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Abstract
There are sex and hormonal differences in response to cocaine that have been demonstrated in
people and animal models. Cocaine can alter secretion of progestogens, such as progesterone (P),
and its neuroactive metabolite, 5α-pregnan-3α-ol-20-one (3α,5α-THP). However, little research
has been done on the neuroendocrine effects in the initiation phase of cocaine use. We hypothesize
that some sex/hormonal differences in initiation phase responses to cocaine may be related to
formation of progestogens. To investigate the role of progestogens in sex differences in response
to acute cocaine, male and female rats in the high (proestrous) or low (diestrous) progestogen
phase of the estrous cycle were administered cocaine (0, 5, 10, or 20 mg/kg, IP). We examined
cocaine's acute neuroendocrine effects on P and 3α,5α-THP levels, as well as its effects on acute
psychomotor stimulation, anxiety, and sexual behaviors. Among rats that had P and/or 3α,5α-
THP levels increased in response to cocaine, enhanced acute psychomotor stimulation was
observed. Results suggest that cocaine produces U-shaped curves for progestogens, and anxiety-
like behaviors. Male rats were less susceptible to these effects of cocaine than were proestrous or
diestrous female rats. However, cocaine's disruption of sexual behaviors was similar among males
and proestrous females. These data suggest a complex interaction between hormonal milieu and
the neuroendocrine and behavioral effects of cocaine.
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Introduction
There is a growing literature that suggests sex- and gender-dependent factors may influence
the experience of illicit drugs during various stages of drug addiction. With cocaine, in
particular, there are observable gender differences in peripheral and interoceptive effects
wherein women tend to have less cerebral perfusions and neurovascular responses (Kaufman
et al., 2001), as well as, less appetite suppression, and fewer changes in blood pressure, than
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do men (Lynch et al., 2008). Furthermore, women, compared to men, tend to report less
euphoria, more anxiety, and stronger cue-induced cravings, and are more likely to relapse
(Kosten et al., 1993; Lynch et al., 2002; Lukas et al., 1996). In addition, these behaviors
have been replicated in rat models, wherein female rats are typically more sensitive to some
behavioral effects of cocaine, such as psychomotor sensitization and conditioned cue
response, compared to males (Becker et al., 2001; Carroll et al., 2004; Hu and Becker, 2003;
Fuchs et al., 2005). In self-administration paradigms, female rats make more responses for
cocaine during acquisition, extinction and reinstatement (Lynch and Carroll, 2000; Kosten
and Zhang, 2008; Lynch, 2008), and administer higher dosages, than do males (Roberts et
al., 1989). Thus, there are salient sex and gender differences in cocaine use and response.

The evidence of gender and sex differences in cocaine response suggests a role for hormonal
milieu, in influencing peripheral and subjective effects of cocaine. During the luteal (high
hormone) phase of the menstrual cycle, women who use cocaine report attenuated subjective
response and less desire to smoke cocaine than do women in the lower hormone (follicular)
phase of the menstrual cycle (Evans et al., 2002; Sofuoglu et al., 1999, 2002). These data are
congruent with physiological measures, in that women in the luteal phase have less
cardiovascular responses to drug cues (Sinha et al., 2007; Turner and de Wit, 2006). Thus,
these data suggest that endogenous changes in hormones may influence responses to cocaine
among females.

