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Abstract
The Role of Testosterone in the Reward and Behavioral Responses to Cocaine
by
AnaChristina E. Minerly

Adviser: Vanya Quifiones-Jenab, Ph.D.
Growing evidence suggests that sex differences in cocaine reward responses are
regulated by endogenous gonadal hormones. However, few studies have
addressed the role of testosterone on cocaine reward and psychomotor
activation. The aim of the present dissertation proposal was to determine
whether testosterone influences the development of psychomotor and reward
responses to cocaine. The first experiments were conducted with adult rats using
chronic and acute methods of testosterone administration. Castrated 8-week old
male Fischer rats received placebo or testosterone via SILASTIC capsules (1 to 3
capsules of 100% T) or subcutaneous injections (400, 800, or 1200 pg/kg)
concurrent with cocaine administration. While chronic testosterone
administration did not alter cocaine-induced conditioned place preference (CPP),
concurrent administration of testosterone and cocaine affected the development
of cocaine CPP dose-dependently; 400 pg/kg blocked the expression of cocaine-
induced CPP. However, testosterone did not affect cocaine-induced locomotor
activity. Furthermore, testosterone-saline-treated controls did not develop CPP,
suggesting that at these doses, testosterone does not produce rewarding or motor

responses. Anabolic steroids are synthetic derivatives of testosterone which have



a high abuse potential. Recent finding indicate that anabolic steroid use is
becoming increasingly prevalent among adolescents, a population that has
previously been associated with cocaine use. Although both substances lead to
complex behavioral responses, little is known about the physiological and
behavioral effects of testosterone when co-administered with cocaine. As such,
subsequent experiments involved studying whether testosterone might
differentially affect cocaine-induced locomotor behavior within adolescent and
adult male rats. To test this postulate, intact adolescent (4-week old) and adult
(8-week old) male Fischer rats were pre-treated with vehicle (sesame oil) or
testosterone (5mg/kg or 10 mg/kg) 45 minutes prior to saline or cocaine
(20mg/kg) administration. Testosterone was found to differentially affect
cocaine-induced locomotor behavior between adult and adolescent male rats.
Testosterone did not have an effect at any dose, on ambulations, rearing, or total
locomotor counts among adults. However, testosterone decreased both
ambulatory and rearing behaviors among adolescents. No effects were found for
total locomotor counts. These findings suggest that testosterone may act within

the adolescent DA system, thereby altering the response to cocaine.
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Chapter 1. Introduction
/CHS CO5CH=
History and Background
0
Cocaine is a powerfully addictive stimulant 5
that directly affects various deep structures in Cocaine
the brain. In its various forms it is derived from (Figure 1, [135])

the coca plant (Figure 2), which is native to the high mountain ranges of
South America [123]. Cocaine is an active alkaloid found in the leaves of
Erythroxylon coca, a tree indigenous to Peru and Bolivia. The chemical
synthesis of these leaves led to the creation of white crystal powdered
cocaine, and the invention of newer methods for magnifying the euphoric

effects of cocaine has led to the form of the drug known as crack [123].

MDY

Figure 2. Coca plant [75]

Cocaine has been used as a psychomotor stimulant among the people of
Colombia for 2,500 - 5,000 years [135]. In the United States however, its use
remained relatively limited until the late 1800’s [135]. From the 1850’s to the
early 1900’s, cocaine and opium laced elixirs, tonics, and wines were broadly

used by people of all social classes [123]. Around this time cocaine began to
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see heightened popularity when a young physician by the name of Sigmund
Freud advocated its use as a treatment for a multitude of personality
disorders, morphine addiction [113], depression and sexual impotence [123].
Cocaine became even more popular in 1886, when John Pemberton included
the drug as the main ingredient in his new soft drink, Coca-Cola, named for
the two main ingredients of coca leaf and kola nuts [123]. It was the euphoric
and energizing effects on the consumer that led to its place as the most
popular soft drink in history [123]. The amount of cocaine in the soft drink
became less and less as concerns over the addictive properties began to
surface, and in 1929, Coca-Cola was officially declared cocaine-free [123].
Reports of cocaine addiction threatened its new founded popularity and by
1894, the American Medical Association was beginning to question its use
[135]. Finally on December 17, 1914 the use of cocaine was banned by the
Harrison Narcotic act [135]. This act, adopted under President Woodrow
Wilson, made narcotics illegal except for medicinal purposes. In 1919, the
Supreme Court changed the Harrison Narcotics Act; thereafter it was illegal
for doctors to prescribe narcotic drugs to addicts. Since the ban of this
substance as a narcotic and potentially addictive substance, its use has
fluctuated affecting all classes and races of people. Today there is a lack of
understanding about the unequal distribution of cocaine use between the

sexes.
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In 2003 the National Household Survey on Drug Abuse reported that
approximately 30% of the 2.3 million Americans that currently used cocaine
were women [166]. While men have a higher rate of current cocaine use
overall than do women [123, 166], this may be due to the fact that males are
more likely than females to have an initial opportunity to use drugs, as
there seem to be no differences in the progression to intense drug use
following the initial use [123].

In recent years there has been accumulating evidence suggesting that
there are sex differences in cocaine-induced behavioral and subjective
responses. Gonadal hormones have a profound effect on brain function,
indicating that the hormonal state of cocaine abusers at the time of drug
ingestion may affect their behavioral response to the drug. However, the
roles of each of these hormones and their interactions with drugs in the brain

is not completely understood.

Cocaine’s Mechanism of Action

Cocaine exerts its reinforcing properties through three neuronal systems:
dopamine, serotonin and norepinephrine, and by the activation of the
endogenous opioid system [6; 155]. It produces an inhibition of the reuptake
of neuronal monoamines by binding with dopamine, serotonin, and
norepinephrine transporters, thereby increasing the synaptic concentrations

of these substrates [6; 20; 45; 57; 93; 155] (see Figure 3). However, due to the
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pivotal role of the mesocorticolimbic dopaminergic system, this discussion
will mainly concentrate on the dopamine system. The potency of cocaine as a
dopamine uptake inhibitor can be seen by its competition with specific

ligands for striatum binding sites [49].

Dopamine Pathway and Reward in the Brain

The role of dopamine receptors in brain mechanisms and behaviors
commonly assumed to be involved in the addicting properties of cocaine
needs to be addressed in order to further understand the pathways by which
cocaine exerts its mechanisms of action. Long-term alterations in dopamine
transmission may be an important neurochemical substrate of stress and
cocaine sensitization [81; 136].

A great amount of research has been devoted to understanding the way
cocaine produces its pleasurable effects, and the reasons it is so addictive [52;
178]. One mechanism is through its effects on structures in the brain, which,
when stimulated, produce feelings of pleasure. As shown in Figures 4 and 5,
there is a complex network of central nervous system pathways that affect
cocaine behavioral responses. One neural system that modulates most of
cocaine’s addictive effects is the ventral tegmental area (VTA) [4; 28; 64; 159;
172] in the striatal pathway. Drugs of abuse activate the mesocorticolimbic
dopamine system where cell bodies in the VT A project to forebrain structures

including the nucleus accumbens and the prefrontal cortex [reviewed in 18].
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The VTA- nucleus accumbens have been called the “reward pathway”. PET
and fMRI studies have implicated these specific brain regions within the
dopaminergic system in the induction of the cocaine “high” and craving,
respectively [37; 61; 129].

When a pleasurable event is occurring, it is accompanied by a large
increase in the amounts of dopamine released in the nucleus accumbens by
neurons originating in the VT A [122]. In the normal communication process,
dopamine is released by a neuron into the synapse, where it binds with
dopamine receptors on the neighboring neuron, thereby sending a signal to
that neuron [122]. Dopamine is then recycled back into the presynaptic
neuron by the dopamine transporter. When cocaine is administered, it binds
to the dopamine transporter, blocking the reuptake of dopamine. This in turn
results in a build-up of dopamine in the synapse which contributes to the
pleasurable effects of cocaine [178]. As cocaine abuse continues, higher doses
and more frequent use of cocaine are required for the brain to register the
same level of pleasure experienced during initial use [122]; this is referred to
as tolerance. Low doses of cocaine require longer periods of time to acquire
self-administration behavior, suggesting that lower doses of cocaine may not

be initially reinforcing but may become so with repeated exposure [154].



Figure 3: Cocaine’s effects on dopamine transmission

adapted from the National Institute on Drug Abuse: Web report. (2004).
http:/ /www.drugabuse.gov. [123]

Behavioral sensitization is a progressive increase in the observable effect
of a drug which occurs after repeated administration of the drug. The
mechanisms underlying this phenomenon seem to be rooted in the
mesolimbic dopaminergic projections from the VTA to the nucleus
accumbens, suggesting that repeated administration of addictive drugs
produces a neural change in these structures which alters the response to the

drug [82].
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Figure 4: Addiction Pathway
adapted from Everitt, B.J. & Wolf, M.E. (2002), Psychomotor Stimulant
Addiction: A Neural Systems Perspective. The Journal of Neuroscience,

22 (9), pp. 3312-3320. [52]
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Figure 5: Reward Pathway

adapted from Kelley, A.E. & Berridge, K.C. (2002). The Neuroscience of
Natural Rewards: Relevance to Addictive Drugs. The Journal of

Neuroscience, 22 (9), pp. 3306-3311. [88]
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Cocaine and Locomotor Activity

Cocaine causes a rapid increase of locomotor activity that lasts 30 minutes,
with these activities involving rearing and stereotypic behavior [56; 54]. The
increases of locomotion and rearing, head circling, and body shaking induced
by cocaine may involve the indirect activation of postsynaptic D1 and D2
receptors, presumably via dopamine release, resulting from inhibition of the
presynaptic D2 receptors [175]. However other findings suggest that these
responses may be regulated by changes in striatal dopamine transporter
binding site densities and not necessarily by dopamine-releasing mechanisms

or D1/D2 receptor modification [43; 81].

Cocaine, Dopamine and Conditioned Place Preference (CPP)

The inhibition of dopamine transporter (DAT) is the mechanism most
often associated with the rewarding properties of cocaine in CPP studies [43;
67; 136; 175]. However, the deletion of this transporter alone did not
eliminate cocaine reward responses in mice [67]. Blockade of serotonin and
norepinephrine transporters has been shown to acquire reward when DAT is
absent [67].

D1 antagonists block the expression of both cocaine-induced CPP and
sensitization [124], whereas D1 and D2 antagonists block cocaine-induced
locomotor behavior and stereotypy, and at higher doses self-administration

as well [124]. In male rats, D1 but not D2 receptors are involved in the
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acquisition of cocaine CPP [12; 13; 36; 137]. Female rats have lower D1
receptor densities in the nucleus accumbens, and greater dopamine release,
reuptake and dopamine transporter density in the striatum [6; 19; 146]. It has
been suggested that differences in D1 receptor activity in male and female
rats may be involved in the differential gender development of learned
associations between environmental cues and cocaine reward [124]. The
activation of D1 and D2 receptors is regulated by gonadal hormones [24; 53;
99; 101]; these same hormones also have effects in dopamine and serotonin

activity and are involved in learning and memory processes [104; 112].

Conditioned Place Preference
CPP is a behavioral test model commonly used to study the rewarding

and incentive motivational effects of drugs and drug-paired stimuli [31; 63;
108; 110]. After examining the actions of different receptor antagonists, a
number of studies have suggested that the expression of cocaine induced CPP
can be pharmacologically dissociated from that of cocaine-induced
conditioned locomotor activity and behavioral sensitization [24; 72; 100; 54;
110; 144; 164]. CPP studies have important clinical implications for the

examination of environmental cue - elicited drug-seeking behaviors.
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The modification of CPP expression

When considering treatment options it is important to examine measures
that can affect the development of CPP. Numerous events can obstruct the
acquisition of cocaine-induced CPP. Injections of cocaine into the ventral
pallidum produced a CPP effect [64]. The number of crossings between sides
of the place preference chamber increased after cocaine conditioning [92].
This did not occur with injections of cocaine into the nucleus accumbens septi
[63]. This suggests that dopaminergic concentration in the ventral pallidum
may be working independently of dopaminergic concentration in the nucleus
accumbens septi to produce the reward responses to cocaine. 6-
hydroxydopamine lesions in the ventral pallidum blocked CPP at a 5 mg/kg
dose of cocaine, but not at a 10 mg/kg dose [64], however when the initial
lesion effect of lowered dopamine concentration in the ventral pallidum was
potentiated by a depletion of more than 60%, CPP failed to develop for either
dose [64]. This supports the notion that dopaminergic mechanisms of action
are crucial in the regulation of behavioral responses to cocaine. Blocking the
opioid receptors of the ventral pallidum also attenuates the acquisition of
cocaine-induced CPP [146] and in some cases will produce a conditioned
place aversion. Administration of non-selective opioid antagonists such as
naloxone and naltrexone [24; 89; 95; 167] and dopamine antagonists, such as
haloperidol, raclopride, and SCH 23390 [73] all attenuate the rewarding

effects of cocaine [1; 24; 89; 95; 167]. The prelimbic subregion of the medial
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prefrontal cortex has been implicated in the reinstatement of previously
extinguished cocaine-CPP by priming injections of cocaine [186].

