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Abstract
Role of DARPP-32 pathway in cocaine-induced behavioral sex differences
by
Luyi Zhou

Advisor: Professor Vanya Quinones-Jenab

Accumulating evidence suggests that behavioral responses to cocaine are sexually
dimorphic: female rats are more sensitive to cocaine. Female rats exhibit exaggerated and
more robust locomotor responses to cocaine than do males. Females also more quickly
develop cocaine-induced conditioned place preference (CPP) and behavior sensitization
with lower doses, and more readily acquire cocaine self-administration. However, the
underling mechanisms for this behavioral sex differences remain unknown. The
dopamine- and cAMP-regulated phosphoprotein (DARPP-32) signaling pathway has
been shown to mediate intracellular responses to acute and chronic cocaine in male
rodents. The purpose of this proposal is to assess the role of DARPP-32 pathways in
cocaine-induced behavioral sex differences in male and female rats. We hypothesize that
acute and chronic cocaine activates DARPP-32 signaling in a sexual dimorphism way. To
test this hypothesis, in the acute cocaine experiment, rats received saline or cocaine
(30mg/kg), while in the chronic cocaine experiment, rats received saline, acute cocaine or
chronic cocaine (15mg/kg), Protein levels of the DARPP-32 signaling proteins in the
nucleus accumbens (NAc) and caudate putamen (CPu) were measured via western blot.
Locomotor and stereotyped activities were also measured in the chronic cocaine
experiment. In the acute cocaine experiment, female rats had heightened basal levels of

DARPP-32 cascade; while male rats exhibited higher induction of the cascade after acute



cocaine administration. However, these sex differences were mainly observed in the NAc,
not CPu. In the chronic cocaine experiment, female rats developed behavior sensitization
and tolerance to cocaine earlier than males. In male rats, the heightened DARPP-32
signaling were mostly found in the NAc when behavior sensitization was observed; while
in female rats, increased signaling were mostly found in the CPu when behavior tolerance
was observed. In addition, the protein levels of several DARPP-32 signaling proteins,
including AFosB, FosB, Cdk5 and p35, correlated with the behavior activities. Taken
together, these results suggest that DARPP-32 signaling pathway is altered in a sexual
dimorphic way after acute and chronic cocaine treatment, and it may play a critical role

for the sex differences at the behavior level.
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Chapter 1: Introduction
I. Background
A. Sex difference in cocaine abuse

Cocaine is an active alkaloid extracted from the leaf of the Erythroxylon coca,
which grows primarily in Bolivia, Peru, Ecuador, and Columbia (Madras et al., 2005).
There are basically two chemical forms of cocaine: the hydrochloride salt, once dissolved,
can be taken intravenously or intranasally; and the smokable “freebase” (Madras et al.,
2005). The use of cocaine as fatigue resist is a long-term tradition for the people of
Columbia, and the history of medical use of cocaine according to its anesthetic and
psychoactive effects started around middle 1800s (Platt, 1997). It wasn’t long before the
addictive properties of cocaine became apparent by the late 1890s, and the use of cocaine
was finally banned by the Harrison Narcotic Act in 1914 (Platt, 1997). According to the
U.S. Substance Abuse and Mental Health Services Administration study (SAMHSA,
2004), 14.2% of the population aged 12 and older in the United States report lifetime use
of cocaine, and 33% of the 2 million Americans who currently used cocaine in the past
month are women. There seems to be no sex differences in the progression to intense
drug use following the initial use, so the uneven distribution of cocaine use between the
sexes may be due to the fact that males are more likely to have an initial opportunity to
use drugs (Van Etten et al., 1999).

Recent clinical and preclinical studies indicate sex differences in response to
cocaine administration in humans. For example, cocaine exposure results in men
achieving a faster “high” and higher peak of plasma cocaine levels, and report more

episodes of euphoria than women (Lukas et al., 1996). However, cocaine causes a greater



level of “nervousness” in women than in men (Kosten et al., 1996) and women report a
greater level of drug craving upon introduction of cocaine cues than men (Robbins et al.,
1999). This may suggest that women are more sensitive to cocaine than men. In fact,
women begin using cocaine and enter treatment at earlier ages than men (Griffin et al.,
1989), and have a more severe cocaine use at intake than men (Kosten et al., 1993).

Sex differences in response to acute and chronic cocaine administration are
studied in rodents. After acute cocaine treatment, female rats show higher locomotor and
stereotyped activities than males (Haaren and Meyer, 1991; Sell et al., 2000; Walker et al.,
2001; Chin et al., 2002; Festa et al., 2004). Females also show a prolonged time of
response after a single cocaine injection (Festa et al., 2003). Male rats require higher
doses of cocaine to exhibit similar locomotor response than those in female rats (Festa et
al., 2004). Moreover, female rats learn the rewarding effect of cocaine through
conditioned place preference (CPP) with lower doses treatment and shorter time when
compared to male rats (Russo et al., 2003). Similarly, female rats show cocaine self-
administration faster and at a lower dose (Lynch et al., 1999). Unlike acute cocaine
administration, sex differences in the development and expression of behavioral
sensitization or tolerance (definitions defined in section C) have not been well-studied.
Regardless of the administration paradigm, chronic cocaine administration consistently
produces a greater sensitization of the locomotor response in females, and sensitization is
achieved with a lower dose of cocaine (Van Haaren and Meyer, 1991; Chin et al., 2002).
However, no sex differences in stereotyped behavior are observed after chronic cocaine
treatment (Chin et al., 2002). Taken together, it is suggested that female rats have

augmented response to cocaine regardless of the paradigm, and they are more sensitive to



the behavioral effects of cocaine than male rats. It is suggested that female rats are more
sensitive to the behavioral effects of cocaine than male rats. However, what are the

mechanism regulating this sexual dimorphic pattern is not well understood.

B. Cocaine-induced behavioral responses

After acute cocaine administration, enhanced locomotor behaviors, such as
ambulatory (horizontal) and rearing (vertical) activities are observed in a dose dependent
manner (Zubrycki et al., 1990). With increasing dose of cocaine, stereotyped behavior
(including sniffing, head waves, forepaw treading and more sluggish behavior) are also
dose-dependently induced (Blanchard et al., 1998). However, different changes in
behavior are observed after chronic cocaine administration. Either tolerance or
sensitization is developed with repeated administration of cocaine. Behavioral
sensitization refers to the enhancement of a behavioral response after repeated exposure
to psychostimulants that is greater than a previous acute exposure (Kalivas and Weber,
1988). Behavior sensitization to cocaine is intensely studies in male rats, as it may serve
as a good model for neuroadaptations involved in cocaine addiction and craving
(Robinson and Berridge, 1993; Wise and Bozarth, 1981). Behavior tolerance refers to the
decrease in the cocaine-induced locomotion after repeated exposure to psychostimulants
than a previous acute exposure (King et al., 1999). However, the specific changes found
after chronic treatment with cocaine are very much dependent on the route and schedule
of drug administration, as well as choose of control. Repeated intermittent administration
(for example, i.p. injection) of cocaine develops sensitized locomotion, while continuous

administration (for example, osmotic pump) develops tolerance in locomotor responses



(Reith et al., 1987; Hope et al., 2005). Compare to the sensitization paradigm, higher-
dose and/or longer-duration of cocaine administration is required to induce behavior
tolerance in locomotor activities (King et al., 2004). In rodents, sensitized locomotion can
last for up to 4 month (Henry et al., 1995; Shuster et al., 1977), while tolerance lasts

much shorter, up to 7 days (King et al., 1992).

C. Dopamine synthesis and reward circuit in the brain

The neurotransmitter dopamine plays a central role in drug reward and abuse
study. As shown in Fig. 1, dopamine synthesis originates from tyrosine (Nagatsu et al.,
1964). There are two steps involved. In the first rate-limiting step, L-tyrosine is converted
into L-DOPA by the enzyme tyrosine hydroxylase (TH) (Moore and Dominic, 1971). L-
DOPA is subsequently converted to dopamine by L-amino acid decarboxylase. Upon
synthesis, dopamine is packaged into vesicles and transported to the terminals for storage
(Winkler et al., 1987). The release of dopamine is trigged by the influx of Ca2+ due to
membrane depolarization. Once released into the synaptic cleft, dopamine is immediately
uptaken into the terminals via the dopamine transporters (DAT), and converted to
dihydoxyphenylacetic acid (DOPAC) by intraneuronal monoamine oxidase (MAO)
(Horn, 1990; Krueger, 1990).

The mesocorticalimbic dopamine pathway is the major circuit mediating drug
reward (Fig. 2). It originates from the ventral tegmental area (VTA), and projects to
several areas in the forebrain including the frontal cortex, nucleus accumbens (NAc),
dorsal striatum/caudate putamen (CPu), olfactory tubercle, hippocampus and amygdale

(Koob, 1992; Nestler and Aghajanian, 1997; Hummel and Unterwald, 2002). Lesions of



the pathway disrupt the behavior response to psychostimulant drugs. For example, 6-
OHDA lesions of CPu and NAc abolishes the psychostimulant-induced stereotyped and
locomotor behavior respectively (Kelly et al., 1975; Kelly and Iversen, 1975). Ibotenic
acid lesion of PFc disrupts the development and expression of behavior sensitization in
response to chronic psychostimulants exposures (Li and Wolf, 1997; Pierce et al., 1998;
Lietal., 1999). The striatum (NAc and CPu) is the major neuroanatomical target for
midbrain dopaminergic neurons. More than 90% of the neurons there are the medium
spiny GABAergic neurons, which project to various areas responsible for cocaine-
induced behavior (Freund et al., 1984). The direct pathway projects to the internal
segment of the globus pallidus and substatia nigra pars reticulata via, and the indirect
pathway relays through the external segment of the globus pallidus and the subthalmic

nucleus (Albin et al., 1989).
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Figure 1: Dopamine synthesis and release. Adapted from The brain from top to bottom.
http://www.thebrain.mcgill.ca



Frontal cortex,

PROJECTION NEURONS

’ GABAergic > glutamatergic ' dopaminergic

Figure 2: The reward circuit. Dopamine projections form the ventral tegmental area
(VTA) to the frontal cortex, nucleus accumbens (NAc), dorsal striatum/caudate putamen
(CPu) are of primary interest in studies of drug abuse. Adapted from Hummel and
Unterwald, 2002.
D. Cocaine’s effects on dopamine transmission

Almost all addictive drugs increase the extracellular dopamine by one way or
another and prolong the activation of postsynaptic neuron (Koob, 1992). Cocaine directly
binds to DAT with high affinity and prevents the reuptake of dopamine (Heikkila et al.,
1975), so the dopamine concentration in the synapse and the dopamine transmission are
elevated (Fig. 3). In vivo studies show that there is an enhanced dopamine release from
accumbal and striatal tissue slices in rats sensitized to psychostimulants, such as cocaine
(Castaneda et al., 1988; Kolta et al., 1985; Robinson and Becker, 1982; Yamada et al.,
1988). In vitro microdialysis in the striatum, NAc and medial prefrontal cortex reveals an
immediate increase in the extracellular dopamine levels within the mesolimbic system

after acute cocaine administration (Carboni et al., 1989; Church et al., 1987;

Maisonneuve and Kreek, 1994; Maisonneuve et al., 1995). Chronic cocaine exposure



potentiates mesolimbic dopamine concentration by attenuating the GABA-mediated
inhibition of VTA neurons, which in turn increase dopamine release (Bonci and Williams,
1996). The enhancement of dopamine transmission in the mesolimbic system appears to

mediate the locomotor sensitization and rewarding of cocaine.

Transmitting
Newron

Dopamine
packaged in vesides

Dopamine receptors

Receiving Neuron

Figure 3: Cocaine blocks the reuptake of dopamine by binding to the dopamine
transporter (DAT), and increases the synaptic dopamine level. Adapted from NIDA
Research Report - Cocaine Abuse and Addiction (web report, 2004).
http://www.drugabuse.gov.
E. Role of dopamine receptors in cocaine-induced behavioral response

There are two classes of dopamine receptors: D1 (D1 and D5 receptors) and D2
(D2, D3 and D4 receptors) (Sibley and Monsma, 1992). All are seven transmembrane G
protein-coupled receptors (Missale et al., 1998). D1 dopamine receptors are
predominantly distributed in the direct pathway, while D2 receptors mostly in the indirect

pathway, but they are not exclusive (Gerfen et al., 1990). There are also D2 autoreceptors

on dopamine nerve terminals themselves (Surmeier et al., 1996).



Many of the receptor-mediated effects can be clearly dissociated while others can
not, which suggests a modulation or interactive role for these two receptors in cocaine-
potentiated dopamine neurotransmission. D1 and D2 dopamine receptors play different
roles in the behavioral activity induced by acute and chronic cocaine administration. Rats
pretreated with D1 receptor antagonist (SCH 23390) or D2 receptor antagonist
(raclopride) show an attenuated ambulatory, rearing and stereotyped behavior response to
acute-cocaine administration (Cabib et al., 1991; Ushijima et al., 1995). Pretreatment
with D1 receptor agonist (SK&F38393) increases rearing response to acute-cocaine
treatment, but has slightly effect on stereotyped behavior (Ushijima et al., 1995).
Pretreatment with D2 receptor agonist (quinpirole and bromocriptine) inhibits cocaine-
stimulated ambulatory and rearing response, but induces typical stereotypy such as
sniffing, licking, and gnawing (Ushijima et al., 1995). Conversely, D1 and D2 antagonists
differentially affect the chronic cocaine administration, which produces behavior
sensitization. Dopamine D1 receptor antagonist (SCH 23390) blocks the expression of
chronic cocaine-induced behavior sensitization, while D2 antagonist (eticlopride) has no
effect (Ushijima et al., 1995; McCreary and Marsden, 1993). These findings suggest the
different role of the two receptors: D1 receptor may be more important in cocaine-
induced locomotor behavior, while D2 receptor may be more important in cocaine-

induced stereotyped behavior.

I1. Intracellular mechanisms

A. DARPP-32 signaling transduction after cocaine administration



As shown in Fig. 4, upon the exposure of acute cocaine, D1 dopamine receptors
are activated by the concentrated synaptic dopamine, which in turn causes the coupling of
stimulatory G protein (Gs or Golf) to the receptors (Sibley and Monsma, 1992). The
coupling activates the adenylyl cyclase, which converts adenosine triphosphate (ATP)
into cyclic adenosine monophosphate (CAMP). Increase in the production of cAMP
enhances the activity of protein kinase A (PKA), which phosphorylates various proteins
(Edelman et al., 1987; Mello et al., 1989). One of the aim proteins is DARPP-32
(dopamine and cyclic adenosine 3’,5’-monophosphate-regulated phosphoprotein, 32 kDa),
which was initially found as a main target for dopamine-activated adenylyl cyclase in
striatum (Walaas et al., 1983). DARPP-32 is phosphorylated at the threonine 34 site (P-
Thr34-DARPP-32) by PKA, and it becomes an inhibitor of protein phosphatase-1 (PP-1),
which is a major serinine/threonine protein phosphatase (Hemmings et al., 1984; Nishi et
al., 1997; Nishi et al., 2000; Svenningsson et al., 2004; Nairn and Shenolikar, 1992). P-
Thr34-DARPP-32, by inhibiting PP-1, increases the phosphorylation of various
neurotransmitter receptors, voltage-gated ion channels, and transcription factors, such as
CREB (cAMP-responsive element binding protein) (Blank et al., 1997; Snyder et al.,
1998; Yan et al., 1999; Strack et al., 1997; Bito et al., 1996). On the contrary, P-Thr34-
DARPP-32 is dephosphorylated by PP-2B, a Ca2+/calmodulin-dependent protein
phosphatase (Goto et al., 1986; King et al., 1984). PP-2B activity is increased by Ca2+
influx when glutamate binds to NMDA or AMPA receptors (Halpain et al., 1990). PKA
and PP-2B together balance the phosphorylation of DARPP-32, and finally regulate and

fine-tune the phosphorylation state of PP1 target proteins.



Unlike D1 receptor, activation of D2 class receptors inhibits adenylyl cyclase
activity by coupling to Gi proteins (Sibley and Monsma, 1992), in turn, inhibits the
formation of CAMP, and as a result, P-Thr34-DARPP-32 is dephosphorylated into
DARPP-32 (Nishi et al., 1997; Lindskog et al., 1999).

