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Abstract
Serotonergic Systems in the Regulation of Sexually Dimorphic Responses to Cocaine
By

Karen Marie Weierstall

Advisor: Professor Vanya Quinones-Jenab

Sex differences in cocaine abuse have been consistently reported in humans. Similarly, rats
show sexually dimorphic neuorochemical and behavioral effects after cocaine administration.
This research aims to determine whether serotonin (5-HT) plays a significant role in cocaine-
induced behavioral sex differences found after cocaine administration. We hypothesize that 5-
HT (at the level of release, reuptake, and/or receptor activation) mediate sexual dimorphisms
seen after cocaine administration. To this end, male and female rats were pretreated (i.p.) with
WAY 100635 (a 5-HT 4 antagonist; 0, 0.4, 0.8 & 1.6 mg/kg; 15 min pretreatment), GR 129735
(a 5-HT,p receptor antagonist; 0, 5, 10, 15 mg/kg; 30 min pretreatment), or Fluoxetine (0, 5, 10,
15 mg/kg; 1 hour) followed by an i.p. injections of saline or cocaine (20mg/kg); behavioral
responses were then measured. Further, we assessed activation of the 5-HT 4 receptor after
saline or cocaine administration utilizing in vitro autoradiography of agonist stimulated
[**S]GTPYS in mesocorticolimbic and nigrostriatal pathways which are involved in cocaine
behavioral hyperactivation. Finally, sexual dimorphisms of the activation of the endocrine
system by the co-administration of cocaine and the 5-HT 5 antagonist WAY 100635 was

explored via radioimmunoassay. Increases in cocaine-induced behaviors were found in both

male and female rats however, females demonstrated heightened responses. Sexual dimorphisms
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in the attenuation of cocaine-induced behaviors was found with administration of the 5-HT 4
antagonist WAY 100635 and the 5-HT )5 antagonist GR 127935. Furthermore, we found
differential activation of the 5-HT; s G-protein receptor which varied by sex and drug
administered. Our findings suggest that intrinsic sex differences exist in the regulation of SHT; 5
and 5-HTp receptors and not by the serotonin transporter in cocaine-induced behaviors.
Moreover, cocaine activated G-protein 5-HT 4 receptors is sexually dimorphic and suggests a
principal role in the modulation of sexually dimorphic aspects of cocaine-induced behaviors.
Decreased corticosterone levels were only found in females after WAY 100635 and saline. As
suggested in previous literature a possible anxiolytic effect of this antagonist could clarify this
finding. The understanding how the serotonergic system contributes to sex differences in
cocaine-induced behavioral activation will allow for more efficient pharmacological treatment of

male and female cocaine abusers.
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Chapter 1: Background

A. History of Cocaine Abuse:

Cocaine, considered by many as the most potent natural stimulant, is a principal alkaloid
derivative extracted from the leaves of Erythroxylon coca shrub. It is found most abundantly in the
northwestern parts of the Amazon, specifically Bolivia and Peru (1-3)}. Although the widespread
increase of utilization of cocaine has only been seen in the past hundred years, cocaine use dates
much further back in history. As early the 6™ century AD many cultures, including ancient Indian’s,
provided descriptions of the substances origin and their belief in its’ supernatural powers (1-3). The
first emergence of the modern utilization of cocaine occurred in the mid-nineteenth century.
Cocaine was used as a main ingredient in many tonics and elixirs, as well as, a very effective local
anesthetic for surgeries. Cocaine was also used to treat a wide variety of illnesses, including but not
limited to, asthma, digestive disorders, melancholy, toothaches and as a treatment for various kinds
of substance addiction such as alcohol and morphine (1-3).

Increased popularity in the use of cocaine in everyday products as well as being used to cure
a number of medical pathologies, resulted in an increase in its use. This rapid increase in the use of
cocaine brought about concerns of side effects and likelihood of addiction. By the early twentieth
century the American Medical Association being concerned with the increased utilization of cocaine
and ultimately its’ opportunity for abuse, began to place higher standards on its use (1-3). Due to
increased discoveries of the adverse effects of cocaine, the federal government, through the Pure
Food and Drug Act of 1906, required that all products and medicines containing cocaine be listed on
its labels. This was then followed by the Harrison Narcotic Act of 1914 which halted the use of
cocaine in common medications and required formal registration of those involved in the

importation of the drug (1-3). Cocaine’s huge potential for abuse and toxic effects classify it as a
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schedule II narcotic and is limited in its use as a controlled substance (1-3). Because of its
usefulness as an anesthetic and vasoconstrictor, cocaine is still readily used as a local anesthetic for

eye, ear and throat surgeries (1-3).

B. Overview and Rationale:

Since the ban of its sale to the public, the use of cocaine has fluctuated. Cocaine use is not
limited to one demographic, being used by all ethnicities, genders and ages. The incidence of
cocaine use rose substantially throughout the 1970’s, with a peak in the mid 1980’s (1.7 million new
users) (4). This peak declined in 1991 with an estimate of 0.7 million new users. However, since
then cocaine use has been steadily increasing, reaching 5.9 million users aged 12 years or older in
the United States in 2003 (4)

The average age of cocaine use is 20.8 years of age (4). However, differences in the use, rate
of dependence and sensitivity has been shown to vary by age and sex. Recently, Chen et al., 2002
explored gender, age and race/ethnic differences in the prevalence of subjects past year cocaine
dependence. They found that cocaine use and the criterion for cocaine dependence was higher in
adolescent females than adolescent males. Further females were more likely to use cocaine at an
earlier age and at a greater frequency when compared to adolescent males (5). Females report
increased symptoms, which are associated with drug dependence such as “inability to cut down” and
“need for larger quantities” (5). Women also administer cocaine by more addictive routes and
progress to dependence more rapidly than men (6). This increased dependence in females is due to
female adolescents demonstrating more frequent use, use higher quantities, and show a greater

sensitivity to the effects of low doses of cocaine. In addition, women have reported feeling more
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nervousness after cocaine use, take longer to feel the subjective effects of cocaine, report less
euphoria and dysphoria compared to males and have more severe drug use at intake (6,7).
Differences in the initial use of cocaine by males and females has also been seen and reported
by the National Survey on Drug Use and Health (NSDUH). Approximately 600,000 of the
estimated 2 million Americans who used cocaine in 2002 were women (4). In 2002, NSDUH
reported men were more likely to report current illicit drug use and opportunity to try cocaine than
women (10.3% vs. 6.4%) (4). In addition, since 1975, males have generally comprised the majority
of cocaine initiates with 0.7 million new male users compared to 0.5 million new female users
reported in 2002. Though these statistics seem to suggest males have a greater opportunity to try and
initially use cocaine, researchers have found that they are not more likely than females to progress to
intense use following initial use (8,9). Many believe that the development of dependence differs
between men and women. For example, women enter treatment programs after fewer years of drug
use than do men (5-7,10). In addition, females seem to show a more accelerated transition from a
more casual and controlled kind of use to an uncontrolled “binge” patterns of use than men (8,10).
Moreover, men and women differ in cues that spark drug cravings and subsequent relapse, with men
being more influenced by internal cues and woman by external cues (5,7,11). In addition, generally
any cues associated with cocaine produce cravings to a greater degree in women compared to men
(10). This progression to intense use is paralleled with evidence that females, in both humans and
animals, are much more sensitive to the effects of cocaine, suggesting that the progression to
addiction is more rapid in females when compared to males (8,9,12-22). These sex-specific
differences in cocaine use and behavior patterns suggest that the biological basis of addiction is

sexually dimorphic and differentially regulated.
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Chronic and acute cocaine administration has been shown to cause a multitude of short and
long lasting changes to brain neurochemistry, neuroendocrine and behavioral systems (15,16,23-31).
However, much more extensive research is needed to elucidate the exact mechanisms involved in
these sexually dimorphic behaviors at both the neurochemical and behavioral levels. Understanding
exact neurobiological mechanisms of cocaine’s effects can be utilized in the proper management and
subsequent treatment of cocaine dependence and addiction in both men and women. Moreover, with
this knowledge of sex-specific differences treatments can be adapted for optimal effectiveness in

both men and women.

C. The serotonin system, synthesis, receptors and location:

The serotonergic system is involved in a number of cognitive and behavioral functions
including locomotion, grooming behavior, eating and drinking, pain, sexual activity, effects of drugs
and alcohol, aggression, fear, sleep, classical conditioning and learning (32-34). Serotonergic
pathologies include addiction, eating disorders, depression and suicidal behavior, anxiety, migraine
headaches, as well as autism, obsessive compulsive disorders, Turret’s syndrome, Huntington’s
disease and schizophrenia (34,35). Serotonin is integral in normal brain development being involved

in neurogenesis and axonal branching during various stages of development (36).

i. Serotonin Synthesis:

Serotonin is formed by the hydroxylation or the addition of an hydroxyl group (-OH) to the
amino acid L-tryptophan, by the rate limiting enzyme tryptophan hydroxylase forming 5-
hydroxytryptophan (5-HTP) (35). Tryptophan, the substrate for this enzyme, is the rate limiting
factor in the intact organism (35). Decarboxylation by the L-amino acid decarboxylase enzyme

removing the carboxyl group (-COOH) from 5-hydroxytryptophan produces serotonin (35).
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Serotonin is then metabolized by monoamine oxidase (MAO) to form 5-hydroxyindole acetic acid
(SHIAA), the principle metabolite, which is actively transported across the blood brain barrier and
out of the brain; See Fig. 1 (35). Serotonin exerts its complicated actions by binding to specific cell
surface receptors, which have been classified into extensive groups. This grouping has been based
on pharmacological responses to specific ligands, sequence similarities at the gene and amino acid

levels, gene organization, and second messenger coupling (34,36,37).
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Serotonin
Synthesis and metabolism

a. h.
tryptophan 4> 5 hydroxytryptophan 4> serotonin (SHT)

a. tryptophan hydroxylase
h. l-aromatic acid decarhoxylase

substrate availability is rate limiting step
tryptophan hydroxylase is rate limiting enzyme

h.
serotonin (SHT) 2 } }51-[[% (Shydroxyindolacetic acid)

a. MAD
h. Aldehyde dehydroxylase

Figure 1: The synthesis of serotonin. Taken from Cell Science:
http://www.cellscience.com/CCA.htm




Weierstall
7

ii. Serotonin Neurons Receptors and Location:

As summarized in Table 1, there are 14 known serotonin receptors and at least seven families
of receptor populations and subpopulations (34,37). They include 5-HT, through 5-HT; and are
involved in a plethora of behaviors (34,35,38,39). All are G-protein coupled with one exception; the
5-HT;receptor is a ligand-gated ion channel (34,40). The 5-HT; group is subdivided into at least 5
receptors named 5-HTia, 5-HT s, 5-HTp, 5-HT g and 5-HTr receptors (34,35,41). Most are
inhibitory receptors, sharing coupling with Gai/Gao proteins to inhibit adenylyl cyclase (AC) and/or
modulate other signaling pathways and ion channels (34,35,41). Like 5-HT receptors 5-HT,
receptors are distributed widely throughout the brain with the greatest density in the neocortex
(32,34). The 5-HT, family has 3 receptor subtypes, 5-HT24, 5-HT2g, and 5-HT2 receptors
(32,34,41). 5-HT; receptors are coupled positively to phopholipase C and mobilize intracellular
calcium (33,34). 5-HTj receptors are unique in the 5-HT family in that they are nonselective
Na+/K+ ion channel receptors (32,34,41). 5-HTj; receptors are found in the periphery and in the
central nervous system (32,34,41). The 5-HT,4 stimulates adenylyl cyclase in the brain and in
peripheral tissues and is found in high density in the nigrostriatal and mesolimbic systems of the
brain and believed to have a facilitative role in cocaine-induced hyperlocomotion (32,33). Little is
known at this time about the 5-HTs, 5-HTs (involved in memory, retention of information and
attention) and 5-HT7 (involved in circadian function) receptors (32,33). 5-HTs, 5-HTs and 5-HT;
receptors are positively coupled to adenylyl cyclase and are excitatory (34,35,39). Much more
research must be performed with receptors 5-HT4-7 to know more about the exact functioning of
each.

Serotonergic neurons originating in the raphe nuclei possess high densities of

somatodendritic autoreceptors, which regulate cell firing. In projection area’s postsynaptic
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receptors, autoreceptors and pre- and postsynaptic heteroreceptors have been found
(32,32,33,33,39,42-48). Activation of 5-HT autoreceptors suppress or excite serotonergic activity;
in turn causing a reduction or increase of 5-HT release from terminal areas and subsequent firing of

5-HT cells while heteroreceptors regulate other neurotransmitter systems (28,32,34,39-41,47,49-55).
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Table: 1 Overview of all serotonin receptors, general location and function

Receptor Name

5-HT1A

5-HT1B

5-HT1D

5-HT1E

5-HT1F

Receptor Location

Somatodendritically densely
expressed in the dorsal and
median raphe nuclei

In projection areas, in limbic
forebrain regions, including the
hippocampus (CA1 and CA3),
amygdala, lateral septum, and
frontal cortex

Hypothalamus, basal ganglia,
substantia nigra, cerebellum and
NAc

Somatodendritically densely
expressed in the dorsal and
median raphe nuclei

In projection areas, in limbic
forebrain regions, including the
hippocampus, amygdala, and
frontal cortex

Hypothalamus, basal ganglia,
caudate and putamen, substantia
nigra, cerebellum and NAc

Superior layer of dorsal horn of
the spinal cord

Globus pallidus
Ventral pallidum
Caudate-putamen
Subthalamic nucleus
Substantia nigra
Optic tract

Cortical areas
Caudate-putamen
Amygdala
Hippocampus

Dorsal raphe nucleus
Hippocampus
Cerebral cortex
Striatum

Thalamus
Hypothalamus

Receptor Function

Implicated in thermoregulation, hypotension, sleep, food
intake, motor and sexual behavior, involved in depression
and anxiety

Found presynaptically as an autoreceptor modulating 5-
HT release. In projection area postsynaptically mediating
inhibitory response of cocaine.

Coupled to various effectors systems, including ion
channels, adenylyl cyclase and/or kinases via negatively
coupled G proteins (Gai/Gao proteins)

Implicated in several physiological functions, behaviors,
and psychiatric diseases including, locomotor activity,
drug abuse reinforcement, aggressive behavior, anxiety,
depression and migraine’s

Found both presynaptically and postsynaptically and
constitute terminal autoreceptors regulating the release of
5-HT. Distributed throughout the brain in both
serotonergic and non-serotonergic neurons where they act
as auto- or heteroreceptors

Negatively coupled to adenylyl cyclase by an
intermediate G protein-type protein. Also includes
mitogen-activated protein kinase (MAP-kinase) signaling
system

Implicated in anxiety, depression, and other
neuropsychiatric disorders

Act as presynaptic autoreceptor and heteroreceptors
Inhibit adenylyl cyclase activity through coupling with
Gai/Gao proteins. Regulate potassium and calcium
channels.

Migraines

Negatively coupled to adenylyl cyclase

Migraines

Negatively coupled to adenylyl cyclase, decreasing
cAMP



5-HT2A

5-HT2B

5-HT2C

5-HT3

5-HT4

5-HTS

5-HTé6

5-HT7

Forebrain regions, including the

neocortex and entorhinal and
pyriform cortex

Striatum

Limbic regions

Basal ganglia

Cerebellum
Lateral septum
Hypothalamus
Amygdala

Cortex
Striatum
Hippocampus
Limbic system
Basal ganglia

Frontal cortex
Hippocampus
Amygdala
Cerebral cortex
VTA

Nigrostriatal and mesolimbic
systems
Hippocampus

Cerebral cortex
Hippocampus
Cerebellum
Amygdala

Striatum
NAc
Hippocampus
Cortex

Human vascular smooth muscle

cells
Frontal cortical astrocytes
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Implicated in appetite control, thermoregulation, sleep,
cardiovascular function, muscle contraction, depression
and the actions of classical hallucinogens

Pharmacological and behavioral effects are mediated
postsynaptically

Are coupled positively to phospholipase C, and increase
intracellular calcium.

Implicated in anxiety, feeding and grooming and rats

Are coupled positively to phospholipase C, and increase
intracellular calcium.

Implicated in hypoactivity, hypophagia, and anxiogenesis
Postsynaptic

Are coupled positively to phospholipase C, and increase
intracellular calcium

Locomotion, anxiety-related behavior, reinforcement, and
cognition

Postsynaptic receptor.
Only 5-HT receptor that is not G protein coupled. Is a
ligand gated channel

Locomotor activity and reinforcement

Positively coupled to adenylyl-cyclase and are excitatory

Involved in motor control, feeding, anxiety, and
depression

Positively coupled to adenylyl cyclase and are excitatory

Positively coupled to adenylyl cyclase and are excitatory

Positively coupled to adenylyl cyclase and are excitatory
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iii. Serotonin Neurons Location:

All serotonin neurons originate from midbrain and brainstem raphe nuclei. Long ascending
(originating specifically from the dorsal raphe nucleus and median raphe nucleus), as well as,
descending (originating from the obscurus, magnus and pallidus raphe nuclei) projections exists.
Ascending projections provide innervations to the hippocampus, striatum, amygdala, hypothalamus,
thalamus, cerebellum, ventral tegmental area (VTA), substantia nigra, nucleus accumbens (NAc),
and the prefrontal cortex (56,57). The median and dorsal raphe nuclei projections have been
extensively examined and are found to project to both similar and distinct areas from each other; for
instance showing no overlapping regions in the forebrain (58). The median raphe nucleus (MRN)
innervates a number of areas including the dorsal raphe nucleus, hippocampus, hypothalamus,
thalamus, septum and frontal cortex. The dorsal raphe nucleus (DRN) innervates the median raphe
nucleus, hippocampus, hypothalamus, thalamus, ventral tegmental area, substantia nigra, striatum,
amygdala and nucleus accumbens. The descending pathways originate in the caudal raphe nuclei
and terminate in the dorsal horn of the spinal cord (which has an effect on the inhibition of pain
transmission) and the ventral horn (regulation of motor neuron output); see Fig. 2 and 3 (35,58).

Interestingly, recently researchers have determined that 5-HT projections within the brain
may not actually form direct synaptic contacts with target cells but are also functioning via volume
or paracrine transmission (34,39,59,60). Therefore, a transmitter is released at the axons within the
terminal areas and acts at receptors that are away from the release site, which in turn allows for
transmission to a number of target cells (32). This large diffuse mechanism of release may be a

major player in the complex, and multiple interactions of the serotonergic system (34).
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Endorphing
B Enkephaling
B Dynorphins
S Mesolimbic Dopaminergic System

Figure 2: Serotonergic Pathway. Taken from Muller et al., 2006. Serotonergic system is found in
the same areas as the mesolimbic dopaminergic system above. Abbreviations: Hpc, hippocampus;
NAc, nucleus accumbens; FC, prefrontal cortex; Sept, Septum; VTA, ventral tegmental area; Amyg,
amygdala; CPu, caudate putamen; ArcN, arcuate nucleus.
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) ORN

VTA

Figure 3: Serotonergic Pathway. Taken from Muller et al., 2006. Major ascending 5-HT
projections are shown in grey. Abbreviations: DRN, dorsal raphe nucleus; Hipp, hippocampus;
Hyp, hypothalamus; NAc, nucleus accumbens (C, core; S, shell); PFC, prefrontal

cortex; SN, substantia nigra; Str, dorsal striatum; Thal, thalamus; VP, ventral

pallidum; VTA, ventral tegmental area.
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iv. 5-HT;A Receptors:

5-HTa receptors are involved specifically in sexual behavior, mood, aggression, appetite
control, thermoregulation, sleep-wake functions, cardiovascular function, motor activity, feeding,
grooming, anxiety-related behaviors and depression (33-36). More importantly, 5-HT;a receptors
are increasingly implicated in the effects of alcohol and other abusive drugs including cocaine.

5-HT receptors have been found most abundantly in the dorsal and median raphe nuclei
and limbic forebrain regions, including the hippocampus (CA1 and CA3), amygdala, lateral septum,
cingulate and entorhinal cortex and the frontal cortex (33-36,61). A medium density has been found
in the amygdala and the hypothalamus and a low density has been reported in extrapyramidal areas
such as the basal ganglia, substantia nigra, cerebellum and NAc (34,35,39,44). 5-HT;» mRNA is
found mainly in regions where 5-HT; binding sites are found. This suggests that these receptors are
not transported away from their site of synthesis and targeted in the somatodendritic areas of neurons
(41).

5-HT A receptors are somatodendritic presynaptic autoreceptors and postsynaptic receptors in
terminal regions (33,62). Specifically, 5-HT;4 receptors are localized in the MRN and DRN as
somatodendritic neurons which act as inhibitory autoreceptors at the level of the soma and dendrites
of these neurons and inhibit firing as impulse-modulating autoreceptors (33,34,36,63). Postsynaptic
receptors and heteroreceptors are found in projection neurons such as the neocortex, hippocampus
and other limbic structures (33,34,62). Postsynaptic 5-HT ;4 receptors may also play a role in the
regulation of firing and serotonin release through neuronal feedback loops between projection
neurons and raphe nuclei and has been demonstrated in the cortex and amygdala (64). However,

evidence also suggests the existence of presynaptic heteroreceptors that not only regulate their own
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release but may in fact regulate the release of other transmitters, such as dopamine; see Fig. 4 & 6

(34,36,47,61,65).
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Figure 4: Somatodendritic and postsynaptic autoreceptors on serotonergic neurons. Taken
from Feldmans’ Fundamentals of Neuropsychopharmacology, 1999. www.chemistry.emory.edu/
justice/seminar/5ht1.htm
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v. 5-HTA mechanism of action:

5-HT 4 receptors are known to elicit diverse molecular and cellular responses. They are G-
protein coupled receptors (GPCR) and are coupled to various effector systems, including activation
of ion channels such as the opening of G-protein-gated inwardly rectifying potassium (GIRK)
channels in the hippocampus and dorsal raphe neurons as well as inhibition of Ca2+ currents in
several neuronal types (34,35,41,61). Most 5-HT4 receptors are negatively coupled to G proteins
(Gai/Gao proteins) and inhibit adenylyl cyclase reducing the levels of cyclic (CAMP) in cells
however; however stimulation of adenylyl cyclase has been seen (34-36,41,61,66). 5-HT A
receptors are mainly coupled to Gao and Gai in the hippocampus and frontal cortex and are coupled
to Goz in the hypothalamus (41). In addition, 5-HT; 4 modulates activation of phosphatidylinositol-
specific phopholipase C (PI-PLC) turnover, protein kinase C, and ERK Map Kinases (41). It is
suggested that differences in the coupling of 5-HT) 4 receptors to different G-proteins might account
for regional differences in 5-HT) A receptor activation in differential brain areas and thus exert

subsequent effects on behavior; See Fig. 5 (34,39,67)
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Figure. 5: Schematic showing the various effector systems of the 5S-HT;4 receptor. Taken from
Hensler et al., 2003.
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vi. 5-HT;s Receptor:

5-HTp receptors are involved in a number of physiological functions, behaviors, and
psychiatric diseases including, locomotor activity, drug abuse reinforcement, aggressive behavior,
anxiety, depression and migraine’s (48). The presence of 5-HT ;g receptors has only been
demonstrated in the central nervous system of rodents (rats, mice and hamsters) (34,48,68). In
humans, a homologue, the 5-HTp, beta-receptor has been demonstrated (34,48,68).

5-HT,p receptors are densely expressed in the raphe nuclei and in other motor centers
including the basal ganglia, caudate and putamen, NAc, VTA and deep cerebellar nuclei (34,48,69-
71). Other densely populated areas include cerebellum, amygdala, hippocampus, hypothalamus and
superior layer of dorsal horn of the spinal cord, and are moderately expressed in the frontal cortex
(33,34,40,48,61,71-73). 5-HT;3 mRNA has been found in the raphe nuclei, caudate putamen,
amygdala, thalamus, CPu, NAc, CA1 pyramidal neurons, and projection zones of the subtantia nigra,
VTA, globus pallidus and deep cerebellar nuclei (34,48,71). Unlike the 5-HT) A receptor, numerous
mismatches have been seen between receptor binding and mRNA expression suggesting that 5-HT 5
receptors are principally located at the nerve terminals (34,48,71).

5-HTp receptors are release and synthesis modulating autoreceptors on 5-HT terminals and
as heteroreceptors to control the release of other neurotransmitters (74). These receptors are
distributed throughout the brain in both serotonergic and non-serotonergic neurons, including but not
limited to serotonergic, dopaminergic, GABAergic, acetylcholinergic and glutamanergic neurons
where they act as auto- or heteroreceptors (37,48,71). 5-HT,p receptors have been difficult to study
due to the diverse nature of cellular localization and the lack of highly selective and potent agonists

and antagonists; See Fig. 4 and 6 (71).
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vii. 5-HT g mechanism of action:
5-HT,g receptors are negatively coupled to adenylyl cyclase by an intermediate G protein-
type protein Gai or Gao (34,48). The signal transduction mechanism mediating 5-HT; 5 effects also

includes the mitogen-activated protein kinase (MAP-kinase) signaling system; See Fig. 5 (34,48).
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Figure 6: The Serotonergic Synapse. Illustration of the processes of serotonin (5-HT) synthesis
and metabolism, presynaptic and vesicular 5-HT uptake, and vesicular 5-HT release. Pre- and
postsynaptic 5S-HT receptors and sites of action of serotonergic drugs are shown. Taken from:
Feldman et al., 1999: Fundamentals of Neuropharmacology.
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D. Mechanisms of Cocaine Action:

The mechanisms of cocaine’s action have been extensively studied and well documented.
Cocaine differentially binds to serotonin (SERT), dopamine (DAT) and norepinepherine (NAT)
transporters causing a disruption of the normal reuptake of these transmitters into the presynaptic
neurons; See Fig. 7 (24,25,65,75,76). This disruption causes an overall increase in synaptic
concentration causing a change in overall functioning (i.e. increasing inhibition or excitation of
neuronal firing and subsequent activation) (38).

Studies have demonstrated that acute cocaine administration causes an increase in overall
extracellular dopamine (DA), norepinephrine (NE), and serotonin (5-HT) levels, which has been
correlated to increases in extracellular cocaine concentration (28,32,38,54,55,65). In all these
neurotransmitter systems, both in vivo and in vitro experiments have shown that reuptake blockade is
caused by cocaine administration. This sequence of events results in many of the overt cocaine-
induced behaviors seen in organisms (38,76-83). Due to the scope of this dissertation, DA and NE

will only be briefly discussed.
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E. Dopamine and Norepinephrine Systems and Their Interactions with Cocaine:

The mesolimbic dopamine and nigrostriatal pathways are believed, for the most part, to be
the main mediators of behavioral effects of acute and chronic cocaine administration. The
mesolimbic dopamine pathway includes dopaminergic cell bodies originating in the ventral
tegmental area (VTA) projecting to a number of brain regions including the frontal cortex, the
nucleus accumbens (NAc) with nigrostriatal projections to the caudate putamen (CPu); see Fig. 8
(13,32,38,76,84).

This potentiation of mesolimbic DA transmission is integral in the mediation of cocaine-
induced locomotion, reward, discrimination and sensitization (38,76-80,82,84). The increase in
dopamine in the NAc (mesoaccumbens pathway) has been regarded as one of the major
neurochemical mediators of cocaine-induced locomotor behavioral effects (38,54,76,85). Both
lesion and pharmacological manipulation have caused direct effects on all cocaine-induced
behaviors previously discussed (28,32,33,38,40,54,55,86,87).