Once established, CPP effects can linger long after the absence of
additional drug exposure. This can be maintained by occasional testing up to
several weeks [106]. If rewarding effects can be felt continually for some time
after the end of drug exposure, serious implications can exist as a result for

human drug addicts that attempt to cease their drug use.

Sex differences in the behavioral response to cocaine
Male and female rats differ in physiological, neurochemical, and
behavioral responses to stress or drug exposure, including locomotor
responses and the development of CPP, with females exhibiting typically

larger responses to cocaine [18; 38; 39; 54; 55; 56; 118; 124; 141; 149; 150].

Sex differences in CPP acquisition
Sex differences in cocaine-induced CPP have been observed [149; 150].
Female rats have acquired CPP after fewer pairing sessions and at lower
doses of cocaine than males [149; 150]. These sex differences appear to be
regulated to some extent by gonadal hormone-mediated mechanisms, since
the intensity of CPP effects can be modulated by gonadectomy and hormone

replacement.
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Sex differences in locomotor activity, sensitization, and self-administration
Cocaine induces larger physiological responses in female rats, including
the acquisition, maintenance, and reinstatement of cocaine self-
administration, stereotypic behaviors and locomotor activity, including

ambulations and rearing [38; 48; 139].

Acute cocaine administration

Pattern of administration has been shown to affect both cocaine-
stimulated behavioral and endocrine responses in male and female rats [54],
with both single and "binge" pattern cocaine administration resulting in a
transient decrease in testosterone levels (at 30 min but not 3 hr following a
single injection) [54]. In both male and female rats, "binge" cocaine increases
plasma progesterone levels [140]. It is possible then, that progesterone’s
effects on CNS plasticity may be affected by cocaine administration. It has
been found that acute cocaine administration led to increased progesterone
levels transiently in female rats [54]. Much of the literature indicates that
acute cocaine administration leads to higher overall hyperactivity

(ambulations, rearing and total counts) in females than in males [38; 39; 53;

139].
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Chronic cocaine administration

Repeated administration of low to moderate doses of cocaine has been
shown to enhance stereotypy [reviewed in 8] and an increase in behavioral
response to cocaine is observed [32; 130]. During repeated administration of
cocaine, behavioral sensitization with increased stereotyped behavior occurs
[130; 183]. During the later stages of the cocaine-induced sensitization
process there is an enhanced dopaminergic response which may be a key
factor in the long-term expression of sensitization [71].

It has been shown that cocaine produces dose-dependent locomotor
stimulant effects and elicits behavioral sensitization with repeated and
intermittent exposures [81; 83]. The sensitivity to cocaine and the extent of
sensitization is sex dependent, with numerous studies indicating that females
are more susceptible to cocaine sensitization [38; 139; 151; 156; 160; 180].
Chronic cocaine administration has resulted in the development of
sensitization to cocaine-induced ambulations and total locomotor counts
across sexes, but studies have found that while the female condition persisted
after cocaine challenge in both ambulations and total locomotor counts, the

condition in males persisted only in measures of total locomotor counts [39].

The role of gonadal hormones
Gonadal hormones have been postulated to be modulators in the sexually

dimorphic responses to cocaine. They influence neuronal activity and
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plasticity in the brain, thereby mediating the effects of cocaine on behavior
[55; 138; 141; 149], including locomotor behavior and the development of
cocaine-induced CPP. When attempting to understand the sex differences in
the behavioral and neuroendocrine responses to cocaine, the role of gonadal
hormones cannot be overlooked, since both castration and ovariectomy have
profound effects of the neurochemical and behavioral responses to cocaine, as
does subsequent hormone replacement in a dose-dependent manner [131;
142; 149].

Repeated exposure to psychostimulants appears to enhance the activity of
the HPA axis and lead to a decrease in the activity of the HPG axis [27]. The
importance of the role of the HPG axis as a regulator of the sex differences in
the acquisition and expression of cocaine CPP has been implied [150]. The
HPG axis has been previously found to play a role in cocaine-induced
behavioral activation [18; 106; 131; 158] since ovariectomy has been shown to
have effects on CPP while adrenalectomy was shown to have no effect on

CPP for either sex.

Effects of Gonadectomy
The larger physiological responses to cocaine in female rats have been
held constant in ovariectomized rats that were pretreated with different
steroid replacement treatments [142] and also in intact male and female rats

[139; 142; 161], but varied in females across different estrous cycle phases
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[106]. While castration of male rats has relatively few effects on acute
sensitivity to cocaine, ovariectomy of females significantly attenuates
locomotor activity induced by cocaine [69; 94]. This suggests that while still
important, gonadal hormones in males seem to play a more limited role in the

expression of cocaine-induced reward responses.

Testosterone and its metabolites

Testicular Biosynthetic Pathway of Testosterone

Cholestercl

Progesterone
I
|

L
17a-Hydroxypregnenolone 17 u-Hydroxyprogesterone

L C:"'?,:-_‘I:IJ'_!".-IIEJ:- l

Dehydroepiandrosterone Androstenedione

Cd
Pregnenolone
Hydroxypregnenolone

Dehydroepiandrosterone
Androlenedione TESTOSTERONE

Testosterone

Figure 6: Testosterone Synthesis Pathway. Adapted from the web:
www.endotext.org (2004). [76]

Testosterone is an androgen produced by the Leydig cells of the testes (see
Figure 6). It is responsible for masculinization [85] and overall sexual
differentiation of specific brain regions such as the medial preoptic nucleus
(in conjunction with estradiol) [138].

Testosterone has been postulated to play a role in the behavioral and

neurochemical responses to cocaine. Testosterone enhances dopamine and
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serotonin turnover and also affects the binding and uptake sites of the latter
[3]. Cocaine may stimulate significant increases in estradiol and testosterone
in females but not in males [115]. These rapid hormonal changes may
contribute to cocaine's abuse-related effects, as well as to disruptions of the
menstrual cycle during chronic cocaine administration [115].

An important characteristic to remember when studying testosterone and
its effects is that it has numerous metabolites, the roles of which are not
completely understood. In some cases, testosterone may metabolize very
rapidly, exerting an effect during the transformation that will not be
continued into its new configuration, but each metabolic alteration may have
its own distinctive characteristics [25]. Some conversions to metabolite are
reversible [25].

As shown in Figure 7, testosterone and androstenedione may be
converted to estradiol by metabolic actions [114]. The process of metabolism
occurs via the activation of monooxygenases and other steroid-metabolizing
enzymes [23; 165]. Some common metabolic pathways are as follows: 5-
alpha-reductase metabolizes testosterone to dihydrotestosterone [165], 3-
alpha-hydroxysteroid oxidoreductase activity reduces 5-alpha-
dihydrotestosterone to 5-alpha-androstane-3-alpha.17-beta-diol [165], 3-
oxidoreductase metabolizes testosterone into 3-alpha-androstanediol (3-

alpha-diol) [59; 60; 148], aromatase activity metabolizes testosterone to
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estradiol-17b [165], and 17-beta-hydroxysteroid oxidoreductase activity
metabolizes testosterone to 4-androsterone-3.17-dione [59; 60; 148; 165].
One of the most potent testosterone metabolites is estradiol, which causes
sexual differentiation of the brain [68; 85]. Major testosterone metabolites
detected in adult rat thymus are 6 beta-hydroxytestosterone (HT), 7 alpha-
HT, 16 alpha-HT, 2 alpha-HT, and androstenedione [23]. 3-alpha-diol,
another testosterone metabolite, is a neurosteroid considered by some to be
the most effective androgen for eliciting a CPP effect [59; 60; 148]. As such,
androgen regimens that increase the concentration of 3-alpha-diol in the brain
may enhance CPP. Direct implants of this metabolite, as well as DHT and
testosterone into the nucleus accumbens shell have already been found to

produce a CPP effect [59; 60; 148].

L

TESTOSTERONE

T,
2 P

ESTEADH

TEMEDHIME

ETIGCHOLANLD

Figure 7: Testosterone Metabolism. Adapted from the web:

www.antiaging.com (2004). [73]
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The binding properties differ for various metabolites. For instance,
testosterone and DHT bind to intracellular androgen receptors, while 3-alpha-
diol binds to GABAA/benzodiazepine receptor complexes [60]. Thus, the
GABA system may be a site through which testosterone can exert its
behavioral effects.

Testosterone metabolism can be affected by a number of variables,
including mode and route of administration, type of vehicle, dose, and
bioavailability, as well as the influence of other hormonal actions [60]. For
instance, testosterone metabolism has been inhibited by dihydrotestosterone

and progesterone in rat epididymal epithelium cells [25].

General effects of testosterone
At puberty, the hypothalamic secretion of GnRH stimulates the secretion

of FSH and LH from the pituitary gland. These, in turn, stimulate the Leydig
cells to secrete testosterone. In most mammalian species, motivational
aspects of male sexual behavior are regulated by testosterone [60]. It has been
suggested that the brain areas that mediate copulatory behavior are
independent of those that mediate sexual motivation [2]. One study
supporting this theory found that castration of male rats abolished an
acquired preference for an environment previously paired with a receptive

female, whereas medial preoptic lesions did not [78]. In contrast,
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6-hydroxydopamine lesions of the mesolimbic dopamine system produced a

decrease in sexual appetite behavior but not copulation [51].

Behavioral effects of testosterone

There has been some conflict in the study of testosterone as related to
CPP. Some studies have shown a CPP effect only with low doses of
testosterone [111], while others have shown no effect at any dose [2; 30; 90;
127;157]. Still others have demonstrated that the pairing of systemic
testosterone with a distinctive chamber has produced a CPP [9; 10; 60; 90;
127]. Further, infusions of testosterone into the nucleus accumbens or the
medial preoptic area and immediate pairing with the nonpreferred side of the
CPP apparatus reliably produced a preference for that side [60; 90; 127].
These effects appear to have been dose-dependent [2].

Testosterone has a distinct mechanism of action. It works by stimulating
receptor molecules in muscle cells, which activate specific genes to produce
proteins (see Figure 8) [74]. Testosterone also affects the activation rate of
enzyme systems involved in protein metabolism, thus enhancing protein

synthesis and inhibiting protein degradation [74; 182].
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Molecular Mechanism of Action of Testosterone
TESTOSTEROMNE

Figure 8: Testosterone’s Mechanism of Action. Adapted from the web:

www.bioalternatives.com (2004). [74]

When administered by itself, it has been shown to have rewarding
properties in both rats [2; 90] and mice [9; 10]. Androgens may motivate
continued drug seeking and consumption behavior because of their primary
rewarding properties [2; 127; 157; 182]. Activation of D1 and D2 receptors has
been thought to mediate the primary rewarding effects of testosterone [157].
Testosterone CPP has been blocked by an injection of dopamine receptor

antagonists such as alpha-flupenthixol, SCH 23390, and sulpiride [157].

Long-term effects of testosterone and cocaine
Testosterone inhibits electroencephalogram (EEG) output and the overall
behavioral effects of acute cocaine administration [176]. Chronic exogenous

testosterone administration has reduced the behavioral effects of cocaine
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[103]. Studies have also found that long-term treatment with testosterone
prevented the enhancement of cocaine-induced locomotor activity produced
acutely in male rats [103; 111] and in mice [152], possibly via increases in
noradrenaline and dopamine and decreases in serotonin [111], since these
monoamines appear to be affected by androgen action in the CNS [42].
Chronic treatment of testosterone was found to delay and reduce cocaine-
induced stereotypical behavior in castrated rats [40], while castrated chronic
cocaine-treated rats who did not receive testosterone showed a robust
sensitization effect [40]. Postmortem examination revealed that testosterone
significantly restored levels of striatal plasmalemmal dopamine, indicating
that there may be a possible interactive effect between chronic testosterone
and chronic cocaine administration [40]. Specifically, testosterone may
regulate the homeostasis of dopamine uptake, which is disrupted by the
administration of chronic cocaine. This has important implications for the
study of sex differences in drug abuse and the sex-dependent reactions to

gonadal hormone interactions with these drugs.

Dopamine and testosterone
Pharmacological and biochemical evidence suggests that the mesolimbic
dopamine system may be an important factor in the regulation of the affective
properties of testosterone and of androgenic effects on CPP [60; 128].

Testosterone CPP has been established in gonadectomized male rats [46].
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Castration of male rats reduces dopamine concentrations in the nucleus
accumbens, but pretreatment with testosterone hindered this effect [3].
Alternatively, it has been found that castration decreases locomotion in male
rats when compared to intact males [38; 54; 149; 150]. Castration of male rats
causes a decrease in the level of mesolimbic dopamine and subsequent
testosterone replacement restores these levels [3]. This is an important factor
to take into account when assessing the possible cross-effects between
testosterone and cocaine and their actions on dopaminergic levels during

drug administration.