Chronic cocaine exposure increases the PKA dependent expression of the Fos
family transcription factor, AFosB (Hope et al., 1994; Kelz and Nestler, 2000). As
transcriptional regulated target genes of AFosB, Cdk5 (Cyclin-dependent kinase 5) and
p35 expression are both elevated (Bibb et al., 2001; Ishizuka et al., 1995). Cdk5 is a
neuronal serine/threonine protein kinase, which is regulated through the association with
its activators, such as p35 (Tsai et al., 1994; Zheng et al., 1998). Cdk5 phosphorylates
DARPP-32 at Thr-75 site (P-Thr75-DARPP-32), which diminishes the phosphorylation
at Thr-34 site. Moreover, the phosphorylation of Thr-75 by Cdk5 transforms DARPP-32
form a PP-1 inhibitor into a strong inhibitor of PKA (Bibb et al., 1999). By inhibiting
PKA, Cdk5 finally attenuates the D1/PKA/P-Thr34-DARPP-32/PP-1 signaling, and
dampens locomotor behavior to chronic cocaine and develops cocaine addiction. Like the
dephosphorylation at the Thr34 site, the P-Thr75-DARPP-32 is also dephosphorylated by
PP2A (protein phosphotase-2A), whose activation is PKA-dependent (Nishi et al., 2000).
Interestingly, an acute dose of cocaine raises the P-Thr34-DARPP-32 levels by PKA, and
at the same time reduces the phosphorylation at the Thr75 site via the PP-2A pathway

(Nishi et al., 2000).
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Figure 4: DARPP-32 signaling transduction pathway upon cocaine exposure. Thin
line depicts the signaling machinery associated with acute cocaine exposure. Heavy line
details cellular pathways targeted by chronic cocaine exposure. Adapted from Benavides
and Bibb, 2004.
B. Role of DARPP-32 pathway in cocaine addiction

The highest levels of DARPP-32 are found in medium spiny neurons in CPu, NAc,
olfactory tubercle, bed nucleus of stria terminalis, and parts of amygdaloid complex
(Ouimet et al., 1984), which have a high correlation with the drug reward circuit. This
suggests that DARPP-32 may play an important role in drug addiction.

Studies on the DARPP-32 pathway activation upon cocaine administration into
wild-type animals are limited. Acute cocaine injection elevates the P-Thr34-DARPP-32
and suppressed P-Thr75-DARPP-32 protein levels in striatum and mPFc at 30 min after

cocaine treatment (Nishi et al., 2000; Rauggi et al., 2005; Takahashi et al., 2005; Synder

et al., 2000). However, cocaine administration does not change the expression of

11



DARPP-32 at 30 min time point (Nishi et al., 2000). Acute cocaine administration
increases the expression of c-fos in NAc and CPu (Takahashi et al., 2005; Torres and
Rivier, 1994). The increased phosphorylation of CREB on the Ser133 site in striatum
indicates the inhibition of PP-1 activity (Takahashi et al., 2005). No changes in Cdk5 and
p35 protein levels somehow prove that their activation is not induced by acute but
chronic cocaine administration (Takahashi et al., 2005). After chronic cocaine
administration, the protein level of P-Thr75-DARPP-32 increases, accompanied by a
decrease in the P-Thr34-DARPP-32 in both NAc and CPu (Bibb et al., 2001; Scheggi et
al., 2004). Different results have been found in the protein level of DARPP-32, either
increase or no change is observed (Bibb et al., 2001; Hu et al., 2005). Increases in
DARPP-32 protein levels may result from the increases in the P-Thr34-DARPP-32
protein levels in NAc (Hu et al., 2005). Repeated cocaine administration leads to
increasing or decreasing activity of PKA, which depends on whether intense or moderate
doses are used (Terwilliger et al., 1991; Crawford et al., 2004). The expression of AFosB
is also elevated in striatum after chronic cocaine administration. Increases in p35 and
Cdk5 protein levels are also observed (Bibb et al., 2001; Scheggi et al., 2004; Fienberg et
al., 2006; Hiroi et al., 1999; Liu et al., 2003). Chronic-cocaine administration does not
change the PP1 protein levels, but attenuates PP-2B protein levels in NAc. This is likely
related to a significant decrease in Ca2+ influx (Hu et al., 2005). These changes in the
DARPP-32 pathway is accompanied by the enhanced locomotor activity after acute
cocaine treatment or behavioral sensitization after chronic cocaine administration, which
indicates that DARPP-32 pathway is in rolled in the short- and long-term behavioral

actions of cocaine.
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DARPP-32 KO mice show attenuated locomotor response after single cocaine
administration (Fienberg et al., 2006) and cocaine-induced conditioned place preference
(CPP) (Zachariou et al., 2006). However these mice exhibit heightened behavioral
sensitization in response to repeated cocaine injections due to blunted AFosB in CPu
induced by cocaine as compared to wild-type mice (Fienberg et al., 2006; Hiroi et al.,
1999). Mice with point mutation in phosphorylation sites of DARPP-32 also show
specific behavioral alternations after cocaine administration. Thr34-Ala-DARPP-32 mice
show attenuated cocaine-induced CPP, lower acute cocaine-induced locomotor activity
and higher behavioral sensitization as well as required prolonged time to acquired
cocaine self-administration compared to wild-type mice (Zachariou et al., 2006; Zhang et
al., 2006; Valjent et al., 2005). The lower behavioral activity of Thr34-Ala-DARPP-32
mice in response to cocaine is related to attenuated extracellular dopamine levels in CPu
and immediate early genes in NAc induced by either acute or chronic cocaine
administration in relative to wild-type mice (Zachariou et al., 2006; Zhang et al., 2006).
In contrast, Thr75-Ala-DARPP-32 mice show normal cocaine-induced CPP, cocaine self-
administration and acute cocaine-induced hyperlocomotor but exhibit higher behavioral
sensitization in response to repeated cocaine administration (Zachariou et al., 2006;
Zhang et al., 2006). Taken together, these studies suggest that the phosphorylation at
Thr34 and Thr75 site of DARPP-32 is critical for short-term and long-term cocaine-
induced behavioral alternations, respectively.

Studies of the role of DARPP-32 pathway in sex differences are quite limited. So
far, only two recent studies found sexual dimorphic responses to cocaine in this signaling

pathway. Nazarian et al. (2008) demonstrated that PKA protein levels in the NAc were
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overall higher in females than males, and Lynch et al. (2007) showed that protein levels
of DARPP-32 phosphorylated at the PKA site were higher in females than males. Taken
together, these findings suggest that sex differences in the DA-PKA signaling regulation
may contribute to sex difference in the initiation and development of rewarding

properties to cocaine.

I11. Influence of hormone
A. Role of estrogen and progesterone on the behavioral response to cocaine

Endogenous and exogenous estrogen and progesterone affect the cocaine-induced
behavioral response. Acute cocaine administration induces lowest behavior response
during diestrus, but higher in estrus (Sell et al., 2000; Quinones-Jenab et al., 1999).
Cocaine-induced locomotor activity is attenuated in ovariectomized (OVX) female rats
(Walker et al., 2001; Chin et al., 2002), but augmented in estrogen or estrogen +
progesterone replacement treated rats (Sell et al., 2002).

Unlike the acute cocaine studies, the effect of estrous cycle on chronic-cocaine
induced behavior is not consistent. More consistent results are found in OVX and
hormone replacement experiments. Chronic cocaine administrations fail to produce
locomotor sensitization after 14 days of treatment in OV X females (Chin et al., 2002).
However, estrogen and estrogen + progesterone replacement in OV X female rats enhance
the behavioral sensitization of chronic cocaine administration (Sell et al., 2002; Sircar

and Kim, 1999).
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B. Role of estrogen and progesterone in intracellular signal transduction after
cocaine administration

As mentioned above, estrogen and progesterone affect the cocaine-induced
behavior response, but how they affect the intracellular signal transduction responsible
for the behavior changes are not clear yet. Recently findings show that estrodial
replacement increases mRNA levels of D1 in the hypothalamus, and D2 in the midbrain
(Zhou et al., 2002). Furthermore, OV X female rats have lower D1-sensitive adenylate
cyclase activity in striatum (Kumakura et al., 1979), while the estradiol treatment to
striatal culture enhances its activity and inhibits the activity of D2-sensitive adenylate
cyclase (Maus et al., 1989). Enhanced DARPP-32 phosphorylation at the Thr-34 site in
the medial preoptic nucleus, bed nucleus of the stria terminalis, paraventricular nucleus,
and the ventromedial nucleus of the hypothalamus is observed after the estrodial
treatment (Auger et al., 2001). Taken those findings together, estrogen is involved in the
modulation of dopaminergic intracellular signal transduction in various parts of
hypothalamus.

Progesterone and dopamine enhance the activation of cAMP and PKA, and
increases Thr-34 DARRP-32 phosphorylation in the hypothalamus (Mani et al., 2000).
However, unlike the dopamine-induced increase in the dopamine transduction system, the
progesterone-induced increase is not D1 receptor mediated, as the increase in the
dopaminergic signal transduction is not affected by the application of D1 antagonist
(SCH 23390) (Mani et al., 2000). These findings mentioned above suggest that estrogen
and progesterone play a modulatory role in the intracellular dopaminergic signal

transduction. However, stronger evidences from more important regions, such as NAc
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and CPu are needed to further demonstrate the involvement of estrogen and progesterone

in the signal transduction mechanism reacting to cocaine exposure.

IV. Significance of work

As mentioned above, better understanding the mechanism of the differences in
cocaine response in males and females is critical. Although the important role of DARPP-
32 pathway in alteration of cocaine-induced behaviors has been well studied in male
mice/rats, no studies have addressed its role in behavioral sex differences. Understanding
the cellular mechanism by which sex differences are produced may help developing more
effective therapeutic methods to cocaine addiction.

The overall hypothesis is that a heightened basal and cocaine response in females
contribute to the exaggerated response in females. Our working hypothesis is divided into
three levels. Firstly, it is predicted that there is either a basal protein level difference or an
activation time course difference in the DARPP-32 pathway after acute cocaine
administration, which may explain the behavior difference. Secondly, we predict that the
development of behavior sensitization and tolerance may be different between males and
females. Female rats are more sensitive to cocaine’s psychomotor effect, so they may
develop sensitization and tolerance with fewer cocaine injections. Lastly, it is predicted
that the adaptation in the DARRP-32 pathway upon different duration of cocaine
treatment may be sex different, which may contribute to the differences in behavior
development. Detecting sex differences at these three levels will increase our

understanding of to what extent does the DARPP-32 pathway contribute to the cocaine-
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induced sex differences, in turn better understanding of how cocaine’s actions differ

between males and females.

V. Specific aims

Specific aim 1: To determine if sex differences exist in the basal and acute cocaine-

induced activation of intracellular signal transduction mechanisms.

Specific aim 2: To determine if sex differences exist in the development of chronic

cocaine-induced behavior sensitization and tolerance.

Specific aim 3: To determine if sex differences exist in the chronic cocaine-induced

activation of intracellular signal transduction mechanisms, and whether the intracellular

response correlates with the behavior response.
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Chapter 2: Basal and acute cocaine-induced sex differences in DARPP-32-mediated
signaling pathway

l. Introduction

As more attention is paid to sex and hormonal effects on drug abuse, it is
becoming apparent that men and women react differently to cocaine. More women
initiate cocaine use at a younger age than men (NSDUH, 2007). Women also take shorter
time to develop cocaine abuse than men (Ridenour et al., 2005). Women experience
more nervousness and report higher ratings of “feel good” after intermittent intranasal
administration of cocaine (Kosten et al., 1996; McCance-Katz et al., 2005 ). These data
suggest that women are more sensitive than men to the additive properties of cocaine.
However, those sex differences are limited to women in their luteal phase, when the
subjective effects of cocaine were lower compared to the follicular phase (Sofuoglu et al.,
1999; Evans et al., 2002; Evans and Foltin, 2006). Other clinical studies have revealed
conflicting findings of no sex or menstrual cycle differences, which may result from
different dose and route of cocaine administration (Mendelson et al., 1999; Collins et al.,
2007). However, Lukas et al. (1996) even found that women take longer to feel cocaine’s
subjective effects, report less euphoria and dysphoria than men.

Similar to humans, female rodents also show exaggerated and more robust
locomotor responses to cocaine than do males (\Van Haaren and Meyer, 1991; Schindler
and Carmona, 2002; Harrod et al., 2005). Females also more quickly develop cocaine-
induced conditioned place preference (CPP) and behavior sensitization with lower doses,
and more readily acquire cocaine self-administration (Russo et al., 2003; Lynch and
Carroll, 1999; Van Haaren and Meyer, 1991; Chin et al., 2002; Hu et al., 2004; Jackson et

al., 2006). Taken together, clinical and rodent studies suggest that sex-specific
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differences exist at all stages of the cocaine abuse process, including induction,
maintenance, and relapse.

Sex differences in the mesocorticolimbic dopamine (DA) system, a regulator of
cocaine’s psychomotor and rewarding effects (Koob, 1992; Hyman and Malenka, 2001),
have also been demonstrated (Festa et al., 2004; Festa et al., 2006; Walker et al., 2006).
Cocaine reduces dopamine type 1 (D1) receptor binding levels in the striatum of male but
not female rats (Festa et al., 2006). Furthermore, D1 receptor antagonists block cocaine-
induced CPP and locomotor responses with different efficacies between sexes: D1
receptor antagonists inhibit cocaine’s effects with a lower dose range in female than in
male rats (Nazarian et al., 2004; Festa et al., 2006). After cocaine administration,
accumbal DA release is higher in females than in males (Walker et al., 2006).
Additionally, whereas cocaine decreases dihydroxyphenylacetic acid (DOPAC) to DA
turnover ratios in the nucleus accumbens (NAc) of male rats, in female rats it
significantly reduces total levels of DA, DOPAC, and homovanillic acid metabolites
(Festa et al., 2004). In female rats, the nigrostriatal DA neurotransmission is more tightly
regulated by autoreceptor and transporter mechanisms than in male rats, a difference that
may be related to the greater autoreceptor control of DA activity in females (Walker et
al., 2006). These sexual dimorphic patterns in DA system activation after cocaine
treatment strongly suggest sex difference in cocaine-induced dopamine-protein kinase A
(PKA)-mediated signaling pathway responses. Indeed, two recent studies found sexual
dimorphic responses to cocaine in this signaling pathway. Nazarian et al. (2009)
demonstrated that PKA protein levels in the NAc were overall higher in females than

males, and Lynch et al. (2007) showed that protein levels of dopamine- and cAMP-
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regulated phosphoprotein of Mr 32 kDa (DARPP-32) phosphorylated at the PKA site
were higher in females than males. Taken together, these findings suggest that sex
differences in the DA-PKA signaling regulation in the NAc may contribute to sex
difference in the initiation and development of rewarding properties to cocaine.

The DARPP-32 signaling pathway has been shown to mediate intracellular
responses to DA. Phosphorylation of DARPP-32 at the Thr34 site (P-Thr34-DARPP-32)
is required for cocaine actions in the striatum (Zachariou et al., 2006); i.e., acute cocaine
administration increases phosphorylation of DARPP-32 at the Thr34 site (Nishi et al.,
2000; Greengard, 2001). Moreover, in DARPP-32 knockout mice and mice with site
mutations of P-Thr34-DARPP-32, typical cocaine-induced locomotor activities are
attenuated as compared with activities in control mice (Valjent et al., 2005; Fienberg et
al., 2006; Zachariou et al., 2006). On one hand, P-Thr34-DARPP-32 is a potent inhibitor
of protein phosphatase-1 (PP-1), which is a serine/threonine protein phosphatase
(Svenningsson et al., 2005). On the other hand, P-Thr34-DARPP-32 is dephosphorylated
by protein phosphatase-2B (PP-2B), a */calmodulin-dependent protein phosphatase (King
et al., 1984; Goto et al., 1986). Although no studies to date have determined whether PP-
1 and PP-2B are altered after acute cocaine administration, in male rats it has been shown
that repeated cocaine administration decreases PP-2B but not PP-1 protein levels in the
NAc (Hu et al., 2005).

It is yet to be determined whether acute cocaine administration alters the DA-
mediated intracellular cascades in a sexually dimorphic pattern. Because females not only
have more locomotor responses to acute cocaine treatment but also develop CPP and self-

administration faster than males, we hypothesized that the cocaine-induced DARPP-32
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signaling pathway responses are heightened in females as compared with males. To test
this hypothesis, we made side-by-side comparisons between male and female rats of
DARPP-32, P-Thr34-DARPP-32, PP-1, and PP-2B protein levels in the NAc and CPu
(areas known to regulate cocaine’s behavioral and reward responses (Nestler, 2001)) after

saline or acute cocaine treatment.

I1. Methods
Animals: 60-day-old male and female Fischer rats (Charles River, Raleigh, NC) were

individually housed in Plexiglas chambers (20 x 20 x 41 cm) layered with beta chips.
Rats were given free access to food and water and maintained on a 12-hour light/dark
cycle (lights on at 9:00 a.m.). All rats were weighed, handled, and intraperitoneally (i.p.)
injected daily with saline for 5 consecutive days prior to testing, except for Naive rats
which were never touched until the day of sacrifice. A total of four rats per group were
used for each sex or time-course comparison after saline or drug treatment.

