Secondly, previous in vivo study has
shown that a single intrastriatal dopamine D1 receptor agonist infusion or
amphetamine injection (i.p.) rapidly induced dopamine D1 receptor internalization
in the striatum (Dumartin et al., 1998). The modification of dopamine D1 receptor
distribution was found in cell bodies and dendrites but not in dendritic spines at the
periphery of synaptic clefts, where PSD is located (Dumartin et al., 1998). Thus,
after cocaine, the disassociation on NMDA-NR1/D1 physical interactions may
indicate dopamine D1 receptor segregation and the reduction of receptor availability
for extracellular ligands in a region-specific manner. However, further biochemical
fractionation procedure and immunohistochemical labeling at the ultrastructural
level should be conducted to examine cocaine-induced dopamine D1 receptor
internalization and decreasing of receptors interactions in different neuronal

compartments.
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In the CPu, we demonstrated that the NMDA-NR1/D1 receptors physical
interactions were decreased 30 min after MK-801 administration. Similarly, in vitro
study showed that NMDA receptor antagonist, AP-5, pre-application results in the
disassociation between NMDA-NR1 and dopamine D1 receptors in cells, suggesting
that the NMDA receptor activation is necessary to maintain the protein-protein
interaction between theses receptors (Pei et al., 2004). In the striatum, a recent study
showed that MK-801 (0.1 mg/kg) did not modify NMDA-NR1 and dopamine D1
receptors interactions (Fiorentini et al., 2004). However, a higher dose of MK-801
(0.25 mg/kg) was used in the present study. In addition, previous studies indicated
that MK-801 (0.2-0.5 mg/kg) injection induced the elevation of extracellular
dopamine levels in the striatum (Mathe et al., 1996; Wedzony et al., 1993; Wolf et
al., 1993). Thus, through the augment of synaptic dopamine levels, MK-801 itself
may result in the reduction of NMDA-NR1 and dopamine D1 receptors interactions
which is similar to the effect obtained from acute cocaine administration.
Surprisingly, NMDA treatment also reduced NMDA-NR1/D1 physical interactions,
suggesting that the activation of NMDA receptor also disrupts the receptors
interaction. In cortical neurons, study has demonstrated that chronic neuronal
activity promotes the degradation of NMDA-NR1 through ubiquitin-proteasome
system (Ehlers, 2003). However, in the present study, NMDA-NR1 protein levels
were not altered after NMDA administration, indicating that the reduction in
NMDA-NR1/D1 physical interactions is not due to decreasing of NMDA-NR1
abundance. In hippocampal neurons, PKC-induced rapid NMDA receptors dispersal

and lateral mobility between the synaptic and extrasynaptic domains have been
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documented (Fong et al., 2002; Groc et al., 2004). NR2B-containing NMDA
receptors exhibit faster mobility than those contain NR2A subunit (Groc et al.,
2006). In addition, NR2B-containing receptors are prominently expressed in the
striatum (Standaert et al., 1994). Thus, through NMDA receptors, the NMDA
treatment may induce PKC activation and lateral mobility of NMDA receptors and
then contribute to the decrease of NMDA-NR1/D1 physical interactions.

In summary, the present study demonstrated that acute cocaine reduced the
NMDA-NR1 and dopamine D1 receptor physical protein-protein interactions in a
time-dependent manner. We postulate that the disassociation may regulate cocaine-
and/or dopamine-mediated intracellular signaling cascades and dopamine D1
receptor distribution underlying the cocaine-induced behavioral changes. In addition,
we also showed that the homeostatic state of NMDA receptor is necessary for the
NMDA-NR1/DI physical interactions, since both NMDA receptor activation and
inhibition reduced receptors associations. However, the function significance of
their receptors interactions on psychostimulant addiction as well as NMDA
receptor- and dopamine D1 receptor-mediated intracellular signaling transduction

should be further elucidated in the future.
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Chapter 5: Conclusion