Interactions of cocaine and testosterone on reward
It is not yet fully known whether cocaine affects the actions of steroids, or

whether steroid plasma levels affect the actions of cocaine. Nongenomic
variations, such as in the levels of extracellular monoamines, may mediate the
interactions between steroids and cocaine. Such alterations may be important
factors in the cocaine-induced HPA and HPG response, as these
neurochemicals regulate the structures which produce and secrete gonadal
hormones [141]. Testosterone exerts varying effects on neurotransmitters that
are also affected by cocaine administration [155]. A single dose of
testosterone has been found to abolish the sensitivity to norepinephrine in the

young rat vas deferens organ [96].
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Forman, et. al. [58] determined that cocaine and testosterone interact to
modulate concentrations of immunoreactive beta-endorphin in the anterior
pituitary. Gonadal steroid environment can therefore modulate the
regulation of this polypeptide, which is vastly associated with feelings of
“high”. This raises interesting questions about the combined role of

testosterone and cocaine in these other types of rewarding effects.

Cocaine’s effects on testosterone serum levels

The precise effect of cocaine administration on testosterone serum levels is
not yet well understood. Cocaine administration has led to an initial sharp
increase in testosterone levels, which later falls significantly below normal
levels [21; 65; 114]. Chronic low doses of cocaine have been found to cause no
hormonal changes, while high doses result in the depression of both
testosterone and LH levels [21; 27]. This indicates an acute biphasic effect of
cocaine on testosterone. Lower doses of cocaine (0.5 mg/kg) have increased
testosterone serum levels while higher doses of cocaine (10 mg/kg) have not
[147], suggesting that cocaine may have an acute effect on the structure of the
rat testis [147]. Further, chronic administration of cocaine has caused
testicular lesions, which in turn may be responsible for the testosterone
diminution [15]. One study in which a single cocaine dose significantly
lowered testosterone levels did not result in the elevation of LH levels to

above those of control animals [21], suggesting that cocaine effects on
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testosterone levels may occur directly during the synthesis or secretion of
testosterone [21]. However, in another study where cocaine was found to
produce no change in testosterone levels, LH and to a lesser degree, FSH,

were significantly increased after cocaine administration [70].

The co-abuse of anabolic steroids and cocaine
Anabolic-androgenic steroids (AAS) are synthetic derivatives of

testosterone. The abuse of these substances is a growing problem in Western
society. These were initially abused by super-athletes to add an edge to a
performance which was already close to perfection [148]. Currently however,
this phenomenon has spread from elite Olympic, professional, college or high
school athletes [26; 148; 181] to the general population [26]. As a result,
testosterone was banned as a controlled substance in 1991 [182]. Estimates
indicate that approximately 375,000 adolescent boys and 175,000 adolescent
girls are steroid users [26]. Fluctuations in gonadal hormones due to the
onset of puberty may have an interesting role in the development of

addiction and dependence to AAS in both males and females.

General effects of AAS
AAS abusers may develop addiction and dependence, and the withdrawal
from these substances is similar to that of stimulant withdrawal in that it is

characterized by depressive symptoms [60]. AAS abuse has been attributed
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to high levels of aggression, known in humans as “roid rage” [182]. AAS
abuse can contribute to kidney and liver damage, liver cancer, heart disease,
hypertension, hypogonadism, decreased sperm production, and gynomastia
[41; 60] or (“bitch tits” [182]). Their use is particularly problematic in women
because some of the physical effects may be irreversible. Specifically,
masculine traits such as facial hair and a deepening of the voice may persist
after the cessation of AAS use [reviewed in 148].

The abuse of AAS has been correlated with an increased likelihood of
abuse of other drugs, including cocaine [103; 174]. In a recent study of 227
men treated for cocaine dependence, 9.3% were also steroid abusers [123],
with many of them indicating that their initial use of cocaine had been in an
effort to minimize the negative effects of steroids, including insomnia,
depression, and irritability [123]. AAS are believed to exert their effects via
certain areas of the brain that are also associated with cocaine reward, via
androgen target structures [111] in the sites that are associated with
aggression and sexual behavior and well as to addiction and affective

properties [59; 60].

General effects of cocaine
It is important to address the physiological effects that cocaine exerts
when administered by itself in order to understand the possible consequences

of its co-administration with AAS. Physical effects of cocaine use include
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constricted peripheral blood vessels, dilated pupils, and increased
temperature, heart rate, and blood pressure [123]. Several studies provide
evidence that the CNS plays an important role in the cardiovascular effects of
cocaine [8; 174]. Cocaine is a powerful stimulant, therefore increased use
results in severe sleep deprivation and loss of appetite, psychotic behavior,
hallucinations, delusional behavior [123]. Addicts in withdrawal from
cocaine do experience anxiety and depression, repetitive, compulsive
movements, the sense of insects crawling under the skin, and severe
depression and delirium. Withdrawal may lead to severe depression and
suicidal thoughts [91].

The duration of cocaine's immediate euphoric effects, which include
hyper-stimulation, reduced fatigue, and mental clarity, depends on the route
of administration [123]. The faster the absorption, the more intense the high.
On the other hand, the faster the absorption, the shorter the duration of action
[123]. The high from snorting may last 15 to 30 minutes, while that from
smoking may last 5 to 10 minutes [123]. Increased use can reduce the period
of stimulation [123].Scientific evidence suggests that the powerful
neuropsychologic reinforcing property of cocaine is responsible for an

individual's continued use, despite harmful physical and social consequences

[91].
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Effects of co-administration

Although cocaine and AAS have been independently associated with
cardiovascular toxic effects, the cardiovascular consequences of their
concomitant abuse are not well understood [174]. Testosterone, at
concentrations that have no toxic effect on their own, was shown to have the
capacity to potentiate the noxious effects of cocaine on cardiovascular
function [174], suggesting that co-abuse of testosterone and cocaine could
lead to a marked risk of cocaine-induced thrombosis. This is particularly
noteworthy since AAS abuse by itself has been known to cause heart disease
and other cardiovascular ailments [41], yet the doses of testosterone that were
used had no effect alone. Sex differences have been observed in the response
to AAS, even at this level, with males developing cocaine-induced
cardiovascular toxicity at lower plasma concentrations of cocaine than
females [118].

Testosterone is able to modify the reward effects of cocaine by reducing
the area of activation within reward-associated areas in the brain [170]. This
indicates that testosterone may indeed play a role in the modulation of
cocaine reward effects. An added danger exists with the co-abuse of AAS
with cocaine, including a possibility for the magnified effects of both
substances, or the synthesis of a new toxic substance as a result of their

combination [123]. For instance, when people mix cocaine and alcohol
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consumption, they are compounding the danger each drug poses and
unknowingly forming a complex chemical experiment within their bodies
[123]. The human liver combines cocaine and alcohol and manufactures a
third substance, cocaethylene, that intensifies cocaine's euphoric effects, while
possibly increasing the risk of sudden death [123]. It is possible that similar

reactions could occur after the co-abuse of AAS with cocaine.

Adolescent susceptibility to drugs of abuse

The period of adolescence is characterized by a vulnerability to drugs
[107], a higher likelihood of initial drug use [107], high risk behaviors [163],
alterations in novelty-seeking and exploratory behavior [31], and changes in
the behavioral responsiveness to many drugs of abuse [31; 163]. Adolescents
respond differently than adults to a number of drugs that act on dopamine
neural systems [31]. For instance, nicotine has been found to significantly
decrease locomotor activity in the adolescent rat as compared to adults [145],
particularly in males [44]. Animals at this age also show a reduced
responsiveness to the locomotor effects of psychostimulants, including
cocaine [22; 162]. In particular, periadolescents have been found to lack the
cocaine-induced stereotyped behaviors that are characteristic of adults,
including head scanning and focused sniffing [98].

Adolescence is also characterized by increased levels of stress [107]. High

levels of stress have been postulated to increase the behavioral responsivity to
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psychostimulant drugs; these responses can in turn modulate the rewarding
effects of drugs of abuse [134].

Adolescent rats displayed an exaggerated behavioral response to cocaine
administered in two binge patterns [34]. Total locomotor counts were the
same in adult and adolescent rats, however adolescents engaged in more
intense stereotypic behaviors, suggesting that equivalent tissue
concentrations of cocaine produce a greater behavioral response in young rats
[34].

In a study comparing cocaine-induced locomotion in adolescent and adult
female rats, female adolescents were found to exhibit significantly higher
levels of locomotor activity than adults [35]. Another study found a more
pronounced locomotor response in female adolescent rats as compared to
male adolescents [34], a trend which is observed between adult male and
female rats as well [18; 55; 56; 141; 149; 150]. A possible factor in this
discovery is that estradiol has been found to be a more influential

determinant of susceptibility to the effects of cocaine than testosterone [48].

AAS and the adolescent population
AAS abuse in nonathletes is particularly common among adolescent boys
(7% of high school seniors) [184]. The misuse of AAS among adolescents is
increasingly concomitant to the use of other drugs [11]. Among adolescents,

the frequency of anabolic steroid use was significantly associated with the
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frequency of cocaine use [50]. Prevalence of cocaine dependence has been
shown to be higher in adolescent females and adolescent males [84].
Furthermore, cocaine was the drug most likely to be co-abused by adolescent
AAS abusers [50].

Androgen reinforcement is not comparable to that of cocaine, but more
like other mild reinforcers, such as caffeine or nicotine [182]. However,
although nicotine and caffeine are mild reinforcers, it is remarkably difficult
for many habitual users to quit; AAS may have similar effects [182]. Nicotine
has been found to significantly decrease locomotor activity in the adolescent
rat as compared to adults [145], particularly in males [182]. Testosterone has

been found to have similar effects [103; 111].

Testosterone and the adolescent brain
Important structural and functional changes in the brain occur during

adolescence [34], but there has been little direct study of how this impact on
drug abuse vulnerability. In the brain testosterone can affect neural function
by binding to classical androgen receptors, through classical estrogen
receptors after aromatization to estrogen, or through nongenomic receptors
[42]. Androgens modulate behavior through organizational or activational
effects either directly or via the action of its metabolites estradiol or

dihydrotestosterone [59; 60; 126; 148].
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The interaction between AAS and other psychoactive substances most
likely involves the reward system, since dopamine and serotonin systems
involved in cocaine reward are also affected by androgen action at the central
nervous system [171]. One important characteristic of the adolescent brain is
the extensive overproduction and pruning of dopaminergic, cholinergic,
serotonergic, GABAergic, and adrenergic receptors [79; 102; 143]. Most
notably is the increase in DA receptor densities in the rat striatum throughout

development which peaks around postnatal day 28-30 [120; 121].
Furthermore, basal DA levels change during adolescence in both the striatum

[5] and the nucleus accumbens [133], with a rate of DA synthesis and
turnover in the prefrontal cortical reward areas that peaks early in
adolescence and then declines into adulthood [169]; these changes are likely

to play a role in the drug-induced alterations in adolescent drug responses.

Adolescent vs. adult sex differences in cocaine response

Sex differences in cocaine-induced locomotor responses can also be
mediated by sexual development. Locomotor responses of prepubertal males
and females to cocaine were similar in one study [94], however, the
postpubertal sex difference resulted from a fall in cocaine-stimulated

locomotion in males rather than a rise in females.
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Much of the literature points to a higher affinity for sensitization among
females, both as adults [38; 98; 139; 151; 156; 160; 180] and periadolescents
[98], the latter indicating that sensitization may be a function of age-specific
alterations in sensitivity to cocaine. Neonatal testosterone treatment of
female rat pups decreased the response to cocaine in adulthood, suggesting
that the activational and organizational effects of gonadal steroids contribute
to the greater response of females to cocaine [94]. This presents significant

implications for treatment of abuse.

Overview and Rationale:

The Office of National Drug Control Policy estimates the number of
chronic cocaine users at 3.6 million today [123]. This includes occasional
users as well as repeated or compulsive users, and a variety of use patterns
between these extremes [123]. Last year, there were approximately 170,000
visits to emergency rooms in the U.S. due to cocaine [168]. This suggests that
cocaine abuse is still quite prevalent in Western society.

Another dangerous trend is the growing number of androgenic-anabolic
steroid abusers. This phenomenon is no longer limited to superior athletes
[26; 148] but currently affects many other members of the population [181].
The interactive effects of each of these substances are not yet well understood
and require further study. Previous findings on sexually dimorphic

responses to cocaine-induced neuronal and behavioral responses indicate that
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much is to be learned with respect to the effects of testosterone and cocaine in
combination. The investigation of these effects may shed more light on sex
differences in the gonadal hormone mediated response pathways.

Past research seems to have focused primarily on the consequences of
drug interactions with cocaine in females, probably because of the finding
that many of the disparities in the behavioral responses could be explained by
fluctuating hormonal status as determined by the estrous cycle. Hormonal
fluctuations in pre- and post-pubescent boys, however, have not typically
been investigated with respect to the same behavioral responses. While this
is understandable in studies of cocaine abuse, the trend for boys to begin
drug experimentation at a younger age cannot be ignored, particularly since
the majority of both AAS and cocaine abusers are male. Further, the
examination of the co-abuse of AAS and cocaine may lead to advances in the
development of pharmacological treatment for drug abusers at a younger

age.