Cocaine also blocks the NE reuptake transporter in peripheral sympathetic nerve terminals
(24,32,38,40,88). This increases the overall norepinephrine concentration in the synaptic cleft,
which has been found to have major implications in catastrophic cardiovascular events, related to
cocaine use (88). That the norepinephrine system is affected by cocaine is demonstrated by major

effects on both the parasympathetic and sympathetic function (88).
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Figure 8: The reward circuit. Dopaminergic projections from the VTA terminating in the
nucleus accumbens, caudate putaman, and the frontal cortex are of primary interest in drug
abuse research. Taken from Nestler, E.J. (2001)
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F. Cocaines action on the serotonergic system:

Among the monamines, cocaine is the most potent inhibitor of the impulse activity of 5-HT
neurons when compared to either DA or NE neurons (89,90). In addition, cocaine has the highest
affinity for the 5-HT transporter compared to either the DA or NE tranporter (33,91). Cocaine
inhibits uptake of the 5-HT precursor tryptophan and the activity of tryptophan hydroxylase
contributing to its ability to suppress 5-HT synthesis (89). Furthermore, cocaine blocks reuptake of

5-HT increasing the availability of 5-HT levels in the synaptic cleft (33).

G. Effects of Cocaine on Behavior:

Cocaine increases locomotor behavior in both animals and humans, in a dose-dependent
manner (38,92). Microinjection of cocaine into the nucleus accumbens, anterior dorsal and ventro
lateral striatum show dose-dependent increases in locomotor activation such as increased horizontal
and vertical (rearing) motor activity (38,77,89). At lower doses cocaine-induces spontaneous
behaviors such as locomotion and grooming and causes a reduction in appetite (38). With increasing
doses of cocaine, stereotypical behavior, which includes sniffing, head bobs, head weaves, forepaw
treading and more sluggish behavior are seen (78). In addition, cocaine produces both subjective
and rewarding effects in both humans and animals. This is examined via self-reports in humans and

conditioning and self-administration paradigms in rats (7,93)

H. Effects of Cocaine on the Serotonergic System:
Evidence has demonstrated that serotonergic mechanisms are directly and indirectly involved
in the behavioral and rewarding effects of cocaine (35,38,77,78,80-82,85,92,94-96). Increases in 5-

HT levels and alterations in neuronal firing from cocaine administration have been seen in a number
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of brain areas (38). These increases have been correlated with alterations in cocaine-induced
locomotor activity (34,77). The hippocampus—accumbens projection is believed to be a major
pathway in cocaine-induced locomotor activation in rats (33,54,55).

The reduction of the synthesis of serotonin with selective neurotoxins or tryptophan
hydroxylase inhibitors show a potentiation of cocaine-induced hyperlocomotion and causes the
increase in the reinforcing effects of cocaine (35,81,83,96). This potentiation is due to the reduction
of 5-HT in the brain, suggesting that the 5-HT system may act as an inhibitory mechanism on
cocaine-induced hyperlocomotion (35,92,97,98).

Conversely, increasing the amount of 5-HT available in the brain, as with administration of
5-HT precursor tryptophan hydroxylase, causes attenuation of cocaine-induced hyperlocomotion and
increased stereotypy (35,38,81,83). Moreover, increasing 5-HT levels with SSRI’s or increasing
dietary tryptophan reduces the self-administration of cocaine (99,100,100). Thus, suggesting that 5-
HT is an inhibitory mechanism resulting in decreased hyperactivity when increased amounts of 5-
HT are present (89,92,100). This in part is due to activation of auto regulatory feedback
mechanisms, by the stimulation of impulse-modulating autoreceptors on 5-HT neurons, which
accounts for cocaine-induced inhibitory responses; as well as, other 5-HT receptors being activated
(48,89,100).

Single unit extracellular recordings have shown that intravenous cocaine administration
causes a depression of spontaneous firing of 5-HT neurons, as well as, potentiating inhibitory effects
in the DR nucleus of the rat (23). This decrease in firing is believed to be caused by the inhibition of
5-HT reuptake, which causes an increase in the synaptic concentration of serotonin, which in turn

activates the somatodendritic autoreceptors which reduces neuronal firing (34,43.45).
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In vivo microdialysis after systemic injections of cocaine demonstrates increases extracellular
5-HT, 5-HIAA, the serotonin metabolite, and 5-HIAA/5-HT concentration in a number of specific
brain regions in male rats (23,26-28,32,33,52,54,55,65,75,87,96,101-103). Specifically, 5-HT
increases are found in the raphe nucleus (dorsal raphe nucleus), striatum (caudate, putamen and
NAc), VTA, hippocampus areas (specifically the hippocampus-accumbens projection), amygdala,
thalamus and the frontal cortex (13,23,26-28,32,33,47,52,54,55,65,75,87,96,101-105). However, in
females acute administration of cocaine causes decreases in serotonin (5-HT), and 5-hydroxyindole

acetic acid (5-IAA), in the nucleus accumbens (13,104,105).

H. Role of 5-HT;4 and 5-HT;5 on Cocaine-Induced Behaviors:
i. 5-HT A Receptor:

For an overview, see Table 2 and 3. The 5-HT A receptor has been implicated directly in the
effects of cocaine-induced behavioral effects (28,32,38,47,54,106). At the systemic level 5-HT 5
receptor activation with specific agonists causes the increase of cocaine-induced hyperlocomotion
(38,47,51-53,53). The depletion of 5-HT in terminal regions is believed to be caused by agonists’
ability to increase somatodendritic autoreceptor activation in the raphe nuclei causing the reduction
in 5-HT in terminal regions (47,50-53). This reduction is caused by the suppression of impulse
activity of 5-HT neurons (28,33,38,40,40,46,47,54,106). In the hippocampus and NAc a direct
decrease of 5-HT concentration and 5-HIAA/5-HT ratios have been demonstrated after 8-OH-DPAT
administrations (28,52-54).

Conflicting evidence has been found with local injection of 8-OH-DPAT, suggesting
substantial differences between brain area and activation (33). In the ventral hippocampus 8-OH-

DPAT induced 5-HT A receptor stimulation causes the suppression of cocaine-induced
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hyperlocomotion, whereas stimulation in the ventral striatal region caused increases in
hyperlocomotion (33,55). In addition, local activation of 5-HT 4 receptors in the NAc does not
affect the increase in 5-HT level after cocaine injection (33,58,69).

Stimulation of 5-HT 4 receptors with specific agonists facilitates the establishment of
locomotor sensitization while antagonists attenuate locomotor sensitization (52,107). Systemic
application of 8-OH-DPAT and other agonists that stimulate 5-HT; s receptors in the VTA or
substantia nigra does not substitute for cocaine or mediate the discriminate stimulus properties of
cocaine (33,63,100). However, stimulation of the 5-HT; s receptor locally in specific brain areas by
agonists increases self-administration and facilitates conditioned place preference (33,63,100).
Others have found the opposite, with acute administration of 8-OHDPAT reducing response rates for
cocaine self-administration (22,63,100).

Pharmacologic manipulation of 5-HT) A receptors with N-[2-[4-(2-methoxyphenyl)-1-
piperazinyl]ethyl]-N-2-pyridinyl-cylhexanecarboxaminde maleate (WAY 100635), a 5-HTa
antagonist, before cocaine administration, decreases overall cocaine-induced behavioral activity
(28,40,51-55,65,107-109). In the hippocampus and nucleus accumbens, after cocaine
administration, 5-HT 4 receptor antagonism with WAY 100635 inhibited cocaine-induced
locomotor activity while increasing 5-HT concentrations (28,32,54). In addition, 5-HIAA/5-HT
ratios are decreased after WAY 100635 administration (28,52-54). Microinjection of WAY 100635
into the dorsal raphe nucleus of female rats an increase in total locomotor activity and rearing is
found with a decrease in head bobs (96). In contrast, microinjection of WAY 100635, into the
median raphe nucleus, did not alter the stimulant effect of cocaine on locomotor activity; rears or
head bobs; suggesting that 5-HT) 4 effects are anatomically specific (96,110). No effects were found

with systemic treatment of the antagonist in female rats.
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Cocaine binds 5-HT transporter inhibiting the reuptake of 5-HT from the synaptic cleft. This
yields an increase in 5-HT not only stimulating postsynaptic receptors but also activating inhibitory
5-HT s autoreceptors somatodendritically which causes a decrease in neuronal activity
(32,33,38,40,47,55,65,89). 5-HT 4 receptor antagonists have been shown to prevent 5-HT 5
receptor mediated autoinhibition of serotonergic neuron firing (38,53,55). The use of WAY 100635
blocked 5-HT 4 receptors attenuated the inhibitory effect of somatodendritically released 5-HT on 5-
HT neurons (32,33,38,40,47,55,65,89). The effect of local 5-HT reuptake blockade in terminal areas
by cocaine combined with 5-HT; 5 antagonism serves to potentiate extracellular 5-HT concentrations
in terminal regions of 5-HT projections (32,33,38,40,47,55,65,89).

For instance, Flesinoxan, known to be a highly efficient agonist at the pre- and postsynaptic
5-HT s receptor sites, causes a dose-dependent inhibition of firing of DRN serotonergic neurons,
which is eliminated by administration of WAY 100635 (111). S15535, an agonist and partial
agonist (depending on dose) at pre- and postsynaptic 5S-HTa receptor sites, also reduced DRN firing,

which was reversed by WAY 100635 (111).

ii. 5-HTp Receptor:

For an overview, see Table 2 and 3. Evidence of the involvement of the 5-HT,s receptors in
cocaine-induced behavioral activities has been conflicting. Although there are a number of available
ligands that target the 5-HT ) receptor, they lack specific affinity and selectivity (40). However, a
number of researchers have found that 5-HTp receptors do in fact play a role in the mediation of
behavioral, reinforcing and subjective effects of cocaine (48).

There is an abundance of 5-HT ) receptors in a number of motor areas of rats, suggesting a
major role in cocaine-induced locomotor activity (48,73,89,92,99,100). Systemic or cerebral

administration of agonists such as RU 24969, elicits robust cocaine-induced locomotor hyperactivity
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in a dose-dependent manner which is reversed by 5-HT;p antagonists such as GR 127935, or
pindolol (7,38,48,89,99,100,112-114). In addition, SHT,g receptor antagonist GR 127935,
decreases cocaine-induced locomotor hyperactivity; even, in some cases, almost totally blocking
acute treatments of cocaine (1,48,114,115). Further, cocaine-induced hyperactivity with agonists is
potentiated in 5-HT ;g KO mice (112,116). However, local stimulation of the 5-HT, receptor in the
nucleus accumbens core using the 5-HT ;5 agonist CP 93129 did not affect hyperlocomotion after
cocaine administration. However, stimulation in the nucleus accumbens shell facilitated cocaine-
induced hyperactivity (1,48,117-119). 5-HT g receptors located in the ventral tegmental area (VTA)
were found to not be involved in the locomotor hyperactivity and sensitization to cocaine
administration in male Wistar rats (1). Although 5-HT,p receptors have no involvement in
locomotor sensitization in rats, KO mice show a potentiation (112,116,119). Therefore agents
reducing 5-HT levels enhance the locomotor response to cocaine and those increasing 5-HT decrease
behavioral responses (40,48,53,70). This is demonstrated by the ability of the 5-HT ;5 agonists such
as CP 93129 to increase the synthesis of 5-HT upon activation (117).

A number of agonists and antagonist, which target the 5-HT 1B receptor, have been found to
affect cocaine reward. Specifically, RU 24969 can partially substitute for cocaine in drug-
discrimination studies (63,100). Conversely, local stimulation in the VTA, NAc core and NAc shell
does not substitute for cocaine in drug-discrimination studies (33). Self-administration is facilitated
by pretreatment into the VT A with 5-HTg receptor agonists CP 94253 and RU 24969 in rats, while
it is blocked by the selective antagonist GR 127935 in rats (48,63,100,120-122). However,
potentiation of self-administration is seen in KO mice (112). Both pharmacological and transgenic
experimentation have found a facilitory role of the 5-HTp receptor in conditioned place preference

(33,123).
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iii. 5-HT Transporter (SERT):

As described previously the major mechanism for removing serotonin from the synaptic cleft
is reuptake by the serotonin transporter (SERT) (24,91,124-126). Selective serotonin reuptake
inhibitors (SSRI's) target the 5-HT transporter and block the reuptake of 5-HT. SSRI’s increase 5-
HT in a number of brain regions including the raphe nuclei and forebrain areas and play a major role
in the expression of cocaine’s behavioral effects (100,127).

Both systemic and local application of the SSRI’s fluoxetine and/or fluvoxamine have been
found to increase 5-HT levels and enhance acute cocaine-induced locomotor activity in rats
(65,75,89,96,100,125,128). In most instances this induced 5-HT reuptake blockade caused a
potentiation in cocaine-induced locomotor behaviors (38,75,96,128)}. However, Reith et al., 1991
demonstrated that specific reuptake inhibitors, that increase extracellular 5-HT available within
serotonergic cells, did not attenuate cocaine-induced hyperlocomotion (96,109,128).

The SSRI's such as citalopram, fluoxetine, fluvoxamine, and sertraline do not completely
mimic the stimulus effects of cocaine but do have some effects on the discriminative stimulus and
subjective properties of cocaine in both humans and rodents (38,89,100,129,130). Fluoxetine or
sertraline can shift the dose-effect curve of cocaine to the left demonstrating an enhancement of the

stimulus properties of cocaine in rats by the decrease in self-administration (63,89,100,131,132).
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Table 2. The role of 5-HT receptors in the behavioral effects of systemic administration of
cocaine. Taken from Muller et al., 2006.

Cocaine-induced behavior | 5-HTix | 5-HTg | 5-HTx | 5-HTap | 5-HTac | 5-HT3 | 5-HT4 | 5-HTs
Hyperlocomotion 0 1 0 - l 1 1 -
Eating suppression -- NI NI NI NI NI NI NI
Grooming suppression -- NI NI NI NI 1 NI NI
Aggression ! NI NI NI NI 1 NI NI
Substitution -- Partial -- NI -- Partial NI --
Discriminative stimulus: -- ) ) NI ! -- NI --
Sensitization:

establishment 0 --° -- - -- -- NI NI
expression 1 -- 1 -- - ) NI NI
Place preference:

establishment -- 0 NI NI NI 1¢ NI NI
expression ) NI NI NI NI -- NI NI
Self-administration: ! 1¢ -- NI ! -- NI -
SAR by cue - ! 1 NI ! - NI NI
SAR by cocaine 1 ! 1 NI ! NI NI NI

a = Receptor contributions assigned to a specific cocaine-addiction-related behavior indicate the results of most studies.

Species are laboratory rats, mice, hamsters and monkeys.

b = Abbreviations: NI, not investigated; SAR, reinstatement of self-administration; | = facilitation; 1 = attenuation; -- =

no contribution.

¢ = Different findings have been obtained using transgenic mice
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Table 3: Effect of 5-HT compounds on motor activity elicited by cocaine: Adapted from
Cunningham and Callahan 1994 and revised.
5-HT Compound Effect on Cocaine-Induced Motor Activity
Reuptake Inhibitor
Fluoxetine NC Hyperactivity; 1 Hyperactivity
Fluvoxamine 1 Hyperactivity
Paroxetine NC Hyperactivity
Sertraline NC Hyperactivity

Svynthesis inhibitor

PCPA 1 Hyperactivity
Precursor
5-HTP | Hyperactivity

S-HT;A agonists
OHDPAT ! Hyperactivity; Most 1

5-HT,;A_antagonist
WAY 100635 !  Hyperactivity; Most |

5-HT;g agonists

RU 24969 ! Hyperactivity; Most 1
CP94253

5-HT,;p_antagonist

GR 127935 !  Hyperactivity; Most |
Pindolol

Propranol
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I. Sex Differences:
i. Sex Differences in the Serotonergic System:

Differences in serotonergic neuroanatomy, neurochemistry and behavior of male and female
humans and rats have been found. Females have increased serotonin synthesis and serotonin
metabolites in a number of brain regions; summarized in Table 4 (133,134). Female rats exhibit 5-
HT mediated syndrome at lower doses of the 5-HT precursor L-tryptophan than males (96,135). In
addition, females’ exhibit increased sensitivity to the anxiolytic effects of 5-HT; agonists compared
to males (135,136). Females demonstrate a more rapid attenuation of hypothermic and
adrenocortical responses to repeated 5-HT) 4 stimulation, decreased prolactin response to 5-HT, and
increased cortisol (133,136). Females also have a greater number of serotonergic fibers in the
sexually dimorphic nucleus-preoptic area (POA). Using positron emission tomography (PET),
researchers have found that women have a smaller rate of serotonin synthesis. In addition, 5-HT
synthesis is reduced about four times more than it is in men following tryptophan depletion (62). In
humans, cerebrospinal fluid 5-HIAA is increased in selected syndromes in women; however, whole
brain serotonin synthesis is decreased in women when compared to men (137).

However, in rats, females appear to have an overall increase of regional concentrations of
serotonin in the brain (133,138). Synthesis and levels of 5-HT and 5-HIAA are higher in females in
the brainstem, limbic forebrain and the cortex in rats (62,138). In addition, 5-HIAA levels and 5-
HIAA/5-HT ratios were significantly higher in females in the hypothalamus/preoptic area, limbic
forebrain, hippocampus, striatum and cortex (133,138). Tryptophan concentrations were
significantly higher in females in the brainstem, striatum and cortex than males (62,138,139).
Furthermore, inhibition with L-amino acid decarboxylase produced a more profound accumulation

of 5-hydroxytryptophan (5-HTP) in females (138).
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Table 4: Sexual Dimorphisms in the serotonergic system; Adapted from Rubinow et. al, 1998

Measure Sex Brain Region Citation
Difference
Sexual dimorphisms in Rats
5-HT, 5-HIAA levels F>M Whole brain, brainstem Carlsson et al.,1985;1988
limbic forebrain, anterior
hypothalamus
Stimulated 5-HT and serotonin F>M Whole brain Carlsson et al., 1985; Biegon et
syndrome (after MAOI and L- al., 1979
tryptophan)
5-HT synthesis F>M Forebrain, hippocampus, Haleem et al., 1990; Rosecrans
whole brain etal., 1979; Vaccari et al.,
1977; Carlsson et al., 1985
5-HT synapse/receptor distribution F#M MPN Simerly et al., 1984; Zhang et
al. 1999
5-HT s receptor binding F#M Hippocampus Zhang et al., 1999
5-HT s receptor mRNA expression F<M Hypothalamus, amygdala, Zhang et al., 1999
hippocampus
Response to 8-OH-DPAT
| 5-HT synthesis F>M Hippocampus Zhang et al., 1999 Haleem et al.
1 corticosterone 1989; Carlsson et al., 1985;
| temperature Matsuda et al., 1991; Carlsson
1 prolactin and Eriksson 1986; Maswood et
| 5-HIAA/5-HT ratio al., 1995; Ebenezer and Tite,
Hyperphagia F<M Hypothalamus 1997; Salamanca and Uphouse,
1992; Uphouse et al., 1991
Sexual dimorphisms in Humans
5-HT synapse/receptor F>M Anterior cingulate, Parsey et al., 2002, 2005;
dorsal raphe, hippocampus, | Fischette et. al., 1983
amygdala; medial PFC,
orbital PFC
5-HT, 5-HIAA synthesis F>M Brainstem, limbic forebrain, | Parsey et al., 1999;
5-HIAA/5-HT ratios F<M cortex, hypothalamus, Nishizawa et al., 1997
F#M hippocampus, striatum Arato et al., 1991
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ii. Sex Differences in the Behavioral and Subjective Effects of Cocaine:

Sex differences exist in the pattern of cocaine abuse, dependence, and addiction in humans.
Cocaine dependence has been found to be higher in adolescent women than men (8,9). Females are
also more likely to use cocaine at an earlier age, take less time to become addicted, and enter
treatment at an earlier (8,9,93,140). Women also consume cocaine by more addictive routes and
progress to dependence more rapidly than men (93). This evidence suggests that the pattern of
cocaine use, and onset of addiction, is more rapid and more intense in females than males (7,22).
Therefore, the incidence of the lifelong progression and degree of dependence to cocaine is higher in
females when compared to males (7,22,93). In humans a number of behavioral and subjective
effects of cocaine exist differentially in males and females. Women experience increased
nervousness following intranasal administration; they take longer to feel the subjective effects of
cocaine, report less euphoria and dysphoria and have a longer duration of the ‘high’ associated with
cocaine compared to males (7,93). Furthermore, Robbins et al., 1999 found that cocaine cues induce
more drug cravings in females compared to male addicts.

In rodents sex differences in cocaine-induced total locomotor, ambulatory, rearing and
stereotypical behaviors are seen; females showing higher levels compared to males
(13,15,17,20,94,141-145). Females show a much more robust hyperactivity and increased
exaggeration of cocaine-induced behaviors after initial cocaine administration (13,146). Females
also acquire cocaine discrimination at a faster rate and acquire cocaine self-administration more
quickly, have higher rates of self-administration and are more sensitive in the reinstatement of self-
administration of cocaine (18-20,94). Russo et al, 2003 found that cocaine conditioned place
preference (CPP) occurred after a shorter number of pairings, at lower doses of cocaine, compared to

male rats. Festa 2003, demonstrated that after a single cocaine administration, female rats not only
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have greater locomotor activity than male rats they also have more prolonged and robust locomotor
activity (13). Sex differences exist in sensitization; female rats show higher levels of sensitization
to repeated cocaine administration, as well as being sensitized with a lower dose of cocaine
compared to males (5,87,144).

Acute administration of cocaine in female rats cause decreases in serotonin (5-HT), and 5-
hydroxyindole acetic acid (5-IAA), in the nucleus accumbens (NAc) whereas increases of 5-HT is
seen in males in the NAc (13,31). Perrotti et al., 2000 found that in female Fischer rats, the co-
administration of progesterone and cocaine resulted in higher levels of 5-HT and 5-HIAA, in the
medial prefrontal cortex (mPFC), when compared to other cocaine, OVX and hormone-treated rats.
However, no difference in turnover ratios (5-HIAA/5-HT) was observed. This is consistent with
studies with male rats with increases of serotonin synthesis and turnover in the medial prefrontal
cortex which is also correlated with locomotor activity (51,142,149-151). These sex differences
have been demonstrated to be caused by some mechanism other than metabolism differences, as
levels of plasma cocaine have been found to be the same in both males and females (13,147). Others

have found no effect of cocaine on serotonin levels compared to saline controls (148).

iii. Sex differences in 5-HT A receptors:

In male rats 5-HT 5 receptor mRNA is higher in the hypothalamus amygdala, and the
hippocampus when compared to females (152). However, no significant differences in the
distribution of 5-HT o receptor binding sites were found. In KO mice however, a sex differences
was found with females having lower binding than male rats (153). Human females, however, have
greater 5-HT 4 receptor binding when compared to males (62). Specifically, both in vitro and in
vivo methods have demonstrated females have higher binding in the dorsal raphe, amygdala, anterior

cingulated, medial prefrontal cortex and orbital prefrontal cortex (62,135). Moreover, 8-OH-DPAT,
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causes twice as much decrease of 5-HT synthesis rates in the hippocampus of females (-64%) than in
male rats (-32%) (62). Specifically, females demonstrate an increased behavioral response to the
application of the serotonin 5-HT ;A agonist 8-OH-DPAT, with decreases in 5-HT synthesis in the
hippocampus (133-135). Sex differences were also observed in 5-HT 5 receptor expression, and in
the serotonergic activity of the hippocampus and hypothalamus before and after a forced swim test
paradigm (154). Specifically, that hypothalamic 5-HT;4 mRNA levels were decreased in female rats

while in male rats’ hippocampal 5-HT;» mRNA levels were increased (154).

iv. Sex differences in 5-HT,p receptors:

Studies have addressed sex differences in the 5-HT ;g receptor. In 5-HT,p receptor knockout
mice microdialysis studies confirmed significantly higher baseline levels of hippocampal 5-HT in
female mice compared to males (153). In addition, both male and female 5-HT,g receptor knockout
mice demonstrated greater dialysis responses to fluoxetine as well (153). Differences in receptor

density have yet to be explored.

v. Sex differences in SERT:

It is suggested that higher 5-HT synthesis in women may account for lower 5-HT transporter
availability (62,135). However, higher diencephalon 5-HT transporter availability was observed in
healthy women and women are repeatedly found to have higher 5-HT transporters when compared to
men (135,155-157). Using single photon emission computed tomography (SPECT), imaging [123I]
beta-CIT uptake was higher in the striatum (10%), diencephalon (15%), and brainstem (15%) in

females when compared to males (135).
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J. Neuroendocrine Effects of Cocaine:

Cocaine causes dramatic effects in the functioning of the hypothalamic-pituitary-adrenal
(HPA) axis. Cocaine rapidly triggers the release of corticotrophin-releasing hormone (CRH), which
in turn, stimulates the rise in plasma adreno-corticotropic hormone (ACTH) (143,158). Acute
chronic cocaine administration has shown dramatic increases in plasma levels of ACTH and
corticosterone in rats and cortisol in human males and females (30,159). A sex difference exists in
this effect with female rats having a greater increase in ACTH and corticosterone serum levels after
acute cocaine exposure compared to males (143,160). For example, using a sensitization paradigm,
Chin et al., 2002, found that corticosterone serum levels were greater in female rats that received a
single injection compared to those that received injections for 14 days and received a challenge dose.
Furthermore, Russo et al., 2003 utilizing a CPP paradigm which used i.p. injections of saline or
cocaine (0, 5, 10, & 20 mg/kg) paired with a specific environmental stimuli (i.e. black or white
chamber) found that after acute cocaine administration females had greater ACTH and
corticosterone plasma levels compared to males (148). Specifically, dose-dependent increases of
corticosterone plasma levels correlate with increasing doses of cocaine (21,148). In addition, plasma
corticosterone has been shown to influence acquisition maintenance and reinstatement of cocaine
self-administration (159,161,162). Interestingly, ovariectomy decreases cocaine-induced ACTH and
corticosterone levels in females, whereas castration has no effect (30). Thus, the enhanced HPA axis
effects of cocaine in female rats could contribute to enhanced behavioral reactivity seen in female
rats compared to males (143,145).

Unlike research examining cocaine’s effects on the HPA axis, cocaine’s effects on the
hypothalamic-pituitary gonadal (HPG) axis has been much more inconsistent. This may be due to

the complex differences in the reproductive systems of males and females; and the complexity of
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cycles’ present in female mammals. However, cocaine has been shown to affect HPG activation at
all levels of its feedback loop. Increased LH and FSH have been found in both men and women
after cocaine administration (147,163,163). It has been hypothesized that these LH and FSH
modulations are due to cocaine’s direct effect on GnRH neurons or hypothalamic neurotransmitter
modulation of GnRH release (30). In contrast, evidence in rats has shown increased LH, but not
FSH, in female rats after cocaine administration (164).

Cocaine increases plasma levels of progesterone in rats (145,165). Plasma progesterone
levels were significantly higher in male rats after binge pattern cocaine administration compared to
saline-treated animals, which was not seen following a single injection (5). Compared to males,
females showed increased progesterone levels following both binge administration, as well as, a

single injection (5,13,165,166).

K. Hormones and the Serotonergic system

Evidence suggests that sexual dimorphisms seen in male and female rats could be attributed
to interactions among serotonergic and hormonal systems (167). For instance, presynaptically,
progesterone receptors have been localized within 5-HT cell bodies (167,168). Moreover, estrogen
and progesterone receptors are present on raphe interneurons (168). mRNA levels for the tryptophan
hydroxylase, SERT and the 5-HT s somatodendritic autoreceptor have all shown effects of hormonal
treatments (169,170).

Specifically, it has been hypothesized that ovarian steroids, estrogen (E) and progesterone
(P), may modulate the function of the serotonergic (5-HT) system by modulating neuronal firing
activity (171). Differences in firing between male and female rats within the dorsal raphe nuclei

during normal male and female E and P fluctuations were found. The average firing activity of 5-
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HT neurons was significantly higher in males (41%) compared to freely cycling and overiectomized
females (171). Firing rates of neurons in the dorsal raphe nucleus was correlated with progesterone
levels, with higher levels of progesterone causing increases in firing (171).