Repeated vaginal lavage attenuates cocaine-induced activity, abolishes estrous
cycle effects, and establishes CPP in female rats, thus possibly increasing DA-mediated
responses (Walker et al., 2002). Therefore, as noted by Walker et al. (2002), the use of
lavaged female rats could result in inaccurate behavioral responses when making side-by-
side comparisons with male rats. For this reason, females were randomly assigned to
experimental groups without regard to their estrous cycle. 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 Hunter Institution Animal Care Use

Committee.
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Materials: Cocaine hydrochloride was purchased from Sigma Chemical Co. (St. Louis,
MO). DARPP-32 antibody was purchased from Cell Signaling Technologies (Beverly,
MA). P-Thr34-DARPP-32, PP-1a (catalytic subunit of PP-1), CaN-A (calcineurin A,
catalytic subunit of PP-2B), and CaN-B (calcineurin B, regulatory subunit of PP-2B)
antibodies were purchased from Sigma (St Louis, MO). a-tubulin antibody was
purchased from Santa Cruz Technologies (Santa Cruz, CA). All appropriate secondary

antibodies were purchased from Amersham Pharmacia (Piscataway, NJ).

Cocaine administration and protein measurements: Cocaine solutions were prepared
daily by dissolving the drug in physiological saline (0.9%). On the day of testing, rats
were injected (i.p.) with saline or cocaine (30 mg/kg) and sacrificed 5, 15, 30, 45, or 90
minutes later. After decapitation (following a brief 20-second exposure to ), their brains
were removed, flash frozen in 2-methylbutane (-40° C), and stored at -80° C until used.
The NAc and CPu were dissected from coronal sections (1-mm thick) using a
matrix (ASI Instruments; Warren, MI). Tissue was homogenized using a Polytron
handheld homogenizer (Kinematica; Luzern, Switzerland) in homogenizing buffer
[HEPES 7.9 (20 mM), KCI (10 mM), EDTA (1 mM), NP40 (0.2%), glycerol (10%),
NaCl (200 mM), pepstatin, leupeptin, DTT (1 M), aprotenin, PMSF (100 mM), NaF (50
mM), and (1 mM)]. Total protein content was determined with use of a Bradford kit

(Bio-Rad Laboratories; Hercules, CA).

Western blot analysis: Protein samples (40 ug) were boiled in Lammeli buffer

containing 5% [-mercaptoethanol and loaded onto 10% SDS-PAGE. Gels were
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electrophoresed, transferred to nitrocellulose membranes, and blocked for 60 minutes
with 5% non-fat dry milk in tris-buffer-saline-tween (TBST, pH = 7.4) at room
temperature. Membranes were probed overnight at 4°C, with P-Thr34-DARPP-32
(1:2000), PP-1a (1:4000), CaN-A (1:15000), CaN-B (1:5000), and DARPP-32 (1:1000).
After three washes with TBST, membranes were then incubated with their appropriate
secondary antibody (1:1000) for 60 minutes at room temperature, followed by three more
washes with TBST. Antibody binding was detected using an enhanced
chemiluminescence kit (Amersham Pharmacia; Piscataway, NJ). Resulting films were
scanned and quantified with a computer densitometer and Image Quant Program
(Molecular Dynamics; Sunnyvale, CA). To compare sex differences in the protein levels,
samples from saline-treated male and female rats were loaded onto the same gel. Within
each sex, to determine the time course of changes in protein levels after treatment, all
saline-treated samples (5 min-90 min), or cocaine-treated (5 min-90 min) samples with
saline control (5 min) were run on the same gel. A total of three sets of gels were run for
each determinant. To normalize band intensity to protein levels, membranes were re-

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

Statistical analysis: All protein levels were first expressed as a ratio to a-tubulin levels.
Data were presented as mean £ SEM. Student’s t-tests were used to determine sex
differences. For comparison between sexes in cocaine-treated rats, percentage changes of
protein levels between the cocaine-treated group and the average of protein levels in

saline controls of the same sex were used. One-way ANOVAs followed by post-hoc LSD
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analysis were used to determine differences during the time course. Statistical

significance was considered to be p <0.05 for all analyses.

I11. Results

A. Sex differences in intracellular signal transduction in naive rats
In both NAc and CPu, no significant sex differences in protein levels of DARPP-
32, P-Thr34-DARPP-32, PP-1a, CaN-A or CaN-B were observed in naive male and

female rats (Fig. 5).

B. Sex differences in protein levels in saline-treated rats

In NAc, 5 minutes after saline administration, females had significantly higher
protein levels of DARPP-32 and P-Thr34-DARPP-32 than males (t=13.765, p<0.001; and
t=2.921, p<0.05, respectively; Fig. 6A and 6B, and Table 1). Thirty minutes after saline
administration, there were higher protein levels of PP-1a in females than males (t=2.720,
p<0.05; Table 1). At both 5 and 15 minutes after saline treatment, female rats had
significantly higher CaN-A protein levels than males (t=10.580, p<0.001; t=2.463,
p<0.05, respectively; Fig. 6D and Table 1). However, CaN-B protein levels were
significantly higher in females than males only at 5 minutes after saline treatment
(t=8.250, p<0.001; Fig. 6E and Table 1). Within each sex, no statistically significant
differences were observed 5 to 90 minutes after saline administration.

In CPu, 5 minutes after saline treatment, female rats exhibited significant higher
protein levels of P-Thr34-DARPP-32 and PP-1a when compared to males (t=2.858,

p<0.05; and t=3.090, p<0.05, respectively; Fig. 6G and 6H). DARPP-32, CaN-A and
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CaN-B protein levels did not statistically deferrer between male and female rats (t=0.633,

p=0.55; t=2.157, p=0.074; and t=2.167, p=0.073, respectively; Fig. 6F, 61 and 6J).

C. Sex differences in intracellular signal transduction mechanisms after acute
cocaine administration
In the NAc of male rats, higher P-Thr34-DARPP-32 protein levels were observed

30 minutes after cocaine treatment when compared with saline controls; however, the
difference failed to reach statistical significance (p=0.058; Fig. 7B). In male rats, CaN-A
protein levels were significantly higher at 30 minutes after cocaine administration than at
other time points (p<0.001 for all comparisons; Fig. 7D). CaN-A protein levels were also
significantly higher 90 minutes after cocaine treatment as compared to saline controls
(p<0.02; Fig. 7D). Furthermore, CaN-B protein levels were significantly higher 15
minutes after drug treatment when compared with saline controls (p<0.05; Fig. 7E).

In the NAc of female rats, 45 minutes after cocaine administration, DARPP-32
protein levels were lower than 15 minutes after cocaine administration, and P-Thr34-
DARPP-32 protein levels were decreased compared to saline controls (p<0.05 for both
comparisons; Fig. 7F and 7G, respectively). Thirty minutes after cocaine administration,
PP-1a protein levels were significantly higher than at any other time point after cocaine
treatment (p<0.05 for all comparisons; Fig. 7H). Forty-five minutes after cocaine
administration, CaN-A protein levels were significantly lower than saline controls and
significantly lower than 5 minutes after cocaine treatment (p<0.05 for both comparisons;
Fig. 71).

In NAc, between-sex comparisons reveal that while in male rats the percentage

change of proteins in the DARPP-32 pathway increased across time, in females it
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decreased. Thus, males had a significantly higher percentage change in both DARPP-32
and P-Thr34-DARPP-32 30 to 90 minutes after cocaine administration than female rats
(p<0.05 for all comparisons; Table 2). Similarly, sex differences were observed in the
magnitude and duration of PP-1a, CaN-A and CaN-B. Specifically, male rats had higher
induction of PP-1a 15 and 45 minutes after cocaine treatment than female rats (p<0.05
for both comparisons; Table 2). Male rats also had higher induction of CaN-A 30 to 90
minutes after cocaine administration than female rats (p<0.05 for all comparisons; Table
2). However, male rats had a significantly greater percentage change in CaN-B at 30 and
45 minutes after cocaine treatment as compared with female rats (p<0.05 for both
comparisons; Table 2).

As shown in Figure 8, overall, in the CPu of both males and females, acute
cocaine administration did not significantly alter protein levels of DARPP-32, P-Thr34-
DARPP-32, CaN-A, or CaN-B through time.

Between-sex comparisons reveal that while in male rats the percentage change of
proteins in the DARPP-32 pathway increased across time, in females it decreased. Thus,
males had a significantly higher P-Thr34-DARPP-32 protein induction 30 minutes after
cocaine administration than female rats (p<0.05; Table 3). Similarly, sex differences were
observed in the magnitude and duration of CaN-A and CaN-B. Specifically, 45 minutes
after cocaine administration, male rats had higher induction of CaN-A; while CaN-B
protein induction was higher in males 15 and 45 minutes after cocaine treatment (p<0.05

for all comparisons; Table 3).
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Figure 5: Western blot analysis of DARPP-32 (A, F), P-Thr34-DARPP-32 (B, G),
PP-1a (C, H), CaN-A (D, I), and CaN-B (E, J) in the NAc (A-E) and CPu (F-J) of
naive animals. Data presented as mean protein levels normalized to a-tubulin (£S.E.M).
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Figure 7: Western blot analysis of DARPP-32 (A, F), P-Thr34-DARPP-32 (B, G),
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Figure 8: Western blot analysis of DARPP-32 (A, F), P-Thr34-DARPP-32 (B, G),
PP-1a (C, H), CaN-A (D, 1), and CaN-B (E, J) in the CPu of male (A-E) and female
(F-J) rats after acute cocaine treatment. Data presented as mean protein levels
normalized to a-tubulin (£S.E.M). (n=4 per group)
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Table 1. Western blot analysis of protein levels of DARPP-32 signaling proteins in

NAc of saline-treated animals.

Time Point 5 min 15 min 30 min 45 min 90 min
Protein Male Female | Male Female | Male Female | Male Female | Male Female
DARPP-32 | 0.30 £ 0.49 + 1.80 1.76x 1.63+ 1.68 £ 1.84 + 1.88 £ 213+ 1.62 +
0.01 0.01* 0.38 0.22 0.34 0.30 0.23 0.22 0.37 0.24
P-Thr34- 043+ 062+ 218+ 208+ |18+ 233+ J200+ 185+ |230+ 153+
DARPP-32 | 0.04 0.05* 0.43 0.32 0.14 0.51 0.25 0.24 0.43 0.20
PP-1a 0.83 % 0.97 £ 327+ 414+ 3.00 £ 391+ 1.94 + 1.95+ 1.94 + 1.63+
0.04 0.05 0.75 0.36 0.30 0.15* 0.15 0.21 0.25 0.19
CaN-A 438+ 781+ 590+ 856+ |516+ 7.18x | 351+ 436+ |360+x 381+
0.10 0.31* 0.75 0.78* 0.65 0.73 0.14 0.62 0.23 0.27
CaN-B 0.68 £ 0.92 + 728+ 9.03% 6.17 £ 8.18 + 6.36 6.58 £ 6.69 £ 6.26
0.03 0.01* 0.76 1.02 0.52 1.35 0.86 1.34 0.96 1.09

Data are presented as the mean protein levels normalized with a-tubulin £ SEM.

*Represents statistically significant differences between sexes. (N = 4 per group)
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Table 2. Percentage change of protein levels of DARPP-32 signaling proteins in NAc

of cocaine-treated animals.

Time Point 5 min 15 min 30 min 45 min 90 min
Protein Male Female | Male Female | Male Female | Male Female | Male Female
DARPP-32 157+ 0.2+ 144 + 16.3 £ 573+ 103+ 46.3 = -235+ | 516+ -18.0 £
23.9 7.8 28.4 16.2 16.8 7315 16.0 4.4* 13.6 16.0*
P-Thr34- 334+ -158+ | 258+ -145+ | 766+ 213+ 65.6 + -31.8+ | 716+ -19.9 +
DARPP-32 37.7 4.2 24.3 8.9 18.0 6.5* 27.2 15.1* 28.0 12.5*
PP-1o, 38+ -10.7+ | 635% -11.0+ | 426+ 185+ 520+ -188+ | 50.2 + -16.1 £
21.1 12.0 235 2.0* 115 14.3 24.2 2.4* 355 3.4
CaN-A 196+ -35% 183+ -125% | 140.2 7.7+ 389+ -253+ | 588+ -19.0%
15.8 9.0 22.5 0.9 +17.7 6.1* 7.4 10.9* 12.0 5.7*
CaN-B 221+ 0.0+ 60.4 £ 3.0+ 50.0 £ 19+ 447 -149+ | 522+ -14.4 +
12.4 7.5 25.0 2.6 17.7 6.2* 19.9 4.7* 29.4 5.9

Data are presented as percentage change of protein levels £ SEM as compared to 5 min
saline controls of the same sex. * Represents statistically significant differences between
sexes. (N =4 per group)
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Table 3. Percentage change of protein levels of DARPP-32 signaling proteins in CPu

of cocaine-treated animals.

Time Point 5 min 15 min 30 min 45 min 90 min
Protein Male Female | Male Female Male Female Male Female | Male Female
DARPP-32 | 5.1 8.3+ 7.8+ 0.0+ 164+ -38z% 277+ 23+ 284+ 124+
155 9.3 14.9 10.0 13.3 10.5 134 11.9 17.3 10.8
P-Thr34- 8.9+ -20.8 + 4.0+ -25.6 + 3.6+ -33.2+ 6.8 + -17.9+ -15+ 154+
DARPP-32 | 11.1 26.5 13.6 155 10.3 10.7* 9.3 16.6 9.1 35.9
PP-1o, -89+ -236z% 85+ -31.3+ 40+ -30.4 £ 98+ -16.0 £ 0.8+ -235+
115 24.7 11.9 19.8 114 17.8 9.0 18.9 0.9 27.4
CaN-A 1.0+ -38.1 £ -11.6 -39.8 £ 49+ 01z -19+  -389+ 177+ -8.1+%
13.0 11.8 +11.1 121 6.4 271.7 7.5 5.8* 17.0 15.0
CaN-B 106+ -410+ 9.2+ -455 + 55+ -6.8 + 9.4+ -34.3 £ 204+ -220z%
16.1 15.0 134 13.7* 8.1 26.9 10.2 9.7* 10.0 16.2

Data are presented as percentage change of protein levels £ SEM as compared to 5 min
saline controls of the same sex. * Represents statistically significant differences between
sexes. (N =4 per group)
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V. Discussion

Results presented here are novel in that they demonstrate basal sex differences
and a sexually dimorphic pattern of activation after acute cocaine administration in the
DARPP-32 intracellular cascades. These results extend current knowledge by showing
that the known basal and cocaine-induced sex differences at the release, receptor (number
and specificity), and reuptake levels in the DA system also include differences at the DA-
mediated second messenger intracellular responses.

Female rats had higher basal protein levels in most DARPP-32 pathway
components. Lynch et al. (2007) have also shown that female Sprague Dawley rats have
higher basal levels of phosphorylated DARPP-32. Thus our results, which are consistent
with their observations, demonstrate that the DARPP-32 cascade is heightened in female
rats as compared with males. Basal sex differences in the DARPP-32 cascade suggest
three postulates. First, because female rats have higher accumbal dopaminergic tone than
males (Becker, 1999; Walker et al., 2006), PKA may be activated at higher levels by high
basal DA levels, and in turn, this high level of PKA activation increases the
phosphorylation of DARPP-32 at the Thr34 site (Nishi et al., 2000). Indeed, Nazarian et
al. (2009) have demonstrated that female rats have higher basal protein levels of PKA in
NAc than male rats. This finding is further supported by previous reports of higher basal
dopamine release and uptake in female rats (Walker et al., 2000), which may underlie the
higher basal levels of P-Thr34-DARPP-32 mediated by D1/PKA activation in females
than males. The second postulate is that the differential efficiency of D1 receptors
between sexes (Schindler and Carmona, 2002; Festa et al., 2006) may also have an

impact on the sex differences in P-Thr34-DARPP-32 protein levels. Because females are
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more sensitive to D1 agonists, less ligand may be needed to increase the activation of the
D1/PKA/DARPP-32 cascade in females than in males. Thirdly, estrogen increases the
basal extracellular concentration of DA in the striatum (Xiao and Becker, 1994).
Furthermore, enhanced DARPP-32 phosphorylation at the Thr-34 site after the estradiol
treatment has also been observed in the medial preoptic nucleus, bed nucleus of the stria
terminalis, paraventricular nucleus, and the ventromedial nucleus of the hypothalamus
(Auger et al., 2001). Therefore, females’ higher estrogen levels may contribute to the
basal sex differences in P-Thr34-DARPP-32 protein levels. Further experiments are
necessary to determine whether one or all these postulates contribute to the sexual
dimorphic pattern of DARPP-32-mediated proteins. Still unknown is the extent to which
the higher basal levels of DARPP-32 phosphorylation at the Thr34 site in female rats
contribute to the sexual dimorphism. However, we postulate that females’ robust and
prolonged motor responses after acute cocaine administration are in part mediated by
their having initial higher basal levels of P-Thr34-DARPP-32.