An important question is how progesterone (P) might have effects on cocaine response. P
through actions of its metabolite, 5α-pregnan-3α-ol-20-one (3α,5α-THP), has modulatory
effects on sexual and anti-anxiety behaviors in rodents (Frye et al., 2007, 2009; Engin and
Treit, 2007). 3α,5α-THP increases during periods of natural reward, such as during sexual
receptivity, and can be increased further with mating. Lordosis responses are also attenuated
by inhibiting 3α,5α-THP formation (Frye et al., 2008, 2009; Petralia et al., 2005).
Administration of 3α,5α-THP conditions a place preference (Finn et al., 1997; Frye et al.,
1998; Russo et al., 2003), and rats will preferentially drink 3α,5α-THP over water (Sinnott
et al., 2002). As such, we became interested in the role of 3α,5α-THP in mediating some of
cocaine's acute behavioral effects. We previously observed that cocaine administration to
male (5 mg/kg) and female (20 mg/kg) Sprague–Dawley rats increase concentrations of P
and its metabolite, 3α,5α-THP, in serum, hippocampus, and striatum concomitant with
psychomotor stimulation (Frye, 2007; Quiñones-Jenab et al., 2008). Thus, progestogens may
mediate some aspects of acute behavioral response to cocaine.

Few studies have looked at cocaine's neuroendocrine effects during the initiation, or first
drug experience, phase. Developing research on sex differences in drug response indicates a
role for hormonal milieu in the initiation phase of drug abuse. There is evidence that cocaine
has stimulant effects, and may alter anxiety and sexual behaviors; which are particularly
sensitive to progestogen levels. We hypothesized that if cocaine's effects are in fact,
mediated in part by progestogens, then natural variations in progestogen milieu may alter
cocaine's acute effects, such that low and stable levels will produce less stimulant effects,
produce anxiolytic responses, and less aberrant sexual behavior. To assess this, we acutely
administered 0, 5, 10, or 20 mg/kg IP cocaine to male, diestrous female, and proestrous
female rats. We examined stimulant effects, anti-anxiety effects, and sexual effects, of
cocaine. Our behavioral measures of interest were chosen as they are differentially sensitive
to progestogens. There are previously observed psychomotor differences between hormonal
groups. Anxiety behaviors are both categorical and continuous in nature, providing a range
of responses. Sexual behaviors have threshold effects, wherein, for females, a certain
threshold value of progestogens must be present for sexual behaviors to occur, and are
thereafter continuous. Levels of P and 3α,5α-THP were used as a measure of cocaine's
neuroendocrine effects.
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Methods
These methods were pre-approved by The Institutional Care and Use Committee at The
University at Albany-SUNY and studies were conducted in compliance with ethical
guidelines defined by The National Institute of Health and the Society for Neuroscience.

Animals
Subjects were female (n=82, n=9–11/group) and male (n=47, n=11–12/group), inbred,
Long–Evans rats, raised on-site in the rat vivarium of the Life Sciences Research Building at
the University at Albany-SUNY Building (original stock from Charles River Laboratories,
Raleigh, Wilmington NC). Rats were ~60 days and housed 4/cage in a humidity- (50±5%)
and temperature- (21±1°) controlled room on a reversed L–D light cycle (lights off at 0800
h) with water and Purina Rat Chow provided ad libitum.

Evaluation of estrous cycle phase
Estrous cycle phase of female rats was assessed by collection of vaginal epithelium daily
between 9 am and 10 am and evaluation of the cell cytology using a light microscope per
previous methods (Frye et al., 2000). Vaginal cytology was evaluated for the presence of
nucleated cells (indicative of proestrous cycle phase) or leukocytic cells (characteristics of
diestrous cycle phase). Rats were also vaginally masked and screened for lordosis in
response to sexually-vigorous males. Rats with proestrous cytology, which demonstrated
lordosis in response to male mounting, and had previously met this criteria 4 to 5 days prior,
comprised the proestrous group. Likewise, only rats with diestrous cytology that did not
demonstrate lordosis in response to male mounting and had been in proestrus 2–3 days prior
were considered in this phase.

Drug condition
Cocaine was diluted in 0.9% saline immediately before each intraperitoneal (IP) injection.
Males and females received 5, 10, or 20 mg/kg of cocaine or saline control. All chemicals
were purchased from Sigma Scientific (Saint Louis, MO). Previous studies have suggested
that specific doses of cocaine will exert psychomotor and neuroendocrine responses in rat
(Frantz et al., 2007; Hu and Becker, 2003; Quiñones-Jenab et al., 2008; Todtenkopf and
Carlezon, 2006). There is evidence that cycle condition does not affect cocaine metabolism,
and as such metabolism was not measured (Evans and Foltin, 2006b; Mendelson et al.,
1999).