However, progesterone has been shown to decrease the extracellular levels of 5-HT and its
turnover rate in different regions of the hypothalamus and the midbrain central gray, following E
priming (172,173). Moreover, estrogen treatments have been shown to decrease the serotonin
reuptake transporter (SERT) mRNA levels in monkeys with increases seen in rats (157,170).
Estrogen and progesterone have been found to upregulate 5-HT transporter expression and modulate
adaptations in serotonergic receptors in response to antidepressant treatment (155,169,170). In
addition, hippocampal levels of 5-HT have been found to be consistently higher in female rats during
both diestrus and proestrus than in age-matched males (152). Ovariectomized females decreased
overall levels of 5-HT, as well as, increased 5-HT turnover ratios compared with intact females in
the VTA but not in the NAc (148). Researchers suggest that gonadal hormones may differentially
modulate 5-HT cell bodies in the VTA and raphe nucleus. Gonadectomy in males significantly
increases 5-HT; 5 messenger RNA content in the cortex hypothalamus, hippocampus, amygdala and

dorsal raphe (152).

L. 5-HT;4 and the Endocrine system

At the level of the paraventricular nucleus, serotonin is released from dorsal raphe’ nerve
terminals acting on 5-HT ;4 receptors. This causes an increase in adrenocorticorophin hormone
(ACTH) and thereafter coriticosterone release (174). Neuroendocrine studies in rats have found that
5-HTa agonists, such as 8-OH-DPAT or buspirone show dose-dependent increased elevations of

plasma ACTH and corticosteroids which can be blocked by 5-HT) 4 antagonists (such as pindolol or
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WAY 100635) (34,52,175,176). WAY 100635 administration alone has been shown to reduce
levels of corticosterone in male Wistar rats when given alone (28,54). Others have found that WAY
100635 blocks 8-OH-DPAT-induced elevation of plasma ACTH but does not effect corticosterone
alone (109).

Acute application of low doses of corticosterone attenuates 5-HT ;4 receptor function in CA1
subfields of the rat hippocampus with higher concentrations enhancing 5-HT; 4 hippocampal
function (177). 5-HTa receptors, either on serotonergic nerve terminals or postsynaptic neurons are
found to be down regulated in response to chronic corticosterone treatment (28,53,54). However,
acute in vitro treatment with corticosterone has been found to attenuate 5-HT 4 autoinhibition in the
DRN (178). Conversely, Fairchild et al., 2003 found no effect on 5-HT) 4 receptor function at
maximal doses of corticosterone. Finally, administration with dexamethasone, which was suggested

to be a more potent glucocorticoid than corticosterone, showed no effect.
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II1. Significance and Specific Aims:

As discussed, a number of sex differences have been found in cocaine’s behavioral and
neurochemical effects. Mechanisms underlying these sex differences are poorly understood.
Recently, Festa et. al (2004), demonstrated that although there are sex differences in the
dopaminergic system after cocaine administration, these differences were not as robust as expected.
In addition, dopamine knockout mice have been found to continue to self-administer cocaine with
only double knockouts of both the dopamine (DAT) and serotonergic (SERT) transporters showing
diminished effects. The serotonergic (5-HT) system has recently been implicated in the modulation
of cocaine-induced activity in rats. For example, increases in serotonergic activity after cocaine
administration have been reported, giving rise to behaviors, such as, increased locomotion.
Particularly, the 5-HT;a, 5-HT)p receptors and the serotonin transporter have been implicated in the
modulation of various neurochemical and behavioral cocaine effects. Therefore, this research aims
to determine whether 5-HT plays a significant role in the sex differences in cocaine-induced
behavioral effects. We hypothesize that 5-HT (at the level of release, reuptake, and/or receptor level
activation) mediates sexual dimorphisms seen after cocaine administration. Understanding how the
serotonergic system contributes to sex differences in cocaine-induced behavioral activation will
allow for more efficient treatment of male and female cocaine abusers. To test these postulates, the

following aims were proposed:
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AIMS:

Specific Aim 1: We hypothesize that sex differences in cocaine-induced motor behavior responses
are mediated by serotonin receptor activation. To this end, fluoxetine (a general serotonin reuptake
inhibitor), 5-HT, 5 and 5-HT,p antagonists were co-administered with cocaine or saline prior to

behavioral assessment of male and female rats.

Specific Aim 2: We hypothesize that sex differences seen in cocaine-induced behaviors are based
on activational differences in serotonergic second messenger systems. Serotonin receptors were

measured via functional autoradiography basally, as well as, after acute cocaine administration.

Specific Aim 3: We hypothesize that the co-administration of cocaine and 5-HT; and 5-HT
antagonists will have differential effects on endocrine activity. Progesterone and corticosterone

levels in male and female rats were measured by radioimmunoassay.
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Chapter 2: Sex Differences in 5-HT14 and 5-HT1g Serotonin Receptor Effects on Acute Cocaine
Behavioral Responses
1. Introduction

Sex differences exist in the pattern of cocaine abuse, dependence, and addiction in humans
(8,9,93,140,7,22). Cocaine dependence has been found to be higher in adolescent women than men
(8,9). Females are also more likely to use cocaine at an earlier age, take less time to become
addicted, and enter treatment at an earlier (8,9,93,140). Women also consume cocaine by more
addictive routes and progress to dependence more rapidly than men (93). This evidence suggests
that the pattern of cocaine use, and on-set of addiction, is more rapid and more intense in females
than males (7,22). Therefore, the incidence of the lifelong progression and degree of dependence to
cocaine is higher in females when compared to males (7,22,93). In humans a number of behavioral
and subjective effects of cocaine exist differentially in males and females. Women experience
increased nervousness following intranasal administration; they take longer to feel the subjective
effects of cocaine, report less euphoria and dysphoria and have a longer duration of the ‘high’
associated with cocaine compared to males (7,93). Furthermore, Robbins et al., 1999 found that
cocaine cues induce more drug cravings in females compared to male addicts. Females also have a
greater number of serotonergic fibers in the sexually dimorphic nucleus-preoptic area (POA) (62).
Using positron emission tomography (PET), researchers have found that women have a smaller rate
of serotonin synthesis (62). In addition, 5-HT synthesis is reduced about four times more than it is in
men following tryptophan depletion (62). In humans, cerebrospinal fluid 5-HIAA is increased in
selected syndromes in women; however, whole brain serotonin synthesis is decreased in women

when compared to men (137).
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In rodents sex differences in cocaine-induced total locomotor, ambulatory, rearing and
stereotypical behaviors are seen; females showing higher levels compared to males
(13,15,17,20,94,141-145). Females show a much more robust hyperactivity and increased
exaggeration of cocaine-induced behaviors after initial cocaine administration (13,146). Females
also acquire cocaine discrimination at a faster rate, self-administer cocaine more quickly and are
more sensitive in the reinstatement of self-administration (18-20,94). Russo et al, 2003 found that
in females cocaine conditioned place preference (CPP) occurred after a shorter amount of pairings
and at lower doses of cocaine than male rats. Festa et al., 2003 demonstrated that after single
cocaine administration, female rats not only have greater locomotor activity than male rats but also
have more prolonged and robust locomotor activity than males (13). In addition, female rats exhibit
5-HT mediated syndrome at lower doses of the 5-HT precursor L-tryptophan than males (96,135).
These dimorphic effects may be due to dimorphisms seen in the levels of 5-HT and their metabolites
with females having overall increased levels of 5-HT and 5-HIAA compared to males (133).

Increasing evidence suggest that serotonergic mechanisms are directly and indirectly
involved in the locomotor behavioral effects of cocaine (5,35,38,65,77,78,80,82,85,95,166,182).
Specifically, in male rats, both the 5-HT;4 and 5-HTg receptors have been implicated in a number
of cocaine-induced behavioral responses including cocaine-induced locomotor hyperactivity. For
instance, inhibition of 5-HT; s with N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinyl-
cylhexanecarboxaminde maleate (WAY 100635) a 5-HT) A antagonist, dose-dependently attenuated
behavioral effects of cocaine (28,32,51-55,65,107-109,183). Conversely, after 8-hydroxy-2-(di-n-
propylamino) tetralin (8-OH-DPAT) administration, a 5-HT) 4 receptor agonist, increased behavioral
activity is seen (1,51-53,107,108). Additionally, 5-HT, antagonists, such as 2’methyl-4’-(5-methyl

[1, 2,4]oxadiazol-3-yl)-biphenyl-4-carboxylic acid [4methodoxy-3-(4-methyl-piperazin-1-yl)-
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phenyl]-amide (GR 127935) decreases cocaine-induced locomotor hyperactivity dose-dependently
(38,99,112,115,116,118,119). Moreover, administration of the 5-HT 5 agonists, such as 5-methoxy-
3-1,2,3,6-tetrahydro-4-pyridinyl-1H-indole (RU 24969), dose-dependently increased locomotor
activity (29,38,87,118,119).

Although it is accepted that there is a fundamental role of 5-HT in cocaine-induced
behavioral effects, the role of sex differences in serotonin receptor modulation in cocaine-induced
behaviors, has yet to be elucidated. The aim of this research is to test the hypotheses that sex
differences in the activation of 5-HT4 and 5-HTg receptors contribute to the sexually dimorphic
patterns seen in cocaine-induced hyperactivity. Specifically, pharmacological antagonism of these
receptors will have a direct attenuation of sexually dimorphic cocaine-induced hyperlocomotor

activity.

2. Methods
2.1 Animals

Eight-week-old male and female Fischer rats purchased from Charles River (Kingston, NY)
were individually housed for one week prior to experimental manipulations in standard plastic cages
(20 x 20 x 41 cm®). Rats had free access to standard lab chow and water ad libitum and maintained
on a 12-h light/dark cycle (lights on at 9:00 a.m.). Rats were handled and weighed for 3 days prior
to experimental manipulations. Three separate cohorts of animals were used for behavioral studies
with an n of 8 per group. In female rats repeated vaginal lavage attenuates cocaine-induced activity,
and establishes a place preference and increased dopamine release in the striatum (184). Thus
females were placed into experimental groups randomly without regard to estrous cycle stage. All

animal care was in accordance with the Guide for the Care and Use of Laboratory Animals (NIH
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publication 865-112, Bethesda, MD) and approved by the Institutional Animal Care and Use

Committee of Hunter College.

2.2 Drugs

Cocaine hydrochloride, N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinyl-
ycylhexanecarboxaminde maleate (WAY 100635), and 2'-methyl-4'-(5-methyl-[1,2,4]oxadiazol-3-
yl)-biphenyl-4-corboxylic acid [4-methoxy-3-(4-methyl-piperazin-1-yl)-phenyl]-amide (GR 127935)

were purchased from Sigma Chemical Co. (St. Louis, MO).

2.3 Drug treatment and experimental paradigm

Cocaine, WAY 100635, and GR 127935 solutions were prepared daily by dissolution in
physiological saline (0.9%) and injected intra-peritoneally. All injections were performed in the
home cage. After 15 minutes pre-treatment with WAY 100635 (0, 0.4, 0.8, or 1.6 mg/kg) or 30
minutes with GR 127935 (0, 5, 10, or 15 mg/kg), rats were injected with (20 mg/kg) of cocaine or
saline. This cocaine dose was previously demonstrated to produce significant increases in
locomotion and robust sex differences in cocaine-stimulated motor activity, without reaching either a
minimal or maximal effect in either sex (13). Antagonist doses and pretreatment schedules were
chosen based on previous reports in male rats, which demonstrated an inhibition of locomotor

behavioral responses to cocaine (7,47,50-53,99,185,186).

2.4 Behavioral Measurement
Total locomotor, ambulatory and rearing activities were monitored in the home cages with a
Photobeam Activity System from San Diego Instruments (San Diego, CA) as previously described

(160). All behavioral activities were recorded for one-hour post-drug treatment. Total locomotor
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activity represented the sum of counts in the horizontal frame. Ambulatory activity represented the
number of counts produced by two consecutive photobeam interruptions in the horizontal frame.

Rearing activity represented total counts of vertical motion.

2.5 Statistical Analysis

Total locomotor, ambulatory, and rearing data were summed for each subject and presented
as mean + standard error of the mean (SEM). A three-way analyses of variance (ANOV As) were
used to determine the effects of antagonist administration, cocaine, and sex on cocaine-induced
behavioral responses: ANTAGONIST DOSES (vehicle, WAY 100635, or GR 127935) x DRUG
CONDITION (cocaine or saline) x SEX (male vs. female). Within sex, two-way ANOVAs were
used to determine the effects of antagonist dose on cocaine-induced behavior: antagonist dose
(vehicle, WAY 100635, or GR 127935) x cocaine (cocaine or saline). When significance was
obtained, Fisher LSD test was used. To account for these baseline effects, delta value was
calculated; the difference between cocaine effects minus their respective saline behavioral responses.

A p-value of less than 0.05 was considered significant in all statistical analysis.

3. Results
3.1 Sex Differences in the effects of cocaine-induced behavioral activity using WAY 100635

As shown in Figure 9-11, a significant main effect of sex was obtained [total locomotor: F(1,

112) =42.89, p=0.0001; ambulatory: F(1, 110)=23.02, p=0.0001; rearing: F(1, 114)=41.23,p
=0.0001]; where overall female rats had higher behavioral activity than male rats (p < 0.05 for all

comparisons). A significant main effect of drug was also observed [total locomotor: F(1, 112) =

312.00, p = 0.0001; ambulatory: F(1, 110) =165.83, p=0.0001; rearing: F(1, 114)=415.69,p =
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0.0001]; overall, cocaine increased all three behavioral responses (p < 0.05 for all comparisons).
Furthermore, a significant drug and sex interaction was observed in all three behaviors [total
locomotor: F(1,112)=16.21, p=0.0001; ambulatory: F(1, 110) =10.4209, p = 0.0016; rearing:
F(1, 114) =24.27, p = 0.0001]; where cocaine-treated, female rats had higher behavioral counts than
male rats (p < 0.05 for all responses). In both male and female rats saline-treated rats, WAY 100635

did not alter any of the behavioral responses [total locomotor: F(3, 57) =2.7052, p=0.0537;

ambulatory: F(3, 56) =0.2816, p = 0.8384; rearing: F(3, 60) =1.2294, p = 0.3064]. However, a

significant drug and antagonist interaction was obtained in all three behaviors [total locomotor:

F(3,112) = 6.81, p = 0.0002; ambulatory: F(3, 110)=6.71, p=10.0003; rearing: F(3, 114)=5.24,p
= 0.0019]; where antagonist attenuated cocaine-induced behavioral responses compared to vehicle in
males and females respectively (p < 0.05 for all responses).

In female rats, co-administration of cocaine and WAY 100635 decreased total locomotor,

ambulatory and rearing responses [total locomotor: F(3, 55)=4.57, p = 0.0062; ambulatory: F(3,

56) =5.22, p=10.0029; rearing: F(3, 56) = 2.94, p = 0.0408]; all tested doses decreased total
locomotor and ambulatory when compared to vehicle-treated rats. However, the 0.4 mg/kg dose
produced the most attenuated cocaine-induced total locomotor and ambulatory responses when

compared to other doses tested [total locomotor: p = 0.0016; ambulatory: p = 0.0001; rearing: p =

0.0127]. However, only the 0.4 mg/kg dose produced a significant attenuation of rearing activity
when compared to vehicle-treated cocaine rats [rearing: p =0.0127].

In male rats, co-administration of cocaine and WAY 100635 decreased total locomotor and

rearing behavior [total locomotor: F(3, 57) =2.8274, p = 0.0465; rearing: F(3, 58) =3.51,
p<0.0205]; all doses of WAY 100635 produced a decrease in behavioral activity when compared to

vehicle-treated cocaine rats. Similar to females, the 0.4 mg/kg dose produced the most attenuated
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behavioral responses when compared to other doses tested [total locomotor: p = 0.0000; rearing: = p

=0.0000]. However, unlike female rats, in male rats WAY 100635 failed to significantly attenuate

cocaine-induced ambulatory activity [ambulatory: p = (0.0671).



Weierstall

53
~ A
# #
| — I ee—
*
(7)) * * * .
€ . = Saline
g 10004 I Cocaine
(&)
§ 750- ook
g
O 500+
Q
o
—
E 2504
(]
[ 0-
0.0 04 0.8 1.6 0.0 04 0.8 1.6
Male Female

WAY 100635 (mg/kg)

Figure 9: Sex, antagonist dose and drug affects total locomotor activity. Mean total locomotor
counts in male and female rats after single 1.p. injection the 5-HT; s antagonist WAY 100635

followed by a single 1.p. injection of cocaine (20 mg/kg) or saline. Shown as the mean of total
locomotor counts for male and female rats at varying dose of antagonist and drug administration. ~

Denotes a main effect of sex. * Denotes a significant main effect of cocaine as compared to
respective saline treated groups (p<0.05). * Denotes a significant effect of sex and drug with
increased locomotor behavior in females compared to males after cocaine administration (p<0.05). #
Denotes a significant effect of drug and antagonist with attenuation of locomotor behavior found
with cocaine and antagonist compared to respective saline and vehicle treated groups (p<0.05). (n =

8).
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Figure 10: Sex, antagonist dose and drug affects ambulatory activity. Mean ambulatory counts in
male and female rats after single i.p. injection of the 5-HT 4 antagonist WAY 100635 followed by a

single i.p. injection of cocaine (20 mg/kg) or saline. Shown as the mean of ambulatory counts for

male and female rats at varying dose of antagonist and drug administration. ~ Denotes a main effect

of sex. * Denotes a significant main effect of cocaine as compared to respective saline treated
groups (p<0.05). * Denotes a significant effect of sex and drug with increased ambulatory behavior
in females compared to males after cocaine administration (p<0.05). # Denotes a significant effect
of drug and antagonist with attenuation of ambulatory behavior found with cocaine and antagonist

compared to respective saline and vehicle treated groups (p<0.05). (n = 8).
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Figure 11: Sex, dose and drug affects rearing activity. Mean rearing counts in male and female rats
after single 1.p. injection of the 5-HT 4 antagonist WAY 100635 followed by a single i.p. injection

of cocaine (20 mg/kg) or saline. Shown as the mean of rearing counts for male and female rats at

varying dose of antagonist and drug administration. ~ Denotes a main effect of sex. * Denotes a

significant main effect of cocaine as compared to respective saline treated groups (p<0.05).

~ Denotes a significant effect of sex and drug with increased rearing behavior in females compared
to males after cocaine administration (p<0.05). # Denotes a significant effect of drug and antagonist
with attenuation of rearing behavior found with cocaine and antagonist compared to respective saline

and vehicle treated groups (p<0.05). (n = 8).
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3.2 Sex Differences in the Blockade of Cocaine-Induced Behavioral activity using a 5-HT g
Antagonist:
As shown in Figure 12-14, similar to WAY 100635, a significant main effect of sex was

obtained in saline-treated controls regardless of behavioral activity [total locomotor: F(1, 120) =

24.33, p = 0.0000; ambulatory: F(1, 118)=6.65, p =0.0111; rearing: F(1, 122) = 84.15, p=0.0000];
female rats had overall higher behavioral activity than male rats (p<0.05 for all comparisons). A

significant main effect of drug was also observed [total locomotor: F(1, 120) =357.33, p = 0.0000;

ambulatory: F(1, 118) =204.20, p = 0.0000; rearing: F(1, 122) =555.84, p = 0.0000]; overall,
cocaine increased all three behavioral responses (p < 0.05 for all comparisons). Furthermore, a
significant interaction was observed between sex and drug in total locomotor behavior and rearing

behaviors [total locomotor: F(1,120) =8.391, p = 0.0044; ambulatory: F(1, 118)=3.53,p=

0.0626; Fig XX); rearing: F(1, 122) =52.04, p = 0.0000]; cocaine-treated females rats had higher
behavioral counts than male rats (p < 0.05 for all responses).

In both sexes, GR 127935 altered all three behavioral baseline responses [total locomotor:

F(3,62) = 6.8719, p = 0.0004; ambulatory: F(3,59) =4.67870, p = 0.0053; rearing: F(3,63) =
7.3528, p = 0.0002]. To account for these baseline effects, data was analyzed as the difference of

cocaine effect minus their respective saline activity. As shown in Fig 15-17, in all three behaviors a

significant effect of antagonist was observed [total locomotor: F(3, 58) = 3.2283, p = 0.0288;
ambulatory: F(3, 59) =4.0612, p = 0.0108; rearing: F(3, 59) =4.9291, p = 0.0040]; the 15 mg/kg GR
127935 dose attenuated behavioral responses compared to vehicle treatment (p < 0.05 for all
responses). In female rats only a significant effect of antagonist was observed for ambulatory
behaviors [ambulatory: F(3, 31) =4.7364, p = 0.0078]; 10 and 15 mg/kg doses were significantly

lower than vehicle treatment [ambulatory: p = 0.0441, p = 0.0078]. In male rats, only a significant
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effect of the antagonist was observed in rearing behaviors [rearing: F(3, 27) =4.1516, p = 0.0152];
15 mg/kg of GR 127935 significantly attenuated rearing activity when compared to vehicle

treatment [rearing: p = 0.0038].
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Figure 12: Sex, antagonist dose and drug affects total locomotor activity. Mean total locomotor
counts in male and female rats after single i.p. injection of the 5-HT,g antagonist GR 127935
followed by a single i.p. injection of cocaine (20 mg/kg) or saline. Shown as the mean of total
locomotor counts for male and female rats at varying dose of antagonist and drug administration. *
Denotes a significant main effect of sex; regardless of manipulation females had higher total
locomotor counts compared to males (p<0.05). * Denotes a significant effect of cocaine as

compared to respective saline treated groups (p<0.05) (n = 8).
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Figure 13: Sex, antagonist dose and drug affects ambulatory activity. Mean ambulatory counts in
male and female rats after single i.p. injection of the 5-HT 5 antagonist GR 127935 followed by a
single i.p. injection of cocaine (20 mg/kg) or saline. Shown as the mean of ambulatory counts for
male and female rats at varying dose of antagonist and drug administration. ~ Denotes a significant
main effect of sex; regardless of manipulation females had higher ambulatory counts compared to

males (p<0.05). * Denotes a significant effect of cocaine as compared to respective saline treated

groups (p<0.05) (n = 8).
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Figure 14: Sex, antagonist dose and drug affects rearing activity. Mean rearing counts in male and
female rats after single i1.p. injection of the 5-HT,5 antagonist GR 127935 followed by a single i.p.
injection of cocaine (20 mg/kg) or saline. Shown as the mean of rearing counts for male and female
rats at varying dose of antagonist and drug administration. ”~ Denotes a significant main effect of
sex; regardless of manipulation females had higher rearing counts compared to males (p<0.05).

* Denotes a significant effect of cocaine as compared to respective saline treated groups (p<0.05)

(n=28).
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Figure 15: Sex, antagonist dose and drug affects total locomotor activity. Delta value of mean total
locomotor counts in male and female rats after single i.p. injection of the 5-HT;p antagonist GR
127935 followed by a single i.p. injection of cocaine (20 mg/kg) or saline. No significant effects

were found.
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Figure 16: Sex, antagonist dose and drug affects ambulatory activity. Delta value of mean
ambulatory counts in male and female rats after single i.p. injection of the 5-HT s antagonist GR
127935 followed by a single i.p. injection of cocaine (20 mg/kg) or saline. * Denotes a significant

drug effect.
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Figure 17: Sex, antagonist dose and drug affects rearing activity. Delta value of mean rearing
counts in male and female rats after single i.p. injection of the 5-HT,g antagonist GR 127935
followed by a single i.p. injection of cocaine (20 mg/kg) or saline. * Denotes a significant drug

effect.
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4. Discussion

The present study determined the efficacy of 5-HT 4 and 5-HT) receptor antagonist
administration on cocaine-induced hyperlocomotor activity in male and female rats. As previously
reported, 5-HT ;4 and 5-HTp receptors mediate several cocaine-induced behavioral responses in
male rats (33,38,53). We extend these observations by demonstrating that similar to male rats, both
the 5-HT 4 and 5-HTg receptors are involved in the modulation of cocaine-induced behavioral
responses in female rats. Moreover, female rats showed more robust cocaine-induced increases in
total locomotor, ambulatory and rearing behaviors compared to males. This is consistent with
previously published observations (5,13,15,17,18,20,94,141,144,145,148,160,166,181).

At the behavioral level, we found a number of cocaine-induced behavioral sex differences.
Overall, cocaine-treated females demonstrated higher total locomotor, ambulatory and rearing
behavior compared to males in all experimental observations. Similar to previous studies we
demonstrated that higher doses of cocaine are required in male rats to achieve responses similar to
those of female rats. This supports the increased sensitivity to cocaine in females as compared to
males. Studies have shown that these behaviors are dose and sex dependent following acute cocaine
injections. However, previous studies have defined the sex related dose decency of cocaine. A dose
of 20 mg/kg was selected for our studies, since it is neither a maximal nor a minimal dose for either
male or female rats.

5-HT A receptors have been found to have a critical role in cocaine-induced locomotor
activity (28,32,33,40,47,50-55,110). In both male and female rats, WAY 100635 did not alter
baseline activity. This indicates that the behavioral responses reported herein suggests a specific
involvement of WAY 100635 and the 5-HT) A receptors activation in cocaine-induced

hyperactivational responses (28,32,33,40,47,50-55,110). In line with previous research, WAY
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100635 produced an attenuation of cocaine-induced hyperlocomotor activity in male rats
(28,32,33,40,47,50-55,107,109,110). We broaden these findings, demonstrating the blockade of the
5-HT ) receptor attenuates cocaine-induced locomotor activity in female rats in a similar manner.
This is inconsistent with previous reports, in which systemic administration of WAY 100635 did not
affect cocaine-induced locomotor activity and number of rears in female Wistar rats, however head
bobs were increased (110). This discrepancy however, could be attributed to strain differences, dose
used, and route of drug administration. However, when WAY 100635 was micro-injected into the
DRN, an increase in total locomotor activity and rearing was found (96). Interestingly, they found
no effect when microinjected into the MRN (96). This suggests a specific involvement of the 5-
HT ) A receptor in cocaine-induced behavioral activation in the dorsal raphe nucleus. Differences in a
number of behavioral studies of the serotonergic system have found conflicting results with systemic
versus local application (such as micro-injection) in cocaine-induced behavioral activation
(28,32,33,40,47,50-55,110).

Sex differences were found in the ability of WAY 100635 to attenuate cocaine-induced
behaviors. For instance, in males WAY 100635 was not effective in the reduction of cocaine-
induced ambulatory behaviors but was effective in all other behaviors examined. In addition, only
the 0.4 mg/kg dose was effective in reducing rearing behaviors in females but was effective at all
other doses in all other behaviors. This was not seen in males, with all doses attenuating all
significant effects in cocaine-induced behaviors. Consistent with previous reports, 0.4 mg/kg of
WAY 100635 was sufficient in selectively blocking the effects of cocaine-induced hyperlocomotion
in male rats (52, 205). In fact, in both male and female rats 0.4 mg/kg was the optimal dose for
attenuating cocaine-induced hyperlocomotion. Previously, it has been revealed that lower

concentrations of agonists have a stronger affinity for presynaptic 5-HT) 4 autoreceptors in the raphe
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nuclei and therefore, are considerably more sensitive to pharmacological manipulation than
postsynaptic 5-HT 4 receptors located in projection terminal regions (28,32,33,40,47,50-55,205).
Higher doses seem to target both autoreceptors and postsynaptic receptors similarly (47). Though it
has not been specifically determined in antagonists, it is likely that lower concentrations are
specifically targeting these receptors due to presynaptic autoreceptor sensitivity and higher receptor
reserve (28,32,33,40,50,55,205,47). When comparing systemic and local manipulation of cocaine or
other 5-HT agonists, differential effects are seen (47). This suggests that the activation of
somatodendritic autoreceptors is necessary for increased levels 5-HT found in projection areas after
cocaine administration. Local application in projection areas with cocaine or agonists and thus
specific activation of postsynaptic receptors in some cases, does not cause this same increase. The
importance of 5-HT;a presynaptic autoreceptors in cocaine-induced behavioral effects are further
evidenced by the fact that agonist-induced increases in 5-HT levels are not blocked by antagonists
with local application in projection areas as well. Therefore, cocaine-induced 5-HT increases seen in
projection areas such as the frontal cortex, nucleus accumbens and hippocampus, are subsequently
caused by the modulation of 5-HT; 4 somatodendritic autoreceptors. In addition, it has been
suggested that 5-HT release is modulated by presynaptic 5-HT ;4 receptors with dopamine and other
neurotransmitters being modulated by postsynaptic 5-HT ;4 receptors and 5-HT ;4 heteroreceptors
(28,32,33,40,47,50-55,205). Furthermore, WAY 100635 blocks 5-HT A receptor agonist-induced
increase in 5-HT release but does not block agonist-induced increases of DA or NA release in the rat
frontal cortex, nucleus accumbens and hippocampus (28,32,33,40,47,50-55,205). To further this
dose theory, researchers have found that the effects of 5-HT s receptor agonists on 5-HT release
were blocked by a low dose of WAY 100635 while a high dose of WAY 100635 was required to

attenuate 5-HT A receptor agonist-induced increase in DA release (28,32,33,40,47,50-55,205). This
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evidence suggests that WAY 100635 has a preferential action at somatodendritic 5-HT)  receptors in
the attenuation of cocaine-induced hyperlocomotor activity in male and female rats.