The focus of this dissertation was to investigate the dopamine D1 and NMDA
receptor-mediated intracellular mechanisms as well as the physical receptors
interactions between dopamine D1 and NMDA receptors in response to acute
cocaine. Overall, the findings of the present experiments have extended more
information and understanding about the cocaine action. In summary, the first study
used to address Aim I suggested that a single cocaine (30 mg/kg) administration
increased ERK-mediated signaling proteins, pp90 ribosomal S6 kinase (RSK) which
is the regulator for the phosphoryation of cAMP response element-binding protein
(p-CREB) kinase, and c-Fos protein levels in the dorsal striatum/CPu of Fischer rats.
Acute cocaine administration also induced phosphorylation of the striatal-enriched
protein tyrosine phosphatase (p-STEP) and decreased the phosphorylation of
DARPP-32 protein at the Thr-75 site. The phosphorylation states of these inhibitors
of ERK and DARPP-32 proteins thus may contribute to the effects of cocaine on
ERK- and DARPP-32-mediated cascades, on gene expression and on behaviors.

Previous studies demonstrated that DARPP-32 knockout mice showed
attenuated locomotor response after acute cocaine but have higher locomotor
sensitization in response to chronic cocaine (Fienberg et al., 1998; Hiroi et al., 1999).
In addition, mice with alanine mutations introduced into DARPP-32 at the Thr-34
site have lower acute cocaine-induced locomotor response, cocaine-induced
conditioned place preference, higher behavioral sensitization, and less sensitivity in
response to cocaine self-administration (Zachariou et al., 2006; Zhang et al., 2006).

On the other hand, Thr-75 site mutated mice have lower behavioral sensitization
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after chronic cocaine (Zachariou et al., 2006). Taken together, these results suggest
that the activation on of Thr-34 and Thr-75 DARPP-32 may mediate different
behavioral and rewarding effect of cocaine. Interestingly, previous studies showed
that the p-Thr-34 DARPP-32 was increased after acute cocaine administration
(D’Addario et al., 2007; Nishi et al., 2000; Rauggi et al., 2005). However, from the
cocaine time course experiment, we did not find any change of p-Thr-34 DARPP-32
in the CPu (Fugure 8A). The discrepancy could be due to species/strains differences
and experiment manipulations (e.g. vehicle injection before cocaine administration).
Alternatively, the acute cocaine-induced p-Thr-34 DARPP-32 may be restricted a
specific neuronal population. For example, in the dorsal striatum, two neuronal
populations, striatonigral and striatopallidal neurons, mainly contain dopamine D1
or D2 receptors as direct and indirect pathways, respectively (Gerfen et al., 1990;
LeMoine and Bloch, 1995). Behaviorally, activation of the direct pathway is related
to the facilitation of locomotor behavior. In contrast, the stimulation of the indirect
pathway may result in the inhibition of locomotion (Albin et al., 1989). At the
molecular level, activation of dopamine D1 receptor couples to Gs proteins lead to
the accumulation of cAMP, whereas dopamine D2 receptor activation inhibits
cAMP by coupling to Gi proteins suggesting that the two populations have opposing
functional properties in cAMP/PKA pathway as well as p-Thr-34 DARPP-32
(Alexander et al., 1986; Fitzgerald and Nestler, 1995; Nishi et al., 1997;
Svenningsson et al., 2000a; Lindskog et al., 1999). A recent study further
demonstrated that acute cocaine induced p-Thr-34 DARPP-32 in the dopamine D1-

containing neurons but has opposite effects on dopamine D2-containing neurons
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(Bateup et al., 2008). Thus, in our western blot analysis, it is possible that the lack
of change on p-Thr-34 DARPP-32 after acute cocaine is due to the total protein
homogenate from both neuronal populations nullifying the dopamine D1 receptor-
mediated signaling. On the other hand, after chronic cocaine the increasing
sensitivity on dopamine D1 receptor and decreasing sensitivity on D2 receptor may
reveal the augmentation of p-Thr-34 DARPP-32. However, further double labeling
immunochemistry analysis is needed to test the hypothesis. In addition, via PP-2B
activation, evidence demonstrated that glutamate receptor-mediated signaling
inhibits the p-Thr-34 DARPP-32 in both dopamine D1 and D2 containing neurons
population (Narian et al., 2004). Thus, the glutamate transmission may negatively
regulate the p-Thr-34 DARPP-32 in response to acute cocaine.