Procedure
Estrous cycle was assessed daily in female rats between 0900 and 1000 h, while male rats
were handled. Cocaine dose subgroups were assigned randomly to rats identified as
proestrous, diestrous, or males. On the testing day, female rats were screened for receptivity
(1300 h). Subjects were counterbalanced for testing day effects. Rats were injected IP with
cocaine or saline, and open field behavior was recorded for 30min (1300 and 1600 h). After
open field, rats were assessed in a sex-specific paced mating paradigm for 15min.
Immediately following sex testing, rats were sacrificed via rapid decapitation; brain and
serum were collected for radioimmunoassay (RIA).

Behavioral testing
All data were collected using the automated ANY-Maze data collection program (Stoelting
Co., Wheat Dale, IL) with videocapture data, which is saved on a secure server. Rearing and
mating behaviors were also hand-scored, and time was kept with stopwatches.
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Open field
Open field analyses was completed in a chamber (37.5×75×30 cm) with a 50-square grid
floor (5×10 squares) with an overhead light illuminating the central squares. The number of
peripheral (26) and central (24) squares entered was recorded during a 30-minute test period.
The amount of time spent in the central squares is used as an index of anti-anxiety behavior.

Paced mating
Paced mating tests were conducted in concordance with previously reported procedures
(Erskine, 1985; Frye and Erskine, 1990) in a chamber (37.5×75×30 cm), which was equally
divided by a clear divider with a small (5 cm in diameter) hole in the bottom center. This
divider allows females a free access to control the frequency of their sexual encounters, as
female rats can fit through this hole while the stimulus males cannot. Females were placed
in the side of the chamber opposite the stimulus male and behaviorally tested for 15min, or
an ejaculatory series. Sexual behaviors (lordosis ratings) were quantified by frequency of
lordosis in response to these contacts (Hardy and DeBold, 1972). Male mating was
conducted in this apparatus per previously defined methods (Frye and Rhodes, 2006a,b).
Male mating behaviors were analyzed on a 0–3 scale, with 0 indicating no engagement in
sexual behavior. Males received a score of 1 for every engagement in anogenital contact, a
score of 2 for every mount, and a score of 3 for every intromission or ejaculation. Mean
scores were used to compare male sexual behavior to female sexual behavior via the 0–3
scale described by Hardy and DeBold (1972) to rate lordosis of female rodents.

Tissue collection
Immediately following the completion of testing, each rat had trunk blood and whole brains
collected and stored at –80 °C for later measurement of brain and/or circulating 3α,5α-THP,
and P by RIA (described below). Immediately prior to measurement of steroids,
diencephalon, cortex, hippocampus, and midbrain were grossly dissected.

Measurement of steroid hormones
Progestogen levels were measured by RIA using a modified version of previously reported
methods (Frye et al., 1996, 1998; Frye and Bayon, 1999). Steroid was extracted from brain
regions with MeOH in chromatography separation on Sepak cartridges. Samples were
reconstituted to a volume of 100 μl per assay. Progestogen assays were incubated overnight
at 4 °C. To separate bound and free steroid, dextran-coated charcoal was added and samples
were incubated for 10 min then centrifuged for 10 min at 3000 g. Supernatant was decanted
into a glass vial containing 5 ml of scintillation cocktail. Using the logit–log method
(Rodbard and Hutt, 1974), interpolation of the standards, and correction for recovery with
‘AssayZap’ interpolation software published by Biosoft (1994), sample tube concentrations
were calculated. The inter- and intra-assay reliability coefficients were: for P, 0.10 and 0.07,
and for 3α,5α-THP, 0.12 and 0.15.