Significance:

In recent years there has been accumulating evidence suggesting that
there are sex differences in cocaine-induced behavioral and subjective
responses. Gonadal hormones have a profound effect on brain function,
indicating that the hormonal state of cocaine abusers at the time of drug

ingestion may affect their behavioral response to the drug. For example,
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cocaine cravings may vary for females during different stages of their
menstrual cycles. Further, adults 18 to 25 years old have a higher rate of
current cocaine use than those in any other age group [123]. The behavioral
responses to cocaine may then vary as hormone levels fluctuate in an age-
related manner. There is growing interest in the differences between male
and female responses to cocaine and the effects of gonadal hormones on these
responses. Several studies have reported that estrogen and progesterone
mediate sex differences in locomotor activity, self-administration and CPP
responses to cocaine [106; 131; 149]. However, to date there have been few
studies conducted that address the role of testosterone in the behavioral,
endocrinological and neurochemical responses to cocaine.

Overall, men have a higher rate of cocaine use than women. Additionally,
male athletes may have a high incidence of testosterone steroid abuse which
may coincide with their use of cocaine. Anabolic steroids are synthetic
derivatives of testosterone which have a high abuse potential. Concurrently,
some steroid abusers also abuse cocaine. Although both substances lead to
complex behavioral responses, little is known about the physiological and
behavioral effects of testosterone when co-administered with cocaine.

This study seeks to understand the role that testosterone plays in the
regulation of male behavioral and reward responses to cocaine and the

possible contribution of this hormone to sexually dimorphic responses to
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cocaine. We postulate that testosterone affects cocaine-induced
endocrinological and behavioral responses in a dose dependent manner. We
further hypothesize that since during male development different levels of
testosterone influence overall behavioral activity, significant differences in
cocaine-induced behavioral responses will be observed across different stages
of development. In particular, we postulate that testosterone will
differentially alter cocaine-induced responses between adults and
adolescents, with adolescent males exhibiting a lower response to cocaine as
compared to adult males. To test these postulates the following specific aims

are proposed:

Specific Aim I: To determine the effect of testosterone on the locomotor
response to cocaine, cocaine-induced CPP, and serum levels of corticosterone

and testosterone in castrated male rats.

Specific Aim II: To determine whether different methods of testosterone
administration will have a differential effect on cocaine-induced CPP and

locomotor activity.

Specific Aim III: To assess how testosterone’s effects on cocaine-induced
behavioral activity in intact adolescent male rats compare with testosterone’s

effects on cocaine-induced behavioral activity in intact adult male rats.
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Chapter 2: Testosterone Plays a Limited Role in Cocaine-Induced

Conditioned Place Preference and Locomotor Activity in Male Rats

1. Introduction

In recent years there has been accumulating evidence suggesting that
there are sex differences in cocaine-induced behavioral and subjective responses
[18; 38; 39; 54; 55; 56; 118; 124; 141; 149; 150]. Male and female rats differ in
physiological, neurochemical, and behavioral responses to stress or drug
exposure, including locomotor responses and the development of CPP, with
females typically exhibiting more pronounced responses to cocaine [18; 38; 39; 54;
55; 56; 118; 124; 141; 149; 150]. Moreover, females develop cocaine-induced CPP
with lower doses and after fewer pairing sessions than males [149; 150]. These
sex differences in cocaine reward and psychoactive stimulation appear to be
regulated to some extent by gonadal hormones.

For example, gonadectomy of female rats decreased overall cocaine-
induced behavioral responses, while in male rats it has no effect [149; 150].
Cocaine-induced CPP is also affected by gonadectomy; in female rats there is an
attenuation of CPP after ovariectomy [149; 150]. Furthermore, in female rats
gonadal hormone replacement alters cocaine responses; i.e. estrogen increases
while progesterone decreases or has no effect on acute cocaine-induced
behavioral activity [151]. Similarly, cocaine-induced CPP is altered by the
hormonal replacement paradigm; in females, progesterone attenuates while

estrogen and progesterone coadministration enhances cocaine-induced CPP
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[151]. However, to date there have been few studies conducted that address the
role of testosterone in the behavioral, endocrinological and neurochemical
responses to cocaine.

Testosterone has been postulated to play a role in the behavioral and
neurochemical responses to cocaine. When administered by itself, testosterone
has been shown to have rewarding properties [2; 90]. Testosterone has been
found to delay and reduce cocaine-induced stereotypical behavior in castrated
rats [40], and testosterone serum increases after cocaine administration.
Although the current literature postulates that testosterone contributes to the
sexually dimorphic responses to cocaine, few studies have demonstrated a direct
link between testosterone and cocaine.

Testosterone is able to modify the reward effects of cocaine by reducing
the area of activation within reward-associated areas in the brain [9; 60; 170].
This indicates that testosterone may indeed play a role in the modulation of
cocaine reward effects.

CPP is a behavioral test model commonly used to study the rewarding
and incentive motivational effects of drugs and drug-paired stimuli [31; 63; 108;
110]. CPP studies have important clinical implications for the examination of
environmental cue - elicited drug-seeking behaviors. Once established, CPP

effects can linger long after the absence of additional drug exposure.
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Cocaine, when administered alone, has rewarding properties. The strong
environmental cues between “high feelings” and cocaine may be further
reinforced or inhibited by the coadministration of testosterone. This in turn may
have an impact on the rate of abuse of both substances.

The present study sought to understand the role that testosterone plays in
the regulation of male behavioral and reward responses to cocaine. Using a
systematic approach, we aimed to determine to what extent testosterone
contributes to cocaine-induced locomotor responses and the
acquisition/expression of reward associations. We postulated that testosterone
would dose dependently affect cocaine-induced endocrinological and behavioral

responses.

2. Method
2.1 Animals

Eight week old Fischer rats (Charles River Laboratories, Kingston, NY)
were singly housed in animal cages with free access to food and water, and were
maintained on a 12-hour light/dark cycle (lights on at 9:00 a.m.). Animals were
handled daily after their arrival. Animals were randomly assigned to either
saline- or cocaine- treatment and further subdivided into hormone-replacement
groups. All experimental manipulations were conducted in at least 3 cohorts

with a total of 8-10 animals per group. All NIH guidelines for the care and use of
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laboratory animals were followed, as well as those in a protocol approved by the

IACUC of Hunter College.

2.2 Drugs

Cocaine (20 mg/kg) (Sigma Chemical Co., St. Louis, MO) or saline was
given via intraperitoneal injection. This dose was chosen because it has produced
cocaine-induced CPP during a 4-day paradigm [150]. Testosterone (Innovative
Research of America, Sarasota, FL; Sigma Chemical Co., St. Louis, MO), was
administered in pellet form. For the silastic implant procedure testosterone

(Sigma Chemical Co., St. Louis, MO) was subsequently administered in the form

of packed Silastic capsules (100% T).

2.3 Testosterone Replacement

Pellets were implanted subcutaneously after the animals were briefly
sedated with isofluorane using the following doses: 0 mg (control, where all
surgical procedures were followed except for the actual implantation), 10, 25, 50,
100 and 200 mg. For Silastic implants, rats were subcutaneoulsly implanted
with either empty capsules (30mm) or 0.5, 1, 2 or 3 30-mm (dose equivalents of
0, 15, 30, 60 or 90mm) testosterone-filled capsules [0.058 in. ID x 0.077 in. OD;

Dow Corning (Midland, MI)], after brief sedation with isofluorane.
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2.4 CPP apparatus

For behavioral assays, a Single Station Package with computer-automated
Guillotine Doors, White and Black Place Preference Apparatus from Med
Associates (Georgia, VT) was used. This device consisted of a white chamber, a
black chamber, and a gray neutral chamber in the middle. The three chambers
were separated by computer-automated guillotine doors to allow the animals
access to all three chambers. The central chamber was 12 cm long and had a
smooth PVC floor. The black chamber was 28 cm long and had a stainless steel
grid rod floor, while the white chamber, also 28 cm long, had a stainless steel
mesh floor. This was to provide different visual and tactile cues on either side of
the apparatus. Spontaneous locomotor activity was monitored by a Photobeam
Activity System within each conditioning chamber. The length of time spent in
each chamber, and the total locomotor activity (the sum of all horizontal counts),

entrances, and explorations into each chamber were also recorded.

Figure 9: Conditioned Place Preference Apparatus
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2.5 CPP Procedure

The conditioning procedure was conducted one week after surgery as
previously described [150]. For preconditioning, rats were placed into the
neutral gray area for a 5-minute acclimation period and then allowed free access
to all three chambers for 15 minutes. Rats were then randomly assigned to either
cocaine/saline conditioning groups or saline/saline control groups. The second
phase consisted of four conditioning days (two cocaine/saline pairings). Thirty
minutes after the lights were turned on, rats (n = 5-10 animals/group) received
intraperitoneal injections of saline (0.9%) or cocaine (20 mg/kg) in the
conditioning chambers. On conditioning days 1 and 3, rats were injected with
cocaine and immediately confined to one chamber for 30 minutes. On alternate
days, rats were injected with saline and immediately confined to the opposite
chamber for 30 minutes. Control rats received saline in both chambers on
alternate days. On the testing day, rats were placed into the neutral gray
chamber for a 5-minute acclimation period and then allowed 15 minutes of free
access to all three chambers in a drug-free state. Time spent and total locomotor
activity (sum of all horizontal counts) were recorded using a computerized

photo-beam system run with MED-PC software.



Minerly

43
DAY 1 2 3 4 5 6
Preconditioning A
Cocaine A A
Saline A A
Test A

Fioure 10 : Cocaine and Saline Administration paradigm for acute conditioned

place preference procedure

Animals are tested in a drug-free state and sacrificed 20 minutes after behavioral assay

2.6 Testosterone radioimmunoassay

Animals were sacrificed by rapid decapitation after a brief exposure to
COz. Trunk blood was centrifuged (at 3000 rpm for 30 minutes at 4°C); serum
was then collected and stored at -80°C. Analysis of testosterone serum levels was
conducted using a Coat-A-Count radioimmunoassay kit from Diagnostic
Product Corporation (CA). Intra-assay coefficient of variance averaged <10%.
Results were determined using a log-logit analysis within GRAPHPAD PRISM
(GraphPad Software, CA, USA). Testosterone serum levels are expressed as

ng/ml.

2.7 Data analysis
A dependent measures t-test (two-tailed) within each group was used to

determine statistically significant differences between the time spent in each side
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of the place preference apparatus. CPP score was calculated in order to
determine the magnitude of the place preference, and differences across the
different testosterone doses were assessed by means of a one-way ANOVA.
Total locomotor counts are represented as the sum of photobeam breaks due to
the animal’s crossover in all three chambers of the place preference apparatus.
To examine the effects of cocaine conditioning on total locomotor activity, a
dependent measures t-test (two-tailed) within each group was used to determine
statistically significant differences among the total locomotor counts between

saline-treated and cocaine-treated animals.

3. Results

Throughout the study, control rats (saline/saline) did not differ in the
time spent of either side of the chamber, confirming the unbiased nature of the
procedure (data not shown). Data collected using testosterone pellet
implantation had to be discarded due to the development of severe infections at
the surgical site. It is important to note that previous studies in our lab [116] as
well as others [86; 87; 117] utilizing testosterone pellet (Innovative Research of
America, Sarasota, FL) implantation as a method of hormone replacement have
shown a consistent problem with the integrity of the pellets. Extrusion of the
pellets was commonly seen in these studies, and this condition persisted even
after washing of the pellets prior to implantation was performed [87]. In some

cases, use of these pellets led to severe infections at the implant site [116; 117],
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resulting in the premature sacrifice of over 60% of the experimental animals
[116]. As aresult of this problematic circumstance, the following results reflect

only the data collected using the implantation of the SILASTIC capsules.

3.1 Serum levels of testosterone increased with increased replacement doses
Serum levels after chronic testosterone replacement were found to
increase dose-dependently ( F(1, 83) = 26.618, p < 0.01; see Figure 11). As the
SILASTIC length increased (thereby increasing the dose of testosterone), serum
testosterone levels also increased. Thirty mm SILASTIC capsules produced
higher levels of testosterone than 0 and 15 mm, while 60 and 90 mm lengths

resulted in higher testosterone levels than 15 and 30mm lengths.