In addition to the DARPP-32 mediated signaling, the ERK-mediated cascade is
also involved in cocaine action. Within this pathway, we first showed that p-RSK
protein levels were increased after cocaine, suggesting that ERK protein activation
may indirectly regulate the transcription regulator p-CREB. This viewpoint was also
supported by recent findings that after acute cocaine, the phosphorylated mitogen-
and stress-activated protein kinase, the ERK direct nuclei target, and p-CREB were
also increased in an ERK-dependent manner in mice CPu (Brami-Cherrier et al.,
2005; Bertran-Gonzalez et al., 2008). However, to the best of our knowledge there
is no evidence showing that acute cocaine increases p-CREB in the CPu of rats. An
elevation of p-CREB protein levels was only observed in the NAc after acute
cocaine injection (Nazarian et al., unpublished observation). Thus, the ERK-

modulatory effect on p-CREB should be further elucidated in the CPu.
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Since previous literatures demonstrated that both dopamine D1 and NMDA
receptors are necessary for cocaine-activated p-ERK (Jenab et al., 2005; Zhang et al.,
2004), we further explore their role on immediate early gene (IEG) expression and
phosphorylation after acute cocaine administration. In summary, the second study
used to address Aim II suggested that acute cocaine administration time-dependently
increases ERK phosphorylation, c-Fos and FosB protein expression, and MKP-1
phosphorylation (p-MKP-1), in the dorsal stiratum/CPu and ventral striatum/NAc of
Fischer rats. In the CPu, one hour after cocaine injection, the increase in c-Fos and
FosB proteins expression is totally abolished by pre-administration of dopamine D1
receptor antagonist, SCH23390. In the NAc, SCH23390 also inhibits cocaine-
induced c-Fos protein expression. The pre-treatment of NMDA receptor antagonist,
MKS801, partially reduces cocaine-activated c-Fos protein expression in the CPu.
Furthermore, the escalation of p-MKP-1 after acute cocaine administration is
dependent on both dopamine D1 and NMDA receptors activation in both brain
regions examined. Our data suggest that cocaine may modulate ERK pathway
signaling through the activation of dopamine D1 and NMDA receptors,
subsequently influencing the IEG protein expression.

The induction of IEG has been implicated in psychostimulant-induced neuronal
plasticity and long-term behavioral change. For instance, c-fos mutant mice show
attenuated behavioral sensitization, dendritic branching, and dendritic spine density
in the medium spiny neurons after chronic cocaine administration (Zhang et al.,
2006). FosB mutant mice demonstrate higher locomotor behavior in response to

both acute and chronic cocaine, and cocaine-induced place conditioned place
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preference (Hiroi et al., 1997). In the present dissertation, we further demonstrated
that both dopamine D1 and NMDA receptors are important for the IEG protein
expression in acute cocaine paradigm. Previously, we have showed that acute
cocaine-induced p-ERK is dependent on dopamine D1 and NMDA receptors
activation (Jenab et al., 2005). Pharmacological inhibition of MEK also attenuates
acute cocaine-induced c-Fos and FosB protein expression in the striatum
(Radwanska et al., 2006; Guan et al., 2008). Thus, it is possible that both dopamine
D1 and NMDA receptors-mediated signaling cascades converge on ERK pathway to
elevate the Fos-like protein expression after cocaine. Alternatively, protein kinase B
(PKB/Akt) may be a critical mediator responsible for drug-induced neuronal
plasticity. Akt is the member of serine/threonine kinase family and a major target of
phosphoinosotode 3-kinase (P13-kinase, Alessi et al., 1997; Burgering and Coffer
1995; Franke et al., 1995). In the striatal neuronal culture, NMDA receptor-induced
p-ERK and phosphorylation of Akt (p-Akt) are dependent on PI3-kinase activation
(Perkinton et al., 2002). In contrast, in a PI3-kinase insensitive manner, application
of MEK inhibitor, U0126, also blocked dopamine D1 receptor agonist-induced p-
ERK, p-Akt and p-CREB in striatal cultures (Bram-Cherrier et al., 2002).
Furthermore, overexpression of a dominant-negative form of Akt attenuated p-
CREB by dopamine D1 agonists. Taken together, these results indicate a
complicated crosstalk between Akt and ERK signaling in response to dopamine D1
and NMDA receptor activation. Recent in vivo study showed that acute cocaine
activated p-Akt in the mice CPu (Bram-Cherrier et al., 2002). In addition, acute