In addition, females are known to have heightened levels of serotonin in the brain.
Furthermore, cocaine is known to decrease serotonin levels in female rats and increase them in
males. Interestingly, WAY 100635 at the optimal dose of 0.4 mg/kg in both male and female rats
was equally sufficient in attenuating cocaine-induced hyperlocomotor activation. This evidence
suggests that in both male and female rats, WAY 100635 at this dose targets presynaptic receptors in
somatodendritic regions of the serotonergic system with equal efficacy and is effective in the
attenuation of cocaine-induced behavioral activity of male and female rats. Females therefore, do
not require a higher dose of WAY 100635 to cause similar attenuation of cocaine-induced
hyperlocomotion seen in males, as might be expected.

Carey et al., 2001 suggests that cocaine causes 5-HT increases in a number of brain regions
in the somatodendritic regions of 5-HT neurons, which increases 5-HT;a somatodendritic
autoreceptor activation, in turn inhibiting 5-HT neuronal activity (47,50-53,187). Therefore,
blocking the 5-HT, s somatodendritic autoreceptors with WAY 100635 blocks the normal increase of
inhibition normally caused by increased somatodendritic 5-HT after cocaine administration (65).
Therefore, the cocaine-induced increase in extracellular 5-HT in terminal regions is potentiated.
Overall, it is accepted that when cocaine-induced 5-HT levels are potentiated, cocaine-induced
locomotor activation is attenuated (35,38,48,81,83,89,99,100).

The activation of 5-HT)p receptor is directly involved in the mediation of cocaine-induced
hyperactivity in both male and female rats. Unlike WAY 100635, GR 127935 produced a baseline
effect which is inconsistent with most reports (1,99,115,118,119,122,186,188). After controlling for

baseline effects, similar to previous work, we found that 5-HTg receptor activation mediates
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cocaine-induced hyperlocomotor activity in male rat (38,99,119). Specifically, we found that
antagonism of the 5-HT,p receptor with GR 127935 attenuates cocaine-induced hyperlocomotor
activity in male rat and female rats (38,99,119). To our knowledge this is the first report
demonstrating that in female rats 5-HT)p also plays a direct role in cocaine-induced hyperlocomotor
activity.

Sex differences were observed in the efficacy of GR 127935 to inhibit cocaine-induced
activity. This sexually dimorphic antagonism was behaviorally specific. Analysis by sex revealed
no reduction in either sex in total locomotor behaviors. A significant reduction in ambulatory
activity due to GR 127935 treatment was found in females (10 and 15 mg/kg dose attenuated when
compared to saline) however, no significant effects were found in males. Conversely, in rearing
behaviors, a significant reduction in cocaine-induced hyperlocomotor behavior was seen only in
male rats (showing a reduction only with 15 mg/kg dose). Locomotor behaviors have been
suggested to be postsynaptically mediated by 5-HTp receptors (34). As described in Chapter 1, 5-
HTp receptors are found more abundantly in projection areas of the serotonergic pathway which
includes a wealth of receptors in motor control centers (34,48,71). Thus sex differences in the
efficacy of GR 127935 to attenuate hyperlocomotor responses after cocaine administration
consequently implies a sex difference in postsynaptic 5-HT g receptors in the regulation of cocaine-
induced hyperlocomotion.

Presynaptically, 5-HT; 4 receptors are more abundantly found as presynaptic autoreceptors,
whereas on post-synaptic nerve terminals they can modulate activity in non-serotonergic neurons
(47,189). Conversely, 5-HTp receptors are found more abundantly in post-synaptic nerve terminals.
Furthermore, it is known that 5-HT;» somatodendritic autoreceptors are more sensitive to

pharmacological stimulation compared to lower sensitivity in postsynaptic receptors (44,69).
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Therefore, it is feasible that the sexually dimorphic activation of 5-HT; s presynaptic autoreceptors
may contribute to the differential effects demonstrated in male and female rats. This in turn alters
the efficacy and activation of known postsynaptic autoreceptors (such as 5-HT;a, 5-HTp or other
receptor families). Future research should be directed towards determining the underlying basis of
these sexually dimorphic aspects of cocaine-induced hyperlocomotion. Specifically, dimorphisms
found in the levels of serotonin and its metabolites as well as dimorphisms found in cocaine-induced
hyperlocomotion after pharmacological manipulation could suggest that differences in receptor
number could be subject and thus explored. Evidence on 5-HT;4 receptor number has only been
explored in juvenile rats in which no differences were found. However, they did find a dimorphism
of mRNA expression with females having lower levels of mRNA compared to males. Ultimately,
this suggests that there could possibly be sex differences in receptor number expressed in adult rats
and should thus be explored. Our findings suggest that the sexual dimorphisms, seen in cocaine-
induced hyperlocomotion, may involve differential release of 5-HT and the subsequent activation of
presynaptic and postsynaptic receptors, autoreceptors and heteroreceptors also may be sexually

dimorphic.
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Chapter 3: The effects of cocaine on sex differences in the activation of the 5-HT4 receptors
using in vitro autoradiography of receptor-activated G proteins by agonist-stimulated guanylyl 5
[y-[*°S] thio]-triphosphate binding.

1. Introduction

Sex differences in serotonergic neuroanatomy, neurochemistry and behavior in both humans
and rats have been found. Female rats have increased serotonin synthesis and serotonin metabolites
in a number of brain regions when compared to males (133,134,190). Specifically, in the
mesocorticolimbic system (which plays a major role in motor and reward responses to cocaine)
sexual dimorphic patterns in the serotonergic (5-HT) system have been found (13,87,100,128,191).
It is known that 5-HT 5 receptors found in the mesocorticolimbic system modulate cocaine-induced
behaviors. As shown in Chapter 2, both male and female rats showed an attenuation of cocaine-
induced hyperlocomotion in response to co-administration of cocaine and 5-HT; s antagonists; the
opposite effects being seen with agonists. In male rats increases in extracellular levels of 5-HT, 5-
HIAA (a serotonin metabolite) and the 5S-HIAA/5-HT turnover ratio after cocaine administration
have been shown in the prefrontal cortex, nucleus accumbens and hippocampus (13,23,26-
28,32,47,50-54,65,75,86,87,102-105,110,192). However, in the nucleus accumbens of females,
cocaine decreases of 5-HT and 5-HIAA levels, in the nucleus accumbens (NAc) have been found
(13,104). These sexually dimorphic transmitter responses to cocaine administration are known
however, molecular and cellular mechanisms involved in these responses is unknown.

5-HT A receptors are G-protein coupled receptors (GPCR) and are coupled to various
effectors systems, including activation of ion channels such as the opening of G-protein-gated
inwardly rectifying potassium (GIRK) channels in the hippocampus as well as inhibition of Ca2+

currents in several neuronal types (34-36,39,41). It is well established that somatodendritic 5-HT 5
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receptors cause neuronal hyperpolarization through G-protein coupled opening of K channels and
consequently 5-HT neuronal firing is reduced (46). In addition, postsynaptic 5-HTa receptors
mediate via G-proteins causing neuronal hyperpolarization and inhibition of adenylyl cyclase (34-
36,39,41,66). It is suggested that differences in the coupling of 5-HT) 4 receptors to different G-
proteins might account for regional differences in 5-HT) 4 receptor activation in differential brain
areas and thus subsequent effects on a plethora of behaviors (34-36,39,41,66). Chronic cocaine
administration is known to cause both the increase and decrease of protein-coupled receptor
signaling in several brain regions (84). Specifically, it has been demonstrated that chronic cocaine
treatment increases and decreases both monoamine and non-monoamine receptor signal transduction
within the mesocorticolimbic system in male rats (193-198).

Because of the high receptor levels found in mesocorticolimbic areas and the dimorphisms
seen in 5-HT levels, we chose specific areas within this pathway to examine 5-HT) 4 receptor
activation after cocaine administration. The aim of this study is to determine if sexually dimorphic
patterns in the activation of 5-HT) 4 receptors, in the mesocorticolimbic and nigrostriatal regions
contribute to the known sexually dimorphic behavioral responses found in response to cocaine
administration (34-36,39,41,66,199,200). To this end functional activity of 5-HT A receptors was
measured using in vitro autoradiography of receptor-activated G proteins by agonist-stimulated
guanylyl 5’[y-[3SS]thi0]-triphosphate ([3SS]GTPVS ) binding (66,201). This assay is known for
determining the functionality of the G-protein after pharmacological manipulation (66,201). The
first step in the signaling cascade following activation of G-protein coupled receptors is an exchange
of GDP for GTP on the a-subunit of the interacting G-protein (See figure 18). Agonist-induced

incorporation of guanosine 5°-O ([*’S]GTPyS) triphosphate ([*>S]GTPYS), a non-hydrolysable
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analogue of GTP, provides a great way to measure the amount of the receptor coupling to G-protein

and thus receptor activation (66,201).

2. Methods
2.1 Animals

Eight-week-old male and female Fischer rats purchased from Charles River (Kingston, NY)
were individually housed for one week prior to experimental manipulations in standard plastic cages
(20 x 20 x 41 cm®). Rats had free access to standard lab chow and water ad libitum and were
maintained on a 12-h light/dark cycle (lights on at 9:00 a.m.). Rats were handled and weighed for 3
days prior to experimental manipulations. Three separate cohorts of animals were used for
behavioral studies with an n of 4 per group. In female rats repeated vaginal lavage attenuates
cocaine-induced activity, and establishes a place preference and increased dopamine release in the
striatum (184). Thus, females were placed randomly into experimental groups without regard to
estrous cycle stage (184). All animal care was in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH publication 865-112, Bethesda, MD) and approved by the Institutional

Animal Care and Use Committee of Hunter College.

2.2 Drugs
Cocaine hydrochloride, N-[2-[4-(2-methoxyphenyl)-1-piperazinyl] ethyl]-N-2-pyridinyl-
ycylhexanecarboxaminde maleate (WAY 100635) were purchased from Sigma-Aldrich (St. Louis,

MO). Non-labeled guanosine 5° — (y-thio) triphosphate (GTPyS), GDP and adenosine deaminase

were purchased from Sigma-Aldrich. Labeled [*>S] GTPyS (1393 Ci/mmol; 1 Ci =37 GBq) was
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purchased from NEN-Perkin Elmer, Life Science (Boston, MA, USA). Hyperfilm-Bmax was

purchased from Amersham. All other reagent grade chemicals were obtained from Sigma-Aldrich.

2.3 Drug treatment and experimental paradigm

Cocaine and WAY 100635 were prepared daily by dissolution in physiological saline (0.9%)
and injected intra-peritoneal. All injections were performed in the home cage. After 15 minutes pre-
treatment with WAY 100635 (0, 0.4, 0.8, or 1.6 mg/kg) rats were injected with cocaine (20 mg/kg)
or saline. This cocaine dose was previously demonstrated to produce significant increases in
locomotion and robust sex differences in cocaine-stimulated motor activity without reaching a
maximal effect in either sex (13). Antagonist doses and pretreatment schedule were chosen based on
previous reports in male rats, which demonstrated an inhibition of locomotor behavioral responses to

cocaine (52,53).

2.4 Brain Tissue Dissections

Following decapitation, brains were rapidly removed, frozen in methylbutane (-40°C for 30
seconds), and stored at -80°C. Coronal sections (20 um) thaw-mounted onto Superfrost Plus Gold
glass slides (Fischer, Pittsburgh, PA). Frontal cortex (Interaural: 13. 70 mm/Bregma: 4:70 mm);
Nucleus Accumbens (Interaural: 11.70 mm/Bregma: 2.70 mm); Caudate putamen (Interaural: 10.60
mm/Bregma: 1.60 mm); Hippocampus and Amygdala (Interaural: 5.40 mm/Bregma: -3.60 mm).

The slides were stored at -80°C until used.
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2.5 Agonist-Stimulated GTP [y-s] Binding Autoradiography.

As previously described by Sims et al., (1995) and Febo et al., (2003). Slides were incubated
at 25°C for 10 minutes in incubation buffer [SO mM Tris HCI, 3 mM MgClZ, 0.2 mM EGTA, 100
mM NAcl at a pH of 7.7]. Sections were then incubated with 2mM GDP for 30 minutes, followed
by an incubation in assay buffer at room temperature for 2 hours [0.1 nM GTP[y-35S] (1393
Ci/mmol; 1 Ci=37 GBq), 2 mM GDP, 0.2 mM DTT]. Receptor stimulation was determined by
adding agonist to the assay buffer (0.3 uM 8-OH-DPAT). Basal activity was assessed with GDP in
the absence of agonist. Nonspecific binding was assessed in the presence of 10 uM unlabeled GTP.
All sections were then rinsed twice for 3 minutes in ice cold Tris-buffer [SOmM Tris HCI (pH 7.0 at
25°C), 0.2 mM DTT]. Slides were then dipped in ice-cold deionized water, dried rapidly under a
stream of cool air, dried overnight, and exposed to Hyperfilm-Bmax for 24 hrs. The agonist-
stimulated activity was calculated by subtracting the optical density of basal sections from that of

agonist-stimulated sections. Results were expressed as percentage to basal binding.
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Figure 18: Concept of in vitro autoradiography of receptor-activated G proteins by agonist-
stimulated guanylyl 5’[V-[3 5S]thio]-triphosphate ([3SS]GTPVS ) binding (66,201).

a) Agonist binding to receptor causes the exchange of GTP for GDP on the a subunit of the G
protein; Go-GTP and Gy subunits activate cellular effectors. The GTPase activity of the Ga
subunit hydrolyses GTP to GDP, Ga and Gy subunits re-associate and the system is turned off.

b) In the presence of [*>S]JGTPYS, exchange of [*°S]GTPyS for GDP occurs, but the GTPase activity
of the Gt subunit is unable to hydrolyze Ga-bound [*’S]GTPYS, which accumulates during

the assay period and the radioactive buildup can be visualized by exposure to film.
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2.6 Statistical analysis:

t-test analyses were used to determine statistically significant differences between cocaine
versus saline-treated animals. A two-way ANOVA was used to interactions between drug (saline or
cocaine) x sex (male vs. female). Fisher LSD post hoc tests were used for multiple comparisons

when appropriate. A p-value of less than 0.05 was considered significant for all statistical analysis.

3. Results
3.1 Sex Differences in the 5-HT;, Binding

As shown in Table 4 and Figures 19-22, cocaine significantly increased 5-HT; agonist-
stimulated [358] GTPyS binding in most brain areas studied. Of interest, a reduction of 5-HT
agonist-stimulated [*°S] GTPyS binding was observed in the amygdala of both male and female rats.
Furthermore, a reduction of binding was also observed in the shell of the nucleus accumbens of
females and in the hippocampus (CA1 and CA3) of males.

In the dorsal and rostral frontal cortex of both males and females a significant main effect of

drug was obtained in the [dorsal frontal cortex: F (1, 12) = 0.0068, p = 0.0024; rostral frontal cortex:

F (1,12) = 13.2866, p = 0.0034; Fig. 16]; cocaine increased activation of both males and females
compared to saline; see Fig. 19. As shown in Figure 20, in the dorsal medial caudate putamen of
both male and female rats a significant drug effect was also found [F(1, 12) =4.9211, p = 0.046];
cocaine treatment increased 5-HT; 4 agonist-stimulated [**S]GTPYS binding when compared to
saline-treated groups.

A significant main effect of sex was observed in the nucleus accumbens core [F (1, 12) =
0.0085, p = 0.0292]; males regardless of drug treatment had higher 5-HT) 5 agonist-stimulated [**S]

GTPyS binding that female rats; see figure 21 (p = 0.0294). A significant drug effect was also found
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in the core of the nucleus accumbens [F (1, 12) = 0.0074, p = 0.0394]. In males, cocaine increased
5-HT4 agonist-stimulated [°S] GTPyS binding, while it decreased binding levels in females (p =

0.0395). Therefore, differential activation of the 5-HT) 4 receptor was sex and brain region specific.
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Table 5: t-test for drug effect in 5-HT)  agonist-stimulated [*>S] GTPyS binding

Brain Area

Male

Female

Dorsal Frontal Cortex (FCxD)

t(14) = -6.9620, p = 0.0000

t(14) = -7.0772, p = 0.0000

Rostral Frontal Cortex (FCxR)

t(14) = -7.1840, p = 0.0000

t(14)=-7.2109, p = 0.0000

Ventral Frontal Cortex (FCxV)

t(14) = -7.6793, p = 0.0000

t(14) = -7.7491, p = 0.0000

Dorsal Medial CPu (CPuDM)

t(14) =-7.6879, p = 0.0000

t(14) = -7.7308, p = 0.0000

Dorsal Lateral CPu (CPuDL)

t(14) = -7.6879, p = 0.0000

t(14) = -7.7491, p = 0.0000

Nucleus Accumbens Core (NAcC)

t(14) =-7.6788, p = 0.0000

t(14)=-7.9321, p = 0.0000

Nucleus Accumbens Shell (NAcS)

t(14) = -7.7207, p = 0.0000

t(14) = -7.8172, p = 0.0000

Hippocampus CA1 (CA1l)

t(14) = -7.2990, p = 0.0000

t(14) =-7.3663, p = 0.0000

Hippocampus CA3 (CA3)

t(14) = -7.5317, p = 0.0000

t(14) = -7.6430, p = 0.0000

Amygdala

t(14) = -7.6907, p = 0.0000

t(14) = -7.6659, p = 0.0000




Weierstall
79

C3Saline
Hl Cocaine

% GTP Binding

FCxDFCxR FCxV FCxD FCxR FCxV

Female Male

Figure 19: Drug affects 5-HT 5 receptor activity in male and female rats. Percent of 5-HT;, agonist-
stimulated [*>S] GTPyS binding in the dorsal (FCxD), rostral (FCxR) and ventral (FCxV) frontal
cortex. Percent of [*>S] GTPyS binding was determined by the subtraction of the optical density of
basal sections from its respective agonist-stimulated sections. Cocaine caused an increase in binding
in both male and female rats compared to saline (p < 0.05). * Denotes a significant drug effect;

analysis by t-test. # Denotes a significant drug effect; analysis by ANOVA.
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Figure 20: Drug affects 5-HT A receptor activity in male and female rats. Percent of 5-HT, s agonist-
stimulated [*°S] GTPyS binding in the dorsal medial (CPuDM) and dorsal lateral (CPuDL) CPu
cortex. Percent of [*°S] GTPyS binding was determined by the subtraction of the optical density of
basal sections from its respective agonist-stimulated sections. Cocaine caused an increase in binding
in both male and female rats compared to saline (p < 0.05). Denotes a significant drug effect;

analysis by t-test. # Denotes a significant drug effect; analysis by ANOVA.
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Figure 21: Drug affects 5-HT o receptor activity in male and female rats. Percent of 5-HT, 4 agonist-
stimulated [*°S] GTPyS binding in the nucleus accumbens core (NAcC) and nucleus accumbens
shell (NAcS). Percent of [*>S] GTPyS binding was determined by the subtraction of the optical
density of basal sections from its respective agonist-stimulated sections. Cocaine caused an increase
in binding in both male and female rats compared to saline in the nucleus accumbens core and in
males in the nucleus accumbens shell (p < 0.05). A decrease was found females in the nucleus
accumbens shell. » Denotes a sex effect. * Denotes a significant drug effect; analysis by t-test. #

Denotes a significant drug effect; analysis by ANOVA.
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Figure 22: Drug affects 5-HT ) receptor activity in male and female rats. Percent of 5-HT, 4 agonist-
stimulated [*°S] GTPyS binding in the hippocampus CA1 and hippocampus CA3. Percent of [*°S]
GTPyS binding was determined by the subtraction of the optical density of basal sections from its
respective agonist-stimulated sections. Cocaine caused an increase in binding in both male and

female rats compared to saline (p < 0.05). * Denotes a significant drug effect; analysis by t-test.
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Figure 23: Drug affects 5-HT 4 receptor activity in male and female rats. Percent of 5-HT 5
agonist-stimulated [*>S] GTPyS binding in the amygdala. Percent of [*°S] GTPyS binding was
determined by the subtraction of the optical density of basal sections from its respective agonist-
stimulated sections. Cocaine caused a decrease in binding in both male and female rats compared to

saline (p < 0.05). * Denotes a significant drug effect; analysis by t-test.
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4. Discussion

Autoradiography has demonstrated a high density of 5-HT 4 receptors in dorsal and median
raphe nuclei, as well as, limbic forebrain regions of rats, including the hippocampus (CA1 and CA3),
amygdala, and frontal cortex with lower densities found in the nucleus accumbens (33-36,39,69).
Similar to previous work we found specific activation of 5-HT A receptors using 5-HT 5 receptor
mediated [*>S]GTPyS binding in the frontal cortex and hippocampus (66,201). We also found
specific activation of 5-HT receptors in the nucleus accumbens, amygdala and caudate putamen,
which to our knowledge has not been previously examined. Therefore, we found a direct
relationship between the known neuroanatomical location of 5-HT receptors in male rats with the
functional activation of 5-HT s receptors in response to cocaine administration in male and female
rats presently. Moreover, to the best of our knowledge, this is the first study demonstrating 5-HT o
receptor-stimulated [*S] GTPyS binding altered by acute cocaine administration. Notably, this is
the first study addressing sex differences in the activation of 5-HT; A receptors to cocaine
administration.

8-OH-DPAT-stimulated [*>S] GTPyS binding measures the ability of the agonist 8-OH-
DPAT to stimulate the exchange of GTPYS for GDP and is thus a direct assessment of receptor
activation of G-proteins (66,201). Cocaine caused activational effects of the 5S-HT 5 receptor in both
male and female rats (66,201). With cocaine administration 8-OH-DPAT’s ability to stimulate the
exchange of GTPYS for GDP was increased; an indication that the activation of G-proteins by the
receptor was increased because of agonist binding (66,201). Conversely, in a number of areas this
ability to stimulate the exchange of GTPYS for GDP is decreased, an indication that the activation of
G-proteins by the receptor is reduced (66,201). A reduced capacity of the 5-HT 4 receptor to

activate G-proteins may be due to regulatory processes (e.g. phosphorylation) at the level of the G-
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protein in addition to a number of complex modulatory activational processes of this receptor (201).
Specifically, we found increases in functional [*>’S]GTPYS binding and thus activation of 5-HT; s
receptors in the dorsal, rostral and ventral areas of the frontal cortex, dorsal medial and dorsal lateral
areas of the caudate putamen and the core area of the nucleus accumbens. Decreases of [*>S] GTPyS
binding was found in the amygdala in both male and female rats. Interestingly, sexually dimorphic
differences were found in the shell area of the nucleus accumbens with males having an increase and
females having a decrease in [*>S] GTPyS binding. Sex differences were also found in and CA1 and
CA3 areas of the hippocampus, with increases in [*°S]JGTPyS binding in females in both areas and
decreases in [°S]GTPYS binding in males.

In the frontal cortex of both male and female rats, cocaine increased agonist-stimulated [*S]
GTPyS binding compared to saline-treated animals. This is consistent with previous reports which
found increases of 5-HT in the pre-frontal cortex of male rats (13,51,105). In addition, others have
found that co-administration of progesterone and cocaine in overiectomized female rats, which
“mimics” male endocrine levels, resulted in higher levels of 5-HT in the prefrontal cortex (105).
Thus, the increase of [*>S]GTPYS binding after stimulation with 5-HT, s agonist stimulated G-
protein activation may be a direct result of an increase of 5-HT release from the dorsal raphe nucleus
due to cocaine administration (13,51,105). It has been suggested that 5-HT; s postsynaptic receptors
have pro-serotonergic effects while somatodendritic receptors are inhibitory. Therefore, in males we
could assume that the increases in 5-HT levels in projection areas are causing activational effects
upon 5-HT 5 receptors, which cause the enhancement of cocaine-induced behavioral activation.
However, increases of activity in female rats was found suggesting that increased activation is

modulating the decreases in 5-HT levels found in response to cocaine administration. This
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dimorphic modulation could be found in regulation of activation, which is further down the second
messenger signal cascade in female rats and should be the focus of future examination (13, 51,105).

In the caudate putamen, an increase in [*>S] GTPyS binding after cocaine administration was
found in both males and females. This is in contradiction to previous work in which no change in
the levels of 5-HT after cocaine administration was found (50,52,52). However, u opioid receptor
and D1 dopamine receptor agonists have shown increases in [>>S]GTPYS binding in the caudate
putamen of males (193-197,202). Finally, in the amygdala a decrease in 5-HT1a activation was
found in both male and female rats. This is consistent with reports of chronic WF-23 administration
in which a reduction of [>>’S]GTPyS binding was observed (193,194,203,204). WF-23 is a potent
tropane analog which like cocaine blocks dopamine, serotonin, and norepinephrine transporters with
high affinity in vitro and is shown to substitute for cocaine and maintain cocaine responding in self-
administration paradigms in both rodents (193,194,203,204).

In the core of the nucleus accumbens of both males and females increases in [*°S] GTPyS
binding after cocaine administration was found. However, a sex difference in the activation of 5-
HT s receptors in the nucleus accumbens shell was observed. In the shell of the nucleus, accumbens
males had an increase of 5-HT) 4 binding after cocaine administration compared to saline. This is
consistent with earlier findings of increased 5-HT levels in this area after cocaine administration in
the NAc in male rats (32,40,53). Further, it has been shown that co-administration of WAY 100635
and cocaine decreased cocaine-induced behaviors while increasing cocaine-induced levels in nucleus
accumbens. This could be reversed by agonist treatment in male rats (32,40). Our data suggests that
increased levels of 5-HT after systemic injections are regulated by the activation of 5-HT s receptors
in the nucleus accumbens. Females had a reduction in 5-HT) s agonist-stimulated [*°S] GTPyS

binding levels after cocaine administration. This is in line with previous evidence of female rats
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showing decreased 5-HT, and 5-HIAA, in the nucleus accumbens (NAc) after cocaine administration
(13,104). In addition, repeated cocaine administration in OVX and OVX-EB rats demonstrated a
decreases of [°’S]GTPYS binding in the nucleus accumbens in OVX-EB and increases in OVX
female rats (200). Additionally, other agonists which target GABA, DA as well as 5-HT 4 receptors
show decreases in [*>S]GTPyS binding in the nucleus accumbens of female but not male rats (193-
197,200). Taken together, these results suggest a sexually dimorphic response within the nucleus
accumbens in cocaine-induced behavioral activation.

It has been previously demonstrated that females have stronger reward activation to cocaine
than male rats (21,148). Since the shell of the nucleus accumbens has been postulated to be an
important area in reward ,the sexually dimorphic regulation of nucleus accumbens [*>S]GTPyS
binding may contribute to the known sexually dimorphic aspects of cocaine reward (206). In
addition, microinjections of 5-HT;p legends into the shell, but not core, dose-dependently attenuated
the psychostimulant-induced locomotor activity and thus, as previously discussed, could also be
linked with cocaine-induced effects of 5-HT o receptors (118). Therefore, sexually dimorphic
aspects of cocaine-induced locomotor activation are found in the shell of the nucleus accumbens.