Statistical analyses
Behavioral data were analyzed using two-way analyses of variance (ANOVAs) with
hormone status (proestrous, diestrous, and male) and cocaine condition (saline, 5, 10, and 20
mg/kg) as between-subject variables. Simple regression analyses were used to determine the
variance present in each measured behavior, such that steroid hormones were indicated as
the predictors, and behaviors were indicated as the measurements. Where appropriate,
Fisher's Least Significant Difference post-hoc tests were used to elucidate group differences.
The alpha level for statistical significance was p≤0.05. Endocrine data in the four brain
regions were assessed via ANOVAs followed by Bonferroni corrections for multiple

Kohtz et al. Page 4

Horm Behav. Author manuscript; available in PMC 2013 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



comparisons in which the alpha level for statistical significance was p≤0.01. Trend level
statistics were reported when p≤0.10.

Results
Endocrine measures

Progesterone—Results indicate a main effect of hormone condition to influence P levels
in the cortex [F(2,109)=8.37, p<0.01], hippocampus [F(2,109)=11.80, p<0.01], and midbrain
[F(2,109)=8.08, p<0.01]. Results also indicate a main effect of cocaine condition to
influence P levels in the diencephalon [F(3,109)=14.77, p<0.01], cortex [F(3,109)=17.25,
p<0.01], hippocampus [F(3,109)=19.83, p<0.01], and midbrain [F(3,109)=13.13, p<0.01].
These data show increased P levels among female rats compared to male rats, such that
higher dosages of cocaine increased, and lower dosages of cocaine decreased P levels across
brain regions (Table 1).

There was a trend for an interaction between hormone/sex and cocaine conditions
[F(6,109)=1.83, p<0.10] where the high dose of cocaine produced greater increases,
compared to vehicle, in hippocampus P among females, compared to males (Table 1).
Serum analyses indicate that there was a main effect of cocaine condition to alter P levels in
serum [F(3,109)=10.675, p<0.05] where low doses of cocaine increased, and high levels of
cocaine decreased, compared to vehicle, P levels across hormone conditions (Table 1).

3α,5α-THP—Results indicate a main effect of hormone condition to influence 3α,5α-THP
levels in the diencephalon [F(2,109)=5.06, p<0.01], cortex [F(2,109)=13.90, p<0.01],
hippocampus [F(2,109)=8.74, p<0.01], and midbrain [F(2,109)=6.86, p<0.01]. Results also
indicate a main effect of cocaine condition to influence 3α,5α-THP levels in the
diencephalon [F(3,109) =6.01, p<0.01], cortex [F(3,109)=8.53, p<0.01], hippocampus
[F(3,109) = 8.80, p<0.01], and midbrain [F(3,109)=10.32, p<0.01] in response to cocaine
administration. These data were such that females had higher neuroendocrine 3α,5α-THP
compared to males, but the highest dose of cocaine increased, whereas the lower doses
decreased, 3α,5α-THP levels in brain, across all groups. In serum, there was an interaction
between hormone condition and drug condition to influence 3α,5α-THP levels [F(6,109)=
6.198, p<0.05], such that high doses of cocaine did not significantly alter serum 3α,5α-
THP, whereas moderate doses significantly decreased, and low doses significant increased,
serum 3α,5α-THP (Table 1). Serum 3α,5α-THP levels did not predict behavioral, or
neuroendocrine outcomes.

Psychomotor behavior
Hormone/sex and cocaine condition interacted to increase total entries in the open field
[F(6,117)=2.56, p≤0.05] (Fig. 1, left), such that female rats had increased total entries in
response to all cocaine doses, whereas males required the high dose (20 mg/kg) to produce a
motor response. Increased P levels in the diencephalon, cortex and midbrain, and decreased
serum P (Table 1), predicted a significant amount of variance (8–23%; Table 2) in total
entries among cocaine administered rats.