3.2 Chronic testosterone administration did not affect the development of conditioned
place preference to cocaine

As seen in Figure 12, paired t-tests conducted for each dose of testosterone
administered revealed a significant difference in the amount of time spent on
the cocaine-paired side and the unpaired side: (0 mm of testosterone: ¢ (12) =
4.402, p < 0.05; 15 mm: £ (6) =2.924, p <0.05; 30 mm: ¢ (13) = 2.047, p < 0.05; 60
mm: f(4)=2.792, p <0.05; 90 mm: t (6) = 4.930, p < 0.05.) However, there was
a lack of significant differences across groups. CPP scores did not differ
significantly across all testosterone treated rats: F (4, 47) = 0.8658, p > 0.05 (see

Figure 13).
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3.3 Chronic testosterone administration does not affect cocaine-induced locomotor

activity

As seen in Figure 14, paired t-tests conducted for each dose of testosterone
administered revealed a significant difference in the total number of locomotor
counts for conditioning day 1 between cocaine-treated and saline-treated
animals: (0 mm of testosterone: t (10) = 5.101, p < 0.05; 15 mm: £ (6) =2.685, p <
0.05; 30 mm: ¢ (9) = 4.503, p < 0.05; 60 mm: ¢ (4) =3.059, p <0.05; 90 mm: £ (2)
=7.926, p < 0.05.) However, no significant differences were observed across all

the doses of testosterone.
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Figure 11. The effects of chronic testosterone administration in castrated
male rats via Silastic capsule implant. Data represents changes in
serum levels of testosterone in cocaine-treated (solid line) and saline-
treated (dotted line) animals. * denotes significant differences (p <
0.05) in serum levels between rats that received 30mm capsules and
those that received 0 and 15mm; # denotes significant differences (p <
0.05) in serum levels between rats that received 60 and 90mm capsules

and those that received 15 and 30mm lengths.
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Figure 12. The effects of chronic testosterone administration on cocaine-
induced CPP in castrated male rats. Data represents the time spent in
seconds in saline-paired (white bars) and cocaine-paired (black bars)
compartments of the CPP chamber on the test day. *Indicates
significant difference (p < 0.05) between saline- and cocaine-paired

compartments within testosterone dose.
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Figure 13. The effects of chronic testosterone administration on a
calculated CPP score in castrated male rats. Data represents the
difference in time spent (in seconds) on the saline-paired and
cocaine-paired compartments of the CPP chamber on the test

day for each testosterone dose.



Minerly

50
4000+ * il :
* * [ Saline
o * Il Cocaine
S 30004
)
&
S
S 2000-
3]
5
8 1000+
|
0

0 15 30 60 90

Testosterone Dose (mm)

Figure 14. The effects of chronic testosterone administration on cocaine-
induced locomotor activity in castrated male rats on Day 1. Data
represents the total locomotor counts recorded among saline-treated
(white bars) and cocaine-treated (black bars) animals on Day 1 of
conditioning. *Indicates significant difference (p < 0.05) between

saline- and cocaine-treated rats within testosterone dose.
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4. Discussion

In this study we demonstrated that testosterone alone does not produce
CPP. Some studies have shown the development of CPP after high doses of
testosterone [106], while others have shown no effect at any dose [30; 90; 127;
157]. Still others have demonstrated that the pairing of systemic testosterone
with a distinctive chamber has produced a CPP [60]. Further, infusions of
testosterone into the nucleus accumbens or the medial preoptic area and
immediate pairing with the nonpreferred side of the CPP apparatus reliably
produced a preference for that side in a dose-dependent manner [2].

After chronic exogenous testosterone, neither cocaine-induced
conditioned place preference nor locomotor activity was affected at any of the
doses administered. Long, et. al. [103] reported that testosterone implantation
reduced cocaine-induced locomotor effects in Wistar rats. Specifically, an
80mg/kg dose of oral cocaine enhanced locomotor activity among all the
experimental groups except the intact testosterone-treated group [103].
Conversely, Martinez-Sanchis, et. al. [111] found that the administration of
exogenous testosterone resulted in an enhancement of cocaine-induced
locomotor activity in Swiss-Webster mice. An enhancement was observed in
locomotor behavior by a 2mg/kg dose of testosterone, however among all other
groups testosterone did not stimulate locomotor activity when compared with

vehicle [111]. Furthermore, all animals that received cocaine and peanut oil
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displayed a higher locomotor activity dose-dependently when compared with
controls [111].

It is important to note the differences in animal strain and method of drug
administration among testosterone studies, as well as the different compounds of
testosterone which have been used. Differences in behavioral responses to
cocaine have been observed across different rodent strains, as well as within the
same strain from different vendors; for instance, Fischer rats from different
strains [29] and vendors [132] using similar experimental paradigms do not
respond to cocaine in the same behavioral manner. Furthermore, the source and
doses of testosterone differ among various studies. Therefore experimental
differences in rodent models may account for the discrepancies among these
studies.

An important characteristic to remember when studying testosterone and
its effects is that it has numerous metabolites, the roles of which are not
completely understood. In some cases, testosterone may metabolize very
rapidly, exerting an effect during the transformation that will not be continued
into its new configuration, but each metabolic alteration may have its own
distinctive characteristics [25]. Some conversions to metabolite are reversible
[25]. Animals in the present study received testosterone one week prior to the
conditioned place preference procedure, which is conducted over a 6-day period.

Therefore, post-test sacrifice and subsequent trunk blood collection did not occur
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until 2 weeks after the administration of testosterone. This time period may have
allowed for the administered testosterone to convert to any one or more of its
metabolites, making precise analysis difficult. A possible alternative to the
chronic administration would be to administer testosterone acutely, possibly via
a subcutaneous injection prior to testing, which would eliminate the need for the
7 day surgical recovery period, thereby lessening the likelihood of more
metabolic conversions. This method of administration has previously resulted in
a dose-dependent effect of testosterone on cocaine-induced reward responses
[94].

Based on our observations we postulate that testosterone plays a limited
role in the development of environmental cue associations in adult male rats.
Moreover, non-subjective effects, such as locomotor activity, were not activated

by testosterone.
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Chapter 3: The Role of Testosterone in Cocaine-Induced
Conditioned Place Preference and Locomotor Activity:

Chronic vs. Acute Administration

1. Introduction

Sex differences in cocaine-induced behavioral and subjective responses
have been reported, where females typically exhibit more pronounced locomotor
responses and development of cocaine-induced CPP than males [18; 38; 39; 54;
55; 56; 118; 124; 141; 149; 150]. The prevailing theory suggests that gonadal
hormones provide the biological basis for sex differences in behavioral responses
to cocaine (reviewed in 56). However, although the current literature postulates
that testosterone contributes to the sexually dimorphic responses to cocaine, a
direct link between testosterone and cocaine has yet to be established.

To date there have been few studies conducted that address the role of
testosterone in male responses to cocaine. Indirect evidence, via the study of
castration on cocaine-induced activity, has revealed a direct link between
testosterone and cocaine effects. For example, in castrated males, testosterone
has been found to delay and reduce cocaine-induced stereotypical behavior [40;
103]. After testosterone replacement there has been reduced cocaine-induced
brain activity within reward-associated areas in the brain [170] which suggests
that testosterone is able to modify the reward effects of cocaine by reducing the

area of activation [170]. Further, testosterone serum levels increase after cocaine
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administration, suggesting an interaction between testosterone and cocaine at
different levels.

Conditioned place preference (CPP) has been used to determine the
rewarding effects of drugs by establishing associations between the rewarding
and incentive motivational effects of drugs and environmental stimuli [31; 63;
108; 110]. Using this experimental technique, the present study aims to
determine if testosterone dose-dependently affects locomotor activity and the

formation of reward associations with cocaine.

2. Method
2.1 Animals

Eight week old castrated male Fischer rats (Charles River Laboratories,
Kingston, NY) were singly housed in animal cages with free access to food and
water, and maintained on a 12-hour light/dark cycle (lights on at 9:00 a.m.).
Animals were handled daily after their arrival. Animals were randomly
assigned to either saline- or cocaine- treatment and further subdivided into
hormone-replacement groups. The experimental manipulations were conducted
in at least 3 cohorts with a total of 8-10 animals per group. All National Institute
of Health (NIH) and Institutional Animal Care and Use Committee guidelines
for the care and use of laboratory animals were strictly followed. All chemicals,

unless otherwise stated, were purchased from Sigma Chemical Co. (St. Louis,

MO).



Minerly
56

2.2 Testosterone replacement paradigms

Testosterone (Innovative Research of America, Sarasota, FL or Sigma
Chemical Co., St. Louis, MO ), was administered using two paradigms (see
Figure 15). For chronic testosterone replacement, after sedation with isofluorane,
rats were implanted with one to three 30mm, or one 15mm Silastic capsule [0.058
in. ID x 0.077 in. OD; Dow Corning (Midland, MI)], filled with 100% T. Control
rats were implanted with empty capsules. Rats were behaviorally tested one
week after hormone replacement. For acute testosterone administration,
testosterone (0, 400, 800, or 1200 pg/kg) or vehicle (DMSO) was administered via
subcutaneous injections at the nape of the neck concurrently with drug
administration. These doses and manner of administration have been previously
shown to produce physiological and pharmacokinetic testosterone serum levels
[2]. Cocaine was prepared daily in 0.9% saline solution and administered via
intraperitoneal injection at a concentration of 20 mg/kg. This dose was chosen
because in males it reliably produces cocaine-induced CPP using a 4-day

conditioning paradigm [150] and enhances locomotor activity [55; 56].

2.3 CPP apparatus and procedure

The CPP apparatus used was a Single Station Package Place Preference
Apparatus from Med Associates (Georgia, VT) with three chambers (a white
chamber, a black chamber, and a central gray neutral chamber). The central

chamber was 12 cm long and had a smooth PVC floor. The black chamber was



Minerly
57

28 cm long and had a stainless steel grid rod floor, while the white chamber, also
28 cm long, had a stainless steel mesh floor. The three chambers were separated
by computer-automated guillotine doors. Spontaneous locomotor activity was
monitored by a Photobeam Activity System within each conditioning chamber.
A 4-day conditioning paradigm was used as previously described [150].
For preconditioning, rats were placed into the neutral gray area for a 5-minute
acclimation period and then allowed free access to all three chambers for 15
minutes. The conditioning phase consisted of a 4-day paradigm (two
cocaine/saline pairings). Thirty minutes after the lights were turned on, rats
received intraperitoneal injections of saline or cocaine in the conditioning
chambers. On conditioning days 1 and 3, rats in the acute testosterone
replacement group received a co-administration of cocaine and testosterone,
while rats in the chronic testosterone replacement group received only cocaine;
rats were then immediately confined to one chamber for 30 minutes. On
alternate days, rats were injected with saline and immediately confined to the
opposite chamber for 30 minutes (see Figure 15). Control rats received saline on
all four days. On the testing day, rats were placed into the neutral gray chamber
for a 5-minute acclimation period and then allowed 15 minutes of free access to
all three chambers in a drug-free state. In the chronic testosterone group,
testosterone was consistently present throughout the conditioning and testing

days. Time spent in each chamber and total locomotor activity (sum of all
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horizontal counts) were recorded using a computerized photo-beam system run

with MED-PC software.

DAY 1 2 3 4 5 6
Preconditioning A

Cocaine A A

Saline A A

Test A

Fi¢ure 10 : Cocaine and Saline Administration paradigm for acute conditioned

place preference procedure

Animals are tested in a drug-free state and sacrificed 20 minutes after behavioral assay

2.4 Testosterone radioimmunoassay
After the final behavioral test, rats were sacrificed by rapid decapitation

(after a 20 sec exposure to COz). Trunk blood was collected, centrifuged (at 3000
rpm for 30 minutes at 4°C), and serum was stored at -80°C until used.
Testosterone serum levels were determined with a Coat-A-Count
radioimmunoassay kit from Diagnostic Product Corporation (Los Angeles, CA).
Intra-assay coefficient of variance averaged less than 10%. Results were
determined using a log-logit analysis within GRAPHPAD PRISM (GraphPad

Software, CA, USA). Testosterone serum levels are expressed as ng/ml.
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2.5 Data analysis

For CPP, behavioral data is presented as the mean time + SEM in seconds
spent in each side of the place preference apparatus. A dependent measures t-test
(two-tailed) within each group was used to determine statistically significant
differences between the time spent in each chamber. The CPP score represents
the magnitude of the place preference (subtraction of the amount of time spent
on the saline-paired side of the chamber from the amount of time spent on the
cocaine-paired side of the chamber). Total locomotor counts are represented as
the mean sum of photobeam breaks + SEM. One-way ANOVAs were used to
determine differences in serum levels, CPP scores, and locomotor activity. When
appropriate, a Fisher LSD post hoc test was conducted. In all cases p < 0.05 was

considered significant. Serum levels are expressed as ng/ml.

3. Results
3.1 Testosterone serum levels increased after chronic and acute hormone replacement

After chronic testosterone administration, serum levels were found to
increase dose-dependently (F (3, 79) = 28.34, p < 0.001) (see Figure 11). However,
no differences in testosterone serum levels between cocaine/saline treatment
were observed. Testosterone serum levels increased dose dependently, where
30, 60 and 90 mm Silastic capsules produced significantly higher serum levels
than 0, and 60 and 90 mm capsules increased serum levels to a greater degree

than 30mm capsules ( F(1, 83) = 26.618, p < 0.01). However, after acute
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testosterone administration, 48 hours after the last testosterone dose, no

significant changes in testosterone serum levels were observed (Figure 16).