amphetamine induced a bi-directional change on Akt across time: a rapid dopamine
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D1 receptor-elevated nuclear Akt activity (>30 min) and a late deactivation/decrease
of its activity by dopamine D2 receptor at later time points (30-120 min, Beaulieu et
al., 2004, 2005; McGinty et al., 2008; Shi and McGinty 2007). Thus, through the
change of p-Akt and its potential substrates (e.g., p-CREB), psychostimulants may
differently modulate the transcriptional mechanisms. However, whether the same
effect could be obtained in cocaine paradigm and its role on cocaine-induced
sensitization should be further examined.

In addition to the Fos-like protein, we further investigated the effect of acute
cocaine on p-MKP-1, a transcriptional substrate and inhibitor of p-ERK. Forty-five
minutes after acute cocaine, p-MKP-1 protein levels were increased by
approximately 210% and 85% in the CPu and NAc, respectively (Figure 12). An
elevation of p-ERK was also observed during early time points after cocaine (5-15
min, Figure 10). Thus, acute cocaine-induced p-ERK may accumulate p-MKP-1
protein levels and then subsequently inhibit ERK activation as a positive feedback
mechanism. However, in contrast to previous study indicating that the MKP-1
mRNA and protein levels were increased after acute methampheatmine
administration in dopamine D1 and NMDA receptors dependent manners (Takaki et
al., 2001), we did not observe any MKP-1 protein levels change after cocaine. The
different pharmacological effects between these drugs (mathamphetamine and
cocaine) can in part explain the discrepancy. On the other hand, since MKP-1 is
constitutively expressed, it may suggests that the activational effect on MKP-1 is
more important than the induction of this IEG in inhibiting ERK activation.

Additionally, one hour after acute methamphetamine, an increase in MKP-3 mRNA
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expression was detected in the striatum (Takaki et al., 2001). Previous studies have
showed that MKP-3 has more selective effects on the inactivation of p-ERK (Muda
et al., 1996a, 1996b; Hafen 1998). Thus, whether there is an augmentation of protein
expression and phosphorylation of MKP-3 in response to acute cocaine remain to be
determined.

The third study used to address Aim II] revealed that acute cocaine time-
dependently reduced the NMDA-NR1 and dopamine D1 receptors physical protein-
protein interactions. Since total protein levels of both receptors were not altered, it is
unlikely that the reduction is mediated cocaine-induced receptors protein syntheses.
Activation of dopamine D1 receptor can potentiate NMDA function and therefore
regulate subsequent intracellular signaling (e.g., ERK-mediated signaling).
Evidence has shown that tyrosine phosphorylation of NMDA receptor promotes its
membrane insertion, which may underlie the dopamine D1 receptor enhancing
effect on NMDA receptor-mediated current (Dunah and Standaert 2001). Recently,
in the CPu, we also demonstrated that p-STEP protein levels, a potential protein
phosphatase on p-ERK, were increased after acute cocaine administration (Sun et al.,
2007). Because phosphorylation of STEP results in a decrease of its tyrosine
dephosphorylated capability, it is plausible that the elevation of p-STEP can
simultaneously enhance the NMDA receptor trafficking/insertion and p-ERK
activation during the early stage of acute cocaine (e.g. 10 min after acute cocaine).
However, the newly inserted NMDA receptors may not physically interact with
dopamine D1 receptors immediately and then result in the decrease of receptors