Anxiety behavior
Hormone/sex and cocaine condition interacted to increase time spent in the brightly-lit
center of the open field [F(6,117)=2.78, p≤0.05], such that females display lesser anxiety-
like behaviors when administered cocaine, whereas males did not significantly differ from
vehicle. In addition, males displayed significantly less while females administered the dose
of 10 mg/kg cocaine displayed male-typical anti-anxiety behaviors (Fig. 1, Right).
Decreased 3α,5α-THP in cortex (Table 2), predicted a small, but significant, amount of
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variance (8%; Table 2) in time spent in the center of the open field by rats administered
cocaine.

Sexual behaviors
Hormone/sex and cocaine condition interacted to decrease receptivity in naturally receptive
females, and male rats, and increase receptivity in naturally non-receptive female rats
[F(6,109)=4.53, p≤0.05], such that males administered cocaine, compared to vehicle,
intromitted and mounted less [F(3, 43)=7.31, p≤0.05] (Fig. 2). Levels of 3α,5α-THP in
midbrain (Table 1) predicted a significant amount of variance in female lordosis [R2=0.16,
F(1,23)=4.378], among vehicle-administered, but not cocaine administered, rats.

Discussion
The present data supported our hypothesis that natural variations in progestogen milieu
altered the dose-dependent effects of cocaine to influence the neuroendocrine response, and
psychomotor, affective and reproductive behaviors of rats. Our results indicate that cocaine
produced U-shaped curves for some, but not all measures. First, cocaine significantly altered
neural P and 3α,5α-THP levels, in a U-shaped manner. Second, brain P accounted for 18–
23% of variance in psychomotor behaviors, which were dose-dependently increased. Third,
although all cocaine doses decreased anxiety-like behavior compared to vehicle; among
cocaine administered rats, low dosages of cocaine decreased, and high dosages of cocaine
increased, anxiety-like behaviors and progestogen levels. Fourth, sexual behaviors were
dysregulated among rats administered cocaine. Fifth, the neuroendocrine and behavioral
effects of cocaine were hormone/sex dependent. Administration of low doses of cocaine (5
or 10 mg/kg) significantly reduced concentrations of P in diencephalon, cortex,
hippocampus, and midbrain of proestrous female and male rats. 3α,5α-THP levels were also
reduced by low doses of cocaine in these brain regions among all rats. The high dose of
cocaine (20 mg/kg) enhanced P concentrations among rats, and enhanced 3α,5α-THP
among male rats. Behavior was altered concomitantly with cortical, and midbrain P
explaining a significant amount of variance in psychomotor behavior among cocaine
administered rats. Cortical 3α,5α-THP accounted for a small, but significant, amount of
variance present in center time among cocaine administered rats. A significant amount of
variance in lordosis was explained by 3α,5α-THP levels in midbrain among vehicle-
administered, but not cocaine administered, females. Thus, these data provide evidence that
endogenous hormonal milieu may mitigate some of the neuroendocrine and behavioral
effects observed in the acute cocaine response.

Congruent with previous findings, steroid hormones can act to alter cocaine-induced
psychomotor stimulation. Female rats had stimulant responses to all doses of cocaine,
whereas males required the 20 mg/kg dose to exhibit any effect, compared to vehicle. In
addition, rats in a state of high endogenous progestogen production (proestrus) had increased
psychomotor stimulation in response to low doses of cocaine compared to rats in a low state
of endogenous progestogen production (diestrous and male). Other laboratories have also
reported that female rats have increased locomotor responses to acute cocaine
administration, compared to males (Festa and Quinones-Jenab, 2004; Hu and Becker, 2003;
Lopez-Ojeda et al., 2008). However, when we administered the high dose of 20 mg/kg, male
rats experienced a significant increase in psychomotor behaviors, suggesting that males
require a higher dose of cocaine to experience cocaine's stimulant effects. Serum level
analyses indicate an inverted U-shape relationship between progestogen levels and stimulant
effects of cocaine. Extirpation and replacement studies report that females administered
progestogens and estrogens have increased psychomotor stimulation compared to
ovariectomized females not administered hormones (Niyomchai et al., 2006; Perrotti et al.,
2001). In addition, sex differences in stimulant effects of cocaine have been observed,