Sex differences in [*°>S] GTPyS activation of hippocampal levels were also found. Increases
of 5-HTa [358] GTPyS activation were seen in both the CA1 and CA3 regions of females while in
males a significant decrease in activation was seen in response to cocaine administration. This is
inconsistent with previous findings of increased 5-HT levels after cocaine administration in the
hippocampus of male rats (47). Increases of GABAg receptor-stimulated [*°S] GTPyS binding was
increased by 25% in the hippocampus after chronic administration of buspirone treatment (197). To

the best of our knowledge, this is the first time 5-HT ;4 [*>S] GTPyS binding has been examined in



Weierstall
88

female rats. Our results, consistent with previous reports in male rats, show an involvement of 5-
HT s receptor activation in the hippocampus of female rats.

Hippocampus-accumbens projection and its serotonergic innervations play a prominent role
in the regulation of psychostimulant related locomotor activation (47). Thus, we postulate that
sexual dimorphisms exist in differential brain activation of 5-HT s receptors in response to cocaine
administration in these areas. In parallel to our behavioral research and the known neuroanatomical
abundance found in these areas, we would suggest that our results demonstrate a direct involvement
in the regulation of cocaine-induced behavioral activities within the hippocampus-accumbens
pathway. Moreover, the differential effects found in these areas imply the location of sexual
dimorphisms in the rewarding aspect seen in cocaine-administration and other reward paradigms.
Russo et al., 2003 demonstrated sexually dimorphic responses in the development and acquisition of
reward. They hypothesized that intrinsic differences in the processes underlying learning and
memory may be involved. Serotonin has also been implicated in the processes involved in learning
and memory (207). Thus, the differential activation of 5-HT A receptors in the hippocampus may
underlie sexual dimorphic responses in cocaine-induced reward and memory.

Overall, we found that the 5-HT) 4 receptor activity is directly affected by cocaine
administration in a number of brain areas involved in cocaine-induced behaviors. However, this is
to the best of knowledge the first time looking at acute administration of cocaine’s effect on 5-HT 4
receptor activation with [*°S] GTPyS. Previous work has been done with male rats with chronic
administration of cocaine. In this study, the fact that we determined activation of only one hour may
cause limitations as actual effects at this level may not be physiologically possible and thus a time
course should be determined. However, taken together with the previous study we provide evidence

of sexually dimorphic cocaine-induced activation of the 5-HT A receptor. Determining if there are
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sex differences in 5-HT;a receptor number is directly related to effects of this differential activation
as discrepancies between receptor number and specific activation of G-proteins has been found

previously.
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Chapter 4: Sex differences in the blockade of the serotonin transporter using the reuptake

inhibitor fluoxetine

1. Introduction

It is known that cocaine binds with high affinity to the serotonin (SERT) transporter causing
the inhibition of presynaptic reuptake of serotonin (24,25,65,76). This disruption causes an overall
increase in synaptic concentration subsequently causing a change in neuronal firing (38). SERT is
involved in the regulation of various cocaine-induced behaviors including locomotor hyperactivity
and reward (96,128). For instance, it has been shown that only when mice are double knockouts of
both the DAT and SERT is the elimination of cocaine reward seen with the elimination of
conditioned place preference (112,116,208-210).

Studies with SSRI’s have shown conflicting evidence in cocaine-induced behavioral
responses. 5-HT reuptake blockade with the administration of a number of SSRI’s including
fluoxetine and fluvoxamine, have been found to increase 5-HT levels and enhance acute cocaine
locomotor activity in male rats (38,75,83,96,128). However, others have found SSRI’s which
increase extracellular 5-HT available within serotonergic cells, but did not potentiate cocaine-
induced hyperlocomotion and still others found no effect (38,75,83,96,128). In addition, SSRI’s
have not only been implicated in locomotor activity of rats but also are implicated in the rewarding
properties of cocaine (89,100,109,129,130). For instance, SSRI’s can enhance the stimulant effects
of cocaine by reducing the propensity to self-administer cocaine (89,100,109,129,130). Although a
clear picture is emerging demonstrating a fundamental role of 5-HT in cocaine-induced behavioral
effects, the role of sex differences in 5-HT activity and serotonin reuptake modulation of cocaine-

induced behaviors is yet to be determined. The aim of this research is to test the hypotheses that sex
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differences in the activation of the serotonin transporter contribute to sexually dimorphic patterns

seen in cocaine-induced hyperactivity.

2. Methods
2.1 Animals

Eight-week-old male and female Fischer rats purchased from Charles River (Kingston, NY)
were individually housed for one week prior to experimental manipulations in standard plastic cages
(20 x 20 x 41 cm®). Rats had free access to standard lab chow and water ad libitum and were
maintained on a 12-h light/dark cycle (lights on at 9:00 a.m.). Rats were handled and weighed for 3
days prior to experimental manipulations. Three separate cohorts of animals were used for
behavioral studies with an n of 8 per group. Since repeated vaginal lavage attenuates cocaine-
induced activity, abolishes estrous cycle effects, and establishes a place preference in female rats and
increased dopamine release in the striatum (184). Females were placed into groups at random
without regard to estrous cycle (184). All animal care was in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH publication 865-112, Bethesda, MD) and approved by the

Institutional Animal Care and Use Committee of Hunter College.

2.2 Drugs
Cocaine hydrochloride and fluoxetine were purchased from Sigma-Aldrich Chemical Co. (St.

Louis, MO).
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2.3 Drug treatment and experimental paradigm

Cocaine and fluoxetine were prepared daily by dissolution in physiological saline (0.9%) and
injected intra-peritoneally. All injections were performed in the home cage. After 1 hour pre-
treatment with fluoxetine (0, 1, 5, 10 mg/kg), rats were injected with (20 mg/kg) of cocaine or saline.
This cocaine dose was previously demonstrated to produce significant increases in locomotion and
robust sex differences in cocaine-stimulated motor activity, without reaching a maximal effect in
either sex (13). Fluoxetine doses and pretreatment schedule were chosen based on previous reports
in male rats, which demonstrated an inhibition of locomotor behavioral responses to cocaine

(38,100).

2.4 Behavioral Measurement

Total locomotor, ambulatory and rearing activities were monitored in the home cages with a
Photobeam Activity System from San Diego Instruments (San Diego, CA) as previously described
(160). All behavioral activities were recorded for one-hour post-drug treatment. Total locomotor
activity represented the sum of counts in the horizontal frame. Ambulatory activity represented the
number of counts produced by two consecutive photobeam interruptions in the horizontal frame.

Rearing activity represented total counts of vertical motion.

2.5 Statistical Analysis
Total locomotor, ambulatory, and rearing data were summed for each subject and presented
as mean + standard error of the mean (SEM). Three-way analyses of variance (ANOV As) were used

to determine the effects of antagonist administration, cocaine, and sex on cocaine-induced behavioral

responses: SSRI DOSES (vehicle or fluoxetine) x DRUG CONDITION (cocaine or saline) x SEX
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(male or female). Within sex, two-way ANOV As were used to determine the effects of SSRI dose
on cocaine-induced behavior: antagonist dose (vehicle or fluoxetine) x cocaine (cocaine or saline).
When significance was obtained, Fisher LSD test was used. To account for these baseline effects,
data was analyzed as the difference of cocaine effect minus their respective saline activity. A p-

value of less than 0.05 was considered significant in all statistical analysis.

3. Results
3.1 Sex Differences in the Blockade of the Serotonin Transporter using the Serotonin Reuptake
Inhibitor Fluoxetine

As shown in Figure 24-26, a significant main effect of drug was obtained for drug [total
locomotor: F (1, 96) =94.1542, p=0.0000; ambulatory: F (1, 98) = 59.8902, p=0.0000; rearing: F
(1, 98) = 130.5588, p=0.0000]; overall, cocaine increased all three behavioral responses (p<0.05 for
all comparisons).

In both sexes, Fig 24-26, fluoxetine altered behavioral baseline of total locomotor and rearing

behaviors [total locomotor: F (3, 48) =3.4628, p =0.0233; rearing: F (3,48)=9.31144,p =

0.0002]. To account for these baseline effects, data was analyzed as the difference of cocaine effect
minus their respective saline activity. As shown in Fig 27-29, after correcting for the baseline effect,

fluoxetine did not significantly alter any behavioral responses.
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Figure 24: Drug does not affect total locomotor activity. Mean total locomotor counts in male and
female rats after single i.p. injection of the serotonin reuptake inhibitor Fluoxetine, followed by a
single i.p. injection of cocaine (20 mg/kg) or saline. * Denotes a significant effect of cocaine as

compared to respective saline treated groups (p<0.05) (n=8).
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Figure 25: Drug does not affect ambulatory activity. Mean ambulatory counts in male and female
rats after single i.p. injection of the serotonin reuptake inhibitor Fluoxetine, followed by a single i.p.

injection of cocaine (20 mg/kg) or saline. * Denotes a significant effect of cocaine as compared to

respective saline treated groups (p<0.05) (n=8).
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Figure 26: Drug does not affect rearing activity. Mean rearing counts in male and female rats after
single i.p. injection of the serotonin reuptake inhibitor Fluoxetine, followed by a single i.p. injection
of cocaine (20 mg/kg) or saline. * Denotes a significant effect of cocaine as compared to respective

saline treated groups (p<0.05) (n=8).
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Figure 27: Drug does not affect locomotor activity. Delta value of mean total locomotor counts in
male and female rats after single i.p. injection of the serotonin reuptake inhibitor Fluoxetine

followed by a single i.p. injection of cocaine (20 mg/kg) or saline.



Weierstall
98

Male Female

400

Ambulatory

0

0 5 10 15 0 5 10 15
Fluoxetine (mg/kg)

Figure 28: Drug does not affect ambulatory activity. Delta value of mean ambulatory counts in male

and female rats after single i.p. injection of the serotonin reuptake inhibitor Fluoxetine followed by a

single i.p. injection of cocaine (20 mg/kg) or saline.
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Figure 29: Drug does not affect rearing activity. Delta value of mean rearing counts in male and
female rats after single i.p. injection of the serotonin reuptake inhibitor Fluoxetine followed by a

single i.p. injection of cocaine (20 mg/kg) or saline.
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4. Discussion

Contrary to our hypothesis, a significant effect was only found for drug administration; with
cocaine showing a robust increase compared to saline in all conditions and each sex examined. We
found that fluoxetine failed to alter cocaine-induced hyperlocomotor activity. This is consistent with
previous research which found that fluoxetine failed to alter the locomotor activity induced by
cocaine in male and female C57BL/6BJ mice (75). Moreover, although cocaine conditioned place
preference (CPP) development was increased by fluoxetine in male rats, no locomotor effects were
seen (211). Specifically, no change in the number of entries into the two conditioning compartments
was observed suggesting that locomotor activity was unaffected by fluoxetine (211). However, the
bulk of literature with SSRI’s fluoxetine show potentiations of cocaine-induced locomotor activity
(96,100,128,212). Similar to previous reports, though not significant, in females an increase in
rearing behavior was observed.

Reith et al., 1991 suggested that a lack of effect in their study may have been due to the
stimulation of autoreceptors, inhibiting the 5-HT release and suppressing the activity of serotonergic
neurons (75). For instance, fluoxetine increases extracellular 5-HT levels in forebrain regions;
therefore it could be suggested that 5-HT in the synaptic cleft reduces 5-HT release via stimulation
of presynaptic autoreceptors (96). Previous evidence suggests that the blockade of inhibitory
autoreceptors cause the increase of 5-HT levels and subsequent attenuation of cocaine-induced
hyperlocomotor behavior. This however, was opposite to the previous findings and therefore
presently we would conclude like previous research that the serotonergic transporter is not involved
in sexually dimorphic aspects of cocaine-induced behavioral activation. However, similar
behavioral trends were found in both male and female rats similarly in the current study and should

be taken into consideration for future studies.
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Our results suggest that SERT is not involved in the sexual dimorphisms seen in cocaine-
induced locomotor activity. It is known that SERT is involved in the rewarding aspects of cocaine.
Therefore, we might have had more robust results if we had looked at other behaviors exploring
reward aspects of cocaine rather than locomotor behavior alone. In addition, the activation of
autoreceptors and the vast number of receptors that may be involved in the effects of the co-
administration of fluoxetine and cocaine make conclusions of specific effects of manipulation of
SERT difficult. Therefore, more specific isolation of the transporter, such as with the use of
conditional knockouts, should be explored to elucidate sex differences in the manipulation of the

serotonergic transporter in cocaine-induced behavioral responses.
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Chapter 5: Effects of WAY 100635, cocaine and sex differences seen in activation of the
endocrine system of Fischer rats

Sexual dimorphisms exist in the activation of the HPA axis after cocaine administration.
Specifically, females have greater ACTH and corticosterone serum levels after acute and chronic
cocaine administration than male rats (809, 2412, 2860, 1551, 1765, 151, 12). Ovariectomy
decreases cocaine-induced ACTH and corticosterone levels in females, whereas castration had no
effect on males suggesting a role of gonadal hormones in this effect (30). Thus, the enhanced effect
of cocaine administration on the HPA axis in female rats could contribute to enhanced behavioral
reactivity that is seen in female rats (145). Cocaine also has substantial effects on the HPG axis and
gonadal hormones. For instance, cocaine increases plasma levels of progesterone in rats in a dose-
dependent manner (145,213,214). In addition, researchers have found progesterone plasma levels to
be significantly higher in cocaine treated intact female rats compared to saline controls
(145,160,184,213,215). Further, progesterone treatment has been found to affect cocaine-induced
increases in serotonin levels in the medial prefrontal cortex (216).

At the level of the paraventricular nucleus, serotonin is released from dorsal raphe’ nerve
terminals acting on 5-HT) A receptors which augment adrenocorticorophin hormone (ACTH) and
thereafter coriticosterone release (217). Neuroendocrine studies in rats have found that 5-HT 4
agonists such as 8-OH-DPAT, buspirone, isapirone and gepirone have dose-dependent increases in
levels of plasma oxytocin, prolactin, ACTH and corticosteroids (34,50,109,176, 133, 136). These
neuroendocrine responses are blocked by 5-HT 4 antagonists, such as pindolol or WAY 100635
(34,50,109,176). In addition, females demonstrate a more rapid attenuation of hypothermic and
adrenocortical responses to repeated 5-HT;, stimulation (133,136). Therefore, we utilized WAY

100635, a 5-HT receptor antagonist to determine the effects of this receptor in cocaine-induced
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corticosterone and progesterone level effects. The aim of this research is to test the hypotheses that

sex differences exist in interaction between 5-HT) A receptors and the HPA and HPG systems.

2. Methods
2.1 Animals

Eight-week-old male and female Fischer rats purchased from Charles River (Kingston, NY)
were individually housed for one week prior to experimental manipulations in standard plastic cages
(20 x 20 x 41 cm®). Rats had free access to standard lab chow and water ad libitum and were
maintained on a 12-h light/dark cycle (lights on at 9:00 a.m.). Rats were handled and weighed for 3
days prior to experimental manipulations. Three separate cohorts of animals were used for
behavioral studies with an n of 8 per group. Since repeated vaginal lavage attenuates cocaine-
induced activity, abolishes estrous cycle effects, and establishes a place preference in female rats and
increased dopamine release in the striatum (184). Females were placed into groups at random
without regard to estrous cycle (184). All animal care was in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH publication 865-112, Bethesda, MD) and approved by the

Institutional Animal Care and Use Committee of Hunter College.

2.2 Drugs

Cocaine hydrochloride, N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinyl-
ycylhexanecarboxaminde maleate (WAY 100635), and 2'-methyl-4'-(5-methyl-[1,2,4]oxadiazol-3-
yl)-biphenyl-4-corboxylic acid [4-methoxy-3-(4-methyl-piperazin-1-yl)-phenyl]-amide were

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO).
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2.3 Drug treatment and experimental paradigm
Cocaine and WAY 100635 solutions were prepared daily by dissolution in physiological
saline (0.9%) and injected intra-peritoneal. All injections were performed in the home cage. After
15 minutes pre-treatment with WAY 100635 (0, 0.4, 0.8, or 1.6 mg/kg), rats were injected with (20
mg/kg) of cocaine or saline. This cocaine dose was previously demonstrated to produce significant
increases in locomotion and robust sex differences in cocaine-stimulated motor activity, without
reaching a maximal effect in either sex (13). Antagonist doses and pretreatment schedules were
chosen based on previous reports in male rats, which demonstrated an inhibition of locomotor

behavioral responses to cocaine (47,50-53).

2.4 Serum Levels for Corticosterone and Progesterone

One hour after cocaine or saline administration, the rats were sacrificed by decapitation,
following a brief exposure (20 seconds) to CO,. Trunk blood was collected and centrifuged at 3,000
RPM for 15 minutes at 4°C. Serum was then collected and stored at -80°C. Serum was analyzed
with Coat-A-Count radioimmunoassay kits for corticosterone and progesterone (National
Diagnostic, San Diego, CA). Intra-assay coefficients of variation were less than 10.0% =+ 1.0%.

Serum levels corticosterone and progesterone are expressed as ng/mL.

2.6 Statistical Analysis

A three-way analyses of variance (ANOV As) were used to determine the effects of
antagonist administration, cocaine, and sex hormone levels: ANTAGONIST DOSE (vehicle, 0.4,
0.8, 1.6) x DRUG (cocaine or saline) x SEX (male vs. female). Within sex, two-way ANOVAs were

used to determine the effects of antagonist dose on cocaine-induced behavior: ANTAGONIST
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DOSE (vehicle, WAY 100635,) x DRUG (cocaine or saline). A Fisher LSD post hoc analysis test

was used when appropriate. A p-value of <0.05 was considered significant in all statistical analysis.

3. Results:
3.1 Effects of WAY 100635 and Cocaine on Corticosterone Levels

As shown in figure 30, a main sex effect was observed [F (1, 106) = 14.6976, p = 0.0002];
females had overall higher levels of corticosterone levels (p < 0.05 for all comparisons). A drug X
antagonist interaction was also observed [F(3, 106) = 3.21638, p = 0.0258]; a 1.6 mg/kg WAY
100635 dose induced a significant decrease in corticosterone levels as compared to rats treated with
a 0.4 mg/kg dose (p=0.0083). Furthermore, among all animals who received a 1.6 mg/kg dose,
saline-treated rats exhibited significantly lower levels of corticosterone than those treated with
cocaine (p =0.0107).

Shown in figure 30, a within sex analysis revealed that in males a drug effect failed to reach
significance (F (1, 53) =3.4838, p=0.0675. In females, a drug X antagonist effect was seen [F (3,
53) =3.0330, p=0.03715]. Saline treated female rats had lower corticosterone serum levels than
rats treated with WAY at the dose of 0.4 mg/kg or 0.8 mg/kg dose (p = 0.0364). In addition, saline-
treated female rats had lower corticosterone levels at the 1.6 mg/kg dose when compared to the 0.4
mg/kg dose (p =0.01716). Finally, in females there was a significant drug-induced potentiation of
corticosterone levels associated with the co-administration of cocaine and 1.6 mg/kg dose of

antagonist, an effect which was not observed in male rats (p = 0.0369).
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Figure 30: Sex, antagonist dose and drug affect corticosterone serum levels in A. males but not B.
females. In females administered saline the 5-HT, 5 antagonist decreased corticosterone levels with
increasing doses. In addition at the highest dose cocaine differed from saline in females. *

Represents a significant drug by antagonist interaction.
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3.2 Effects of WAY 100635 and Cocaine on Progesterone Levels

As shown in figure 31, when progesterone serum levels were analyzed, a main sex effect was
observed [F (1, 77) =49.4092, p = 0.0000; female rats had overall higher levels of progesterone than
male rats. A main drug effect was observed [F (1, 77) = 9.1609, p = 0.0033]; cocaine increased
progesterone serum levels when compared to saline treatment in both male and female rats. Finally,
a sex X drug significant interaction was also observed [F (1, 77) =9.1327, p = 0.0034]; in female

rats, a cocaine-induced increase in progesterone levels was observed.
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4. Discussion

Consistent with previous findings we found an increase of both progesterone and
corticosterone with cocaine administration (30,94,143,160,165,180,218). Previous research has
shown that WAY 100635 reduces corticosterone levels in male Wistar rats when given alone while
others have found no significant changes of WAY 100635 administration (28,54). However, the
effects of the co-administration of cocaine and WAY 100635 have been inconsistent (28, 54).
Therefore, we assessed the effects of WAY 100635 on cocaine-induced increases of progesterone
and corticosterone in male and female rats.

We did not find any significant cocaine-induced effects of corticosterone levels after WAY
100635 administration in male rats. Conversely, female rats had a reduction of cocaine-induced
corticosterone levels after 0.4 mg/kg dose of WAY 100635 administration compared to vehicle
treatment; however it failed to reach significance (p = 0.0859). There was a cocaine-induced
increase with the highest dose of WAY 100635 in females. In addition, in females, there was a
reduction of corticosterone levels in saline treated animals with increasing doses of WAY 100635.
Similar to previous studies in males, WAY 100635 when given alone seemed to cause an anxiolytic
effect decreasing stress hormones and stress related behaviors (30,94,143,160,165,180,218).

A number of studies have shown effects of 5-HT, s regulation of the HPA axis. For instance,
hypothalamic 5-HT A receptors are coupled to G-proteins which stimulate both oxytocin and
corticosterone release (219). In addition, WAY 100635 is known to block 8-OH-DPAT-induced
elevation of plasma ACTH and corticosterone secretion (109,152). Further, ACTH release evoked
by microinfusion of 5-HT over the PVN is blocked by pretreatment with the 5-HT; 4 antagonist
pindolol (27). Further, acute in vitro treatment of corticosterone has been found to attenuate 5-HT 5

autoinhibition in the DRN (178). There is evidence that corticosteroids modulate the postsynaptic 5-
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HT A receptor function (220). Interestingly, 5-HT A receptors, both pre and postsynaptic neurons
are downregulated to chronic corticosterone treatment (177). A chronic level of corticosterone
attenuates 5-HT 4 receptor function in the hippocampus which is dissimilar to that seen in acute
treatments (177). However, Fairchild et al., 2003 found no effect on 5-HT s receptor function at
maximal doses and furthermore application with dexamethasone, which is a more potent
glucocorticoid agonist than corticosterone, they found no effect.

To our knowledge, this is the first experiment examining 5-HT; 4 manipulation of
progesterone in male and female rats. No significant effects were found in progesterone levels.
However, in both males and females, consistent with previous studies, an increase in progesterone
serum levels after cocaine administration was demonstrated (104,145,165,180). Therefore, we
conclude that progesterone is not directly involved in the mediation of or by 5-HT s receptors after
cocaine administration.

Our results suggest that a sex difference in the activation of corticosterone is differentially
regulated by the 5-HT) 4 antagonist WAY 100635 basally. This could suggest that progesterone and
corticosterone are not directly involved in the modulation of sexually dimorphic aspects of cocaine-
induced hyperlocomotor activity after antagonist administration. However, similar to previous
evidence, a significant reduction of basal levels of corticosterone was found after the administration
of WAY 100635 in both male and female rats. To the best of our knowledge this is the first time this
has been explored. This suggests that WAY 100635 may be involved in anxiolytic properties and
other behavioral effects related to stress rather than cocaine-induced effects. In addition, it is
suggested that this effect on anxiety may be sexually dimorphic in nature. For instance, female rats
exhibit increased sensitivity to the anxiolytic effects of 5-HT 4 agonists compared to males

(135,136). Therefore, looking at the effects of WAY 100635 on cocaine-induced anxiety during
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withdrawal could be interesting to explore. We conclude that WAY 100635 does not have a
significant effect on cocaine-induced endocrine effects. However, pharmacological manipulation of

the 5-HT 4 receptor in the treatment of anxiety, which is currently being explored, is appealing.
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Chapter 6: Conclusions

It has been reported previously, that the serotonergic system is involved in the regulation of
cocaine-induced locomotor activity. Many have suggested that sexually dimorphic behavioral
responses to cocaine administration are due to sex differences in basal and cocaine-
induced serotonin release, re-uptake and receptor levels. However, the exact receptors and
mechanisms involved in these dimorphic responses have yet to be elucidated. Through our work, we
conclude that the 5-HT ;4 and 5-HT,p receptor manipulation causes sexually dimorphic effects in
cocaine-induced hyperlocomotion. Interestingly, we found that the serotonin transporter is not
involved in this sexually dimorphic behavior. Our fluoxetine evidence may provide further evidence
of the involvement of 5-HT ;4 and 5-HTp receptors in sexually dimorphic responses of cocaine-
induced hyperlocomotion. Our neurobiological results demonstrate that activity of 5-HTa receptors
is directly involved in sexually dimorphic cocaine-induced hyperlocomotion. Therefore, sexually
dimorphic effects of 5-HT levels found after cocaine administration may have a direct effect on the
subsequent activation of 5-HT A receptors, which may also be sexually dimorphic. Finally, we
found a modest affect of cocaine administration on the HPA and HPG axes. Therefore, although
cocaine is exerting an effect on the endocrine system, these effects may not be as robustly involved
in sexually dimorphic aspects of cocaine-induced behaviors. Taken as a whole, we find support for
our hypothesis that the serotonergic system directly influences and/or regulates sex differences found

in cocaine-induced locomotor behaviors.

5-HT;a and 5-HT;p receptors:
At the behavioral level, we found a number of cocaine-induced behavioral sex differences.

Overall, cocaine-treated females demonstrated higher total locomotor, ambulation and rearing
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behavior compared to males in all experimental observations. Similar to previous studies this
demonstrates that higher doses of cocaine are required in male rats to achieve responses similar to
those of female rats, demonstrating an increased sensitivity to cocaine in females as compared to
male rats. Although previous studies have shown that these behaviors are dose and sex dependent,
after acute cocaine injections we utilized a general 20 mg/kg dose of cocaine. Though findings
were more robust in females results suggest that a comparable 20 mg/kg dose of cocaine given to
both male and female rats is optimal when determining sex differences in cocaine-induced
locomotor hyperactivity in male rats.

As previously reported, we found that serotonin 5-HT 4 and 5-HT;p mediate cocaine-induced
behavioral hyperlocomotor responses in rats. We extended these reported observations by
demonstrating that in female rats, similar to male rats, both 5-HT 4 and 5-HTp receptors are
involved in the modulation of cocaine-induced behavioral responses. We found that in both male
and female rats WAY 100635 did not alter general activity. This suggests that WAY 100635 acts
specifically in the regulation of 5-HT) 4 receptor cocaine-induced effects in male and female rats and
but baseline behaviors. Moreover, we found that WAY 100635 caused an attenuation of cocaine-
induced hyperlocomotion in response to cocaine administration in both male and female rats.
Differentially, WAY 100635’s ability to attenuate cocaine-induced behaviors differs by specificity
of motor activation of the behavior. Specifically, in males WAY 100635 was not effective in the
reduction of cocaine-induced ambulatory behaviors but was effective in all other behaviors
examined. In addition, in females, WAY 100635 was effective in reducing behaviors in total
locomotor and ambulatory behaviors in all doses. However, only the 0.4 mg/kg dose was effective
in reducing rearing behavior in females. This was not seen in males with all doses producing an

attenuation of cocaine-induced behaviors in rearing behavior.
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Consistent with previous reports, 0.4 mg/kg of WAY 100635 was sufficient in selectively
blocking the effects of cocaine-induced behaviors in male rats (52, 205). In fact, in both male and
female rats, 0.4 mg/kg was the optimal dose for attenuating cocaine-induced hyperlocomotion.
Previously, it has been shown that lower concentrations of agonists have a stronger affinity for the
presynaptic 5-HTa autoreceptors in the raphe nuclei and therefore, are considerably more sensitive
to pharmacological manipulation than postsynaptic 5-HT receptors located in projection terminal
regions (28,32,33,40,47,50-55,205). Higher doses seem to target both autoreceptors and
postsynaptic receptors similarly (47). Though it has not been specifically determined in antagonists,
it is possible that lower concentrations are specifically targeting these receptors due to presynaptic
autoreceptor sensitivity. When comparing systemic and local manipulation of cocaine or other 5-HT
agonists, differential effects are seen. This suggests that activation of somatodendritic autoreceptors
is necessary for the increased amounts of 5-HT in projection areas found in response to cocaine
administration. Local application in projection areas with cocaine or agonists and thus specific
activation of postsynaptic receptors in some cases, does not cause this same increase. The
importance of 5-HT 4 autoreceptors in cocaine-induced behavioral effects are further evidenced by
the fact that agonist-induced increases in 5-HT are not blocked by antagonists with local application
in projection areas. This suggests that 5-HT increases seen in projection areas such as the frontal
cortex, nucleus accumbens and hippocampus are subsequently affected by the activation of
somatodendritic autoreceptors. In addition, it has been suggested that 5-HT release is modulated by
presynaptic 5-HT s receptors with dopamine and other neurotransmitters being modulated by
postsynaptic 5-HT 4 receptors and 5-HT ;o heteroreceptors. However, WAY 100635 blocks 5-HTa
receptor agonist-induced increase in 5-HT release but does not block agonist-induced increases of

DA or NA release in the rat hippocampus, frontal cortex and nucleus accumbens. To further this
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dose theory, researchers have found that the effects of 5-HT) 4 receptor agonists on 5-HT release
were blocked by a low dose of WAY 100635 while a high dose of WAY 100635 was required to
attenuate 5-HT) s receptor agonist-induced increase in DA release. This evidence suggests that
WAY 100635 has a preferential action at somatodendritic 5-HT 4 receptors in male and female rats.
As demonstrated previously, females are known to have heightened levels of serotonin in the brain.
Therefore, it is interesting that the combination of higher 5-HT increases plus a possible increase of
5-HT somatodendritically from cocaine administration, WAY 100635’s 0.4 mg/kg dose was also
optimal in the reduction of cocaine-induced locomotor activity in both male and female rats in the
same manner. This suggests that in both male and female rats, WAY 100635 at this dose targets
presynaptic receptors in somatodendritic regions of the serotonergic system with equal efficacy and
is effective in the attenuation of cocaine-induced behavioral activity of male and female rats.