P-Thr34-DARPP-32 inhibits PP-1 activity (Svenningsson et al., 2005). Thus,
higher basal protein levels of PP-1 in females may reflect a disinhibitory effect caused by
higher P-Thr34-DARPP-32 protein levels. In addition, PP-1 protein levels are also part of
PKA regulation (Surmeier et al., 1995). Thus, higher PKA activation in females (either
by the higher dopamine tone (Becker, 1999; Walker et al., 2006) or higher PKA protein
levels (Nazarian et al., 2009)) may also counterbalance the inhibitory effect of P-Thr34-
DARPP-32 in PP-1, which in turn indirectly elevates PP-1 protein levels. However,
further study is needed to determine the extent to which the higher basal levels of P-

Thr34-DARPP-32 in female rats contribute to the sexual dimorphism in PP-1 protein
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levels. To further confirm our finding and address the differences between the levels of
protein expression and the levels of protein activity, future studies measuring the
phosphatase activity of PP-1 in male and female rats are warranted.

PP-2B protein levels were also found to be higher in saline-treated female rats
than in males. Since PP-2B dephosphorylates P-Thr34-DARPP-32 (King et al., 1984;
Goto et al., 1986), the elevated PP-2B protein levels may represent a positive feedback
mechanism to counteract the higher basal protein levels of P-Thr34-DARPP-32 observed
in the females. Alternatively, recent evidence has also shown that the activation of PP-2B
IS necessary to maintain the dopamine D1-agonist-stimulated G-protein activation in the
forebrain cortical tissue (Adlersberg et al., 2004). Thus, the higher PP-2B protein levels
may further contribute to higher DARPP-32-mediated signaling activation in females.

In the basolateral amygdala (BLA), female rats have higher DA outflow after
acute stress than do their male counterparts (Mitsushima et al., 2006). Stress-induced
activation of the BLA also increases the DA extracellular level in the NAc (Floresco et al.,
1998; Howland et al., 2002), possibly through BLA excitatory projections into the NAc
(Kelley et al., 1982; Wright et al., 1996; Mulder et al., 1998). In addition, females have
higher DA levels in the striatum than males after acute stress. Furthermore, in the
prefrontal cortex (PFc, an area known to regulate cocaine reward (Kalivas et al., 2005)),
enhanced dopaminergic activities by acute stress were observed in male rats only (Dalla
et al., 2008). It was postulated that the increased cortical DA function in turn inhibits the
dopaminergic activities in the NAc (Ventura et al., 2002). However, in females, due to
their higher basal dopaminergic activities in the PFc, it is possible that acute stress can

not further increase cortical DA function, resulting in failure to inhibit the high
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dopaminergic activities in the NAc (Dalla et al., 2008). This dysregulation of DA-
mediated responses in the PFc-NAc pathway contributes to the female’s liability in
adapting to acute stress. Given that saline administrations may be an acute stressor, the
sexual dimorphic pattern of the DARPP-32 cascade may reflect sex differences in
administration-induced stress-mediated responses, such as DA releases and dopaminergic
activities. Indeed, because such differences were observed for the most part soon after the
saline administration, in addition, no sex differences were observed in naive rats, these
data further support this postulate. Recently, it has been postulated that sex differences in
stress-mediated responses may contribute to the known sex differences in the pattern of
cocaine abuse (see review in Becker et al., 2007). Thus, stress-induction of the DARPP-
32 cascade may have an impact on cocaine-induced regulation in this cascade.

After cocaine treatment, sex differences in the pattern of DARPP-32 activation
were observed. Although striatal P-Thr34-DARPP-32 has been reported to be increased
after acute cocaine administration, most of these studies are done on male mice (Nishi et
al., 2000; Valjent et al., 2005; Zachariou et al., 2006). Indeed, only Rauggi et al. (2005)
reported an induction of P-Thr34-DARPP-32 occurring 30 minutes after cocaine
treatment in the NAc of male rats; no studies were done in the rats’ CPu. The pattern of
P-Thr34-DARPP-32 protein level changes reported here is similar to that observed by
Rauggi et al. (2005). Since their study and ours use different cocaine doses, a dose
response study may be needed to further clarify these differences between the two
studies. In female rats, cocaine administration decreased the protein levels of DARPP-32,
P-Thr34-DARPP-32 in NAc and not changed in CPu. Because females’ higher basal

protein levels are already at “ceiling” levels, it is possible that cocaine can not further
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increase these protein levels. As a protein that dephosphorylates P-Thr34-DARPP-32, the
subsequent changes in PP-2B protein levels in both males and females may counteract
the changes of P-Thr34-DARPP-32 protein levels after cocaine treatment. However, in
female rats, PP-1 protein levels in the NAc were increased after acute cocaine
administration, whereas no significant changes were observed in the CPu. Unlike the
higher basal levels in the CPu, the basal protein levels of PP-1 in the NAc of females did
not start at high “ceiling” levels, which made possible a further increase by acute cocaine
treatment.

After cocaine treatment, higher induction in protein levels was observed in males
than females. Indeed, in male rats the protein levels of DARPP-32 signaling proteins
were increased after cocaine administration, but the overall levels of these proteins were
decreased in females. This difference further demonstrated a sexual dimorphic pattern in
the profile of this pathway after cocaine administration. However, the contributions to sex
differences of short-term changes in kinase activities, which are independent of
transcriptional changes, are yet to be determined.

When experience takes the form of exposure to drug abuse, alterations in
DARPP-32 function and activation appear to cause tolerance and dependence, an
adaptation commonly associated with the development and maintenance of rewarding
behaviors (Bibb et al., 2001). Sex specific differences exist at all stages of the cocaine-
abuse progress wherein females are more sensitive during different phases. Since both
Lynch et al. (2007) and Zachariou et al. (2006) demonstrated that dopamine-related
protein changes may not always be concordant with cocaine-reinforcing effects, a study

is needed to determine to what extent heightened basal responses in females and a sexual
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dimorphic pattern of DARPP-32-pathway contribute to the sex differences in the
regulation of central nervous system plasticity that induce drug dependence. However,
taken together, our findings suggest that females may have a different profile of elevated
D1-mediated intracellular second messenger transduction, which in turn may underlie
their higher rewarding sensitivity and locomotor behavior. An important issue not studied
here but by a most recent study in our lab is the effect of gonadal hormones and their
fluctuation on the DARPP-32 cascade. It is feasible that because DA release and reuptake
is affected by estrogen and progesterone circulatory levels, the DARPP-32 pathway will
be equally affected. Further studies need to be done to address this important issue, which

is highly relevant to women’s health.
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Chapter 3: Sex differences in chronic cocaine-induced behavioral and DARPP-32
signaling
I. Introduction

In 2007, 35% of the 5.7 million Americans aged 12 or older used cocaine in the
past year were women (NSDUH, 2008). Recently, more attention is paid to sex and
hormonal effects on drugs of abuse, due to different reactions to cocaine between
genders. For instance, more women begin using cocaine at a younger age than men
(NSDUH, 2007). Women also more quickly develop from casual use to cocaine abuse
than men (Ridenour et al., 2005). In addition, women are more likely to relapse trigged
by stress or depression, and report shorter abstinence periods than do men (Kosten et al.,
1993; Robbins et al., 1999; Van Etten and Anthony, 2001). After intermittent intranasal
administration of cocaine, women experience more nervousness and report higher ratings
of “feel good” (Kosten et al., 1996; McCance-Katz et al., 2005 ). Thus, women are more
sensitive to the addictive properties of cocaine than men. However, those sex differences
are limited to women in their luteal phase, when the subjective effects of cocaine were
lower compared to the follicular phase (Sofuoglu et al., 1999; Evans et al., 2002; Evans
and Foltin, 2006). Other clinical studies have revealed conflicting findings of no sex or
menstrual cycle differences, which may result from different dose and route of cocaine
administration (Mendelson et al., 1999; Collins et al., 2007). However, Lukas et al. (1996)
even found that women take longer to feel cocaine’s subjective effects, report less
euphoria and dysphoria than men.

Similar to human, sex differences in response to cocaine also exist in animal

models of cocaine addiction. Female rodents exhibit exaggerated and more longer-lasting
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locomotor responses to cocaine than do males (\Van Haaren and Meyer, 1991; Schindler
and Carmona, 2002; Harrod et al., 2005). Females also more quickly develop behavior
sensitization with lower doses of cocaine (Chin et al., 2002; Hu et al., 2004; Jackson et
al., 2006). Sex differences also exist in the development of cocaine reward and
reinforcement responses. For example, female rats are more rapidly to acquire cocaine
self-administration, and develop cocaine-induced conditioned place preference (CPP)
with lower doses and fewer conditioning sessions than do males ( Lynch and Carroll,
1999; Van Haaren and Meyer, 1991; Russo et al., 2003).

In reward-associated areas including the nucleus accumbens (NAc) and caudate-
putamen (CPu), the dopamine and cyclic adenosine 3’,5’-monophosphate-regulated
phosphoprotein, 32 kDa (DARPP-32) signaling pathway is involved in the intracellular
transduction in response to dopamine. Depending on the site of phosphorylation,
DARPP-32 can act either as a phosphatase inhibitor or as a kinase inhibitor. By binding
on D1 dopamine receptors, extracellular dopamine, activates PKA. PKA exert two effects
on DARPP-32 cascade. On one hand, it phosphorylates DARPP-32 at the threonine 34
site (P-Thr34-DARPP-32) as an inhibitor of a major serinine/threonine protein
phosphatase -- protein phosphatase-1 (PP-1). P-Thr34-DARPP-32, by inhibiting PP-1,
increases the phosphorylation of various neurotransmitter receptors, voltage-gated ion
channels, and transcription factors, such as CAMP-responsive element binding protein
(CREB) (Blank et al., 1997; Snyder et al., 1998; Yan et al., 1999; Strack et al., 1997; Bito
et al., 1996). On the other hand, the concomitant activation of PKA enhances the
expression of immediate-early genes, such as Fos, AFosB (a truncated isoform of FosB)

and Jun (Koob, 1996; Kelz et al, 1999). Cdk5, a downstream target gene of AFosB, when

41



associated with a regulatory subunit, p35, it could phosphorylate DARPP-32 at Thr-75
site (P-Thr75-DARPP-32) (Maccioni et al, 2001; Bibb et al, 2001). P-Thr75-DARPP-32
is a strong inhibitor of PKA and attenuates the D1/PKA/P-Thr34-DARPP-32/PP-1
signaling (Bibb et al., 1999). On the contrary, there is also dephosphorylation mechanism
to balance the phosphorylation of DARPP-32. For example, P-Thr34-DARPP-32 is
dephosphorylated by PP-2B, a Ca2+/calmodulin-dependent protein phosphatase (Goto et
al., 1986; King et al., 1984); while the P-Thr75-DARPP-32 is also dephosphorylated by
PP2A (protein phosphotase-2A) in a PKA-dependent manner (Nishi et al., 2000).

The DARPP-32 cascade plays a critical role in mediating cocaine-induced
behavioral changes. Acute cocaine administration elevates the P-Thr34-DARPP-32 and
suppresses P-Thr75-DARPP-32 protein levels in the striatum of male rodents (Nishi et al.,
2000; Rauggi et al., 2005; Takahashi et al., 2005; Synder et al., 2000). After chronic
cocaine administration, the protein level of P-Thr75-DARPP-32 increases, accompanied
by a decrease in the P-Thr34-DARPP-32 in both NAc and CPu of male rats (Bibb et al.,
2001; Scheggai et al., 2004). Moreover, DARPP-32 knockout mice and mice with site
mutations of P-Thr34-DARPP-32 show blunted acute cocaine-induced locomotor activity
(Fienberg et al., 2006) and attenuated cocaine-induced conditioned place preference
(CPP), but have heightened behavioral sensitization in response to repeated cocaine
exposure (Zachariou et al., 2002). In contrast, mice with site mutations of P-Thr75-
DARPP-32 show normal acute cocaine-induced hyper-locomotor response and cocaine-
induced CPP, but exhibit reduced behavioral sensitization in response to repeated cocaine
administration (Zachariou et al., 2006; Zhang et al., 2006). Taken together, these studies

suggest that DARPP-32 is critical for short-term and long-term cocaine-induced
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behavioral alternations. Chronic cocaine administration also enhances CREB
phosphorylation and AFosB protein levels in the striatum (Walters and Blendy 2001,
Fienberg et al., 1998; Hiroi et al., 1999). However, the induction of these two proteins
exert opposite effects on drug response in that phosphorylated CREB seems to mediate
tolerance to cocaine rewarding effect; while AFosB mediates cocaine-induced behavioral
sensitization (for review, see Nestler, 2004). On the other hand, FosB shows reducing
induction after repeated drug exposure, and it does not seem to correlate to behavior
changes in male mice (Nestler et al., 2001). In striatum, chronic treatment with cocaine
increases in Cdk5 and p35 protein levels (Bibb et al., 2001; Scheggi et al., 2004).
Increased activation of Cdk5 has been implicated in mediating drug induced tolerant
locomotor responses (Bibb et al., 2001; Taylor et al., 2007).

Although the role of DARPP-32 pathway in cocaine induced behavior responses
has been well studied in male rodents, its role in cocaine-induced behavioral sex-
differences is still unclear. Recently, our laboratory and others demonstrated sexual
dimorphic responses to acute-cocaine treatment in DARPP-32-mediated signaling. In the
NACc, Zhou et al. (2009) demonstrated that female rats had higher basal protein levels of
DARPP-32 and P-Thr34-DARPP-32, but male rats exhibited higher activation of these
proteins after acute cocaine administration. Lynch et al. (2007) also showed that through
self-administration, female rats had higher protein levels of P-Thr34-DARPP-32 in the
NAc and CPu than males. Nazarian et al. (2009) demonstrated females have higher basal
and cocaine-induced PKA protein levels in the NAc than males, but the male rats
showed longer-lasting induction of p-CREB protein levels after acute cocaine regimen.

Together, these findings suggest that sex differences in the DARPP-32 signaling
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regulation may also contribute to sex difference in the development of rewarding
properties to cocaine. However, to date, no studies have considered the relationship
between protein levels within the DARPP-32 cascade and behavior activities in respond
to cocaine treatment. The aim of this present study was to determine whether chronic
cocaine administration alters the DARPP-32 intracellular cascades in a sexually
dimorphic pattern, and whether the alternation pattern is correlated with their behavior

responses.

Il. Methods

Animals: 60-day-old male and female Fischer rats (Charles River, Raleigh, NC) were
individually housed in Plexiglas chambers (20 x 20 x 41 cm) layered with beta chips.
Rats were given free access to food and water and maintained on a 12-hour light/dark
cycle (lights on at 9:00 a.m.). All rats were weighed, handled for 7 days prior to testing.
Animals were randomly assigned to experimental groups. 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 Hunter Institution Animal Care Use

Committee.

Drug and administration: Cocaine hydrochloride was purchased from Sigma chemical
Co. (St. Louis, MO). Cocaine solutions were prepared daily by dissolving in
physiological saline (0.9%). Throughout the study, all injections were administered in
each rat’s home cage. For the chronic administration paradigm, daily saline or cocaine

(15mg/kg) was injected (i.p.) into male and female rats from saline, acute or chronic
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groups, and with different days of administration (2, 5 and 14 days). In the saline group,
all animals received daily saline injection; in the acute group, saline was injected all the
times, except for the last testing day, in which a single cocaine injection was given; in the

chronic group, all rodents were administered by daily cocaine.

Behavior measurements: Behavior measurements were carried on in the home cage for
each rat for 60 min immediately after drug treatment. Both locomotor and stereotyped
behaviors were recoded. For locomotor behavior, a Cage Rack Photobeam Activity
System from San Diego Instruments | (San Diego, CA) was used to monitor the
ambulatory and rearing activities. The system consists of two frames placed around the
rat’s home cage. Ambulatory activity was determined by total counts of two consecutive
photobeam interruptions in the lower frame. Rearing activity was represented as total
counts of vertical motions detected by the upper frame. Total locomotor activity
represents the sum of all counts in the horizontal frame. Stereotyped behavior was
videotaped for 45 seconds each at 15, 30, and 45 minutes after administration. The
videotapes were analyzed by three trained observers, who were blind to the animal’s
treatment conditions. The Creese and Iversen rating scale (1974) was used for the rating

of the cocaine-induced stereotyped behavior.