Kohtz et al. Page 6

Horm Behav. Author manuscript; available in PMC 2013 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



wherein females tend to have a greater response than do males (Walker et al., 2001a,b).
These data suggest that there may be salient sex differences in the stimulant effects of
cocaine which may be dose-dependent.

Interestingly, there are many findings that progestogens and estrogens can act
antagonistically on psychomotor responding with exogenous estrogen enhancing and
progesterone reducing response to cocaine (Hu and Becker, 2003; Niyomchai et al., 2006;
Perrotti et al., 2001; Sell et al., 2000). In this investigation, we find that P (diencephalon,
cortex, and midbrain) positively correlated, whereas serum P negatively correlated, to
cocaine's psychomotor effects on rats. Regression analyses indicate that these effects, in
brain, were driven by proestrous and male rats, as well as rats administered cocaine, but not
vehicle. Diestrous rats, however, did not display differences in progesterone when
administered low doses of cocaine compared to vehicle. These data suggest that
endogenously increased progestogens may contribute to psychomotor stimulation, but the
involvement of estrogen cannot be ruled out as the largest enhancement was observed in
proestrous rats, which typically have considerably higher circulating estrogen levels than do
diestrous or male rats (Beyer et al., 2007; Blaustein, 2008). In addition, these data suggest
that there may be differing actions of central and peripheral progestogens for cocaine's
stimulant effects, which may account for some of the dose and duration dependent
differences previously observed. Thus, these data extend previous findings that progestogens
may underlie, in part, enhancement of psychomotor response to cocaine.

There is evidence that P and/or its metabolites have biphasic effects on anxiety-like
behaviors. P administration has been shown to decrease anxiety-like behaviors (Bitran et al.,
2000; Frye and Walf, 2004; Toufexis et al., 2004), prevent anxiogenic effects of drug stimuli
(Jain et al., 2005), and treat withdrawal symptoms (Schweizer et al., 1995). While P has
positive anxiety-modulating effects, chronic exposure to P (Devall et al., 2009; Gallo and
Smith, 1993), and high or unstable P levels (van Wingen et al., 2008), can induce anxiogenic
behavior. 3α,5α-THP has similar effects as P to reduce anxiety when administered (Engin
and Treit, 2007; Frye and Walf, 2004; Picazo and Fernandez-Guasti, 1995; Reddy et al.,
2005; Reddy and Kulkarni, 1997), but may also have an inverted U-shape curve where high
levels of 3α,5α-THP can induce negative effect (Andreen, et al. 2009). In addition, women
administered P can differentially respond based on dose and 3α,5α-THP synthesis (Andreen
et al., 2006), and women administered high doses may experience neuropsychiatric side
effects (Elwan et al., 1973). In women who experience PMDD, indicative of hormone
sensitivity, administration of P or 3α,5α-THP can result in more mood disturbances
(Andreen et al., 2009). These data add to evidence which suggests that P and 3α,5α-THP
may have biphasic actions, based on whether or not the subject has an endogenously high, or
has recently been exposed to, high levels of progestogens (van Wingen et al., 2008). These
effects may be due to 3α,5α-THP's ability to activate both inhibitory (GABA) and
excitatory (NMDAR and D1-like) receptors (Frye et al., 2006, 2004). The data reported
herein demonstrate that high progestogens, such as that seen in proestrous rats, can
contribute susceptibility to anxiolytic effects of cocaine, depending on dose; whereas, low
progestogen levels, such as that seen in male rats, may inhibit some effects of cocaine at
lower doses. Thus, these findings imply that differential effects of P and/or 3α,5α-THP may
account for some of the neuroendocrine or behavioral endpoints observed in anxiety
response to cocaine.