3.2 Cocaine-induced CPP in control rats
In both replacement paradigms, control rats (saline/saline-treated) did

not differ in the time spent on either side of the chamber, confirming the
unbiased nature of the procedure (data not shown). Overall, cocaine increased
the time spent in the drug-paired side as compared to the saline-paired side
(F(1, 60) = 36.609, p < 0.01). Moreover, both replacement paradigms produced
equivalent CPP scores. Furthermore, testosterone administration did not alter
CPP or locomotor activity in any of the testosterone-saline-treated rats (data not

shown).

3.3 Chronic testosterone administration did not affect cocaine-induced CPP or
locomotor activity

As seen in Figure 12, regardless of the testosterone dose, rats spent more
time in the cocaine-paired side of the apparatus as compared to the saline-
paired side (0 mm:  (12) = 4.402, p < 0.05; 15 mm: f (6) = 2.924, p < 0.05; 30
mm: ¢ (13) = 2.047, p < 0.05; 60 mm: ¢ (4) =2.792, p < 0.05; 90 mm: ¢ (6) = 4.930,
p <0.05). Furthermore, no significant differences in the CPP scores were
observed between any of the experimental groups: [F (4, 47) = 0.8658, p > 0.05,

(Figure 13)]. As seen in Figure 14, cocaine increased overall locomotor activity
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(F (1, 60) = 36.6, p < 0.05). However testosterone administration did not alter

cocaine-induced locomotor activity.

3.4 Acute testosterone administration blocked development of conditioned place

preference to cocaine at the lowest dose but had no effect on locomotor behavior
As shown in Figure 17, acute testosterone administration dose-

dependently altered cocaine-induced CPP; only 800 and 1200 pg/kg produced
cocaine-induced CPP ( 0 pg/kg of testosterone: t (7) = 2.923, p < 0.05; 400 pg/kg:
t (7) =1.133, p > 0.05, ns; 800 pg/kg: t (6) = 4.467, p < 0.05; 1200 pg/kg: t (6) =
5.512, p < 0.05). However, no significant differences in CPP scores were
observed [(F (3, 27) = 1.126, p > 0.05), (see Figure 18)]. Although overall,
cocaine increased locomotor activity (F (1, 51) = 56.4, p < 0.05), no significant
interaction between testosterone replacement doses and cocaine was observed

(Figure 19).
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Chronic T Administration Day12345678910111213
T (SILASTIC Capsules) DI
Preconditioning 7
Cocaine (20 mg/kg) or Saline 1 )
Saline 1 1
Behavioral Test 1

Acute T Administration Day1 23456
Preconditioning 7
T (SC Injections) or Vehicle T
T

Cocaine (20 mg/kg) or Saline
Saline 1 1

Behavioral Test 1

Figure 15: Testosterone administration paradigms. Arrows represent injection

administrations.
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Figure 16: Testosterone serum levels after acute testosterone
administration. Data represents changes in serum levels
of testosterone in cocaine-treated (solid line) and saline-

treated (dotted line) animals.
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Figure 17: Acute testosterone administration effects on cocaine-induced
CPP in castrated male rats. Data represents the time spent in seconds
in saline-paired (white bars) and cocaine-paired (black bars)
compartments of the CPP chamber on the test day. *Indicates
significant difference (p < 0.05) between saline- and cocaine-paired

compartments within testosterone dose.
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Figure 18. CPP Score. Data represents the difference in time spent
(in seconds) on the saline-paired and cocaine-paired compartments
of the CPP chamber on the test day for each testosterone dose.
*Indicates significant difference (p < 0.05) between the difference in
time spent between the cocaine-paired and saline-paired side of the

chamber within testosterone dose.



Minerly
66

- * .
3000 [ Saline
2500+ * Bl Cocaine

2000+
1500+
1000+

Locomotor Counts

500+

0 400 800 1200

Testosterone Dose (ug/kg)

Figure 19: Acute testosterone administration effects on cocaine-induced
locomotor activity in castrated male rats. Data represents the total
locomotor counts recorded among saline-treated (white bars) and
cocaine-treated (black bars) animals on Day 1 of conditioning.
*Indicates significant difference (p < 0.05) between saline- and

cocaine-treated rats within testosterone dose.
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4. Discussion

The manner of testosterone replacement affected the outcome of cocaine
CPP development and expression in male rats. Acute testosterone
administration disrupted the formation of environmental associations with
cocaine reward effects. This is consistent with previous results [2], where
testosterone blocked cocaine CPP dose-dependently.

Testosterone has a distinct mechanism for activating behavioral reponses.
Chronic testosterone administration produces a genomic activation which in turn
results in new protein formation [42; 74]. On the other hand, transient/acute
testosterone replacement produces an activation of membrane receptors which in
turn produces transient activation of intracellular responses [42; 126].

Based on our observations we postulate that testosterone effects on the
development of cocaine reward associations occur through membrane-mediated
mechanisms. Moreover, in the current literature there are inconsistent findings
regarding the effects of testosterone on cocaine reward, although in part these
discrepancies may be due to differences in the type of testosterone selected for
administration. Based on our observations, we further postulate that the manner
of testosterone replacement has an impact on the hormonal regulation of cocaine
reward effects. We further demonstrate a dissociation of cocaine-induced CPP
and locomotor responses. Indeed, it has been postulated that cocaine-induced
CPP is a measurement of recalling reward associations and thus a subjective

measurement, while locomotor responses are a measurement of physiological
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effects of cocaine. These two behavioral measurements are controlled by distinct
neuronal pathways, thereby suggesting that testosterone effects may be distinct
to areas of the brain which regulate reward.

Long, et. al. [103], found that the implantation of 100 mg pellets of
testosterone in Wistar rats reduced cocaine-induced locomotor effects using a 80
mg/kg dose of oral cocaine, which increased motor activity among all rats except
the testosterone-treated group. Conversely, Martinez-Sanchis, et. al. [111] found
that the administration of exogenous testosterone resulted in an enhancement of
cocaine-induced locomotor activity using a 2mg/kg dose of testosterone in
Swiss-Webster mice when administered via acute injection, using a 10mg/kg
dose of cocaine [111]. However among all other groups testosterone did not
stimulate locomotor activity when compared with vehicle [111]. Furthermore,
all animals that received cocaine and peanut oil displayed a higher locomotor
activity dose-dependently when compared with controls [111].

Discrepancies between these observations and ours may in part be
indicative of differences in animal strain. Indeed in female rats, estrogen +
progesterone administration produces different effects in cocaine-induced
activations depending the animal strain used for study.

While in our study chronic hormone replacement led to a significant
increase in testosterone levels, acute replacement did not. Rats in the acute

testosterone replacement group did not receive any testosterone for 48 hours
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prior to behavioral testing and sacrifice. The chemical degradation of exogenous
testosterone may proceed differently within an organism depending on the
manner of administration.

The use of DMSO as the vehicle solvent may have been affected
behavioral outcome. This substance may have caused some irritation at the
injection site and may have interfered with the natural course of cocaine-induced
locomotor reactions. Furthermore, DMSO has been shown to alter plasma
corticosterone concentration in male rats [80]. DMSO was chosen as the vehicle
because the oils that are typically used to dissolve hormones for replacement
therapy do not effectively break down pure testosterone molecules. In future
studies, the use of a different form of testosterone, such as testosterone
propionate, (which can be successfully dissolved by non-irritating vehicles such
as sesame or peanut oils) may be a favorable alternative to using pure
testosterone (which would require the use of harsher substances as vehicles).

Although further investigation is needed to determine whether
testosterone replacement affects the expression of cocaine-induced reward
responses, including CPP and locomotor activity, the present findings suggest
that testosterone effects may contribute to another mechanism by which sex
differences in behavioral and subjective responses to cocaine are regulated.

Sex differences in cocaine reward and psychoactive stimulation appear to

be regulated to some extent by gonadal hormones. For example, gonadectomy of
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female rats decreased overall cocaine-induced behavioral responses, while in
male rats it has no effect. Cocaine-induced CPP is also affected by gonadectomy;
after ovariectomy, female rats demonstrate less cocaine-induced CPP [141; 142].
Furthermore, in female rats gonadal hormone replacement alters cocaine
responses; i.e. estrogen increases while progesterone decreases or has no effect
on acute cocaine-induced behavioral activity [38; 125]. Moreover, in females,
progesterone attenuates while estrogen and progesterone coadministration
enhances cocaine-induced CPP [125; 141]. Testosterone effects on cocaine-
induced CPP further lend support to these findings.

Many cocaine users report having started their habitual cocaine use during
their adolescent years [123]. Given the newfound trend among adolescents of
abusing anabolic steroids [26], it may be worthwhile to investigate whether
testosterone’s affects on cocaine-induced reward responses differ between
adolescents and adults. There may be a critical point during development where
the vulnerability to addiction is stronger; therefore determining the point where
cocaine-induced reward responses begin to show a heightened intensity may
propose helpful clinical solutions to the problems of cocaine addiction and

anabolic steroid use in our society.
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Chapter 4: Effects of Testosterone on Cocaine Induced Locomotor

Behavior: Adult vs. Adolescent Intact Male Fischer Rats

1. Introduction

Cocaine abuse is an increasing problem in Western society.
Approximately 67% of cocaine users are male [123], with many reporting their
tirst use during adolescence. The abuse of anabolic-androgenic steroids (AAS),
which are synthetic derivatives of testosterone, has spread from elite Olympic,
professional, college or high school athletes to the general population [26; 148;
181]. Estimates indicate that approximately 375,000 adolescent boys and 175,000
adolescent girls are steroid users [26]. Some cocaine users co-abuse anabolic
steroids. AAS abuse in nonathletes is particularly common among adolescent
boys (7% of high school seniors) [184]. The misuse of AAS among adolescents is
increasingly concomitant to the use of other drugs [11]. Among adolescents, the
frequency of anabolic steroid use was significantly associated with the frequency
of cocaine use [50]. Furthermore, cocaine was the drug most likely to be co-
abused by adolescent AAS abusers (33%) [50]. Moreover, the abuse of AAS has
been correlated with an increased likelihood of abuse of other drugs, including
cocaine [103; 108]. In a recent study of 227 men treated for cocaine dependence,
9.3% were also steroid abusers [123], with many of them indicating that their
initial use of cocaine had been in an effort to minimize the negative effects of

steroids, including insomnia, depression, and irritability [123].
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In adult male rats, testosterone inhibits electroencephalogram (EEG)
output and the overall behavioral effects of acute cocaine administration [176].
Chronic exogenous testosterone administration has reduced the behavioral
effects of cocaine [103]. Studies have also found that long-term treatment with
testosterone prevented the enhancement of cocaine-induced locomotor activity
produced acutely in male rats [103; 111] and in mice [152], possibly via increases
in noradrenaline and dopamine and decreases in serotonin [111], since these
monoamines appear to be affected by androgen action in the CNS [42], and
delayed/reduced cocaine-induced stereotypical behavior in castrated rats [38].
Cocaine administration has also been shown to decrease circulating testosterone
levels [54], suggesting an interaction between both substances.

The period of adolescence is characterized by a vulnerability to drugs
[107], a higher likelihood of initial drug use [107], high risk behaviors [163],
alterations in novelty-seeking and exploratory behavior [31], and changes in the
behavioral responsiveness to many drugs of abuse [31; 163]. Furthermore,
adolescents respond differently than adults to a number of drugs that also act on
dopamine neural systems [31]. For instance, nicotine has been found to
significantly decrease locomotor activity in the adolescent rat as compared to
adults [145], particularly in males [44]. Animals at this age also show a reduced
responsiveness to the locomotor effects of psychostimulants, including cocaine

[22;162]. In particular, periadolescents have been found to lack the cocaine-
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induced stereotyped behaviors that are characteristic of adults, including head
scanning and focused sniffing [98]. Adolescence is also characterized by
increased levels of stress [107]. High levels of stress have been postulated to
increase the behavioral responsivity to psychostimulant drugs; these responses
can in turn modulate the rewarding effects of drugs of abuse [134].

Important structural and functional changes in the brain occur during
adolescence [34], but there has been little direct study of how this impact on drug
abuse vulnerability. Studies have shown that adolescent rats display an
exaggerated behavioral response to cocaine administered in two binge patterns.
Total locomotor counts were the same in adult and adolescent rats, however
adolescents engaged in more intense stereotypic behaviors, suggesting that
equivalent tissue concentrations of cocaine produce a greater behavioral
response in adolescent rats as compared to adults [34].

Past research seems to have focused primarily on the consequences of
drug interactions with cocaine in females, probably because of the finding that
many of the disparities in the behavioral responses can be explained by
fluctuating hormonal status as determined by the estrous cycle. Hormonal
fluctuations in pre- and post-pubescent boys, however, have not typically been
investigated with respect to the same behavioral responses.