interaction at later time point (e.g. 30 min after acute cocaine).
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On the other hand, the reduction of NMDA-NR1 and dopamine D1 receptor
physical interactions decreases the NMDA receptor-mediated calcium influx (Lee et
al., 2002). Thus, the lack of NMDA-NR1 and dopamine D1 receptor protein-protein
physical interactions may contribute to the rapid deactivation of p-ERK after
cocaine. However, further studies are needed to investigate the functional
significance of NMDA-NR1 and dopamine D1 receptor physical interactions in
response to cocaine. Specifically, a functional NMDA receptor requires NR1/NR2
assemblies. Different NR2 subunits confer diverse biophysical and pharmacological
properties of NMDA receptors (Cull-Candy and Leszkiewicz 2004). Thus, it is
worthy to evaluate the contribution of NR2 subunits on NMDA-NR1/D1 protein-
protein interaction and their specific influences on cocaine-mediated signaling.

Based on our finding, we propose that acute cocaine administration alters
receptors physical protein-protein interactions and intracellular mechanisms (Figure
19). At the receptor levels, acute cocaine resulted in the reduction of the NMDA-
NR1 and dopamine D1 receptors protein-protein interactions, which may have
influence on the underlying intracellular signaling cascades mediated by dopamine
D1 and NMDA receptors including ERK-phosphorylation pathways. Behaviorally,
studies have demonstrated that ERK activation is important for behavioral
sensitization and rewarding effects after chronic cocaine (Ferguson et al., 2006;
Miller and Marshall, 2005). Furthermore, a prolonged ERK activation was also
observed after chronic psychostimulants administration (Berhow and Nestler, 1996;
Shi et al., 2007). If NMDA-NR1 and dopamine D1 receptors interactions act as the

mechanism in gating ERK activation, intra-striatal infusion of mini-gene interfering
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to the receptors interactions C-terminal regions may be a potential therapeutic to
abrogate cocaine-induced behavioral change and underlying intracellular signaling
cascades. In addition to cocaine, we also demonstrated that pharmacological
manipulations of NMDA receptor resulted in the decrease of receptors interactions.
Thus, NMDA-NR1 and dopamine D1 receptors interactions are dependent on both
receptors activational statuses. It could provide new strategies for the development
of bi-functional compounds targeting to both dopamine D1 and NMDA receptors
without fully affecting the individual of each receptors, includes different
combinations of antagonistic and agonistic properties.

At the intracellular level, we further demonstrated ERK-phosphorylation
pathways as well as underlying IEG protein expression/phosphorylation were
induced by cocaine in NMDA and dopamine D1 receptors-dependent manners. For
DARPP-32 pathway, although we did not find significant changes on p-Thr-34
DARPP-32, the p-Thr-75 DARPP-32 was increased after acute cocaine. This
augmentation of p-Thr-75 DARPP-32 may potentiate dopamine D1/PKA signaling
and further increase ERK-mediated signaling. Previous studies have indicated that
the IEG transcription including c-fos and fosB is necessary for chronic cocaine-
induced behavioral and morphological changes (Hiroi et al., 1997; Zhang et al.,
2007). Thus, direct manipulation of ERK-mediated signaling transduction could
provide another therapeutic opportunity. In particular, the administration of MEK
inhibitors or ERK short inhibitory RNA (siRNA) could serve as an approach to

dampen cocaine induced transcriptional and behavioral alternations.



92

In conclusion, the purpose of the research conducted here was to better
understand the acute cocaine action from the receptor level to transcriptional
mechanisms. Understanding the complicated interactions between the NMDA and
dopamine D1 receptors as well as the underlying intracellular mechanisms provides
new information about the cocaine-induced behavioral change and neuronal
plasticity. Ultimately, the findings of these studies are critical for the scientific

community to develop improved approaches in treatments for cocaine abuse.
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