Calculation for locomotor counts differences: To summarize the effect of repeated
exposure to cocaine administration on locomotor behavior sensitization or tolerance in
male and female rats, the differences of locomotor counts between acute and chronic

groups were used as an indicator. Briefly, ambulatory, rearing or total locomotor counts
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of individual rats in the chronic-cocaine treated group were subtracted from the average

locomotor counts of the correspondent acute-cocaine treated rats.

Brain tissue dissection and protein preparation: After decapitation (following a brief
20 s exposure to ), rat brains were removed, flash frozen in 2-methylbutane (-40° C), and
stored at -80° C until used. The areas of CPu and NAc were dissected out from coronal
sections (2mm thick) and homogenized using a Polytron handheld homogenizer
(Kinematica, Luzern, Switzerland) in a Lysis buffer [(50 mM Tris-HCI (pH 7.5), 300 mM
NaCl, 5 mM EDTA, 1% Triton X-100, 0.02% sodium azide) containing protease
inhibitors mixture (pepstatin, leupeptin, 1M DTT, aproteinin, 100 mM PMSF, 50mM
NaF, and 1 mM )]. Total protein content was determined using a Bradford kit from Bio-

Rad Laboratories (Hercules, CA).

Antibodies: DARPP-32 antibody and antibody recognizing both FosB and AFosB was
purchased from Cell Signaling Technologies (Beverly, MA). P-Thr34-DARPP-32, P-
Thr75-DARPP-32, PP1a, CaN-A and CaN-B antibodies were purchased from Sigma (St
Louis, MO). PP-2Ab, PP-2Ac, Cdk5, p35 and a-tubulin antibodies were purchased from
Santa Cruz Technologies (Santa Cruz, CA). PKACc (catalytic subunit of PKA) antibody
was purchased from BD Biosciences (San Jose, CA). p-CREB antibody was purchased
from Millipore (Billerica, MA). All appropriate secondary antibodies were purchased

from Amersham Pharmacia (Piscataway, NJ).
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Western blot analysis: Protein samples were boiled in Lammeli buffer containing 1% [3-
mercaptoethanol and loaded onto SDS-PAGE. Gels were electrophoresed, transferred to
nitrocellulose membranes, and blocked for 30 min with 5% non-fat dry milk in tris-
buffer-saline-tween (TBST) at room temperature. Membranes were then probed with
primary antibodies overnight at 4°C. After three washes with TBST, membranes were
incubated with their appropriate secondary antibody for 60 min at room temperature,
followed by three more washes with TBST. For normalization of protein levels, all
membranes were re-probed with a-tubulin antibody followed with the secondary
antibody. Antibody binding was detected using an enhanced chemiluminescence kit
(ECL; Amersham Pharmacia, Piscataway, NJ). Films were then quantified using a

computer densitometer and Image Quant Program (Molecular Dynamics).

Statistical analysis of data: Western blot data were presented as specific protein levels
normalized to a-tubulin levels. Stereotypic data were analyzed by calculating the area
under the curve (AUC) for the activity score plotted against time. Two-way analysis of
variance (ANOVAs) followed by Post Hoc tests was used for behavior and protein level
analysis. Pearson Correlation Coefficient was used for correlation between behavior
activities and protein levels. Determination of statistically significant differences was

considered at the 0.05 probability level (p < 0.05).

I11. Results
A. Sex differences in behavioral responses to chronic cocaine administration

1. Sex difference in cocaine-induced ambulatory activity
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As shown in Fig. 9, two-way ANOVA showed significant main effect of
treatment in all durations [2 days: F(50=24.890, p<0.001; 5 days: F54=25.904,
p<0.001; and 14 days: F53=30.485, p<0.001]; significant main effect of gender after all
treatments [2 days: F50=5.333, p<0.05; 5 days: F(154=11.195, p<0.01; and 14 days:
F,53=12.818, p<0.01]. Significant main effect of Treatment x Gender interaction after 2,
and 14 days of administration was also shown [2 days: F50)=3.815, p<0.05; and 14
days: F(253=5.527, p<0.01, respectively]. However, no main effect of interaction
between treatment and gender was observed after 5 days of drug administration.

Overall, regardless of gender and treatment duration, both acute and chronic
cocaine treatment significantly increased ambulatory activity as compared with their
saline controls (p<0.05 for all comparisons; Fig. 9). In male rats, ambulatory activity was
significantly higher after 5 days of chronic cocaine treatment when compared to acute-
cocaine treated group, indicating the development of behavior sensitization (p<0.01; Fig.
9B). However, no difference between acute and chronic cocaine treated groups was found
after 2 or 14 days of treatment (Fig. 9A and 9C). In females, chronic cocaine treatment
also produced sensitized higher ambulatory activities than acute treatment after 2 days of
administration (p<0.01; Fig. 9A). However, female rats receiving chronic cocaine
administration for 14 days demonstrated significantly lower ambulatory activity than
those receiving acute cocaine administration, showing behavior tolerance (p<0.001; Fig.
9C). No differences between acute and chronic cocaine treated groups were observed
after 5 days of administration (Fig. 9B).

Females revealed higher ambulatory activity than males in the chronic cocaine

groups after 2 days of administration (p<0.05; Fig. 9A); in the acute-cocaine groups after
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5 days of administration (p<0.01;Fig. 9B); and in both saline and acute-cocaine groups

after 14 days of administration (p<0.05 and p<0.01, respectively; Fig. 9C).

2. Sex difference in cocaine-induced rearing activity

As shown in Fig. 10, two-way ANOVA showed significant main effect of
treatment in all treatment durations [2 days: F 2 50=42.684, p<0.001; 5 days:
F(2,54)=35.628, p<0.001; and 14 days: F53=32.317, p<0.001]. Significant main effect of
gender was shown after 2 and 14 days of administration, and a marginal significant effect
was obtained after 5 days of administration [2-days: F 50=16.588, p<0.001; 14-days:
F(1,53=10.594, p<0.01; and 5-days: F1,54=3.799, p=0.056]. Two-way ANOVA also
showed significant main effect of Treatment x Gender interaction after 2 and 14 days of
administration, but not after 5 days of administration [2 days: F,50=7.460, p<0.01;
and 14 days: F53=3.867, p<0.05].

In both male and female rats, acute- and chronic-cocaine treatment significantly
increased rearing activity as compared with their saline controls regardless of treatment
length (p<0.05 for all comparisons; Fig. 10). However, no differences between the acute
and chronic cocaine treated groups were observed in male rats. In females, after 2 days of
drug administration, rearing activity was significantly higher in chronic cocaine treated
group when compared with acute cocaine treated group, suggesting the establish of
sensitization (p<0.01; Fig. 10A). However, 5 and 14 days of chronic cocaine
administration induced behavior tolerance, that lower rearing activity when compared to

their correspondent acute cocaine treatment (p<0.02 and p<0.001; Fig. 10B and 10C).
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In comparison with males, female rats revealed higher rearing activity in the
chronic-cocaine groups after 2 days of administration (p<0.001; Fig. 10A); in acute-
cocaine groups after 5 and 14 days of administration (p<0.05 and p<0.01, respectively;

Fig. 10B and 10C).

3. Sex difference in cocaine-induced total locomotor activity

As seen in Fig. 11, two-way ANOVA showed significant main effect of treatment
in all durations [2 days: F(250)=35.873, p<0.001; 5 days: F54=41.365, p<0.001; and 14
days: F(253y=42.184, p<0.001]; significant main effect of gender after all treatments [2-
days: F1,50=10.195, p<0.01; 5-days: F154=24.359, p<0.001; and 14-days:
F(1,53=14.913, p<0.001]. Significant main effect of Treatment x Gender interaction after
2 and 14 days of administration was also observed [2 days: F50=4.109, p<0.05; 5 days:
F(2,54y=3.329, p<0.05; and 14 days: F(s3=7.408, p<0.01].

Regardless of gender and drug treatment duration, both acute and chronic cocaine
treatment significantly increased total locomotor activity as compared with their saline
controls (p<0.05 for all comparisons; Fig. 11). In male rats, after 5 days of chronic
cocaine treatment induced sensitized total locomotor activity when compared to acute-
cocaine treated group (p<0.01; Fig. 11B). No difference between acute and chronic
cocaine-treated groups was found after 2 or 14 days of treatment (Fig. 11A and 11C). In
females, after 2 days of administration, chronic cocaine treatment also result in behavior
sensitization in total locomotor activities as compared to acute treatment (p<0.01; Fig.
11A). However, female rats receiving chronic cocaine administration for 14 days
demonstrated significantly lower locomotor activity than those receiving acute cocaine

administration, indicating the development of behavior tolerance (p<0.001; Fig. 11C). No
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differences between acute and chronic cocaine treated groups were observed after 5 days
of administration (Fig. 11B).

Female rats revealed higher total locomotor activity than males in both saline and
chronic-cocaine groups after 2 days of administration (p<0.05 and p<0.01, respectively;
Fig. 11A); in both acute- and chronic-cocaine groups after 5 days of administration
(p<0.01 and p<0.02, respectively; Fig. 11B); and in both saline and acute-cocaine groups

after 14 days of administration (p<0.05 and p<0.01, respectively; Fig. 11C).

4. Sex difference in locomotor activity counts differences between acute and chronic
groups

Further analysis of the locomotor activity differences between acute and chronic
cocaine treated groups was shown in Figure 12. After 2 days of cocaine administration,
female rats developed sensitized ambulatory, rearing and total locomotor activities
(p<0.05 for all comparisons; Fig. 12A). After 5 days of cocaine administration, male rats
developed ambulatory and total locomotor sensitization, while females developed
tolerance in rearing activities (p<0.05 for all comparisons; Fig. 12B). After 14 days of
cocaine administrations, female rats developed behavior tolerance in ambulatory, rearing

and total locomotor activities (p<0.05 for all comparisons; Fig.12C).

5. Sex differences in cocaine-induced stereotypic behavior
As shown in Fig. 13, two-way ANOVA showed significant main effect of
treatment in all durations [2 days: F(58=26.440, p<0.001; 5 days: F58=39.699,

p<0.001; and 14 days: F258=51.919, p<0.001]; significant main effect of gender after all
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treatments [2-days: F(158=11.585, p<0.001; 5-days: F58=10.631, p<0.01; and 14-days:
F(1,58=21.246, p<0.001]. No significant main effect of Treatment x Gender interaction
was observed throughout the treatment length.

In general, both acute and chronic cocaine treatment significantly increased the
stereotypic behavior in male and female rats regardless the length of treatment (P<0.001
for all comparisons; Fig. 13). Differences between male and female rats were also
observed along the treatment duration. After 2 days of chronic cocaine treatment, higher
stereotypic behavior was observed in females when compared to males (p<0.02, Fig.
13A). After 5 days of treatment, both saline and acute cocaine treatment stimulated
higher stereotypic activities in females when compared to male rats (p<0.05, for both
comparisons, Fig. 13B). After 14 days of treatment, female rats exhibited higher
stereotypic behavior 15 min after acute- or chronic-cocaine treatment (p<0.001 and

p<0.05, respectively; Fig. 13C).

B. Sex differences in DARPP-32 pathway signaling after chronic cocaine treatment
1. DARPP-32 signaling Sex differences in NAc

In the NAc of male rats, although P-Thr34-DARPP-32 protein levels were higher
after 5 days of treatment than after 14 days, main effect of day failed to reach statistical
significance, (p<0.05; F(218=3.189, p=0.065; respectively, Fig. 14B). However, the
protein levels of DARPP-32 and P-Thr75-DARPP-32 did not significantly change along
time (Fig. 14A and 14C). In female rats, no significant changes in the protein levels of
DARPP-32, P-Thr34-DARPP-32 or P-Thr75-DARPP-32 were observed (Fig. 14D-F).

As shown in Fig. 15C, in male rats, main day effect on PP-2Ab protein levels
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were observed, that 14 days of treatment significantly decreased PP-2Ab protein levels
than 2 or 5 days (F(,18=5.247, p<0.02; p<0.01 and p<0.05, respectively). In addition,
when compared to 14 days of saline treatment, acute and 14-day chronic cocaine
treatment significantly lowered protein levels of PP-2Ab in male NAc (p<0.05 and
p<0.02, respectively, Fig. 15C). However, PP-2Ac protein levels did not alter in male rats
(Fig. 15D). In female rats, no significant changes in either PP-2Ab or PP-2Ac protein
levels were observed in female rats (Fig. 15G and H). No significant changes in CaN-A
or CaN-B protein levels were observed in either sex (Fig. 15A-B and 15E-F).

In male rats, there were main day effect on PKAc and p-CREB protein levels
(F2.18=3.839, p<0.05; F(218=19.722, p<0.001, respectively; Fig. 16A and C).
Specifically, PKAc protein levels were higher after 5 days of treatment than 2 days
(p<0.02; Fig. 16A). p-CREB protein levels were also elevated after 5 days, as compared
to 2 and 14 days (p<0.001 for both comparisons; Fig. 16C). In addition, both acute and
chronic cocaine treatment increased p-CREB protein levels in male rats when compared
to saline treatment for 5 days (p<0.001 and p<0.02; Fig. 16C). PP-1a protein levels did
not change in the NAc of males (Fig. 16B). In females, significant main effect of day
were also observed in p-CREB protein levels, indicating that the p-CREB protein level
was lower after 2 days of treatment than 5 or 14 days (F2,18)=4.673, p<0.05; p<0.05 and
p<0.01, respectively; Fig. 16F). However, no significant changes were observed in PKAc
and PP-1a protein levels (Fig. 16D and 16E).

In males, as shown in Fig. 17A and B, both FosB and AFosB protein levels were
higher after 5 days than 14 days of treatment (p<0.02 and p<0.01). However, main day

effect were only observed in AFosB, but failed to reach statistical significance in FosB

53



(F2.18y=4.412, p<0.05; F(218=3.449, p=0.054, respectively). Five-day cocaine treatment
also increased AFosB protein levels than saline treatment for 5 days (p<0.05; Fig. 17B).
Changes in Cdk5 and p35 protein levels were also similar, that they were both elevated
after 5 days of treatment when compared with 2 and 14 days, and day effected reached
significance in both proteins (Cdk5: F(218=6.037, p<0.01; p<0.01 and p<0.05; p35:
F218=12.175, p<0.001; p<0.001 for both comparisons; Fig. 17C and D). In the NAc of
female rats, main day effect were observed in both FosB and AFosB (F(218=3.956,
p<0.05; F(2,18=3.881, p<0.05, respectively; Fig. 17E and F). However, the protein level
changes along time were different -- after 5 days of treatment, FosB protein levels were
lower, while AFosB protein levels were higher, when compared with their protein levels
after treatment for 2 days (p<0.02 for both comparisons; Fig. 17E and F). In addition,
regardless of treatment length, both acute and chronic treatment elevated FosB protein
levels compared to their controls, except for 14-day cocaine treatment (p<0.05 for all
comparisons; Fig. 17E). Five- and 14-day cocaine treatment also increased AFosB protein
levels when compared with saline (p<0.05 for both comparisons; Fig. 17E). No
significant changes were observed in Cdk5 or p35 protein levels in the NAc of female

rats (Fig. 16G and 17H).

2. DARPP-32 signaling sex differences in CPu

In males, no significant changes were observed in the protein levels of DARPP-32,
P-Thr34-DARPP-32 or P-Thr75-DARPP-32 (Fig. 18A-C). In female rats, 14 days of
treatment increased DARPP-32 and P-Thr34-DARPP-32 protein levels when compared

with 2 days of treatment (p<0.02 for both comparisons; Fig. 18D and 18E). However,
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significant main day effect were observed in DARPP-32 protein levels only, it failed to
reach statistic significance in P-Thr34-DARPP-32 protein levels (F1=4.109, p<0.05;
and F(2,18=3.415, p=0.055, respectively; Fig. 18E and 18F). No significant protein level
changes were observed in P-Thr75-DARPP-32 (Fig. 18F).

In male rats, no changes were observed in the protein levels of CaN-A, CaN-B,
PP-2Ab or PP-2Ac (Fig. 19A-D). In females, two-way ANOVA showed significant main
effect of treatment, main effect of day, and main effect of Treatment x Day interaction in
CaN-A protein levels (F1,18y=4.971, p<0.05; F(2,18y=7.105, p<0.01; F(2,15)=3.682, p<0.05,
respectively; Fig. 19E). Post-hoc tests revealed higher protein levels after 14-day chronic
cocaine treatment, when compared with its correspondent saline and acute cocaine
treatment, as well as to chronic cocaine treatment for 2 and 5 days (p<0.02 for all
comparisons). However, CaN-B protein levels did not change along time (Fig. 19F).
Similar to males, the PP-2Ab and PP-2Ac did not change along time in the CPu of female
rats (Fig. 19G and H).