The present study seeks to determine the differences in testosterone’s

effects on cocaine-induced locomotor behavior between adult and adolescent
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male rats. In addition, we seek to determine whether testosterone’s effects are
organizational or activational. However it must be noted that there is a lack of
systematic study and consistency within findings in the literature regarding the
effects of testosterone on cocaine-induced responses. Moreover, the extent to
which developmental aspects impact the relationship between testosterone and

cocaine has not yet been fully established.

2. Method
2.1 Animals

Adult (8 week old) and adolescent (4 week old) intact male Fischer rats
(Charles River Laboratories, Kingston, NY) were singly housed in animal cages
with free access to food and water. (These ages were chosen in accordance with
previous studies that have designated adolescence as rats aged postnatal day 21-
34 and adulthood as rats ages postnatal day 46-59 [173]). Rats were maintained
on a 12-hour light/dark cycle (lights on at 9:00 a.m.) and handled daily after their
arrival. Animals were randomly assigned to either saline- or cocaine- treatments
and further subdivided into hormone-replacement groups. Each experimental
group had a total of n=10 animals per group. All National Institutes of Health
(NIH) and Institutional Animal Care and Use Committee (IACUC) guidelines for

the care and use of laboratory animals were strictly followed.
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2.2 Drug and hormone administration

Chemicals were purchased from Sigma Chemical Co (St. Louis, MO).
Prior to cocaine or saline administration, rats were pretreated for 45 minutes
with testosterone propionate (0, 5, or 10 mg/kg) or vehicle (sesame oil) via
subcutaneous injection. These doses and timing of administration are consistent
with previous studies which focus on the physical and behavioral effects of AAS
abuse, where a significant locomotor effect using these doses was demonstrated
after 45 minutes of pretreatment [111]. Furthermore these doses have been
characterized as within a range of doses commonly used by abusers [105; 179].
Cocaine was prepared daily in 0.9% saline solution and administered via
intraperitoneal injection at a 20 mg/kg dose. This dose was chosen because it
has reliably produced a significant increase in locomotor activity in male rats

without producing a maximal effect [55; 56].

2.3 Behavioral activity

Behavioral measurements were performed in the rats” home cage for 30
min after drug treatment. Locomotive activity was monitored with a Photobeam
Activity System from San Diego Instruments (CA), as previously described [125].
Ambulatory activity represents the number of counts produced by the
interruption of two consecutive photobeams in the horizontal frame. Rearing
activity represents the total counts of vertical motion. Total activity represents

the sum of counts in the horizontal frame.
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To assess stereotypic activity, rats were videotaped for 30 seconds, 30
minutes after cocaine or saline administration. The videotapes were later
analyzed for behavioral stereotypy by three trained observers blinded to each
animal's treatment group. The rating for cocaine-induced stereotypic behavior
was based on a modification of the Creese and Iversen scale [125]. As
summarized in Table 1, this scale consists of 10 scores ranging from 1, given to an
animal that was asleep or inactive, to 10, given to an animal that exhibited

splayed hind limbs. In the present study, a score of 10 was never seen.

2.4 Testosterone radioimmunoassay

Animals were sacrificed by rapid decapitation after a brief (20 sec)
exposure to COz. Trunk blood was collected, centrifuged (at 3000 rpm for 30
minutes at 4°C), and serum was extracted and stored at -80°C until used.
Testosterone serum levels were determined with a Coat-A-Count
radioimmunoassay kit from Diagnostic Product Corporation (Los Angeles, CA).
Intra-assay coefficient of variance averaged less than 10%. Results were
determined using a log-logit analysis within GRAPHPAD PRISM (GraphPad

Software, CA, USA). Testosterone serum levels were expressed in ng/ml.
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2.5 Data analysis

Behavioral and testosterone serum level data are presented as mean+SEM.
Stereotypic data are presented as median scoretsemi-interquartile range. To
analyze locomotive activity, ANOVAs were used to determine the effects of
cocaine and hormone on behavioral responses within each age group as follows:
Drug (saline or cocaine) x Testosterone dose (0, 5, 10)]. Fisher LSD post hoc tests
were used when appropriate. For stereotypic behavior, a Kruskal-Wallis test
followed by a Dunn’s post hoc analysis was used to assess the effects of T dose or
drug treatment. Differences in testosterone serum levels were analyzed via a
three-way ANOVA: drug (saline or cocaine) x testosterone dose (0, 5, 10) x age
(adult or adolescent). A p-value of <0.05 was considered significant in all

statistical analyses.

3. Results
3.1 Effects of acute testosterone administration on testosterone serum levels

Serum levels of testosterone were found to increase dose-dependently
after acute administration, (F (2, 83) = 440.41, p < 0.001). Significant interactions
were found between testosterone dose and drug (F (2, 83) = 50.48, p < 0.05) and
testosterone dose and age (F (2, 83) = 235.00, p < 0.001) (see Figure 20). In control
rats receiving 0 mg/kg of testosterone, adult rats had significantly higher
testosterone serum levels than adolescents regardless of the drug treatment (p >

0.05). Moreover, at the 5 mg/kg testosterone dose, significant differences in
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testosterone serum levels were observed between saline- and cocaine-treated
rats. Adolescent rats receiving 5 mg/kg and cocaine had higher testosterone
serum levels than saline-treated adults and secondly, cocaine administration
significantly increased testosterone serum levels in adult rats as compared to

saline controls.

3.2 Effects of acute testosterone administration on ambulatory, rearing, and total
locomotor activity

Regardless of the dose, testosterone did not alter cocaine-induced
behavioral responses in adult rats. However, in adolescent male rats, while no
significant effects were observed in total locomotor counts, testosterone dose-
dependently altered cocaine induced ambulatory and rearing counts ( F(2, 24) =
3.925, p < 0.05; F(2, 24) = 8.013, p < 0.05, respectively). These responses were
lowered in the presence of testosterone. Adolescent rats treated with vehicle
and cocaine had significantly higher rearing responses than adults receiving
the same treatment ( F(1, 16) = 10.938, p < 0.05). Ambulatory responses were
also higher in adolescents than adults, but this value did not reach significance.

As shown in Figure 21, regardless of age, cocaine increased overall
ambulatory, rearing , and total locomotor counts in rats ( F(1, 91) = 62.230, p <
0.01; F(1, 88) = 63.732, p < 0.01; F(1, 91) = 91.371, p < 0.01, respectively). Across

time, no statistically significant differences were observed between adolescent



Minerly
79

and adult rats. Within the doses of testosterone used, no significant effects
were observed among adolescents across time (see Figure 22).

After testosterone administration a baseline effect was observed in
adolescent rats ( F(1, 47) = 34.841, p < 0.01, see Figure 23), where, after 5 mg/kg
of testosterone, ambulatory activity increased as compared to the 0 and 10
mg/kg doses of testosterone. To compensate for this effect data was converted
to percent control format (summarized in Figure 24).

After receiving a 10 mg/kg dose of testosterone, adolescent rats
demonstrated significantly higher ambulatory activity than after the 5 mg/kg
dose. On the other hand, adolescents who received 5 or 10 mg/kg of
testosterone had significantly lower ambulatory and rearing activity as
compared to vehicle-treated rats.

With respect to the analysis of stereotypical data, cocaine increased
stereotyped behavior as expected (F (1, 96) = 13.392, p < 0.01). However no
statistically significant differences in the effects of testosterone were observed

across any of the experimental groups (see Figure 25).
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Figure 20: Testosterone serum levels after acute testosterone administration.
Data represent changes in serum levels of testosterone for both adult
and adolescent intact male rats in cocaine-treated (solid line) and
saline-treated (dotted line) animals. * denotes significance (p < 0.05)
between saline- and cocaine-treated rats receiving 5 mg/kg of T and
vehicle; # denotes significance (p < 0.05) between adults and

adolescents receiving 5 mg/kg of T and vehicle.
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Figure 21: Time course analysis of ambulatory (A) and rearing counts (B) in
vehicle-treated adult and adolescent intact male rats after cocaine
administration. Data represent changes in behavioral response over
a 1-hr period (5-minute intervals). * denotes a significant difference

between cocaine and saline treated groups at the p < 0.05 level.
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Time course analysis of ambulatory (A) and rearing counts (B) in

adolescent intact male rats after cocaine administration. Data

represent changes in behavioral response over a 1-hr period (5-minute

intervals). * denotes a significant difference between cocaine and saline

treated groups at the p < 0.05 level.
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Figure 23: Ambulatory (A), total locomotor (B), and rearing (C) behavioral
responses in adult and adolescent intact male rats after acute
testosterone and cocaine administration. Intact rats received
testosterone (5 or 10 mg/kg, s.c., 45 min before cocaine), or vehicle and
cocaine (20 mg/kg) or saline. N=8-12 per group. Behavior was
recorded for 1hr after cocaine/saline administration. *denotes a
significant difference (p < 0.05) in baseline ambulations between the

adolescent 0 and 5 mg/kg T dose.
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Figure 24: Ambulatory (A), total locomotor (B), and rearing (C) behavioral
responses in adult and adolescent intact male rats after acute Tand
cocaine administration, expressed as percent control. Rats received T
(5 or 10 mg/kg, s.c., 45 min before cocaine), or vehicle and cocaine (20
mg/kg) or saline. N=8-12/group. Behavior was recorded for 1hr
after cocaine/saline administration. * denotes significance (p < 0.05)
between adolescents receiving 5 and 10 mg/kg T and vehicle; #

denotes significant difference between adults and adolescent rearing.
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Figure 25: Sterotypic activity, expressed as mean + SEM of the median
stereotypic scores for adolescent and adult male rats after acute
testosterone and cocaine administration. Activity was recorded for 30
seconds, 30 minutes after cocaine injection. Data represents stereotypic
score as designated by three blind observers for saline-treated (white
bars) and cocaine-treated (black bars) animals. * denotes a significant

difference between cocaine and saline groups at the p < 0.05 level.
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Score | Behavior

1 Asleep, inactive

2 Alert, actively grooming

3 Increased sniffing in one location

4 Intermittent rearing and sniffing

5 Increased locomotion and sniffing

6 Intense sniffing in one location

7 Continuous pivoting and sniffing

8 Continuous rearing and sniffing

9 Maintained rearing and sniffing for >25 seconds

10 Splayed hind limbs

Table 1. Rating scale from Daunais and McGinty (1995) [125]
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4. Discussion

In the present study we demonstrated that testosterone differentially
affected cocaine-induced locomotor behavior between adult and adolescent rats.
Specifically, we found that testosterone lowered cocaine-induced locomotor
responses dose-dependently in adolescent rats but had no effect on those
responses in adult rats.

Long, et. al. [103] reported that testosterone implantation reduced cocaine-
induced locomotor effects in Wistar rats. Specifically, an 80mg/kg dose of oral
cocaine enhanced locomotor activity among all the experimental groups except
the intact testosterone-treated group [103]. Conversely, Martinez-Sanchis, et. al.
[111] found that the administration of exogenous testosterone resulted in an
enhancement of cocaine-induced locomotor activity in Swiss-Webster mice. The
enhancement was observed in locomotor behavior by a 2mg/kg dose of
testosterone, however among all other groups testosterone did not stimulate
locomotor activity when compared with vehicle [111]. Furthermore, all animals
that received cocaine and peanut oil displayed a higher locomotor activity dose-
dependently when compared with controls [111]. These studies, however,
included only adult animals.

Even within parallel findings in the literature it is important to note the
differences in animal strain and method of drug administration among
testosterone studies, as well as the different compounds of testosterone which

have been used. Differences in behavioral responses to cocaine have been



Minerly
88

observed across different rodent strains, as well as within the same strain from
different vendors; for instance, Fischer rats from different vendors using similar
experimental paradigms do not respond to cocaine in the same behavioral
manner [132]. Furthermore, the source and doses of testosterone differ among
various studies. While these explanations may account for the lack of
consistency among studies involving the effects of testosterone on cocaine-
induced motor behavior, a growing trend in the current literature indicates a
propensity for adolescents to exhibit differences in testosterone and cocaine-
induced responses as compared to adults. Several studies have indicated that
adolescents exhibit higher levels of locomotion than adults in a cocaine-induced
state [22; 162; 163]. Our results further support these findings, where higher
locomotor responses were observed among adolescents as compared to adult
controls (vehicle-cocaine treated). Aside from differences in levels of
endogenous testosterone between adolescent and adult males, an interesting
recent finding indicates that handling increases cocaine-induced locomotor
activity in adolescent but not adult animals [107]. In the presence of testosterone,
these enhanced cocaine-induced responses are attenuated [103].

In the brain testosterone can affect neural function by binding to classical
androgen receptors, through classical estrogen receptors after aromatization to
estrogen, or through nongenomic receptors [42]. The interaction between AAS

and other psychoactive substances most likely involves the reward system, since
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dopamine and serotonin systems involved in cocaine reward are also affected by
androgen action at the central nervous system [171]. A significant characteristic
of the adolescent brain is the widespread overproduction and pruning of many
receptors [79; 102; 143]. Most notably is the increase in DA receptor densities in
the rat striatum throughout development which peaks around postnatal day 28-
30 [120; 121]. The adolescent rats used in this study were 4 weeks old, therefore
they may have been at the height of the DA receptor density peak. It is possible
that testosterone is acting upon these receptors by initiating a blockade of cocaine
binding to the DA receptors, thereby inhibiting the effects of cocaine as they
would otherwise occur.