Therefore, the mechanisms involved in the behavioral effects of the 5-HT; A receptor in
cocaine-induced behavioral activation in male and female rats can be predicted. Cocaine binds to
the 5-HT transporter inhibiting the reuptake of 5-HT from the synaptic cleft. This yields an increase
in 5-HT not only stimulating postsynaptic receptors but also activating inhibitory 5-HT;»
autoreceptors somatodendritically, which causes a decrease in neuronal activity and 5-HT release.
The use of WAY 100635 blocks 5-HT A receptors that attenuates the inhibitory effect of
somatodendritically released 5-HT on 5-HT neurons. The effect of local 5-HT reuptake blockade in
terminal areas by cocaine combined with 5-HT, s antagonism serves to potentiate extracellular 5-HT
concentrations in terminal regions of 5-HT projections. Such projections have been found in the
prefrontal cortex, nucleus accumbens and hippocampus.

Unlike WAY 100635, GR 127935 produced a baseline effect. This suggests that the 5-HT5

receptor is not only specifically involved in the regulation of cocaine-induced mechanisms and
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behavioral activation. The compound GR 127935 is not highly selective in its regulation and could
activation of a number of other serotonin receptors and other neurotransmitter systems. While it has
been suggested that GR 127935 is a partial agonist, our effects indicate that it works as an antagonist
at the 5-HT g receptors in cocaine-induced behavioral activation after elimination of the baseline
effect. We found the 5-HT)p, receptor antagonist GR 127935 attenuates cocaine-induced
hyperlocomotor activity in male and female rats. Sex differences were observed in the efficacy of
GR 127935 to inhibit cocaine-induced activity. This sexual dimorphic antagonism was behaviorally
specific and varied by dose. Although, analysis by sex revealed no reduction in either sex in total
locomotor behaviors, significance of the reduction in females was found only in ambulatory activity
(10 and 15 mg/kg dose attenuated when compared to saline). In males, however, no significant
effects of GR 127935 treatment were found in ambulatory behaviors. Conversely, in rearing
behaviors, significant reductions in cocaine-induced hyperlocomotor behavior were seen in male rats
(showing a reduction only with 15 mg/kg dose); which was not seen in females. Locomotor
behavior is believed to be postsynaptically mediated. As described in Chapter 1, 5-HT; receptors
are found more abundantly in projection areas of the serotonergic pathway including a wealth of
receptors in motor control centers (48). Throughout the brain, 5-HT)p receptors are located both
presynaptically and postsynaptically in 5-HT projections. They are known to be abundantly found
as terminal autoreceptors where they inhibit the release of serotonin from nerve terminals. Thus, sex
differences in the efficacy of GR 127935 to attenuate cocaine-induced behavioral responses
implicate differential regulation of 5-HT;p postsynaptic autoreceptors in male and female rats. In
addition to altering neurotransmission, terminally they also interact with several other transmitter
systems in various areas of the brain, making it difficult to pinpoint the exact mechanism being

activated in cocaine-induced locomotor effects. Stimulation of postsynaptic 5-HT g receptors alter
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the activity of dopamine, acetylcholine, GABA, noradrenaline, and glutamate, and thus could be
involved in the sexually dimorphic aspects of cocaine-induced behavioral responses seen.

5-HT,p autoreceptors are known to mediate the feedback control of 5-HT release in the rat
brain, a mechanism that is alleged to prevent overstimulation of postsynaptic receptors. Therefore,
cocaine causes an increase in 5-HT in terminal areas by blocking its reuptake. However, the
increased activation of postsynaptic autoreceptor feedback reduces this 5-HT increase. By blocking
postsynaptic autoreceptors with GR 127935, the negative feedback is eliminated and 5-HT increases
are seen which is known to subsequently have a reduced effect on overt cocaine-induced behavioral
activation. 5-HTp receptors are also known to be heteroreceptors. The nucleus accumbens and
VTA are heavily innervated by both serotonergic and dopaminergic projections. In addition, cocaine
1s known to cause substantial increases of 5-HT and DA in these areas. It is known that 5-HT;g
receptors in these areas act as inhibitory heteroreceptors in axon terminals of GABAergic nucleus
accumbens neurons that project to the VTA. Therefore, it is suggested that the activation of 5-HT g
receptors on GABAergic projections to the NAc and VTA inhibit local GABA release. This causes
VTA neurons to be released from their inhibition and to the disinhibition of mesolimbic DA cell
bodies. Agonists reduce extracellular GABA levels in the VTA, leading to greater post-cocaine
deficits in the GABA levels in the VTA. This suggests that 5-HT agonists induce a disinhibition of
the mesoaccumbens DA projection, thus enhancing the effects of DA reuptake blockade by cocaine
in the nucleus accumbens. It is also suggested that agonists potentiate cocaine-induced increases in
nucleus accumbens DA levels by activating 5-HT ;g heteroreceptors that regulate the activity of the
hippocampal-accumbens glutamate projections. Therefore, antagonist may have the opposite effects

seen with the co-administration of agonists and cocaine on cocaine-induced effects.
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SERT:

The serotonin transporter has been suggested to be integral in the effects of cocaine.
Researchers have found that manipulations with SSRI’s cause an increase in locomotor hyperactivity
in both male and female rats. However, we did not find any significant effects in cocaine-induced
behavioral activation in male or female rats using the SSRI fluoxetine. There are a number of
reasons why we may not have found similar effects of fluoxetine presently. Firstly, to the best of our
knowledge this was the first time in which fluoxetine was administered to male and female Fischer
rats, suggesting that the activation of serotonin reuptake is unlike those seen in other strains.
Secondly, SSRI’s are known to have a robust effect on the rewarding aspects of cocaine via self-
administration and CPP paradigms. Previous evidence with cocaine-induced behavioral effects has
been more modest and contradictory. Therefore, we might have found more of an involvement of
the transporter if we had examined more rewarding aspects of cocaine-induced behavior. Thirdly,
we used a higher dose of cocaine and used systemic injection of fluoxetine rather than local
application in specific brain areas. In addition, it has been suggested that fluoxetine is known to
cause a more modest increase compared to precursors or other SSRI’s, and may not induce a
sufficiently robust increase of 5-HT to alter behavioral effects. Therefore a more potent SSRI may
have revealed more robust findings. Finally, though fluoxetine is known to cause an increase in
extracellular 5-HT levels in terminal regions it may indirectly stimulate 5-HT; s somatodendritic
autoreceptors and reduce neuronal firing, suggesting that the SSRI was “self-limiting” (117, 75).
Therefore, conditional knockouts could be utilized to properly isolate the specific effects of the
serotonin transporter in cocaine-induced hyperlocomotor behavior. In addition research has
determined that both SSRIs and cocaine bind with high affinity to SERT. Therefore, SSRIs would

have little or no further impact upon 5-HT than that induced by cocaine. Previous researchers have
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suggested certain drug treatments, which alter the balance between dopamine and serotonin such as
cocaine, may be the cause of specific cocaine-induced effects. For instance, cocaine may cause
more dopaminergic effects if serotonergic effects are diminished or more serotonergic if
dopaminergic effects are potentiated. The modulation of this balance is believed to directly affect
cocaine-induced behaviors and neurochemical activation. Therefore, pharmacological manipulation
of either the 5-HT, 5 or 5-HT; receptors could effect this balance while drugs that directly block
SERT such as Fluoxetine may not effect this shift in balance toward 5-HT because further increases
in 5-HT transport beyond that caused by cocaine would be inconsequential. Overall, our results
suggest that the 5-HT transporter does not modulate cocaine-induced locomotor hyperactivity in

male and female Fischer rats.

Activation of 5-HT; receptors:

The serotonergic system is an extremely complex system. Cocaine-induced effects have
been found at many levels of normal functioning including release, reuptake and in juveniles,
binding. Previously, we determined sex differences in pharmacological manipulation of both the 5-
HT;A and 5-HT g receptors and thus concluding that the activation of these receptors may be
involved in this sexually dimorphic response. To substantiate our belief that 5-HT 4 receptors were
involved in the reduction of cocaine-induced behavioral hyperlocomotion, we examined the
activation the G-protein linked receptor. It is known that differential and sometimes conflicting
result can occur due to route of administration utilized. In this study we used systemic
administration to confirm the effects seen in overt sexual differences in cocaine-induced behavioral
responses were due to the direct activation 5-HT ;4 neurons. We used 5-HT s receptor mediated

[3SS]GTPyS binding to determine if there were consistencies between behavioral activation and 5-
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HT, A activation. We selected areas known by autoradiographic means to have a high number of
receptors or have been implicated in the cocaine-induced effects of 5-HT levels. Specifically,
autoradiography demonstrates high levels of 5-HT; s receptors in dorsal and median raphe nuclei,
limbic forebrain regions of rats, including the hippocampus (CA1 and CA3), amygdala, and frontal
cortex with a lower density found in the NAc (33-36,39,69). It is known that the density of a given
receptor does not directly correlate with its activation within specific brain areas. We found that in
both male and female rats a number of brain areas show differential activation of 5-HT 4 receptors
in response to cocaine administration. Similar to previous work we found specific functional
activity using 5-HT s receptor mediated [>>S]GTPyS binding in the frontal cortex and hippocampus
(66,201). We also found specific activation of 5-HT 4 receptors in the nucleus accumbens,
amygdala and caudate putamen, which has not been previously examined. Therefore, we found a
direct relationship between the known neuroanatomical location of 5-HT A receptors with the
functional activation of signal transduction of 5-HT s receptors in response to cocaine
administration in male and female rats. Though G-protein-coupled receptor responses to chronic
agonist or drug exposure have done previously, this is the first time that the systemic effects of
cocaine on 5-HT 4 receptors in have been analyzed in both male and female Fischer rats. Moreover,
to the best of our knowledge this is the first study demonstrating 5-HT; o receptor-stimulated
[**S]GTPyS binding is altered by systemic acute cocaine administration. Notably, this is the first
study addressing sex differences in the activation of 5-HT;4 receptors to cocaine administration.
8-OH-DPAT-stimulated [*’S]GTPyS binding measures the ability of the agonist 8-OH-DPAT
to stimulate the exchange of GTPyS for GDP; thus a direct assessment of receptor activation of G-
proteins. Cocaine caused an activational effect in both male and female rats. Significant effects of

cocaine-induced activation of the 5-HT 5 receptor were found in a number of brain regions that have
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not been previously explored. With cocaine administration in a number of brain areas, 8-OH-
DPAT’s ability to stimulate the exchange of GTPyS for GDP was increased; an indication that the
activation of G-proteins by the receptor was increased as a result of agonist binding. Conversely, in
a number of areas this ability to stimulate the exchange of GTPyS for GDP is decreased, an
indication that the activation of G-protein’s by the receptor is reduced as a result of in ability of
agonist binding. A reduced capacity of the 5-HT A receptor to activate G-protein may be due to
regulatory processes (e.g. phosphorylation) at the level of the G-protein in addition to a number of
complex modulatory activational processes of this receptor (201). Specifically, we found increases
in functional [3SS]GTPVS binding and thus activation of 5-HT 4 receptors in the dorsal, rostral and
ventral areas of the frontal cortex, dorsal medial and dorsal lateral areas of the caudate putamen and
the core area of the nucleus accumbens. Decreases of [*>S]GTPyS binding was found in the
amygdala in both male and female rats. Interestingly, sex differences were seen in the shell area of
the nucleus accumbens with males having increases and females having a decrease in [*°S]GTPyS
binding. Sex differences were also found in and CA1 and CA3 areas of the hippocampus, with
increases in [°S]GTPyS binding in females in both areas and decreases in [*>S]JGTPyS binding in
males.

In the frontal cortex of both male and female rats, cocaine increased agonist-stimulated
[**S]GTPyS binding compared to saline-treated animals. This is consistent with previous reports of
increases of 5-HT in the pre-frontal cortex of male rats (13,51,105). In addition, others have found
that co-administration of progesterone and cocaine in overiectomized female rats, which “mimics”
male endocrine levels, resulted in higher levels of 5-HT in the prefrontal cortex (105). Thus, the
increase of [*°S]GTPyS binding after stimulation with 5-HT, 5 agonist stimulated G-protein

activation may be a direct result of an increase of 5-HT release from the dorsal raphe nucleus due to
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cocaine administration. However, increases of activity in female rats suggests that though decreases
in 5-HT levels are found in response to cocaine administration their activation could suggest an
involvement of 5-HT receptors in this reduction. In particular we found increases in 5-HT
activity in both male and female rats in the prefrontal cortex.

In the caudate putamen an increase in [>>S]GTPyS binding after cocaine administration was
found in both males and females. This is inconsistent with previous work in which no change in the
levels of 5-HT after cocaine administration was found (50,52,52). However, u opioid receptor and
D1 receptor agonists have shown increases in [3SS]GTPyS binding in the caudate putamen of males
(193-197,202). This same increase was found in the caudate putamen, suggesting that in both male
and females that 5-HT 4 activation modulate cocaine-induced behavioral locomotor activities seen in
male and female rats. WF-23 is a potent tropane analog which like cocaine blocks dopamine,
serotonin, and norepinephrine transporters with high affinity in vitro and is shown to substitute for
cocaine and maintain cocaine responding in self-administration paradigms in both rodents
(193,194,203,204). Opposite effects have been found with chronic WF-23 administration, causing
reductions in this area in 5-HT s, D2, alpha2-agrenergic [*>S]JGTPyS binding.

In the amygdala a decrease in 5-HT 4 activation was found in both male and female rats.
This is consistent with chronic WF-23 with reductions in this area of 5-HT A, D2, alpha2-agrenergic
binding. In the amygdala, known more for its ability to regulate emotions a decrease in 5-HT 4
receptor activation was seen in both male and female rats, implying a reduction in activation of these
receptors are found after cocaine administration.

In the core of the nucleus accumbens of both males and females increases in [3SS]GTPyS
binding after cocaine administration was found. However, a sex difference in the activation of 5-

HT A receptors in the nucleus accumbens shell was observed. In the shell of the nucleus accumbens,
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males had an increase of 5-HT 4 binding after cocaine administration compared to saline. This is
consistent with findings of increased 5-HT levels after cocaine administration in the NAc in male
rats. Further, they found that co-administration of WAY 100635 and cocaine decreased cocaine-
induced behaviors while increasing cocaine-induced levels in nucleus accumbens, which could be
reversed by agonist treatment in male rats. Our data suggests that increased levels of 5-HT after
systemic injections are regulated by the activation of 5-HT ) receptors in the nucleus accumbens.
This is in line with the finding that overall, pharmacological manipulation at the 5-HT 4
somatodendritic autoreceptor inhibits 5-HT neuronal activity whereas activation of 5-HT 5
postsynaptic receptors may have pro-serotonergic effects (205). Females had a reduction in 5-HT
agonist-stimulated [*°’S]GTPyS binding levels to cocaine administration. Consistent previous reports
female rats showed decreased 5-HT, and 5-HIAA, in the nucleus accumbens (NAc) after cocaine
administration (13,104). Additionally, other agonists which target GABA, DA as well as 5-HTa
receptors show decreases in [*>S]GTPyS binding in the nucleus accumbens of female and not male
rats (193-197,200). Taken together these results suggest a sexual dimorphic response within the
nucleus accumbens in cocaine-induced behavioral activation. It has been previously demonstrated
that female have stronger reward activation to cocaine than male rats (21,148). Since the shell of the
nucleus accumbens has been postulated to be an important area in reward ,the sexually dimorphic
regulation of nucleus accumbens [°S]GTPyS binding may contribute to the known sexually
dimorphic aspects of cocaine reward (206). In addition, microinjections of 5-HT)p ligands into the
shell, but not core, dose-dependently attenuated the psychostimulant-induced locomotor activity and
thus as previously discussed could also be linked with cocaine-induced effects of 5-HT o receptors
(118). Therefore, sexually dimorphic aspects of cocaine-induced locomotor activation are found in

the shell of the nucleus accumbens.
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Sex differences in [*>S]JGTPyS activation of hippocampal levels were also found. Increases
of 5-HT A [3SS]GTPyS activation were seen in both the CA1 and CA3 regions of females while in
males a significant decrease in activation was seen in response to cocaine administration. Using
chronic WF-23 they found significant reductions in this area in 5-HT;, D2 and alpha2-agrenergic
binding. In addition, they found that after a single injection of WF-23 a significant reduction of 5-
HT A activity was found. This is inconsistent with previous findings of increased 5-HT levels after
cocaine administration in hippocampus of male rats (47).

Overall, we found that the 5-HT s receptor activity is directly affected by cocaine
administration in a number of brain areas involved in cocaine-induced behaviors. In addition, this
activation is sexually dimorphic in rats. Determining if there are sex differences in 5-HT s receptor
number should thus be an important direction for future research to determine if receptor number is

directly related to effects of this differential activation.

Hormones:

The serotonergic system and the HPA systems are believed to have reciprocal regulatory
function in the feedback management of an organism’s response to stress. Consistent with previous
reports, we found sex differences in basal levels of corticosterone and cocaine-induced
corticosterone levels and hence HPA activity, females having increased levels in each. Consistent
with previous findings in our lab, no significant differences in drug-induced corticosterone
modulation were found in male rats. This may suggest an interaction in male rats of gonadal
hormones blunting the effects of corticosterone level increase. Therefore, the regulation of
corticosterone associated with cocaine administration is sexually dimorphic. In line with previous

evidence, the enhanced HPA response to cocaine could suggest sexually dimorphic aspects of
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cocaine-induced behaviors seen when administered cocaine. Researchers have found that
hippocampal 5-HT 4 receptors are under tonic inhibitory control of corticosterone. Increased
corticosterone is believed to cause a dampening of this inhibitory feedback mechanism at the level of
the hippocampus. Activation of parvocellular cells in a medial subregion within the hypothalamic
paraventricular nucleus mediates the secretion of ACTH. This is a specific receptor/G-protein or G-
protein/effector coupling at the levels of both paraventricular nucleus and pituitary gland.
Researchers have suggested that these sex differences could exist further in the pathway of CRF
release. For instance, they could be caused by increased production and release to CRF, enhanced
responsivity of the pituitary of CRF, enhanced ACTH production at the pituitary or enhanced
adrenocortical response.

Furthermore, in general agreement with previous research, though not statistically
significant, in line with previous research, we found an apparent cocaine-induced increase of plasma
levels of progesterone following acute cocaine administration in male and female rats. However, as
suggested above, gonadal hormones may be the modulator of this corticosterone effect of cocaine
administration, given that ovariectomy leads to decreases of ACTH and corticosterone levels, with

no changes being seen in males following castration.

Summary:

Our findings suggest that the serotonergic system is paramount in sexual dimorphic cocaine-
induced hyperlocomotor behaviors. The 5-HT 4 and 5-HTp receptors play a crucial role in these
sexual dimorphic behaviors. Moreover, sexual dimorphic specific activation of the G-protein
coupled 5-HT A receptor is found after cocaine administration suggesting a specific involvement in

cocaine-induced behavioral dimorphisms seen in male and female rats (See Table 6 for summary of
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all findings). Specifically, WAY 100635 has been shown to block cocaine-induced locomotor
behaviors while increasing 5-HT levels in the nucleus accumbens and hippocampus with no changes
found in dopaminergic levels. Therefore, we could suggest that cocaine-induced increases in 5-HT
but not DA concentration is under inhibitory control of 5-HT) 4 receptors. Muller et al., 2002,
suggests a possible neuronal mechanism involved in the antagonism of cocaine-induced effects on
behavior. Cocaine is known to cause an increase in 5-HT and Acetylcholine (ACh) levels in the
hippocampus. The increased 5-HT leads to a stronger activation of inhibitory 5-HT 4 receptors at
GABAergic interneurons. This increased ACh concentration, mediated by stimulation of 5-HT o
receptors in the cholinergic terminals, inhibits GABA release by the interneurons. This leads to a
disinhibition of the principal cells of the hippocampus causing increased cholinergic activity, which
further increases excitability of the principal cells. Although initially hyperpolarizing, prolonged
serotonergic activation has been shown to depolarize principal cells. Increased activity in
hippocampal principal cells is associated with an activation of the hippocampal accumbens
glutamanergic projection, which results in an increase of locomotor activity. If you pre-administer
WAY 100635 before cocaine treatment the 5-HT concentration in the hippocampus is increased
compared to the normal cocaine treatment alone. Therefore, antagonism of high-density
hippocampal 5-HTa-receptors by WAY 100635 may reduce 5-HT induced inhibition of
GABAergic interneurons, and, thus, allow stronger inhibitory influence on principal cells. The
potentiated 5-HT concentration and the 5-HT A receptor antagonism causes increased suppression of
cholinergic influence on hippocampal cells. Therefore, causing the reduction of activity of the
hippocampus-accumbens projection and the NAc glutamate release, this subsequently causes a

decrease in locomotor activation.
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However, any definitive conclusion such as this can not be determined as multiple
interactional effects between a multitude of transmitters in a number of brain regions has been found.
For instance, infusion of serotonin into the nucleus accumbens and VTA cause increases of
dopamine levels and subsequent locomotor activation. This evidence suggests that 5-HT ) receptor
heteroreceptors may be involved. 5-HT)p receptors act as inhibitory heteroreceptors in axon
terminals of GABAergic nucleus accumbens neurons that project to the VTA causing the inhibition
of GABA release. VTA neurons are released from their inhibition and therefore cause the
disinhibition of mesolimbic DA cell bodies after cocaine administration. It is also suggested that
potentiation of cocaine-induced increases in nucleus accumbens DA levels are due to activation of 5-
HT 3 heteroreceptors that regulate the activity of the hippocampal-accumbens glutamate projections.
Therefore administration of GR 127935 effects normal inhibition of GABA release and does not
release DA neurons from their inhibition from GABAergic neurons thus showing an attenuation of
normal cocaine-induced behavioral activation.

Previous reports demonstrate that the administration of WAY 100635 has
electrophysiological effects on 5-HT stimulation of 5-HT 4 receptors at both the pre and
postsynaptic receptors. Specifically, that hyperpolarization occurs in both the dorsal raphe nucleus
area and hippocampus after 5-HT;4 stimulation. However, this effect is completely prevented by
WAY 100635. To substantiate our belief that 5-HT) 4 receptors were specifically involved in the
reduction of cocaine-induced behavioral hyperlocomotion in a number of brain area’s known to be
involved in cocaine-induced hyperlocomotor activity we examined the activation of G-protein 5-
HT A receptors in male and female rats. This is first experiment to examine cocaine-induced activity
of 5-HT 5 receptors using 5-HT s [*>S]GTPyS binding in female rats. Interestingly, sex differences

were found in the nucleus accumbens shell and not the core. Additionally, biochemical results
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demonstrate that in response to cocaine administration in males, levels of 5-HT and its metabolite
are increased while in females it is decreased in this area. Therefore, our evidence suggests that the
sexually dimorphic activation and inactivation of the 5-HT s receptor in response to cocaine
administration is area specific and correlates specifically with dimorphisms seen both biochemically
and behaviorally. In females one would suggest that 5-HT; decreased activation in response to
cocaine administration may be the basis of reductions of 5-HT levels found in females after cocaine
administration. However, at this time we do not have a plausible explanation of the exact
mechanism causing this finding and remains to be determined. It could be suggested however, that
due to basal increases of 5-HT levels in female rats compared to males, that a compensatory
mechanism could exist in female rats due to overstimulation of the receptors due to cocaine specific
increases of 5-HT. In addition, differences in firing rates of 5-HT neurons in the dorsal raphe
nucleus have been found with male rats have higher spontaneous firing rates and lower GABAergic
tonic inhibition of 5-HT firing than those of female rats. Therefore these differences could be
subject in the effects found herein.

Though somewhat conflicting, when exploring the dopamine literature the nucleus
accumbens shell has been involved with more rewarding aspects of cocaines effects and the core
being involved more in the regulation of cocaine-induced hyperlocomotor activity. Similarly
conflicting, serotonergic evidence suggests that the involvement of the 5-HT, heteroreceptor
interactions could show the same pattern of activation and subsequent cocaine-induced behaviors
between the core and the shell. However, recently they have found that microinjection of cocaine
into the nucleus accumbens shell but not core contributed to increased cocaine-induced behavioral
activation, which was found to be linked to the 5-HTp receptor. Therefore, it could be suggested

that these areas of the nucleus accumbens are functionally distinct in behavioral activation of
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locomotor and rewarding responses to cocaine and herein suggests that the 5-HT; 5 receptor may be
also be involved. In addition, local injection of cocaine in the nucleus accumbens does not cause an
increase in 5-HT like systemic injections. Therefore, we could assume that both increases in levels
of neurotransmitter and subsequent activation of receptors in the NAc is not occurring within this
structure but may be regulated in the areas that project to them such as the VTA.

The Hippocampus-accumbens projection and its serotonergic innervations play a prominent
role in the regulation of psychostimulant related locomotor activation (47). A sexual dimorphic
activation was found in both the CA1 and CA3 areas of the hippocampus in male and female rats’
demonstrating that the regulation of 5-HT s receptor activation is sexually dimorphic. Furthermore
our data suggests that this activation is sexually dimorphic and could thus contribute to the known
sexually dimorphic behavioral hyperlocomotion seen in response to cocaine administration. This
evidence parallels our behavioral research and the known neuroanatomical receptor abundance
found in these areas. Therefore, adding weight to the theory that the serotonin hippocampal-
accumbens pathway is involved in the modulation of cocaine-induced locomotor activity. Moreover,
females demonstrate an increased behavioral response to the application of the serotonin 5-HT
agonist 8-OH-DPAT, with decreases in 5-HT synthesis in the hippocampus. 8-OH-DPAT, causes
twice as much decrease of 5-HT synthesis rates in the hippocampus of females (-64%) than in male
rats (-32%). Therefore, if you suggest that cocaine is acting upon these receptors in an agonistic way
then these differences could suggest that increased activation in the hippocampus is causing a
decrease in synthesis in females, which is seen in areas connected to the hippocampus such as the
nucleus accumbens. However, the specific explanation for the inactivation in males is yet to be

determined.