In male rats, main day effect were observed in PP-1a protein levels, that 14 days
of treatment increased protein levels compared to 2 and 5 days of treatment (F2,15)=5.661,
p<0.02; p<0.01 and p<0.05, respectively; Fig. 20B). Compared to its saline control, 2-day
chronic cocaine treatment decreased PP-1a protein levels in the CPu of male rats (p<0.05;
Fig. 20B). However, no significant changes were observed in the protein levels of PKAc
and p-CREB (Fig. 20A and C). In females, main effect of day was observed in PKAc
protein levels, that PKAc protein levels were higher after 14 days of treatment than 2 and
5 days (F2,18)=7.340, p<0.01; p<0.05 and p<0.001, respectively; Fig. 20D). As shown in

Fig. 20E, both main effect of treatment and day were observed in PP-1a protein levels
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(F1,18y=10.962, p<0.01; F(15=8.925, p<0.01, respectively). Specifically, chronic cocaine
treatment elevated PP-1a protein levels higher than acute cocaine treatment. Also, PP-1a
protein levels were higher after 14 days of treatment than 2 or 5 days of treatment
(p<0.001 and p<0.01). In addition, 14-day chronic cocaine treatment also elevated PP-1a
protein levels compared to its saline control (p<0.05). Two-way ANOVA showed
significant main effect of treatment in female p-CREB protein levels, that chronic cocaine
significantly increased p-CREB protein levels as compared to acute cocaine treatment
(F1,18)=5.418, p<0.05; Fig. 20F). Main effect of day failed to reach statistical significance,
although p-CREB protein levels were higher after 14 days of treatment than 5 days
(F(2,18y=3.337, p=0.059; p<0.05, respectively; Fig. 20F).

In male rats, there was a main day effect for FosB and AFosB (F(15=4.368,
p<0.05; F(2,18=5.754, p<0.02, respectively; Fig. 21A and B). The protein levels of FosB
and AFosB were both higher after 5 days of treatment than 2 days (p<0.01 for both
comparisons). In addition, 14-day chronic cocaine treatment increased the protein levels
of FosB when compared to saline controls (p<0.05). However, 2-day chronic cocaine
treatment decreased AFosB protein levels than its saline controls (p<0.05). Although the
main day effect failed to reach statistical significance, the protein levels of Cdk5 after 14
days treatment were higher when compared to 2 days of treatment (F,15y=3.538, p=0.051,;
p<0.05, respectively; Fig. 21C). However, no changes were observed in p35 protein
levels (Fig. 21D). In the CPu of female rats, main effect of day was observed in FosB
protein levels, that its protein levels were higher after 2 days of treatment than 5 days
(F(2,18y=3.734, p<0.05; p<0.02, respectively; Fig. 21E). 2-day chronic cocaine treatment

and acute cocaine treatment on day 5 both significantly increased FosB protein levels as

56



compare to their saline controls (p<0.05 for both comparisons). On the contrary, no
significant day effect was observed in AFosB protein levels. Instead, there was significant
main effect of treatment that chronic cocaine significantly increased AFosB protein levels
when compared with acute cocaine treatment (F 1 18=6.185, p<0.05; Fig. 21F). Five- and
14-day chronic cocaine treatment also significantly elevated AFosB protein levels than
their saline controls (p<0.02 and p<0.05). In females, Cdk5 protein levels were higher
after 14 days of treatment than 2 or 5 days, and main day effect also reached statistical
significance (p<0.05 and p<0.001; F(218=7.255, p<0.01, respectively; Fig. 21G). Two-
way ANOVA showed significant main effect of treatment, as well as main effect of
Treatment x Day interaction in p35 protein levels (F1,15=8.931, p<0.01; F(;15=11.049,
p<0.001, respectively; Fig. 21H). Post-hoc tests revealed higher protein levels after 14-
day chronic cocaine treatment, when compared with its correspondent acute cocaine
treatment, as well as to chronic cocaine treatment for 2 and 5 days (p<0.05 for all
comparisons). In addition, acute cocaine treatment on day 5 and 14 significantly lowered
p35 protein levels than acute cocaine treatment on day 2; acute cocaine on day 14
administration also lowered p35 protein levels compared to its saline controls (p<0.02 for

all comparisons).

C. Correlation between behavior activity and DARPP-32 cascade protein levels
In male rats, as shown in Fig. 22, the AFosB protein levels in CPu positively
correlate with the stereotypic counts of the males (r=0.351, p<0.05).
In female rats, the FosB protein levels in the NAc positively correlate with

ambulatory, rearing, total locomotor and stereotypic counts (r=0.489, p<0.01; r=0.445,
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p<0.01; r=0.500, p<0.01; and r=0.504, p<0.01, respectively; Fig. 23 A-D). Similarly, the
FosB protein levels in the CPu also positively correlate with these behaviors (ambulatory:
r=0.480, p<0.01; rearing: r=0.552, p<0.001; total: r=0.513, p<0.001; and stereotypic:
r=0.532, p<0.001, respectively; Fig. 24A-D). On the other hand, the Cdk5 protein levels
in the CPu of female rats negatively correlate with locomotor and stereotypic activities
(ambulatory: r=-0.361, p<0.05; rearing: r=-0.435, p<0.01; total: r=-0.389, p<0.02;

and stereotypic: r=-0.409, p<0.02, respectively; Fig. 25A-D), while p35 protein levels in
CPu negatively correlate with locomotor activities only (ambulatory: r=-0.409,

p<0.02; rearing: r=-0.391, p<0.02; total: r=-0.366, p<0.05; and stereotypic: r=-0.338,

p<0.05, respectively; Fig. 26A-D).
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Figure 16: Western blot analysis of PKAc (A, D), PP-1a (B, E) and p-CREB (C, F)
in the NAc of male (A-C) and female (D-F) rats after acute and chronic cocaine
treatment. Data presented as mean protein levels normalized to a-tubulin (£S.E.M). #
Represents significant difference between different lengths of treatment. * Represents
significant difference to saline control of the same length of treatment (p<0.05). (n=4 per

group)
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Figure 17: Western blot analysis of FosB (A, E), AFosB (B, F), Cdk5 (C, G) and p35
(D, H) in the NAc of male (A-D) and female (E-H) rats after acute and chronic
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(p<0.05). (n=4 per group)
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Figure 18: Western blot analysis of DARPP-32 (A, D), P-Thr34-DARPP-32 (B, E)
and P-Thr75-DARPP-32 (C, F) in the CPu of male (A-C) and female (D-F) rats after
acute and chronic cocaine treatment. Data presented as mean protein levels normalized
to a-tubulin (£S.E.M). # Represents significant difference between different lengths of
treatment. * Represents significant difference to saline control of the same length of
treatment (p<0.05). (n=4 per group)
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Figure 19: Western blot analysis of CaN-A (A, E), CaN-B (B, F), PP-2Ab (C, G) and
PP-2Ac (D, H) in the CPu of male (A-D) and female (E-H) rats after acute and
chronic cocaine treatment. Data presented as mean protein levels normalized to o-
tubulin (£S.E.M). # Represents significant difference between different lengths of
treatment. * Represents significant difference to saline control of the same length of
treatment. ** Represents significant difference between acute and chronic treatment
(p<0.05). (n=4 per group)
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Figure 20: Western blot analysis of PKAc (A, D), PP-1a (B, E) and p-CREB (C, F)
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Figure 21: Western blot analysis of FosB (A, E), AFesB (B, F), Cdk5 (C, G) and p35
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1. Discussion

A. Sex differences in behavioral response to chronic cocaine treatment

In a consistent with previous findings from our group and others demonstrating
that acute cocaine treatment increased behavioral responses in female rats (Chin et al.,
2002; Festa et al., 2004; Sell et al., 2000; VVan Haaren and Meyer, 1991; Walker et al.,
2001), we also showed that the locomotor activity was higher in female rats when
compared to their male counterparts. After chronic cocaine administration, in agreement
with Chin et al. (2002) and Becker et al. (1999), we observed that female rats developed
locomotor sensitization to cocaine more rapidly and more robust than male rats. In line
with our previous findings (Festa et al., 2004; 2006), although acute cocaine induced
stereotypic behavior in both male and female rats, no significant sex difference was
observed. On the other hand, a sex dimorphic stereotypic behavior was observed with
repeated exposure to cocaine. However, in comparison to acute cocaine groups, chronic
cocaine could not further potentiate stereotypic behavior changes in either sex. Thus,
repeated cocaine induced behavioral sensitization may not be revealed via stereotypic
behavior rating, a categorical rating system. Alternatively, environment novelty has been
implicated in the development of psychostimulant-induced behavioral sensitization
(review in Robinson et al, 1998). Since the same home cage was used in measuring the
behavior alternations in the present study, it may partially account for the lacking of
difference in stereotypic behavior between acute and chronic cocaine administration
within sex.

Interestingly, for the first time, we further demonstrated that female but not male
rats developed locomotor tolerance after prolonged cocaine regimen. In male rats,

previous studies indicated that intermittent cocaine administration (e.g. once injection per
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day) frequently induces sensitization to locomotor effects (Churchill et al., 1999; Henry
and White 1991, 1995; Sorg et al., 1993). In contrast, locomotor tolerance response can
be achieved via continuous cocaine administration (e.g. minipumps; King et al., 1992;
Martin-lverson and Burger 1995; Kunko et al., 1998; Izenwasser and French et al., 2002;
Reith et al., 1987). These two different behavioral responses are associated with changes
of dopamine receptors occupancy, in that sensitization induces more dopamine receptors
occupancy and tolerance results in the decrease of dopamine receptors occupancy
(Martin-lverson and Burger 1995). Behaviorally, studies have shown that female rats are
more sensitive to dopamine D1 receptor antagonism in response to cocaine (Festa et al.,
2006; Schindler and Carmona 2002; Nazarian et al., 2005). Previously, we demonstrated
that female rats had more dopamine D1 receptor occupancy in the CPu, which may
contribute to higher locomotor activity after acute cocaine administration (Festa et al.,
2006). In addition, after chronic cocaine administration (14 days, binge injection), a
recent study showed that female rats may have higher 5-opioid receptor membrane
expression in the NAc core (Ambrose-Lanci et al., 2008). Due to the effect of dopamine
D1 receptor activation in mediating 3-opioid receptor desensitization (Unterwald et al.,
1993; Unterwald and Cuntapay 2000), it is plausible that a blunted dopamine D1 receptor
activity and/or occupancy may contribute to the elevated 6-opioid receptor membrane
expression in female rats. Collectively, when compared to the male, the left-shift of
locomotor change in female rats may related to higher dopamine D1 receptor sensitivity
leading to earlier behavioral augmentation/sensitization in response to acute and chronic
cocaine treatment; the reduction in dopamine D1 activation may underlie the locomotor

tolerance induced by prolonged cocaine administration.
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Compared to the horizontal movement measured by ambulatory and total
locomotor activities, the vertical movement indicated by rearing activities exhibited a
tendency to develop tolerance. In male rats, sensitization was absent in rearing behavior;
while in females, tolerance had been developed as early as 5 days. These differences may
result from the fact that horizontal and vertical movements are incompatible to each other,
as the horizontal and vertical movement could not be exhibited at the same time. From
our results, it is possible that when chronic cocaine treatments induce more movements in

the horizontal direction, the movement in the vertical direction tend to decrease.

B. Sex differences in DARPP-32 cascade after chronic cocaine treatment
1. Sex differences in DARPP-32 and its phosphorylations

Recently, we have observed sex difference in DARPP-32 in response to acute
cocaine, indicating that male rats had lower basal level but higher induction of DARPP-
32 when compared to females (Zhou et al., 2009). Here sex differences were also
observed in chronic cocaine-induced DARPP-32 and its phosphorylations.

In the NAc of male rats, P-Thr34-DARPP-32 protein levels were increased after 5
days of treatment, when behavior sensitization was observed in male rats. However, P-
Thr75-DARPP-32 protein levels did not change along time of treatment. It is contradict
to the previous findings suggesting that chronic cocaine treatment decreased P-Thr34-
DARPP-32 and increased P-Thr75-DARPP-32, respectively, in striatum of behavior
sensitized male rats (Bibb et al., 2001; Scheggi et al., 2004 and 2007). The discrepancy
may be due to different sensitization protocols: in their experiments all animals were

received a withdraw/washout period before a cocaine challenge, while in our experiment,
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rats were sacrificed 1 hour after last injection. It is possible that the length of abstinence
period may affect the phosphorylation level of DARPP-32. Indeed, Scheggi et al. (2007)
demonstrated that with two washout lengths, 10 days and 3 month, the decrease in P-
Thr34-DARPP-32 and increase in P-Thr75-DARPP-32 induced by chronic cocaine
treatment were only observed after 10 days washout. Moreover, using cocaine self-
administration model, Lynch et al. (2007) demonstrated that the P-Thr34-DARPP-32
protein level in the NAc of male rats was increased after 0-day abstinence, but its
elevated phosphorylation level was decreased to the control level after 10-day abstinence
period. Therefore, our experiment aimed to measure the DARPP-32 phosphorylation
right after chronic cocaine administration, which is similar to the increase of P-Thr34-
DARPP-32 with 0-day abstinence as a result of cocaine self-administration. Another
possible reason for the contradictory findings may be due to the cell type-specific
regulation for DARPP-32 phosphorylation. There are two subpopulations of striatal

cells — striatonigral neurons mainly express D1-like receptors, and striatopallidal neurons
highly express D2-like receptors (Gerfen et al., 1990). D1-like receptors are coupled to
Gs/olf proteins, which promote the formation of cAMP and the PKA activation; on the
other hand, D2-like receptors are coupled to Gi proteins, which negatively regulate the
formation of CAMP and the activity of PKA (Stoof and Kebabian, 1981). Previous study
demonstrated that, after the exposure of cocaine, the PKA-mediated increases of P-Thr34
DARPP-32 and decreases of P-Thr75 DARPP-32 were mainly restricted in the
striatonigral neurons, while an opposite phosphorylation pattern on DARPP-32 was
observed in striatopallidal neurons (Bateup et al., 2008). In the present study, we did not

differentiate specific neurons, thus, the “net” effect of DARPP-32 in both types of
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neurons was measured via our western blot analysis. In addition, distinct ways for tissue
dissection (e.g. tissue punching and gross dissection by hand) may occur among studies
leading to different ratio of these two types of neurons; in turn, the mixed total effect
detected by western blot may also show different results.

In female rats, both DARPP-32 and P-Thr34-DARPP-32 protein levels increased
in the CPu after 14 days, when behavior tolerance was observed in female rats. Similar to
the result of NAc, P-Thr75-DARPP-32 protein levels in the CPu did not change. These
results suggested that compared to P-Thr75-DARPP-32, P-Thr34-DARPP-32 may be
more critical for chronic cocaine-induced behavior changes. Previous studies indicated
that DARPP-32 knockout mice and mice with site mutations at Thr34 show heightened
behavioral sensitization in response to repeated cocaine injections (Zachariou et al.,
2006). It suggests that DARPP-32 and its phosphorylated Thr-34 isoform have potentially
inhibitory effect on behavioral response to chronic cocaine treatment. Therefore, in
female rats, increases of DARPP-32 and P-Thr34-DARPP-32 protein levels may lead to
the behavior tolerance in response to chronic cocaine exposure. On the other hand, in
Thr75 site mutation mice, chronic cocaine-induced locomotor sensitization was
unaffected or absent (Valjent et al., 2005; Zachariou et al., 2006). Thus, the functional
significance of P-Thr75-DARPP-32 in cocaine-induced behavior changes should be
further determined.

No treatment effect was observed in either sex. However, acute cocaine treatment
on Day 2 resulted in decreases of P-Thr34-DARPP-32 protein levels in the CPu of female
rats when compared to saline control. Cocaine-induced DARPP-32 phosphorylation

changes were generally observed at 30min in male rodents or 45min in female rats after
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cocaine treatment, and gradually returned to baseline (Takahashi et al., 2005; Rauggi et
al., 2005; Nishi et al., 2000; Synder et al., 2000; Zhou et al., 2009). In the present study,
we measured protein levels 60min after last treatment which may partially account for the
failure to detect any cocaine effect on DARPP-32 phosphorylation. However, the higher
basal protein levels and delayed induction of P-Thr34-DARPP-32 in females (Zhou et al.,
2009) potentially make the decrease of P-Thr34-DARPP-32 still detectable. Nevertheless,
a time-course designed study is necessary to elucidate the change in the DARPP-32

phosphorylation in response to both acute and chronic cocaine administration.