Testosterone’s rewarding properties have been characterized as less
powerful than those of psychoactive drugs such as cocaine [182]. However a
growing body of literature indicates that an increasing number of adolescents are
becoming anabolic-androgenic steroid abusers, and many of them are also
abusing other drugs [50; 84], with cocaine being the most common [50]. Further
studies are needed to pinpoint how cocaine’s mechanism of action is altered by
testosterone in both adolescent and adult neural systems in order to develop

effective treatment methods for the abusers of these substances.
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Chapter 5: Conclusion
1. Introduction

Cocaine abuse is a growing problem in Western society, with recent
reports indicating that approximately 2.3 million Americans are cocaine users,
30% of which are female. In recent years there has been accumulating evidence
suggesting that there are sex differences in cocaine-induced behavioral and
subjective responses. A growing body of literature suggests that the sex
differences in cocaine reward responses are regulated by endogenous gonadal
hormones. These hormones have a profound effect on brain function, indicating
that the hormonal state of cocaine abusers at the time of drug ingestion may
affect their behavioral response to the drug. However, the roles of each of these
hormones and their interactions with drugs in the brain is not well understood.
Past research seems to have focused primarily on the consequences of drug
interactions with cocaine in females, probably because of the finding that many
of the disparities in the behavioral responses could be explained by fluctuating
hormonal status as determined by the estrous cycle. As such, numerous studies
have focused on the roles of estrogen and progesterone, alone or in combination,
in cocaine-induced responses. However few studies have addressed the role of
testosterone in the development and regulation of cocaine reward and

psychomotor activation responses. Those that have investigated this issue have
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yielded conflicting results, with some reporting no effect, others an
enhancement, and still others an inhibition of cocaine-induced responses.

The focus of this dissertation was to investigate and clarify the role of
testosterone in cocaine-induced behavioral responses, specifically cocaine-
induced conditioned place preference and locomotor activity. CPPis a
behavioral test model commonly used to study the rewarding and incentive
motivational effects of drugs and drug-paired stimuli by using associations
between environmental cues and psychoactive drugs to examine drug-seeking
behavior. We chose to incorporate this measure in our study because it has
consistently yielded reliable results among studies that focus on behavior

induced by the rewarding responses of psychoactive substances.

2. Chronic testosterone replacement

In order to address the role of testosterone in cocaine-induced behavioral
response, we initially conducted studies where castrated male rats received
chronic testosterone replacement via the implantation of testosterone pellets
(Innovative Research of America, Sarasota, FL). All data collected using
testosterone pellet implantation had to be discarded due to the development of
severe infections at the surgical site. Studies in our lab as well as utilizing
testosterone pellet implantation as a method of hormone replacement have
shown a consistent problem with the integrity of the pellets, including extrusion

of the pellets after implantation surgery and severe infections at the implant site.
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This resulted in the premature sacrifice of over 60% of the experimental animals
in our study.

We then switched to the implantation of 100% testosterone filled SILASTIC
capsules as our method of testosterone replacement. Castrated 8-week old male
Fischer rats received placebo (empty capsule) or testosterone via SILASTIC
capsules (1 to 3 capsules of 100% T). No effects were observed in either cocaine-
induced CPP or locomotor behavior across all doses of testosterone.

Based on our observations we postulated that testosterone plays a limited
role in the development of environmental cue associations in adult male rats.
Since different methods of testosterone administration may yield different
results, we thought it useful to conduct an investigation of the effects of
testosterone on cocaine-induced responses using varying administration
paradigms in order to determine which method most consistently indicates a
significant effect. Furthermore, we decided to investigate whether using lower

doses of testosterone would alter cocaine-induced responses.

3. Comparison between chronic and acute testosterone replacement

The aim of the present study was to determine whether different methods
of testosterone administration would influence the development of psychomotor
and reward responses to cocaine. For the chronic testosterone replacement
condition, we implanted SILASTIC capsules in the following doses: 0 (empty

capsule), 15mm or 30mm, filled with 100% testosterone. We then combined
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these data with those obtained in the first chronic testosterone administration
study to provide a wider range of doses. For the acute testosterone replacement
condition, we administered subcutaneous injections (400, 800, or 1200 pg/kg) of
testosterone concurrent with cocaine administration. While chronic testosterone
administration did not alter cocaine-induced CPP, concurrent administration of
testosterone and cocaine affected the development of cocaine CPP dose-
dependently; 400 pg/kg blocked the expression of cocaine-induced CPP.
However, testosterone did not affect cocaine-induced locomotor activity.
Furthermore testosterone-saline-treated controls did not develop CPP suggesting
that at these doses testosterone does not produce rewarding or motor responses.
Overall, these data suggest that testosterone may regulate behavioral responses
to cocaine via membrane-mediated mechanisms.

Based on our observations we postulated that testosterone may play a
limited role in cocaine-induced reward associations and locomotor responses,
thus having a limited role in the previously reported sexually dimorphic
responses to cocaine. A possible flaw of the chronic and acute testosterone
studies was the lack of a gonadally intact control group. This may have
provided crucial insight into the effects of cocaine on testosterone levels, as well
as the effects of testosterone on the behavioral responses that were examined. As
a result we opted to include this control in our subsequent experiments,

particularly since its comparison to the castrated subjects could serve as an
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important indicator of clinical relevance; most individuals that would co-abuse

anabolic steroids and cocaine would most likely be gonadally intact.

4. Comparison of cocaine-induced locomotor activity between intact
adolescent and adult male rats after acute testosterone administration
Anabolic steroids are synthetic derivatives of testosterone (T), which have
a high abuse potential. Recently it has been found that anabolic steroid use is
becoming increasingly prevalent among adolescents, a population that has
previously been associated with cocaine use. Although both substances lead to
complex behavioral responses, little is known about the physiological and
behavioral effects of testosterone when co-administered with cocaine. The
specific effects of anabolic steroids and cocaine on adolescents are still poorly
understood. In the present study, we tested the hypothesis that among male rats,
testosterone influences the development of psychomotor responses to cocaine
depending on their developmental stage. To test this postulate, intact adolescent
(4-week old) and adult (8-week old) male Fischer rats were pre-treated with
vehicle (sesame oil) or testosterone (5mg/kg or 10 mg/kg) 45 minutes prior to
saline or cocaine (20mg/kg) administration. Testosterone did not have an effect
at any dose, on ambulations, rearing, or total locomotor counts for adult male
rats. Additionally, total locomotor counts were not affected by testosterone in
adolescents. However, testosterone was found to inhibit the ambulatory and

rearing locomotor responses dose-dependently among adolescents. Specifically,
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5 mg/kg of testosterone significantly lowered these responses as compared to
vehicle-treated rats. Overall, these data suggest that activational versus
organizational differences may account for some of the observed variations in
cocaine-induced effects; i.e., differences in dopaminergic levels and/or metabolic
processes of testosterone. The data further suggest that exogenous testosterone
is differentially absorbed or metabolized when co-administered with cocaine.
Conversely, testosterone lowered cocaine effects. This may have clinical
implications; when adolescents self-administer cocaine and testosterone, higher
doses of either substance may be required to achieve the previous rewarding
effects of each. In adolescents the co-administration of cocaine and testosterone
may lead to a desirable anxiolytic effect that each substance does not elicit on its
own. As such, cocaine abusers who initiate the use of anabolic androgenic
steroids may experience a reduced rewarding effect of cocaine, thereby turning
to increased doses of cocaine to achieve their usual “high”. Likewise, anabolic
androgenic steroid abusers who later abuse cocaine may notice a decrease in the
potency of the steroid effects; they may then abuse greater doses of anabolic
androgenic steroids, creating a dangerous circular pattern of co-abuse.

In order to understand the findings presented in the aforementioned
experiments it is imperative that the different characteristics between adolescent
and adult rats be considered. In addition to differences in endogenous hormone

levels at different developmental stages, one particularly important trait of the



Minerly
96

adolescent brain is the increase in dopamine receptor densities throughout
development. Studies have shown that estrogen and progesterone can alter
dopamine release, dopamine receptor levels, and dopamine transporter
densities. It is possible that testosterone has a similar ability to alter
dopaminergic functions. Previous studies have found that relatively high doses
of anabolic-androgenic steroids increase dopaminergic metabolism in male rat
brain, possibly because of enhanced turnover in these monaminergic systems
[171]. Treatment with testosterone in older rats has restored the age-related
decline in dopamine function [3]. These testosterone-induced alterations in
dopamine function may be occurring in the medial preoptic area, which has been
implicated in the regulation of male sexual behavior [3]. It has recently been
found that neither castration nor ovariectomy altered dopamine receptor density,
although enhanced testosterone levels increased D1 receptor binding 4.2% and
19.5% in males and females, respectively [7]. This finding suggests that the
endogenous rise in gonadal steroid hormones during puberty may not
responsible for the overproduction of receptors in males or the lack of
overproduction in females [7]. In the future it may be worthwhile to investigate
the selectivity of the dopamine receptor ligands that are studied [66], as
variations in their selective properties can in turn lead to variations in their
mechanism of action. It may also be useful to conduct future experiments using

measures that can account for the metabolic processes in both substances. For
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instance, replication should include a dose response curve analysis using a range
of doses of cocaine, particularly since others have found cocaine-induced
behavioral responses using 10 mg/kg [111] and 15 mg/kg [53] of cocaine. It
would be interesting to use these doses in combination with a range of
testosterone doses as well, as differential effects have been found at 2mg/kg of
testosterone [111] as compared to our chosen doses of 5 and 10 mg/kg of
testosterone, with 2mg/kg resulting in an enhancement of locomotor responses
[111] and 5 mg/kg resulting in an attenuation of locomotor responses. Further, a
U-shaped curve was observed where vehicle-treated and 10 mg/kg treated rats
showed neither an enhancement nor an attenuation. Varying the doses of both
substances may be useful in finding an optimal combination of doses for future
experiments. Analyses should then entail an intracellular examination of neural
structures for testosterone and both testosterone and cocaine metabolic products.
In light of the interesting locomotor activation findings within adolescent
rats, conducting future experiments that involve a measurement of conditioned
place preference and reward may be a worthwhile follow up to examine whether
similar effects are seen among adolescents in reward responses. However
caution should be used when comparing the locomotor effects obtained using a
CPP apparatus with those obtained using a locomotor photobeam system, as the
latter apparatus measures ambulatory and rearing counts in addition to total

locomotor counts, whereas the CPP apparatus used for these experiments
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measures only horizontal beam breaks in a total locomotor count measure. Since
a notable anxiolytic effect was observed among adolescents, it would be
imperative to use an apparatus that encompasses both vertical and horizontal
beam break counting capabilities.

While the literature investigating the effects of testosterone on cocaine-
induced reward and behavioral responses has been sparse, a number of potential
mechanisms of action have been suggested. Most of these imply an involvement
of the dopamine system due to its crucial role in reward and behavioral
associations. A complex interaction between cocaine and testosterone may work
to alter the behavioral responses to cocaine; perhaps the testosterone-induced
increases in dopaminergic function may interfere with cocaine’s ability to bind to
dopamine receptors, thereby reducing the level of synaptic dopamine and the
rewarding effects of the drug. Higher levels of circulating testosterone may be
acting upon the HPG and HPA axes, perhaps by signaling the cessation of its
own production at the HPG inhibitory feedback loop and initiating a premature
inhibition of testosterone release. This in turn may be offsetting the complex
testosterone and cocaine interaction and ultimately altering cocaine-induced
behavioral responses. Clinical treatment strategies may be effectively developed
for abusers of these drugs based on their mechanisms of action within neural

reward pathways.
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Figure 26: “Will Work for Testosterone” ©

Adapted from the web: bztoons.com, by Brian Zaikowski (2004) [185]
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Appendix

List of Abbreviations

AAS

ACTH

ANOVA

CNS

CORT

CPP

CRF

DAT

DHT

DMSO

EDTA

EEG

fMRI

FSH

GABA

HPA

HPG

HSD

Anabolic-androgenic steroids
Adrenocorticotropic hormone
Analysis of variance

Central nervous system
Corticosterone

Conditioned place preference
Corticotropin-releasing factor
Dopamine transporter
Dihydrotestosterone

Dimethyl sulfoxide
Ethylenediaminetetraacetic Acid
Electroencephalogram
Functional magnetic resonance imaging
Follicle-stimulating hormone
Gamma aminobutyric acid
Hypothalamic Pituitary Adrenal
Hypothalamic Pituitary Gonadal

Honestly Significantly Different



LH

NIH

NMDA

OVX

PET

RIA

VTA

Luteinizing hormone

National Institutes of Health
N-methyl-D-aspartate
Ovariectomized

Positron emissions tomography
Radioimmunoassay
Testosterone

Ventral tegmental area
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