Weierstall
130

Though the exact mechanisms, which regulate sexual dimorphisms seen in cocaine-induced
behavioral effects, are not known past and present research has led to the assumption that the
dopaminergic and serotonergic systems as well as a number of other systems are by some means
involved in these effects. However, previous reports of sex differences found in the dopaminergic
system compliment our findings here. This research compliments the needed information to
properly assess sexually dimorphic aspects of cocaine-induced behavioral activation at all levels of

neurobiological and neurochemical transmission; See figure 32.

Implications:

Drug addiction is a prevalent problem in the United States today. There are known sex
differences in all aspects of addiction. Understanding exact neurobiological mechanisms of
cocaine’s effects would improve treatment of cocaine dependence and addiction in both men and
women. The current research indicates possible mechanisms in which to target for therapy in
cocaine addiction. Our findings suggest that the 5-HT; and 5-HT)p receptors are sexually
dimorphic in their regulation of cocaine-induced behavioral locomotor activities. This evidence,
along with the implied mechanisms may be useful in applying specific pharmacological
manipulations that specifically target 5-HT,; 5 and 5-HTg receptors in men and women. Knowing
the exact mechanisms involved sexually dimorphic responses to cocaine could help to implement

proper therapeutic treatment in male and females appropriately.

Limitations:
The involvement of the serotonergic system in cocaine addiction has been difficult to isolate

due to its extreme complexity. This is due to the multitude of receptors that can be activated, the
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diversity of the mechanisms of activation of those receptors as well as the abundance of these
receptors throughout the entire central nervous system. In addition, the serotonergic system is
diverse in its interactions, with an array of additional neurotransmitter and hormonal systems making
the venture of determining exact mechanisms of cocaine addiction complex. The large number of
possible combination of variables becomes even more complex and differs with each cocaine-
induced aspect of behavior examined. For instance, different mechanisms of the serotonergic system
have been found in the modulation of a multitude of cocaine-induced behaviors, including but not
limited to, locomotor behaviors, reward (which activate different receptors depending on paradigm
being used), sensitization, tolerance, and withdrawal. Additionally, the various aspects of cocaine-
induced behaviors vary by sex, species, strain, and the paradigm employed. Even when researchers
are looking at one aspect of cocaine addiction i.e. locomotor behavior, utilizing photobeam versus
the utilization of another apparatus such as an open field paradigm could create confounds (i.e. stress
increases, increased ability of exploratory behaviors). Furthermore, there are profound differences
of systemic and local application of administration. This would suggest that local application is
optimal in pinpointing exact mechanisms involved in a specific aspect of cocaine addition. We used
systemic injections; therefore, in addition to activation that we found with both 5-HT ;A and 5-HT s
other mechanisms are involved and would be the focus of future research.

Some limitations identified in this research and must be considered. Our experimental
manipulations were based on research which was completed with male rats. Many of our findings in
female rats were derived via the use of novel experimental procedures, not previously performed
with females. Evidence has shown different effects in males versus females, therefore any
conclusion is limited by the experimental techniques that are currently available. To our knowledge

this research is the first to explore these specific effects in females. Future research should expand
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upon our findings and determine a specific dose response curve to increase the validity of
interpretation of specific antagonist effects on cocaine-induced effects in females. This would allow
for further determination of exact involvement of the serotonergic system in cocaine-induced effects
in females and would allow for direct comparison with previous male data allowing further
interpretation of the exact mechanisms involved in cocaine-induced sexual dimorphisms.

Moreover, a number of sex differences have been found not related to cocaine’s effects. For
instance, compounds that specifically target inhibitory somatodendritic autoreceptors such as
WAY 100635 demonstrate anxiolytic effects in rats. There are known sex differences in the rate of
anxiety. Females having increased level of anxiety-induced reactions in both human and rodent
models compared to males. Therefore, differential effects may have been caused by sexual
dimorphisms found in the activation of anxiety effects and not cocaine-induced effects. WAY
100635 has been known to cause anxiolytic effects. The inability of WAY 100635 to cause such
robust reduction of cocaine-induced rearing activity in females could suggest that dimorphisms seen
in the increased effect of cocaine-induced anxiety as well as increased rearing behavior compared to
males.

In addition, a number of studies that we used for comparison were chronic cocaine
administration paradigms. It is known that chronic and acute cocaine, though similar in many ways,
cause differential effects and may involve more aspects of cocaine behaviours such as tolerance or
sensitization. In addition, laboratories conducting similar research use different age and strains of
rats. In addition, unlike other research we did not use a pre-administration of an agonist to stimulate
5-HT in addition to our specific manipulations. Though more robust findings may have been with
the administration of an agonist prior to cocaine administration, we demonstrate that it is not

necessary in determining the sexually dimorphic aspects of cocaine-induced hyperlocomotor
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activation. Finally, other aspects of behavioural research could be confounding. For instance, light
cycles, food and water availability, handling procedures, and variation in handling procedures,
injection paradigms and not to mention individual animal variation.

Finally, examination of the activation of G-proteins is extremely complex thus making it
difficult to make specific conclusion based on 5-HT 4 receptor activation alone. For instance,
different cell types could respond differently to the same stimulus, based on their anatomical
location, physiological state and functions. More specific the complexity of cellular responses of 5-
HT receptors are influenced by a number of variables including numbers of receptors present,
subcellular localizations of the receptors, differential sensitivities to various ligands, differential
rates of receptor synthesis, internalization, degradation and desensitization, receptor reserve,
different levels of spontaneous receptor activity, co-stimulation with other receptor types, as well as
non-G-protein-mediated signals (Raymond et al., 1999). In addition, stimulation of the receptor and
subsequent signal transduction can occur in the presence or absence of changes in receptor level.
Cross-talk among various receptor systems and G-proteins make any definitive conclusions
extremely difficult since known activation alone can not give you information of location or timing
of expression within the signaling cascade after cocaine-administration. Finally, there is multiple
factors naturally occurring within any organism that you can not control. For instance, at all times a
single receptor subtype typically occurs among a multitude of neurotransmitter, neuromodulatory,
and hormonal stimulation leading to complex and dynamic cellular environment (Raymond et al.,
1999). In addition, the application of any drug is going to differ in its effects among individual
organisms depending on the physiological state of the cell (degree of activity) and state of organism
at the time the drug is administered. Therefore, researchers suggest that the only way to truly

explore direct activation of the 5-HT ;4 receptor alone would be through a transfected method into a
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cellular model which previously lacked that or related receptors or conditional knockouts for the 5-
HT A receptor.

Though these issues are to be considered, the effects of the sexual dimorphic aspects of
cocaine found presently are stronger than the possible limitations discussed. However, many areas
of this research require elucidation and is subject to much further research. One thing that can be
concluded however, is that no lone transmitter system or brain regions is specifically involved in the
aspects discussed here. Rather interactional and additive relationships exist among them and

ultimately cause the effects demonstrated in the present and previous research; See figure 33.
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A.) Cocaine-induced behaviors after administration of specific antagonist compared to vehicle; male
and female rats

Antagonist Total Total Ambulatory | Ambulatory | Rearing Rearing

Locomotor | Locomotor | Male Female Male Female
Male Female

WAY 100635 | Decreased Decreased No Change Decreased Decreased Decreased
Activation | | Activation | Activation | Activation | Activation |

GR 129735 No Change No Change No Change Decreased Decreased No Change

Activation | Activation |
Fluoxetine No Change No Change No Change No Change No Change No Change

B.) 5-HT)4 agonist-stimulated [*°’S]GTPyS binding levels to cocaine administration

Brain Area

Male

Female

Dorsal frontal cortex

Increased Activation 1

Increased Activation 1

Rostral frontal cortex

Increased Activation 1

Increased Activation 1

Ventral frontal cortex

Increased Activation 1

Increased Activation 1

INAc Core

Increased Activation 1

Increased Activation 1

[NAc Shell Increased Activation 1 Decreased Activation |

CA1 Hippocampus Decreased Activation | Increased Activation 1

CA3 Hippocampus Decreased Activation | Increased Activation 7

[Amygdala Decreased Activation | Decreased Activation |

Figure 32: Summary of all results.

A.) Cocaine-induced behaviors after administration of specific antagonist compared to vehicle; male
and female rats

B.) 5-HT) agonist-stimulated [*>S]GTPyS binding levels to cocaine administration
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Figure 33: Known cocaine-induced sex differences in the dopamine and serotonergic system. A.)
Dopamine B.) Serotonin




10.

11.

12.

Weierstall
137

References

. Przegalinski E, Papla I, Siwanowicz J, Filip M. Effects of 5-HT1B receptor ligands

microinjected into the ventral tegmental area on the locomotor and sensitizating effects of
cocaine in rats. Neuropsychopharmacology 14, 217-225. 2004.

Feldman RS, Meyer JS, Quenzer LF. Principles of Neuropsychological Pharmacology.
Sunderland, MA: Sinauer, 1997.

Johanson CE, Fischman MW. The pharmacology of cocaine related to its abuse.
Pharmacol Rev 1989; 41: 3-52.

Substance Abuse and Mental Health Services Administration . Overview of findings from
the 2002 National Survey on Drug Use and Health (Office of Applied Studies, NHSDA
Series H-21, DHHS Publication No. SMA 03-3774). 2003. Rockville, M.D., U.S.
Department of Health and Human Services.

Chen K, Kandel D. Relationship between extent of cocaine use and dependence among
adolescents and adults in the United States Drug Alcohol Depend 2002; 68: 65-85.

Kosten TA, Gawin FH, Kosten TR, Rounsaville BJ. Gender differences in cocaine use and
treatment response. J Subst Abuse Treat 1993; 10: 63-66.

Lukas SE, Sholar MB, Lundahl LH, Lamas X, Kouri E, Wines JD, Kragie L, Mendelson
JH. Sex differences in plasma cocaine levels and subjective effects after acute cocaine
administration in human volunteers Psychopharmacology 1996; 125: 346-356.

Van Etten ML, Anthony JC. Comparative epidemiology of intial drug opportunities and
transitions to first use: marijuana, cocaine hallucinogens and heroin Addiction 1999; 54
117-125.

Van Etten ML, Neumark YD, Anthony JC. Male-female differences in the earliest stages of
drug involvement. Addiction 1999; 94: 1413-1419.

Robbins SJ, Ehrman RN, Chidress AR, O'Brian CP. Comparing levels of cocaine cue
reactivity in male and female outpatients. Drug Alcohol Depend 1999; 53: 223-230.

Robinson TE, Berridge KC. Mechanisms of action of addictive stimuli: incentive-
sensitization and addiction. Addiction 2001; 96: 103-114.

Caihol S, Morméde P. Strain and sex differences in the locomotor response and behavioral
sensitization to cocaine in hyperactive rats. Brain Res 1999; 842: 200-205.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Weierstall
138

Festa ED, Russo SJ, Gazi FM, Niyomchai T, Kemen LM, Lin S-N, Foltz R, Jenab S,
Quinones-Jenab V. Sex differences in cocaine-induced behavioral responses,
pharmacokinetics, and monoamine levels. Neuropharmacology 2004; 46: 672-687.

Chin J, Sternin O, Wu HBK, Fletcher H, Perrotti LI, Jenab S, Quifiones-Jenab V. Sex
differences in cocaine-induced behavioral sensitization. Cell Mol Biol 2001; 47: 1089-
1095.

Van Haaren F, Meyer ME. Sex differences in locomotor activity after acute and chronic
cocaine administration. Pharmacol Biochem Behav 1991; 39: 923-927.

Walker QD, Frances R, Cabbassa J, Kuhn CM. Effect of ovarian hormones and estrous
cycle on stimulation of the hypothalamo-pituitary-adrenal axis by cocaine. J Pharmacol
Exp Ther 2001; 297: 291-298.

Craft RM, Stratmann JA. Discriminative stimulus effects of cocaine in female versus male
rats Drug and Alcohol Dependence 1996; 42: 27-37.

Lynch WJ, Roth ME, Mickelberg JL, Carroll ME. Role of estrogen in the acquisition of
intravenously self-administered cocaine in female rats Pharmacol Biochem Behav 2001;
68: 641-646.

Lynch WJ, Carroll ME. Reinstatement of cocaine self-administration in rats: Sex
differences. Psychopharmacology 2000; 148: 196-200.

Lynch W], Carroll ME. Sex differences in the acquisition of intravenously self-
administered cocaine and heroin in rats Psychopharmacology 1999; 144: 77-82.

Russo SJ, Jenab S, Fabian SJ, Festa ED, Kemen LM, Quinones-Jenab V. Sex differences in
the conditioned rewarding effects of cocaine. Brain Res 2003; 970: 214-220.

Carroll M.E., Campbell U.C. A behavioral economic analysis of the reinforcing effects of
drugs: transition states of addiction. In: Bickel W.K., Vuchinich R., eds. Reframing health
behavior change with behavioral economics, New Jersey: Lawrence Earlbaum, 2000: 63-
87.

Johnson RG, Fiorella D, Rabin RA. Effects of chronic cocaine administration on the
serotonergic system in the rat brain. Pharmacol Biochem Behav 1993; 46: 289-293.

Koe BK. Molecular geometry of inhibitors of the uptake of catecholamines and serotonin
in synaptosomal preparations of rat brain J Pharmacol Exp Ther 1976; 199: 649-661.

Ritz MC, Landry M, Goldberg SR, Kuhar MJ. Cocaine receptors on dopamine transporters
are related to self-administration of cocaine Science 1987; 237: 1219-1223.

Andrews CM, Lucki I. Effects of cocaine on extracellular dopamine and serotonin levels in
the nucleus accumbens. Psychoendocrinol 2001; 155: 221-9.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Weierstall
139

Bradberry CW, Nobiletti JB, Elsworth JD, Murphy B, Jatlow P, Roth RH. Cocaine and
cocaethylene: microdialysis comparison of brain drug levels and effects on dopamine and
serotonin. Journal of Neurochemistry 60, 1429-1435. 1993.

Muller CP, Carey RJ, De Souza Silva MA, Jocham G, Huston JP. Cocaine Increases
Serotonergic Activity in the Hippocampus and Nucleus Accumbens in Vivo: 5-HT1A

Receptor Antagonism Blocks Behavioral but Potentiates Serotonergic Activation. Synapse
45, 67-77. 2002.

Parsons LH, Justice JB. Serotonin and dopamine sensitization in the nucleus accumbens,
ventral tegmental area, and dorsal raphe nucleus following repeated cocaine administration
J Neurochem 2000; 61: 1611-1619.

Quinones-Jenab V, Perrotti LI, Fabian.S.J., Chin J, Russo S, Jenab S. Endocrinological

basis of sex differences in cocaine-induced behavioral responses. Ann NY Acad Sci 937,
140-171. 2001.

Perrotti LI, Russo SJ, Fletcher H, Chin J, Webb T, Jenab S, Quinones-Jenab V. Ovarian
hormones modulate cocaine induced locomotor and stereotypic activity New York Academy
of Science 2001; 937: 202-216.

Muller CP, Carey RJ, Huston JP. Serotonin as an important mediator of cocaine's
behavioral effects. Drugs Today 2003; 37: 497-511.

Muller CP, Huston JP. Determining the region-specific contributions of 5-HT receptors to
the psychostimulant effects of cocaine. Trends in Phamacological Sciences 2006; 27: 105-
112.

Barnes NM, Sharp T. A review of central 5-HT receptors and their function.
Neuropharmacology 1999; 38: 1083-1152.

Bloom FE, Kupfer DJ. Psychopharmacology: The Fourth Generation of Progress. New
York: Raven Press, Ltd., 1995.

Pucadyil TJ, Kalipatnapu S, Chattopadhyay A. The serotoninl A receptor: a representative
member of the serotonin receptor family. Cell Mol Biol 2005; 25: 553-580.

Hoyer D, Hannon JP, Martin GR. Molecular, pharmacological and functional diversity of
5-HT receptors. Pharmacology Biochemistry and Behavior 71, 533-554. 2002.

Cunningham KA, Callahan PM. Neurobehavioral Pharmaclogy of Cocaine: Role for
Serotonin in Its Locomotor and Discriminative Stimulus Effects. National Institute on Drug
Abuse Research Monograph [145], 40-66. 1994.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Weierstall
140

Palacios JM, Waeber C, Hoyer D, Mengod G. Distribution of serotonin receptors. Ann NY
Acad Sci 600, 36-52. 1990.

Muller CP, Carey RJ, Salloum JB, Huston JP. Serotoninl A-receptor agonism attenuates the
cocaine-induced increase in serotonin levels in the hippocampus and nucleus accumbens

but potentiates hyperlocomotion: an in vivo microdialysis study. Neuropharmacology 44,
592-603. 2003.

Lanfumey L, Hamon M. 5-HT1 receptors. Curr Drug Targets CNS Neuorol Disord 2004;
3: 1-10.

Blier P, Lista A, De Montigny C. Differential properties of pre- and postsynaptic 5-
hydroxytryptaminel A receptors in the dorsal raphe and hippocampus: 1. Effect of
spiperone. Journal of Experimental Therapy 265, 7-15. 1993.

Gozlan H, El-Mestikawy S, Pichat L, Glowinski J, Hamon M. Identification of presynaptic
serotonin autoreceptors using a new ligand: 3H-PAT. Nature 305, 140-142. 1983.

Pompeiano M, Palacios JM, Mengod G. Distribution and cellular localization of mRNA
coding for 5-HT1A receptor in the rat brain: correlation with receptor binding. Journal of
Neuroscience 12, 440-453. 1992.

Riad M, Garcia S, Watkins KC, Jodoin E, Doucet E, Langlois X, El-Mestikawy S, Hamon
M, Descarries L. Somatodendritic localization of 5-HT1A and preterminal axonal

localization of 5-HT 1B serotonin receptor in adult rat brain. Journal of Comprehensive
Neurology 417, 181-194. 2000.

Sprouse JS, Aghajanian GK. Electrophysiological responses of serotonergic dorsal raphe
neurons to 5-HT1A and 5-HT1B agonists. Synapse 1, 3-9. 1987.

Carey RJ, DePalma G, Damianopoulos E, Hopkins A, Shanahan A, Muller CP, Huston JP.
Dopaminergic and serotonergic autoreceptor stimulation effects are equivalent and additive

in the suppression of spontaneous and cocaine-induced locomotor activity. Brain Research
1019, 134-143. 2004.

Sari Y. Serotonin 1B receptors: from protein to phsiological function and behavior.
Neurisci Behav Rev. 28, 565-582. 2004.



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Weierstall
141

Pineyro G, Blier P. Autoregulation of serotonin neurons: role in antidepressant drug action.
Pharmacol Rev 1999; 51: 533-591.

Carey R, Daminianopoulos E, DePalma G. The 5-HT(1A) antagonist WAY 100635 can
block the low-dose locomotor stimulant effects of cocaine. Brain Res 2000; 862: 242-246.

Carey RJ, Damianopoulos EN. Conditioned cocaine induced hyperactivity: an association
with increased medial prefrontal cortex serotonin. Behav Brain Res 1994; 62: 177-185.

Carey RJ, DePalma G, Damianopoulos E. Cocaine and serotonin: a role for the 5-HT1A
receptor site in the mediation of cocaine stimulant effects. Behav Brain Res 2001; 126:
127-133.

Carey RJ, DePalma G, Damianopoulos E. 5-HT1A agonist/antagonist modification of
cocaine stimulant effects: implications for cocaine mechanisms. Behavioural Brain
Research 132, 37-46. 2002.

Muller CP, De Souza Silva MA, Tomaz C, Carey RJ, Huston JP. The selective
serotoninl A-receptor antagonist WAY 100635 blocks behavioral stimulating effects of

cocaine but not ventral striatal dopamine increase. Behavioural Brain Research 134, 337-
346. 2002.

Muller CP, Thonnessen H, Barros M, Tomaz C, Carey RJ, Huston JP. Hippocampus 5-
HT(1A)-receptors attenuate cocaine-induced hyperlocomotion and the increase in
hippocampal but not nucleus accumbens 5-HT. Hippocampus 14, 710-721. 2004.

Herve D, Simon H, Blanc G, LeMoal M, Glowinski J, Tassin JP. Opposite changes in
dopamine utilization in the nucleus accumbens and the frontal cortex after electrolytic
lesion of the median raphe in the rat. Brain Research 216, 422-428. 1981.

Steinbusch HWM. Distribution of serotonin-immunoreactivity in the central nervous
system of the rat cell bodies and terminals. Neuroscience 6, 557-618. 1981.

Vertes RP, Fortin WJ, Crane AM. Projections of the median raphe nucleus in the rat. J
Comp Neurol 1999; 407: 555-582.
Agnati LF, Zoli M, Stromberg I, Fuxe K. Intercellular communication in the brain: Wiring

versus volume transmission. Neuroscience 69, 711-726. 1995.

Descarries L, Umbriaco D. Ultrastructural basis of monamine and acetylcholine function in
the CNS. Seminar in Neuroscience 7, 309-318. 1995.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Weierstall
142

Palcios JM, Waeber C, Hoyer D, Mengod G. Distribution of serotonin receptors. Ann N Y
Acad Sci 1990; 600: 36-52.

Parsey RV, Oquendo MA, Simpson NR, Ogden RT, Van Heertum R, Arango V, Mann JJ.
Effects of sex, age, and aggressive traits in man on brain serotonin 5-HT1A receptor
binding potential measured by PET using [C-11]WAY-100635. Brain Res 2002; 954: 173-
182.

Cunningham KA. Modulation of serotonin function by acute and chronic cocaine:
neurophysiological analyses. In: R.P.Hammer, ed. 7he neurobiology of cocaine., Boca
Raton: CRC Press, 1995: 121-144.

Hensler JG. Regulation of 5-HT1A receptor function in brain following agonist or
antidepressant administration. Life Sci 2003; 72: 1665-1682.

Cunningham KA, Lakoski JM. The interaction of cocaine with serotonin dorsal raphe
neurons. Single unit extracellular recording studies. Neuropsychopharmacology. 3, 41-50.
1990.

Odagaki Y, Toyoshima R. 5-HT1A receptor-mediated G protein activation assessed by
[35S]GTPgammas binding in rat cerebral cortex. Eur J Pharmacol 2005; 521: 49-58.

Baumgarten HG, Gother H. Serotonergic neurons and 5-HT receptors in the brain. Berlin:
1999.

Leonhardt SA, Boonyaratanakornkit V, Edwards DP. Progesterone receptor trancription
and non-transcription signaling mechanisms Steroids 2003; 68: 770.

Verge D, Daval G, Marcinkiewicz M, Patey A, Mestikawy S, Gozlan H, Hamon M.
Quantitative autoradiography of multiple 5-HT1 receptor subtypes in the brain of control or
5,7-dihydroxytryptamine-treated rats. J Neurosci 1986; 6: 3474-3482.

Hasegawa S, Watanabe A, Nishi K, Nguyen KQ, Diksic M. Selective 5-HT1B receptor
agonist reduces serotonin synthesis following acute, and not chronic, drug administration:
results of an autoradiographic study. Neurochem Int 2005; 46: 261-272.

Clark MS, Neumaier JF. The 5-HT1B receptor: behavioral implications. Psychopharmacal
Bull 2001; 35: 170-185.

Bonaventure P, Voorn P, Luyten WHL, Jurzak M, Schotte A, Leysen JE. Detailed mapping
of serotonin 5-HT1B and 5-HT1D receptor messenger RNA and ligand binding sites in
guinea-pig brain and trigeminal ganglion: clues for function. Neuroscience 82, 469-484.
1998.

Lucas JJ, Louis S, Hen R. 5-Hydroxytryptamine-1B receptors modulate the effect of
cocaine on c-fos expression: converging evidence using 5-hydroxytryptamine-1B knockout



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

Weierstall
143

mice and the 5-hydroxytryptamine 1B/1D agonist GR 127935 Mol Pharmacol 1997; 51:
755-763.

Zifa E, Fillion G. 5-Hydroxytryptamine receptors. Pharmacol.Rev. 44, 401-458. 1992.

Reith ME, Li MY, Yan QS. Extracellular dopamine, norepinephrine, and serotonin in the
ventral tegmental area and nucleus accumbens of freely moving rats during intracerebral
dialysis following systemic administration of cocaine and other uptake blockers.
Psychopharmacology 1997; 134: 309-17.

Koob GF, Nestler EJ. The neurobiology of drug addiction J Neuropsychiatry Clin Neurosci
1997; 9: 482-497.

Delfs JM, Schreiber L, Kelley AE. Microinjection of cocaine into the nucleus accumbens
elicits locomotor activation in the rat J Neurosci 1990; 10: 303-310.

Ellinwood EH, Kilbey MM. Cocaine and Other Stimulants. New York: Plenum, 1976.

Kelley PH, Iversen SD. Selective 6-OHDA-induced destruction of mesolimbic dopamine
neurons: Abolition of psychostimulant-induced locomotor activity in rats Eur J Pharmacol
1975; 40: 45-56.

Pettit HO, Hwai-Tzong P, Parson LH, Justice JB. Extracellular concentrations of cocaine
and dopamine are enhanced during chronic cocaine administration. J Neurochem 1990; 55:
798-804.

Pradhan A, Roy SN, Pradhan SN. Correlation of behavioral and neurochemical effects of
acute administration of cocaine in rats. Life Sciences 22, 1737-1743. 1978.

Roberts DCS, Koob GF, Klonoff P, Fibiger HC. Extinction and recovery of cocaine self-
administration following 6-hydroxydopamine lesions of the nucleus accumbens Pharmacol
Biochem Behav 1980; 12: 1387-1395.

Taylor DL, Ho BT, Fagan JD. Increased dopamine receptor binding in rat brain by repeated
cocaine injections. Commun Psychopharmacol. 3, 137-142. 1979.

Nestler EJ, Hyman SE, Malenka RC. Molecular Neuropharmacology: A Foundation for
Clinical Neuroscience. New York: McGraw-Hill, 2001.

Wise RA. Drug activation of brain reward pathways Drug and Alcohol Dependence 1998;
51:22.

Chen NH, Reith ME. Autoregulation and monamine interactions in the ventral tegmental
area in the absence and presence of cocaine: A microdialysis study in freely moving rats.
Journal of Pharmacology and Experimental Therapeutics 2, 1597-1610. 1994.



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Weierstall
144

Parsons LH, Justice JBJr. Perfusate serotonin increases extracellular dopamine in the
nucleus accumbans as measured by in vivo microdialysis. Brain Res 1993; 606: 195-199.

Vongpatanasin W, Mansour Y, Chavoshan B, Arbique D, Victor RG. Cocaine stimulates
teh human cardiovascular system via a central mechanism of action. Circulation 100, 497-
502. 1999.

Cunningham KA, Paris JM, Goeders NE. Chronic cocaine enhances serotonin
autoregulation and serotonin uptake binding. Synapse 1992; 11: 112-123.

Lieberherr M, Grosse B. Androgens increase intracellular calcium concentration and
inositol 1,4,5-trisphosphate and diacylglycerol formation via a pertussis toxin-sensitive G-
protein J Biol Chem 1994; 269: 7223.

Ritz MC, Kuhar MJ. Relationship between self-administration of amphetamine and
monamine receptors in the brain: comparison with cocaine. Journal of Pharmacological
Experimental Therapy 248, 1010-1017. 1989.

Cunningham KA, Paris JM, Goeders NE. Serotonin Neurotransmission in Cocaine
Sensitization. Ann.N.Y.Acad.Sci. 654, 117-127. 1992.

Kosten TR, Kosten TA, McDougle CJ, Hameedi FA, McCance EF, Rosen MI, Oliveto AH,
Price LH. Gender differences in response to intranasal cocaine administration to humans
Biol Psychiatry 1996; 39: 147-148.

Chin J, Sternin O, Fletcher H. Sex differences in cocaine-induced locomotor and
stereotypic behaviors in rats: an acute, chronic, and challenge study Cell Mol Biol 2001.

Creese I, Iversen D. The role of forebrain dopamine system in amphetamine induced
stereotypic behaviors in the rat Psychopharmacology 1974; 39: 345-357.

Herges S, Taylor D. Involvement of Serotonin in the Modulaton of Cocaine-Induced
Locomotor Activity in the Rat. Pharmacology Biochemistry and Behavior 59, 595-611.
1998.