2. Sex differences in PP-2B/PP-2A regulation

PP-2B, a Ca2+/calmodulin-dependent serine/threonine protein phosphatase,
dephosphorylates P-Thr34-DARPP-32. Although an increase of P-Thr34-DARPP-32 was
observed in the NAc of male rats, we did not find similar changes in PP-2B protein
levels. Previous studies have demonstrated that after chronic cocaine treatment, PP-2B
protein levels were decreased in the NAc of male rats (Hu et al., 2005) possibly as a
result of decreases in * influx and intracellular released * (Zhang et al, 2002; Hu et al,
2004). It is possible that the decrease in PP-2B was only observed in the particulate
fractions, but not in the soluble fractions (Hu et al., 2005). In addition, the
immunoreactivity of PP-2B is higher in the soluble fractions than that in the particulate
fractions (Lin et al., 2002). Since we measured the overall protein level of PP-2B and did
not separate our samples into different fractions, it is plausible that the effect of chronic
cocaine-induced PP-2B changes in the particulate fractions was masked. Thus,

measurements in different fractions are needed to evaluate PP-2B protein levels changes
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in response to cocaine. On the other hand, in female rats, the CaN-A protein levels in the
CPu were increased after 14 days of cocaine administration, with parallel increases in
both DARPP-32 and P-Thr34-DARPP-32 protein levels. CaN-A is the catalytic subunit
of PP-2B and its increase may indicate higher activation of PP-2B after chronic cocaine
treatment. The increased PP-2B protein levels may represent a positive feedback
mechanism to counteract the higher protein levels of P-Thr34-DARPP-32 in the females
after chronic cocaine treatment. We previously demonstrated that when compared to male
rats, females have higher basal PP-2B protein levels, and delayed protein induction in
response to cocaine (Zhou et al., 2009). Thus, it may partially explain the detectable PP-
2B changes in females only.

PP-2A is the predominant serine-threonine protein phosphotase mediating the
dephosphorylation of P-Thr75-DARPP-32 (Nishi et al., 2000). Previous study
demonstrated that, after chronic methamphetamine, a decrease in PP-2A protein levels
was observed in ventral striatum of male rats (Chen and Chen, 2005). In our experiment,
we further showed that, after 14 days of cocaine administration, the PP-2A regulatory B
subunit protein levels were decrease in the NAc of male rats with a similar trend of P-
Thr75 DARPP-32 reduction. This finding may suggest a positive feedback mechanism in
P-Thr75-DARPP-32 dephosphorylation by PP-2A. However, although to a lesser extent,
other protein phosphatase including PP-1 and PP-2C also dephosphorylates DARPP-32 at
Thr75 site (Nishi et al., 2000), which may underlie the marginal decrease of P-Thr75
DARPP-32 in the current study. In female rats, after chronic cocaine treatment, we did
not observe any changes in PP-2A protein levels due to the unaltered P-Thr75 DARPP-32

protein levels. Previous study showed that PKA mediates the activity of PP-2A (Usui et
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al., 1988). Several possible explanations may underlie the inconsistency in PKA and PP-
2A protein level changes in females. First, although PKA could increase the activity of
PP-2A, it may not be reflected on its protein levels. Second, compared to males, female
rats have higher basal PKA-mediated signaling and proteins expression (Zhou et al.,
2009; Nazarian et al., 2009). It is plausible that the higher PKA protein levels in females
lead to an augmentation in the PP-2A protein expression under physiological condition.
Thus, additional cocaine administration cannot further potentiate its expression. Third,
previous studies demonstrate that PKA stimulates the activity of PP-2A by
phosphorylating its B’ regulatory subunit (Usui et al., 1988 and 1998). Therefore, in
addition to the B subunits of PP-2A examined in current study, it is worthy to further
measure B’ regulatory subunit protein levels to evaluate the effect of PKA on PP-2A

activation.

3. Sex differences in PKA regulation and downstream PP-1/p-CREB

PKA phosphorylates DARPP-32 at Thr34 site. In line with an increase of P-Thr-
34 DARPP-32, herein, we also demonstrated that the PKA protein levels were increased
after repeated cocaine exposure. Specifically, in male rats, PKA protein levels in the NAc
were increased after 5 days administration, while no change was observed in the CPu. In
contrast, in females, no change was observed in the NAc, while increases of PKA protein
levels were found in the CPu after 14 days regimen. Recently, our laboratory has shown
that female rats have higher basal and cocaine-induced PKA protein expression in the
NAc but not in the CPu (Nazarian et al., 2009). Due to the heightened basal and induction

of PKA in the NAc of females, a “ceiling effect” may make it difficult to further
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accumulate PKA protein levels along days of cocaine treatment. However, in males,
because the PKA protein levels were initially at a relatively low status, an increase of
PKA expression can be further elevated by cocaine in the NAc. On the other hand, in the
CPu, the PKA basal protein levels were similar between male and female rats. Although
the chronic cocaine-induced sex dimorphic induction pattern in the CPu is still unknown,
it is possible different brain regions and underlying PKA protein expression may
contribute to the behavioral sex difference in response to cocaine (See discussion in part
C).

In consistent with previous findings indicating that chronic cocaine had no effect
on PP-1 protein levels in the NAc of male rats (Hu et al., 2005), we did not find any
alternations of PP-1 protein expression after chronic cocaine treatment. It is well
established that the PP-1 activity was inhibited by P-Thr34 DARPP-32 (Nishi et al.,
1997). However, it has been documented that PP-1 could be activated by PKA in striatal
neurons (Surmeier et al, 1995). Collectively, these findings may suggest that the PP-1
activity and/or protein levels expression was determined by the inhibitory effect of P-Thr-
34 DARPP-32 and the activational effect of PKA. Thus, after 5 days of cocaine
administration, the elevation of both P-Thr34 DARPP-32 and PKA may counteract to
each other resulting in unaltered PP-1 protein levels in the NAc of male rats. Interestingly,
in the CPu of female rats, although both P-Thr34-DARPP-32 and PKA were increased
after 14 days of treatment, an argumentation on PP-1 protein levels was still observed. It
is possible that, after prolonged cocaine administration, the activation effect of PKA is
stronger than the inhibitory effect of P-Thr34-DARPP-32 in female rats. However, it

should be cautious that the protein level alteration does not always accompany activity
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changes. For instance, in the CPu of male rats, with no changes in P-Thr34-DARPP-32 or
PKA protein levels, an increase of PP-1 protein levels was still obtained after 14 days of
treatment. A similar finding was observed in p-CREB protein levels. Previous study has
indicated that PKA and PP-1 mediate the CREB phosphorylation and dephosphorylation,
respectively (Carlezon et al., 2005). Therefore, changes in p-CREB expression revealed
the net effect of both PP-1 and PKA. In male rats, the change of p-CREB protein level
was accompanied by alteration in PKA. In the CPu of female rats, the heightened p-
CREB protein levels after 14 days were as a result of higher PKA and PP-1 protein levels.
However, in the NAc of females, the increased p-CREB protein levels along time did not
correlate with PKA or PP-1 protein levels, but may correlate with the activity of PKA and
PP-1. Additional studies measuring the activation instead of protein levels were required
to support the postulation.

Study in male rats demonstrated that the activation of PKA is related to
behavioral sensitization but not tolerance in response to repeated exposure of cocaine
(Hope et al., 2005). On the other hand, p-CREB has been revealed as a neuroadaptation
phenomenon to limit behavioral sensitization in response to cocaine (Carlezon et al.,
2005). For example, studies have suggested that the greater activation of p-CREB is
associated with blunted psychomotor and rewarding effects in response to chronic
cocaine (Carlezon et al., 1998; Pliaks et al., 2001). CREB mutant mice showed
heightened cocaine-induced place conditioned preference and locomotor sensitization
(Walters and Blendy 2001). In addition, previous study in our lab showed that regardless
of cocaine treatment paradigm, the females have higher PKA protein levels in the NAc

when compared to the males, but males have longer-induction of p-CREB protein levels
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after cocaine (Nazarian et al., 2009). Thus, after chronic cocaine administration, the
elevated PKA and persistently increased p-CREB in striatum may result in the rapid
development of behavioral sensitization and tolerance in female rats. Similarly, after 5
days regime with the exhibition of behavioral sensitization, an upregulation of PKA-
CREB signaling was evident in the NAc of male rats. These finding suggest that, the
activation of CREB signaling is important in representing a negative mechanism to
counteract the cocaine-induced behavioral sensitization through PKA activation.
However, unlike in female rats, no further changes in PKA and p-CREB protein levels
were observed in the male after 14 days of cocaine treatment, which may explain the their

inability to develop behavioral tolerance.

4. Sex differences in AFosB/CdkS regulation

Cocaine causes a long-term neuroadaptation through the regulation of several
gene expressions. Among them, Fos-related family has been implicated in this process
underlying the behavioral alternation in response to cocaine. For instance, in male rats,
the initial cocaine exposure leads to FosB induction in the striatum, whereas prolong
cocaine administration results in tolerance in its induction (Hope et al., 1992; Chen et al.,
1995). FosB mutant mice exhibited higher psychomotor and rewarding effects in
response to cocaine administration (Hiroi et al., 1997). In the present study, a day/time
course effect was observed in FosB protein levels in male rats: an initial augmentation of
FosB followed by an induction of tolerance after 14 days cocaine treatment. On the 5th
day, male rats with repeated cocaine administration also exhibited behavioral

sensitization, thus, the increasing protein levels of FosB may contribute to their
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behavioral alternation. On the other hand, the FosB protein levels in females were
transiently increased after 2 days of cocaine injection and became tolerant subsequently
indicating a left-shit activation pattern when compared to the male. Further analysis
demonstrated a positive correlation between behavioral changes and FosB protein levels.
Taken together, these finding indicated that FosB induction represent as a critical
mediator associated with cocaine-induced behavioral sensitization in both sexes. In the
comparison of male, the differential FosB protein induction profile in female rats may
underline behavioral sensitization and tolerance with repeated cocaine administration.
After chronic cocaine injection or self-administration, a sustained accumulation of
AFosB has been found in various brain regions including the striatum (Hope et al., 1994;
Nye et al., 1995; Moratalla et al., 1996; Pich et al., 1997; Lee et al., 2006; Perrotti et al.,
2008). Behaviorally, overexpression of AFosB in mice enhances locomotor responses and
the sensitivity to rewarding properties of cocaine (Kelz et al., 1999; Colby et al., 2003).
In male rats, when compared to other treatment days, the AFosB protein levels were
transiently increased after 5 days of cocaine administration. However, in our males’ CPu
and NAc extracts, we did not obtain a sustained elevation of AFosB after 14 days of
cocaine treatment. The discrepancy may be due to different injection schedules (e.g.
twice daily injection) or higher dose of cocaine (e.g. 30 mg/kg of cocaine) used in
previous studies. In contrast, AFosB protein level expression in female rats was
accumulated across two weeks cocaine injection in both CPu and NAc. Previous study
demonstrated that, after cocaine administration, the dopamine release in the nucleus
accumbens is higher in females than in males (Walker et al., 2006). When compared to

male rats, female rats demonstrated higher sensitivity in response to dopamine D1
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receptor antagonism (Schindler and Carmona, 2002; Nazarian et al., 2004; Festa et al.,
2006). A sex dimorphic PKA protein levels was also documented (Nazarian et al., 2009;
present result). Therefore, it is plausible that the heightened dopamine/D1-mediated
signaling leads to sustained AFosB protein expression in females after repeated cocaine
exposure.

CdkS has been identified as a down stream target of AFosB. For example,
overexpression of AFosB leads to elevated Cdk5 expression (Kelz et al., 1999; Bibb et al.,
2001). After repeated cocaine administration, an increase of Cdk5 activity and protein
expression as well as its co-activator, p35, has been found (Scheggi et al., 2004; Lu et al.,
2003; Bibb et al., 2001; Kumar et al., 2005). Herein, in male NAc after 5 days of cocaine
injection, we demonstrated that the Cdk5 and p35 protein levels were accumulated with
exhibition of behavioral sensitization. Both pharmacological and genetic inhibition of
Cdk5 activity in the NAc of rodents resulted in a super-sensitivity to locomotor and
rewarding effects of repeated cocaine exposure (Bibb et al., 2001; Benavides et al., 2007).
Thus, the increase of Cdk5 and p35 protein levels in the NAc may represent as a positive
feedback mechanism to counteract the dopamine-mediated signaling underlying
behavioral sensitization. However, in a sex and region dependent manner, repeated
cocaine administration induced Cdk5 and p35in the females’ CPu but not the NAc.
Further analysis showed that the Cdk5 expression in the female CPu is negatively
correlated to behavior alternations, indicating that Cdk5 protein expression may underlie
the behavioral alternation (e.g. sensitization and tolerance) in the female. In contrast,
previous study by Lynch (2007) showed no sex differences in Cdk5 after chronic cocaine

regimen. The discrepant result may be due to methodology difference (cocaine self-
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administration vs. passive administration by experimenters), since the failure to induce

Cdk5 after cocaine self-administration has been reported (Seiwell et al., 2007). Although
the reason underlying the region specific protein expression induced by cocaine between
sexes is still unknown, in terms of both behavioral and biochemical alternation, it seems
that neuronal activity transition from NAc to CPu may contribute to the development of

cocaine-induced sexual dimorphism (see section C).

C. Regional specific sex differences

The striatum is a heterogeneous structure in mediating the transitional progress of
drug addiction. Hypothesis has suggested that repeated exposure to psychostimulants
may result in a shift from mesocorticolimbic to striatal control behavior (Everitt et al.,
2001; Everitt and Wolf 2002). For example, the NAc is critical to the initial reinforcing
and locomotor effects of psychostimulants (Hurd et al., 1989; Di Chiara and Imperato
1988; Robledo et al., 1992). On the other hand, the CPu has been implicated to
compulsive drug seeking behavior as a habit-like learning process (Everitt and Wolf 2002;
Packard and Knowlton 2002; White and McDonald 2002). In rodents and primates,
cocaine self-administration studies indicated that the neuronal activation and dopamine
release in the CPu parallel with cue-induced cocaine seeking behavior (Ito et al., 2002;
Porrino et al., 2004; Fuchs et al., 2006). Additionally, clinical studies revealed that cue-
induced craving is correlated to the neuronal activation in the CPu (Garavan et al., 2000;
\Volkow at al., 2006). The generalibility from self-administration to drug-induced
sensitization/tolerance is unknown. However, both experimental paradigms may share

similar properties. For example, behaviorally, rodents with cocaine self-administration
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history exhibited behavioral sensitization in response to subsequent challenge (Hooks et
al., 1994; Phillips and Di Ciano 1996). In addition, behavior sensitized rats demonstrated
enhanced drug self-administration including cocaine (Horger et al., 1990; Mendrek et al.,
1998; Lorrain et al., 2000). Thus, in a certain level, it is likely that similar neuronal
circuits may underlie both self-administration and behavioral sensitization paradigms.
Furthermore, similar to self-administration, drug-induced behavior sensitization has been
proposed as an associative learning process. Robinson and Berridge (1993, 2003)
postulated an incentive-sensitization theory of drug addiction which suggested that
repeated drug administration not only results in behavioral sensitization, it also could
sensitize the neuronal circuits to assign incentive salience to drug or drug-related cue.
The incentive salience could induce intense “wanting” behavior similar to the drug-
seeking behavior in self-administration paradigm. On this basis, it is possible that the
neuronal activity shift from NAc to CPu may also occur in the behavior sensitization
paradigm as in drug self-administration. Moreover, if tolerance is the endpoint of drug-
induced sensitization design, we boldly to suggest that the CPu may mediate the
behavioral tolerance as its role in the drug-seeking behavior of self-administration model.

Indeed, in this experiment, we did find a neuronal activity shift from NAc to CPu.
As summarized in Table 4 and Fig. 27, in male rats, most of the changes in protein levels
in the DARPP-32 signaling proteins were observed in the NAc after 5 days of treatment.
Specifically, male rats exhibited higher protein levels of P-Thr34-DARPP-32, PKAc, p-
CREB, FosB, AFosB, Cdk5 and p35 in NAc at day 5. As summarized in Table 5 and Fig.
28, in female rats, most of the changes in DARPP-32 cascade were observed in the CPu

after 14 days of treatment. In that, female rats exhibited higher protein levels of DARPP-
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32, P-Thr34-DARPP-32, CaN-A, PKAc, PP-1a, p-CREB, Cdk5 and p35 in CPu at day 14.
Based on these data, we postulate a transition model illustrated in Fig. 29. In this model,
we propose that the DARPP-32 cascade activity in NAc is more critical to the initial
locomotor effects (i.e. sensitization) of cocaine. However, as the exposure of cocaine
prolongs, there is a transition from NAc to CPu, that DARPP-32 cascade activation in
CPu is more crucial for the locomotor effects (i.e. tolerance) of prolonged cocaine
treatment. Since male rats develop sensitization and tolerance slower, we were able to
observe their initial activation of DARPP-32 cascade in the NAc, but the activation in
CPu is possibly beyond our observation time. In the case of female rats, they develop
behavior sensitization and tolerance very fast. It is possible that the initial activation of
DARPP-32 cascade in the NAc may be too brief to be observed, but the activity in the
CPu happened within our observation time. This model is further supported by our
experiment of acute cocaine treatment. The changes in the DARPP-32 cascade after acute
cocaine are observed in the NAc only, not in the CPu, which further demonstrate the
importance of NAc in the initial phase of cocaine response. However, future experiments
using shorter and longer treatment are necessary to observe the DARPP-32 cascade
activation in the NAc of females and the CPu of male rats are necessary to further support

this model.
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Table 4. Protein levels changes of DARPP-32 signaling proteins between different

lengths of cocaine treatment in male rats.

NAC CPu
2 Days | 5Days |14 Days | 2Days | 5Days | 14 Days

DARPP-32
P-Thr34-DARPP-32 0
P-Thr75-DARPP-32
CaN-A

CaN-B

PP-2Ab !
PP-2Ac
PKAC 1
PP-1a 1
|p-CREB
FosB
AFosB
Cdk5
|p35

e el
—
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Table 5. Protein levels changes of DARPP-32 signaling proteins between different

lengths of cocaine treatment in female rats.

NAcC CPu

2 Days | 5Days |14 Days | 2Days | 5Days | 14 Days
DARPP-32 1
P-Thr34-DARPP-32 1
P-Thr75-DARPP-32
CaN-A 1
CaN-B
PP-2Ab
PP-2Ac
PKAC 1
PP-la 1
|p-CREB ! 1
FosB 1 1
AFosB l
Cdk5 0
|p35 1
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Figure 27: DARPP-32 cascade protein level changes in the male rats after 5 days of

cocaine treatment.
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Chapter 4: Conclusion
I. Summary of results

In the acute cocaine experiment, female rats have higher intrinsic basal levels of
the DARPP-32 cascade when compared to males. After acute cocaine treatment, males
have increased higher induction of the cascade, while females have decreased lower
induction of the cascade as a result of the “ceiling effect” of their high basal level. These
sex differences were mainly observed in the NAc, not CPu.

In the chronic cocaine experiment, female rats exhibited higher locomotor and
stereotyped response to cocaine than males. Female rats also developed locomotor
sensitization and tolerance to chronic cocaine treatment earlier than males. No
sensitization or tolerance was observed in stereotyped activities in either male or female
rats. In male rats, the DARPP-32 signaling was heightened mostly in the NAc when
behavior sensitization was observed; while in female rats, increased DARPP-32 signaling
was found in the CPu when behavior tolerance was observed. In addition, the protein
levels of several DARPP-32 signaling proteins, including FosB, Cdk5, p35 and AFosB,
correlated with the behavior activities. However, the correlation was mostly found in
females rats, with an exception of AFosB, whose levels in the CPu of male rats correlated

with stereotypic activities.

I1. Significance of results
The focus of this dissertation was to investigate the role of DARPP-32 cascade in
acute and chronic cocaine-induced behavioral sex differences. Overall, the findings of the

present experiments have extended more information and understanding about the
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underling intracellular mechanisms for sex differences in cocaine action. Previous studies
demonstrated the importance of DARPP-32 in mediating the behavioral and rewarding
effect of cocaine. For instance, DARPP-32 knockout mice showed attenuated locomotor
response after acute cocaine, but had higher locomotor sensitization in response to
chronic cocaine (Fienberg et al., 1998; Hiroi et al., 1999). In addition, mice with P-
Thr34-DARPP-32 site mutation exhibited 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, in Thr75 site mutation mice, chronic cocaine-
induced locomotor sensitization was unaffected or absent (Valjent et al., 2005; Zachariou
et al., 2006). Although the role of DARPP-32 in cocaine action had been well studied in
male rodents, its role in cocaine induced sex differences remained unclear. Only Lynch et
al. (2007) showed that protein levels of P-Th34-DARPP-32 were higher in cocaine self-
administrated females than males. The dissertation tried to filling the blanks by studying
the changes in protein levels of DARPP-32 signaling proteins in the NAc and CPu of
male and female rats after acute and chronic cocaine treatment.

The first experiment was in order to address the sexual dimorphic changes in
DARPP-32 cascade in respond to acute cocaine. It revealed several new findings. First,
no sex differences were observed in protein levels of DARPP-32, P-Thr34-DARPP-32,
PP-1a, CaN-A and CaN-B in the NAc and CPu of naive male and female rats. Second,
after saline treatment, higher protein levels of DARPP-32, P-Thr34-DARPP-32, CaN-A
and CaN-B were observed in the NAc of females when compared to males; while higher

P-Thr34-DARPP-32 and PP-1a protein levels were observed in the CPu of female rats.
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However, in the NAc, most of the higher inductions in females only existed 5 min after
the treatment, except for CaN-A, which was still higher 15 min after treatment. Another
exception was PP-1a, which did not show heightened expression in females after 5 min,
but changed back into higher 30 min after treatment. Unfortunately, because of the loss of
female CPu samples, we were unable to compare the basal sex differences beyond 5 min.
Third, in the NAc, after a single cocaine (30 mg/kg) treatment, male rats exhibited
increased expression of P-Thr34-DARPP-32 (marginal significant) and CaN-A at 30 min,
as well as CaN-B at 15 min; while female rats exhibited decreased expression of DARPP-
32, P-Thr34-DARPP-32 and CaN-A at 45 min, but increased PP-1a at 30 min in the NAc.
However, no changes were observed in CPu of either males or females. Fourth, male rats
exhibited higher percentage changes of DARPP-32, P-Thr34-DARPP-32, PP-1a, CaN-A
and CaN-B in the NAc at various time points when compared to females; while in the
CPu of males, similar higher percentage changes were only observed in P-Thr34-
DARPP-32, CaN-A and CaN-B, and also at fewer time points.

Based on those findings, we postulated that the heightened DARPP-32 cascade in
female rats may be responsible for their higher behavior responses to acute cocaine. First,
female rats had higher basal protein levels of DARPP-32 signaling proteins in striatum
than males. The higher basal levels of P-Thr34-DARPP-32 may result from the higher
basal dopamine release and uptake, higher accumbal dopaminergic tone, high level of
PKA activation, or higher basal protein levels of PKA in female rats (Walker et al., 2000;
Becker, 1999; Walker et al., 2006; Nishi et al., 2000; Nazarian et al., 2009). The higher
PP-1a and PP-2B basal protein levels reflected a disinhibitory effect or a positive

feedback mechanism caused by the heightened basal P-Thr34-DARPP-32. However,
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these sex differences were not intrinsic, as no sex differences observed in naive rats, but
rather stress-induced. It has been demonstrated that females have higher DA levels in the
striatum and higher dopaminergic activities in the NAc than males after acute stress
(Dalla et al., 2008). Given that saline administrations may be an acute stressor, the sexual
dimorphic pattern of the DARPP-32 cascade may reflect sex differences in
administration-induced stress-mediated responses, such as DA releases and dopaminergic
activities. In addition, such differences were observed for the most part soon after the
saline administration, which further supported this postulate. Second, male rats exhibited
higher increased activation of DARPP-32 cascade, while female rats had lower decreased
induction after acute cocaine. These changes did not necessary mean that females had
lower protein levels than males after cocaine, as female rats started with much higher
basal levels. The inability of increase in most DARPP-32 signaling proteins actually
resulted from the higher basal levels, which exerted a “ceiling effect” on females. The
increase of PP-1a in the NAc of females after cocaine treatment further supported the
postulation, as the basal levels of PP-1a did not differ between sexes. Third, most of sex
differences in basal protein levels and acute cocaine induced protein level changes were
observed only in the NAc but not in the CPu. It suggested that compared to CPu, NAc
may be more important for the observed sex differences in acute cocaine induced
locomotor activities in the same rats used in this experiment (Nazarian et al., 2009).
Further support came from that lesions of CPu and NAc abolishes the psychostimulant-
induced stereotypic and locomotor behavior respectively (Kelly et al., 1975; Kelly and

Iversen, 1975).
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The second experiment aimed to address the sexual dimorphic in the development
of behavior sensitization and tolerance, as well as in DARPP-32 cascade changes in
respond to chronic cocaine. First, in general, both acute and chronic cocaine treatment
increased the locomotor and stereotypic activities in male and female rats, and the
activities in females were usually higher than the males with same treatment. In addition,
in female rats, chronic cocaine increased locomotor activities after 2 days of treatment,
but decreased locomotor activities after 14 days of treatment than acute cocaine; while in
males, similar increased locomotor activities in chronic cocaine treated rats were
observed after 5 days of treatment, and no decrease was observed within treatment length.
On the other hand, no differences in stereotypic activities were observed between acute
and chronic cocaine treatment in either sexes. Second, treatment effects were only
observed in a few proteins in the CPu of females, in that chronic cocaine increased higher
protein levels of PP-1a, p-CREB and AFosB when compared to acute cocaine. Most
protein level changes in the DARPP-32 signaling proteins were day effect, and happened
in different areas and at different treatment lengths in males and females. Specifically, in
male rats, heightened expression of proteins in DARPP-32 cascade were mostly observed
in the NAc after 5 days of treatment, including P-Thr34-DARPP-32, PKAc, p-CREB,
FosB, AFosB, Cdk5 and p35; while in female rats, heightened expression of DARPP-32
signaling proteins were mostly observed in the CPu after 14 days of treatment, including
DARPP-32, P-Thr34-DARPP-32, CaN-A, PKAc, PP-1a, p-CREB, Cdk5 and p35. Third,
in male rats, AFosB protein levels in the CPu positively correlated with the stereotypic
counts. In females, the correlation between protein levels and behavior activities more

found in more proteins and more behavior categories. Specifically, FosB protein levels in
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both NAc and CPu positively correlated with locomotor and stereotypic counts; while in
CPu, Cdks5 protein levels negatively correlated with locomotor and stereotypic activities,
and p35 protein levels negatively correlated with locomotor activities only.

From these findings, we revealed that female rats developed behavior
sensitization and tolerance earlier than males, and postulated that the differences in speed
may result from the sex differences in the DARPP-32 cascade in response to chronic
cocaine treatment. First, lacking of differences in stereotypic after acute and chronic
cocaine treatment suggest that stereotypic behavior rating, a categorical rating system,
may not be a good index for behavior sensitization or tolerance development in home
cage. It has been demonstrated that environment novelty is implicated in the development
of psychostimulant-induced behavioral sensitization (review in Robinson et al, 1998).
Second, compared to males, there was a left-shift locomotor change in female rats, that
female rats developed locomotor behavior sensitization and tolerance earlier than males.
It has been demonstrated that sensitization induced more dopamine receptors occupancy
and tolerance resulted in the decrease of dopamine receptors occupancy (Martin-lverson
and Burger 1995). So the left-shift in females may related to higher dopamine D1
receptor sensitivity leading to earlier behavioral augmentation/sensitization in response to
acute and chronic cocaine treatment; the reduction in dopamine D1 activation may
underlie the locomotor tolerance induced by prolong cocaine treatment (Festa et al., 2006;
Schindler and Carmona 2002; Nazarian et al., 2005). Third, male rats exhibited
heightened DARPP-32 signaling in the NAc after 5 days of treatment; while female rats
exhibited heightened DARPP-32 signaling in the CPu after 14 days of treatment. The

regional and timely sex differences in DARPP-32 signaling were related to the sex
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differences in the behavior response. We postulated that there is a DARPP-32 cascade
activation transition from NAc to CPu as the chronic cocaine treatment prolongs. And the
DARPP-32 cascade activation in NAc is more critical to the initial locomotor effects (i.e.
sensitization) of cocaine, while its activation in CPu is more crucial for the locomotor
effects (i.e. tolerance) of prolonged cocaine treatment. Since the female rats develop
behavior sensitization and tolerance faster than males, their initial DARPP-32 activation
in NAc may be too brief for observation, but the CPu activation was observed. In males,
the DARPP-32 activation in CPu may be way beyond our treatment length, and we were
only able to observe the activation in NAc. However, this model needs further
completion from future experiments to observe the activation in female NAc and male
CPu missed in this experiment. Fourth, we demonstrated for the first time that the protein
levels of AFosB in male CPu, and FosB in female NAc and CPu positively correlated
with their behavior response to cocaine; while the protein levels of Cdk5 and p35 in
female CPu negatively correlated with their behavior response. Those proteins had been
demonstrated to mediate behavior sensitization or tolerance (Nestler, 2004; Bibb et al.,
2001; Taylor et al., 2007); however, we were able to further quantify the relationship
between certain protein levels with behavior activity counts. We related the molecular
response with behavior response. This may be good indexed to predict the changes for
each other. However, most of the correlations are in female rats only, further studies are

necessary to understand the reason for this sex specification.

I11. Future directions
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In this dissertation, we have demonstrated the importance of sex difference in
DARPP-32 cascade to the sexual dimorphism in behavioral response to acute and chronic
cocaine. However, to what degree does the DARPP-32 cascade involved need further
demonstration, as there are several drawbacks in the current study that need further
improvement. First, current western blot could not differentiate effect of cocaine on the
striatonigral neurons (mainly express D1-like receptors, and activates PKA/DARPP-
32/PP-1) and striatopallidal neurons (highly express D2-like receptors, and inhibits
PKA/DARPP-32/PP-1 (Gerfen et al., 1992). We actually measured the total effect on a
mixture of two types of neurons. Transgenic mice that allow the analysis of DARPP-32
signaling selectively in striatonigral and striatopallidal neurons would help to further
understand the role of DARPP-32 pathway in cocaine action. Second, we only measured
the protein levels of the DARPP-32 signaling proteins. However, the changes in protein
levels do not always correlate with the protein activities. Since most of the proteins in the
DARPP-32 cascade either inhibit or activate the activation of the downstream protein,
future studies measuring the activity of DARPP-32 signaling proteins may reveal more
accurate changes in the pathway after cocaine treatment. Third, we did not measure the
MRNA level. It is possible that the increased protein levels were as a result of new
protein synthesis. Furthermore, mRNA level changes faster than protein level. It is very
likely that when we couldn’t detect protein level changes (i.e. at 60 min), the changes in
its mMRNA level are already detectable. Translational alterations associated to sex
differences in cocaine responses in the DARPP-32 cascade may impact transcription
rate—thus protein levels—and/or protein degradation rates. Thus, experiments

measuring mMRNA levels are necessary to reveal more accurate molecular response to
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cocaine. Fourth, for the chronic cocaine paradigm, a different time point of sacrifice is
necessary. In the current study, treatment effects on most DARPP-32 signaling proteins
were absent. This may result from the longer behavior measurement time. In the acute
experiment, we find that the protein level changes usually happen earlier than 60 min. It
is possible that the heightened protein levels induced by cocaine have returned to baseline
by the time of our measurement. Also, it is impossible for so many proteins to change
simultaneously at a certain time point. Checkup at another time point (for example. 30
min) is necessary to further understand the changes of DARPP-32 cascade along time.
Fifth, within our treatment length, we did not observe locomotor tolerance in male rats.
This may caused by their slow development speed. So future studies extending the
treatment length are necessary to check the DARPP-32 cascade changes and study its role
in male rats in tolerance. Sixth, an important issue not studied here is the effect of ovarian
hormones on DARPP-32 regulation. Future studies measuring the estrogen and
progesterone levels in the blood collected at sacrifice should be done to differentiate the
stage of estrous cycle of female rats in study, and further analyze the behavior and
intracellular response to cocaine of female rats at different estrous cycle. Another way is
using OV X female rats with different hormone replacement, which will help elucidate
how ovarian hormones modulate of intracellular DARPP-32 signal transduction
pathways. Last, we did not run statistical corrections for multiple correlation analysis.
However, all significant results were seen mostly only in the CPu of females. Thus, is
unlikely that these results were due to random errors in statistical analysis. However, in
the future Bonferroni corrections should be run to further exclude the possibility of

random errors associated with multiple statistical analyses.
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The clinical implications of our data suggest that women’s higher response to
addictive drugs and quicker development into drug addiction may result from their
heightened and earlier molecular response. However, sex differences are limited to
women in their luteal phase, when the subjective effects of cocaine were lower compared
to the follicular phase (Sofuoglu et al., 1999; Evans et al., 2002; Evans and Foltin, 2006).
Other clinical studies have revealed conflicting findings of no sex or menstrual cycle
differences, which may result from different dose and route of cocaine administration
(Mendelson et al., 1999; Collins et al., 2007). Further investigations into the influence of
hormones, dose response and administration route on cocaine-induced intracellular
mechanisms will help understanding the biological basis for sex differences in cocaine

addiction and developing sex-specific treatments for cocaine addition.
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