Geyer MA, Puerto A, Menkes DB, Segal DS, Mandell AJ. Behavioral studies following
lesions of the mesolimbic and mesostriatal serotonergic pathways. Brain Research 106,
257-270. 1976.



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Weierstall
145

Lorens SA. Some behavioral effects of 5-HT depletion depend on method: A comparison
of 5, 7-dihydroxytryptamin, para-chlorophenylalanine, parachloroamphetamine, and
electrolytic raphe lesions. Ann N 'Y Acad Sci. 305, 532-555. 1978.

Castanon N, Scearce LK, Lucas JJ, Rocha B, Hen R. Modulation of the effects of cocaine
by 5-HT1B receptors: a comparison of knockouts and antagonists. Pharmacol Biochem
Behav 2000; 67: 559-66.

Walsh SL, Cunningham KA. Serotonergic mechanisms involved in the discriminative
stimulus, reinforcing and subjective effects of cocaine. Psychopharmacology (Berl) 1997,
130: 41-58.

Chen F, Lawrence AJ. The effects of antidepressant treatment on serotonergic and
dopaminergic systems in Fawn-Hooded rats: a quantitative autoradiography study. Brain
Research 976, 22-29. 2003.

Rutter JJ, Gundlah C, Auerback SB. Systemic uptake inhibition decreases serotonin release
via somatodendritic autoreceptor activation. Synapse 20, 225-233. 1995.

Broderick PA. In vivo electrochemical studies of gradient effects of (SC) cocaine on
dopamine and serotonin release in the dorsal striatum of conscious rats Pharmacol
Biochem Behav 1993; 46: 973-984.

Festa ED, Jenab S, Chin J, Gazi FM, Wu HBK, Russo SJ, Quinones-Jenab V. Frequency of
cocaine administration affects behavioral and endocrine responses in male and female
Fischer rats. Cell Mol Biol 2003; 49: 1275-1280.

Perrotti LI, Beck KD, Luine VN, Quinones-Jenab V. Progesterone and cocaine
administration affect serotonin in the medial prefrontal cortex of ovariectomized rats.
Neurosci Lett 2000; 291: 155-158.

Adell A, Carceller A, Artigas F. In vivo brain dialysis study of the somatodendritic relase
of serontonin in the raphe nuclei of the rat: Effects of 8-hydroxy-2-(di-n-propylamino)
tetralin J Neurochem 1993; 60: 1673-1681.

De La Garza R, Cunningham KA, . The effects of the 5-hydroxytryptamine(1A) agonist 8-
hydroxy-2-(di-n-propylamino)tetralin on spontaneous activity, cocaine-induced
hyperactivity and behavioral sensitization: a microanalysis of locomotor activity. Journal of
Experimental Therapy 292, 610-617. 2000.

Curzon G, Kennett GA. m-CPP: A tool for studying behavioral responses associated with
5-HT1B receptors. Trends in Phamacological Sciences 11, 181-182. 1990.



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Weierstall
146

Fletcher A, Forster EA, Bill DJ, Brown G, Cliffe IA, Hartley JE, Jones DE, McLeNAchan
A, Stanhope K, Critchley DJP, Childs KJ, Middlefell VC, Lanfumey L, Corradettie R,
Laporte A, Gozlan H, Hamon M, Dourish CT. Electrophysiological, biochemical,
neurohormonal and behavioural studies with WAY-100635, a potent, selective and silent 5-
HT1A receptor antagonist. Behav Brain Res 1996; 73: 337-353.

Herges S, Taylor DA. Modulation of cocaine-induced locomotor activity, rears and head
bobs by application of WAY 100635 into the dorsal and median raphe nuclei of the rat.
Naunyn Schmiedebergs Arch Pharmacol 1999; 360: 129-134.

Lejeune FMMLI. Induction of burst firing in ventral tegmental area dopaminergic neurons
by activation of serotonin (5-HT)1A receptors: WAY 100,635-reversible actions of the
highly selective ligands, flesinoxan and S 15535. Synapse 30, 172-180. 1998.

Rocha BA, Scearce-Levie K, Lucas JJ, Hiro N, Castanon N, Crabbe JC, Nestler EJ, Hen R.
Increased vulnerability to cocaine in mice lacking the serotonin 1B receptor. Nature 393,
175-176. 1998.

De Souza RJ, Goodwin GM, Green AR, Heal DJ. Effect of chronic treatment with 5-HT1
agonist (8-OH-DPAT and RU 24969) and antagonist (isapirone) drugs on the behavioural
responses of mice to 5-HT1 and 5-HT2 agonists. Br J Pharmacol 1986; 89: 377-384.

Przegalinski E, Filip M, Papla I, Siwanowicz J. Effect of serotonin (5-HT)1B receptor
ligands on cocaine sensitization in rats. Behavioral Pharmacology 12, 109-116. 2000.

McCreary AC, Cunningham KA. Effects of the 5-HT2C/2B antagonist SB 206553 on
hyperactivity induced by cocaine. Neuropsychopharmacology 1999; 20: 556-564.

Rocha BA, Fumagalli F, Gainetdinov RR, Jones SR, Ator R, Giros B, Miller GW, Caron
MG. Cocaine self-administration in dopamine-transporter knockout mice. Nat Neurosci
1998; 1: 132-137.

Hjorth S, Tao R. The putative 5-HT1B receptor agonist CP-93,129 suppresses rat
hippocampal 5-HT release in vivo: comparison with RU 24969 Eur J Pharmacol 1991;
209: 249-252.

Przegalinski E, Filip M, Papla I, Czepiel K. Effects of 5-HT1B receptor ligands
microinjected into the accumbal shell or core on the cocaine-induced locomotor
hyperactivity in rats. Journal of Physiology and Pharmacology 53, 383-394. 2002.

Przegalinksi E, Filip M, Papla I, Siwanowicz J. Effect of serotonin (5-HT)1B receptor
ligands on cocaine sensitization in rats. Behav Pharmacol 2001; 12: 109-116.



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Weierstall
147

Filip M, Papla I, Nowak E, Czepiel K, Przegalinski E. Effects of 5-HT1B receptor ligands
microinjected into the ventral tegmental area on cocaine discrimination in rats. Eur J
Pharmacol 2003; 459: 239-245.

Parson LH, Koob GF, Weiss F. RU 24969, a 5-HT1B/1A receptor agonist, potentiates
cocaine-induced increases in nucleus accumbens dopamine. Synapse 1999; 32: 132-135.

Parsons LH, Weiss F, Koob GF. Serotonin 1B receptor stimulation enhances cocaine
reinforcement J Neurosci 1998; 18: 10078-10089.

Belzung C, Scearce-Levie K, Barreau S, Hen R. Absence of cocaine-induced place
conditioning in serotonin 1B receptor knock-out mice. Pharmaological Biochemistry and
Behavior 66, 221-225. 2000.

Chen R, Osterhaus G, McKerchar T, Fowler SC. The role of exogenous testosterone in
cocaine-induced behavioral sensitization and plasmalemmal or vesicular dopamine uptake
in castrated rats. Neurosci Lett 2003; 351: 161-164.

Jordan S, Kramer GL, Zukas PK, Moeller M, Petty F. In vivo biogenic amine efflux in
medial prefrontal cortex with imipramine, fluoxetine and fluvoxamine. Synapse 18, 294-
297. 1994.

Pitts DK, Marwah J. Cocaine modulation of central monoaminergic neurotransmission.
Pharmacology Biochemistry and Behavior 26, 453-461. 1987.

Perry KW, Fuller RW. Effect of fluoxetine on serotonin and dopamine concentration in
microdialysis fluid from rat striatum. Life Sci 1992; 50: 1683-1690.

Bubar MJ, McMahon LR, De Deurwaerdere P., Spampinato U., Cunningham KA.
Selective serotonin reuptake inhibitors enhance cocaine-induced locomotor activity and
dopamine release in the nucleus accumbens. Neuropharmacology 2003; 44: 342-353.

Barrett JE, Zhang L. Involvement of 5-HT1A activity in the discriminative stimulus effects
of imipramine Pharmacol Biochem Behav 1991; 38: 407-410.

Spealman RD. Modification of behavioral effects of cocaine by selective serotonin and
dopamine uptake inhibitors in squirrel monkeys. Psychopharmacology (Berl) 1993; 112:
93-99.

Baker LE, Riddle EE, Saunders RB, Appel JB. The role of monoamine uptake in the
discriminative stimulus effects of coaine and related compounds. Behavioural
Pharmacology 4, 69-79. 1993.



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Weierstall
148

Vandoren M.J., Matthews D.B., Janis G.C., Grobin A.C., Devaud L.L., Morrow A.L.

Neuroactive steroid 3o—hydroxy-5a—pregnan-20-one modulates electrophysiological and
behavioral actions of ethanol. Journal of Neuroscience 2000; 20: 1982-1989.

Carlsson M, Carlsson A. A regional study of sex differences in rat brain serotonin. Prog
Neuro-Psychopharmacol & Biol Psychiat 1988; 12: 53-61.

Haleem DJ, Kennett GA, Curzon G. Hippocampal 5-hydroxytryptamine synthesis is greater
in female rats than in males and more decreased by the 5-HT1A agonist 8-OH-DPAT. J
Neural Transm Gen Sect 1990; 79: 93-101.

Rubinow DR, Schmidt PJ, Roca CA. Estrogen-serotonin interactions: implications for
affective regulation. Biol Psychiatry 1998; 44: 839-850.

Blanchard DC, Shepherd JK, Rodgers RJ, Blanchard RJ. Evidence for differential effects
of 8-OH-DPAT on male and female rats in the anxiety/defense test battery.
Psychopharmacology 106, 531-539. 1992.

Heninger GR. Serotonin, sex, and psychiatric illness. Proc Natl Acad Sci 1997; 94: 4823-
4824.

Kato R. Serotonin content of rat brain in relation to sex and age. Journal of Neurochemistry
5, 202. 1960.

Wade CB, Robinson S, Shapiro RA, Dorsa DM. Estrogen receptor (ER)alpha and ERbeta
exhibit unique pharmacologic properties when coupled to activation of the mitogen-
activated protein kinase pathway Endocrinology 2001; 142: 2336-2342.

Griffin ML, Weiss RD, Mirin SM, Lange U. A comparison of male and female cocaine
abusers. Arch Gen Psychiatry 1989; 46: 122-126.

Bowman BP, Kuhn CM. Age-related differences in the chronic and acute response to
cocaine in the rat Dev Psychobiol 1996; 29: 597-611.

Bowman BP, Vaughan S, Walker Q, Davis S, Little PSN, Thomas B, Kuhn CM. Effects of
gender and gonadectomy on cocaine metabolism in rats. Journal of Pharmacology and
Experimental Therapeutics 290, 1316-1323. 1999.

Kuhn C, Francis MS. Gender differences in cocaine-induced HPA axis activation
Neuropsychopharmacology 1997; 16: 399-407.

Glick SD, Hinds PA, Shapiro RM. Cocaine-induced rotation: Sex-dependent differences
between left- and right-sided rats. Science 221, 775-776. 1983.



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Weierstall
149

Walker QD, Cabassa J, Hilmar AS, Kuhn CM. Sex differences in cocaine-stimulated motor
behavior: Disparate effects of gonadectomy. Neuropsychopharmacol 2001; 25: 118-130.

Caihal S, Morméde P. Strain and sex differences in the locomotor response and behavioral
sensitization to cocaine in hyperactive rats. Brain Res 1999; 842: 200-205.

Mendelson JH, Mello NK, Sholar JW, Seigel AJ, Kaufman MJ, Levin JM, Renshaw PF,
Cohen BM. Cocaine pharmacokinetics in men and in women during the follicular and
luteal phases of the menstrual cycle. Neuropsychopharmacology 1999; 21: 294-303.

Russo SJ, Festa ED, Fabian SJ, Gazi FM, Kraisch M, Jenab S, Quinones-Jenab V. Gonadal
hormones differentially modulate cocaine-induced place preference in male and female
rats. Neurosci 2003; 120: 523-533.

Lategan AJ, Marien MR, Colpaert FC. Effects of locus coeruleus lesions on the release of
endogenous dopamine in the rat nucleus accumbens and caudate nucleus as determined by
intracerebral microdialysis Brain Res 1990; 523: 134-138.

Morrow BA, Roth RH. Serotonergic leasions alter cocaine-induced locomotor behavior and
stress-activation of the mesocorticolimbic dopamine system. Synapse 1996; 23: 174-181.

Galloway MP. Regulation of dopamine and serotonin synthesis by acute administration of
cocaine. Synapse 1990; 6: 63-72.

Zhang L, Ma W, Barker JL, Rubinow DR. Sex differences in expression of serotonin
receptors (subtypes 1A and 2A) in rat brain: A possible role of testosterone. Neurosci
1999; 94: 251-259.

Jones MD, Lucki I. Sex differences in the regulation of serotonergic transmission and
behavior in 5-HT receptor knockout mice. Neuropsychopharmacol 2005; 30: 1039-1047.

Drossopoulou G, Antoniou K, Kitraki E, Papathanasiou G, Papalexi E, Della C,
Papadopoulou-Daifoti Z. Sex differences in behavioral, neurochemical and neuroendocrine
effects induced by the forced swim test in rats. Neuroscience 2004; 126: 849-857.

Morissette M, Di Paolo T. Effect of chronic estradiol and progesterone treatments of
ovariectomized rats on brain dopamine uptake sites J Neurochem 1993; 60: 1576-1583.

Rivest R, Falardeau P, Di Paolo T. Brain dopamine transporter: gender differences and
effect of chronic haloperidol. Brain Res 1995; 692: 269-272.

McQueen JK, Wilson H, Sumner BE, Fink G. Serotonin transporter (SERT) mRNA and
binding site densities in male rat brain affected by sex steroids. Brain Research 63, 241-
247.1999.



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Weierstall
150

Broadbear JH, Winger G, Cicero TJ, Woods JH. Effects of self-administered cocaine on
plasma adrenocorticotropic hormone and cortisol in male rhesus monkeys. J Pharmacol
Exp Ther 1999; 289: 1641-1647.

Piazza PV, Marinelli M, Jodogne C, Deroche V, Rough-Pont F, Maccari S, Le Moal M,
Simon H. Inhibition of corticosterone synthesis by metyrapone decreases cocaine-induced
locomotion and relapse of cocaine self-administration. Brain Res 1994; 658: 259-264.

Chin J, Sternin O, Wu HBK, Burrell S., Lu D, Jenab S, Perrotti LI, Quinones-Jenab V.
Endogenous gonadal hormones modulate behavioral and neurochemical responses to acute
and chronic cocaine administration. Brain Res 2002; 945: 123-130.

Deroche V PPMSLMMSH. Repeated corticosterone administration sensitizes the
locomotor response to amphetamine Brain Res 1992; 584: 309-313.

Mantsch JR, Goeders NE. Ketoconazole blocks the stress-induced reinstatement of
cocaine-seeking behavior in rats: relationship to the discriminative stimulus effects of
cocaine. Psychopharmacology 1999; 142: 399-407.

Heesh CM, Negus BH, Bost JE, Keffer JH, Snyder RW, Eichhorn EJ. Effects of cocaine on
anterior pituitary and gonadal hormones. J Pharmacol Exp Ther 1996; 278: 1195-2000.

King TS, McNichol M, Canez MS, Javors MA, Schenken RS. Effect of acute
administration of cocaine on pituitary gonadotropin secretion in female rats. Reproduction
2001; 122: 723-729.

Quinones-Jenab V, Zhou Y, Jenab S, Ho A, Kreek MJ. Cocaine affects testosterone and
progesterone plasma levels in male rats. CPDD 2000.

Shindler CW, Carmona GN. Effects of dopamine agonists and antagonist on locomotor
activity in the male and female rats Pharmacol Biochem Behav 2002; 72: 857-863.

Fischette CT, Biegon A, McEwen BS. Sex differences in serotonin 1 receptor binding in rat
brain. Science 1983; 222: 333-335.

Bethea CL, Pecins-Thompson M, Schutzer WE, Gundlah C, Lu ZN. Ovarian steroids and
serotonin neural function Mol Neurobiol 1998; 18: 87-123.

Pecins-Thompson M, Bethea CL. Ovarian steroid regulation of serotonin-1A autoreceptor
messenger RNA expression in the dorsal raphe of rhesus macaques. Neurosci 1999; 89:
267-277.

Pecins-Thompson M, Brown NA, Kohama SG, Bethea CL. Ovarian steroid regulation of
tryptophan hydrosylase mRNA expression in Rhesus macaques. Journal of Neuroscience
1996; 16: 7021-7029.



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Weierstall
151

Klink R, Robichaud M, Debonnel G. Gender and gonadal status modulation of dorsal raphe

nucleus serotonergic neurons. Part II. Regulatory mechanisms. Neuropharmacology 2002;
43: 1129-1138.

Farmer CJ, Isakson TR, Coy DJ, Renner KJ. In vivo evidence for progesterone dependent
decreases in serotonin release in the hypothalamus and midbrain central grey: relation to
the induction of lordosis. Brain Res 1996; 711: 84-92.

Maswood S, Truitt W, Hotema M, Caldarola-Pastuszka M, Uphouse L. Estrous cycle
modulation of extracellular serotonin in mediobasal hypothalamus: role of the serotonin
transporter and terminal autoreceptors. Brain Res 1999; 831: 146-154.

Harsing LGJ, Bady E. The role of various calcium and potassium channels in the regulation
of somatodendritic serotonin release. Neurochem Res 1995; 20: 1409-1415.

Fletcher A, Forster EA, Bill DJ, Brown G, Cliffe IA, Hartley JE, Jones DE, McLeNAchan
A, Stanhope KJ, Critchley DJP, Childs KJ, Middlefell VC, Lanfumey L, Corradettie R,
Laporte A, Gozlan H, Hamon M, Dourish CT. Electrophysiological, biochemical,
neurohormonal and behavioral studies with WAY 100635, a potent, selective and silient 5-
HT1A receptor antagonist. Behavioural Brain Research 73, 337-353. 1996.

Vicentic A, Li Q, Battaglia G, Van de Kar LD. WAY-100635 inhibits 8-OH-DPAT-
stimulated oxytocin, ACTH and corticosterone, but not prolactin secretion. Eur J
Pharmacol 1998; 346: 261-266.

Fairchild G, Leitch MM, Ingram CD. Acute and chronic effects of corticosterone on 5-
HT1A receptor-mediated autoinhibition in the rat dorsal raphe nucleus.
Neuropharmacology 2003; 45: 925-934.

Laaris N, Haj-Dahmane S, Hamon M, Lanfumey L. Glucocorticoid receptor-mediated
inhibition by corticosterone of 5-HT1A autoreceptor functioning in the rat dorsal raphe
nucleus. Neuropharmacology 1995; 34: 1201-1210.

Lynch WJ, Roth ME, Carroll ME. Biological basis of sex differences in drug abuse:
preclinical and clinical studies Psychopharmacology 2002; 164: 121-137.

Kuhn CM, Francis RS, Walker QD. Cocaine stimulates progesterone but not estradiol
secretion in female and male rats. Soc Neurosci Abs 1999; 25: 304.

Sell SL, Scalzitti JM, Thomas ML, Cunningham KA. Influence of ovarian hormones and
estrous cycle on the behavioral response to cocaine in female rats. J Pharmacol Exp Ther
2000; 293: 879-886.

Witkin JM, Nichols DE, Terry P, Katz JL. Behavioral effects of selective dopaminergic

compounds in rats discriminating cocaine injections. Journal of Experimental Therapy 257,
706-713. 1991.



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Weierstall
152

Bonucelli U, Melis GB, Paoletti AM, Fioretti P, Murri L, Muratorio A. Unbalanced
progesterone and estradiol secretion in catamenial epilepsy Epilepsy Res 1989; 3: 100-106.

Walker QD, Nelson CJ, Smith D, Kuhn CM. Vaginal lavage attenuates cocaine-stimulated
activity and establishes place preference in rats. Pharmacol Biochem Behav 2002; 73: 743-
752.

Harrison AA, Parsons LH, Koob GF, Markou A. RU 24969, a 5-HT1A/1B agonist,
elevates brain stimulation reward thresholds: an effect reversed by GR 127935 a 5-
HT1B/1D antagonist. Psychopharmacology (Berl). 141, 242-250. 1999.

Bjorling D, Wang Z. Estrogen and neuroinflammation. Urology 2001 2001; 57: 40-46.

Lakoski JM, Cunningham KA. Cocaine interaction with central monaminergic systems:
electrophysical approaches. Trends Pharmacol Sci 9, 177-180. 1988.

Best B. Serotonergic Pathway: Chapt. 10. Web . 2005.

Chen NH, Reith ME. Effects of locally applied cocaine, lidocaine, and various uptake
blockers on monoamine transmission in the ventral tegmental area of freely moving rats: a
microdialysis study on monoamine interrelationships J Neurochem 1994; 63: 1701-1713.

Carlsson M CA, Carlsson M, Carlsson A. In vivo evidence for a greater brain tryptophan
hydroxylase capacity in female than in male rats. Naunyn Schmiedebergs Arch Pharmacol
1988; 228: 345-349.

Broderick PA, Phelix CA. 1. Serotonin (5-HT) within dopamine reward circuits signals for
open field behavior. II. Basis for 5-HT-DA interaction in cocaine dysfunctional behavior.
Neuroscience and Biobehavioral Reviews 1997; 227-260.

Biegon A, McEwen BS. Modulation by estradiol of serotonin receptors in brain J Neurosci
1982; 2: 199-205.

Unterwald EM, Horne-king MJ, Kreek MJ. Chronic cocaine alters brain mu opioid
receptors Brain Res 1992; 584: 314-318.

Unterwald EM, Ho A, Rubenfeld JM, Kreek MJ. Time course of the development of
behavioral sensitization and dopamine receptor up-regulation during binge cocaine
administration J Pharmacol Exp Ther 1994; 270: 1387-1396.

Unterwald EM, Rubenfeld JM, Kreek MJ. Repeated cocaine administration up regulates
kappa and mu, but not delta opioid receptors Neuroreport 1994; 5: 1613-1616.



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Weierstall
153

Unterwald EM, Fillmore J, Kreek MJ. Chronic repeated cocaine administration increases
dopamine D1 receptor-mediated signal transduction European Journal of Pharmacology
1996; 318: 31-35.

Unterwald EM, Kreek MJ, Cuntapay M. The frequency of cocaine administration impacts
cocaine-induced receptor alterations. Brain Res 2001; 900: 103-109.

Kushner SA, Dewey SL, Kornetsky C. The irreversible gamma-aminobutyric acid (GABA)
transaminase inhibitor gamma-vinyl-GABA blocks cocaine self-administration in rats. J
Pharmacol Exp Ther 1999; 290: 797-802.

Febo M, Jimenez-Rivera CA, Segarra AC. Estrogen and opioids interact to modulate the
locomotor response to cocaine in the female rat. Brain Res 2002; 943: 151-161.

Febo M, Gonzalez-Rodriguez LA, Capo-Ramos DE, Gonzalez-Seggara NY, Segarra AC.
Estrogen-dependent alterations in D2/D3-induced G protein activation in cocaine-
sensitized female rats. J Neurochem 2003; 86: 405-412.

Sim LJ, Xiao R, Childers S. In Vitro Autoradiographic Localization of 5-HT1A Receptor-
Activated G-Proteins in the Rat Brain Brain Reseach Bulletin 1997; 44: 39-45.

Schroeder JP, Palacios JM. Role of dopamine receptor subtypes in the acquisition of a
testosterone conditioned place preference in rats. Neurosci Lett 2000; 282: 17-20.

O'Connor KA, Porrino LJ, Davies HM, Childers SR. Time-dependent changes in
receptor/G-protein coupling in rat brain following chronic monoamine transporter
blockade. J Pharmacol Exp Ther 2005; 313: 510-517.

O'Connor KA GTDHCSR, O'Connor KA, Gregg TC, Davies HM, Childers S. Effects of
long-term biogenic amine transporter blockade on receptor/G-protein coupling in rat brain.
Neuropharmacology 2005; 48: 62-71.

Carey RJ, DePalma G, Damianopoulos E, Shanahan A, Muller CP, Huston JP. Evidence
that the 5S-HT1A autoreceptor is an important pharmacological target for the modulation of
cocaine behavioral stimulant effects. Brain Res 2005; 1034: 162-171.

Sellings LH CPB. Segregation of amphetamine reward and locomotor stimulation between
nucleus accumbens medial shell and core. J Neuroscience 2003; 23: 6295-6303.

Luine V. Sex differences in chronic stress effects on memory in rats Stress 2002; 5: 205-
216.

Hall F, Li X, Xu F, Caron M, Lesch K, Murphy D, Uhl G. Cocaine mechanisms: Enhanced
cocaine, Fluoxetine and nisoxetine place preferences following monamine transporter
deletions. Neuroscience 115, 153-161. 2002.



2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Weierstall
154

Sora I, Wichems C, Takahashi K, Li XF, Zeng Z, Revay R, Lesach KP, Murphy DL, Uhl
GR. Cocaine reward models: conditioned place preference can be established in dopamine-
and serotonin-transporter knockout mice Proc Natl Acad Sci 1998; 95: 7699-7704.

Sora I, Hall FS, Andrews AM, Itokawa M, Li XF, Wei HB, Wichems C, Lesch KP,
Murphy DL, Uhl GR. Molecular mechanisms of cocaine reward: combined dopamine and
serotonin transporter knockouts eliminate cocaine place preference. Proc Natl Acad Sci
2001; 98: 5300-5.

Subhan F, Deslandes PN, Pache DM, Sewell RD. Do antidepressants affect motivation in
conditioned place preference? Eur J Pharmacol 2000; 408: 257-263.

Fletcher PJ, Sinyard J, Salsali M, Baker GB. Fluoxetine, but not sertraline or citalopram,
potentiates the locomotor stimulant effect of cocaine: possible pharmacokinetic effects.
Psychopharmacology (Berl) 2004; 174: 406-413.

Quinones-Jenab V, Zhou Y, Jenab S, Ho A, Kreek MJ. Cocaine affects testosterone and
progesterone plasma levels in male rats. NIDA Res Mon 2000; 62: 128.

Weaver CE, Park-Chung M, Gibbs TT, Farb DH. 17B-estradiol protects against NMDA-
induced excitotoxicity by direct inhibition of NMDA receptors Brain Res 1997; 761: 338-
341.

Quifones-Jenab V, Ho A, Schlussman SD, Franck J, Kreek MJ. Estrous cycle differences
in cocaine-induced stereotypic and locomotor behaviors in Fischer rats. Behav Brain Res
1999; 101: 15-20.

Perrotti LI, Russo S, Lagos F, Sternin O, Quifiones-Jenab V. Temporal interactions
between estrogen and progesterone affect cocaine-induced locomotor behaviors in
ovariectomized Fischer rats. Soc Neurosci Abs 2000; 26.

Bagdy E HLIJr. The role of various calcium and potassium channels in the regulation of
somatodendritic serotonin release. Neurochem Res 1995; 20: 1409-1415.

Goeders NE. The HPA axis and cocaine reinforcement. Psychoneuroendocrinology 2002;
27:13-33.

Serres F, Li Q, Garcia F, Raap DK, Battaglia G, Muma NA, Van de Kar LD. Evidence that
G(z)-proteins couple to hypothalamic 5-HT(1A) receptors in vivo. J Neuroscience 2000;
20: 3095-3103.

Chaouloff F. Physiopharmacological interactions between stress hormones and central
serotonergic systems. Brain Research Rev. 18, 1-32. 1993.



	A. History of Cocaine Abuse:
	I. Sex Differences:
	i. Sex Differences in the Serotonergic System:
	In rodents sex differences in cocaine-induced total locomoto
	Acute administration of cocaine in female rats cause decreas
	In rodents sex differences in cocaine-induced total locomoto


	2.3 Drug treatment and experimental paradigm
	4. Discussion
	2.3 Drug treatment and experimental paradigm
	2.3 Drug treatment and experimental paradigm
	2.3 Drug treatment and experimental paradigm