In addition to the psychostimulant and anxiety effects of cocaine, we assessed its effects on
sexual behavior of male and female rats. Sexual behaviors are affected by drugs of abuse in
humans and in rodents (Holder et al., 2009; Lopez et al., 2009; Pallonen et al., 2008). Under
non-manipulated circumstances, male and female proestrous rats are expected to have high
sexual behaviors, whereas female diestrous rats are expected to have low sexual behaviors
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(Beyer et al., 2007; Blaustein, 2008; Pfaus et al., 1999). In intact studies, this presents
ceiling effects for males and proestrous females, and floor effects for diestrous female rats.
In the present study, regression analyses reveal that among vehicle-administered females,
midbrain 3α,5α-THP levels explain 23% of variance in lordosis, whereas in cocaine
administered females, midbrain 3α,5α-THP levels explain a reduced amount, only 4%, of
variance in lordosis. These data suggest that cocaine produces sexual behavior deviant from
what is expected of rats in these hormonal conditions.

Given these data, interactions between cocaine-dose and hormone variability have
implications for hormone action in drug exposure, response, and addiction. As this
experiment involved an acute-administration paradigm, it is most applicable to the initiation
stage of cocaine abuse. As with our results, in humans it is found that there are sex
differences in the effects of acute exposure to cocaine (Lukas et al., 1996). As first time
exposure experiences are highly influential on continued use, it is important to investigate
the substrates that are involved in susceptibility to extended use. Previous data has linked
exogenous hormones with cocaine response in conditioned place preference (Russo et al.,
2008, 2003), stereotypic behaviors, (Festa and Quinones-Jenab, 2004; Frye, 2007;
Quiñones-Jenab et al., 1999; Russo et al., 2003; Walker et al., 2001a,b), as well as sex/
gender differences in cocaine-induced psychomotor stimulation (Crombag et al., 1999;
Quiñones-Jenab et al., 1999), affective response (Evans and Foltin, 2006a,b; Kosten et al.,
1993; Lynch et al., 2002; Mendelson, 1996), and sexual behaviors (Cocores et al., 1988;
Horvath et al., 2007; Kendirci et al., 2007). Previous studies also provide evidence that there
are differential effects of cocaine depending on dose magnitude, timing, frequency, and
duration of exposure (Calogero et al., 1989; de Jong et al., 2009; Fontana and Commissaris,
1989; Goeders, 2002; Muller et al., 2008; Yap and Miczek, 2007), and women in high-P
phases of their hormone cycle experience greater cardiovascular changes and peripheral
response, as well as increased anxiety, than do women in low-P phases, or men, in response
to cocaine administration (Ambrose-Lanci et al., 2009; Evans et al., 2002; Kaufman et al.,
2001; Lukas et al., 1996). The current investigation supports these findings and extends
them, suggesting a biphasic relationship among cocaine administered females, between
cocaine and behavior in which low doses of cocaine correspond to decreased progestogens,
and decreased anxiety, whereas in high doses the opposite is found. Progestogen exposure
prior to challenge with cocaine may influence the behavioral and neuroendocrine responses
to the drug. Some of these effects may be due in part to central modulation of 3α,5α-THP
which can act in hypothalamus to attenuate neuroendocrine responses to a stressor and
restore homeostasis (Patchev et al., 1994, 1996). Given that these effects are observed in the
present study on an acute-administration basis, the long-term implications for stress
response and allostasis of the organism are of great interest. Perturbation of homeostatic and
allostatic regulation are proposed to underlie the pathology of addiction (reviewed in Koob,
2009; Le Moal, 2009). Limitations of the present study are the U-shaped curves, and
differing patterns of disruption among behaviors, which make it difficult to discern
relationships among behavioral outcomes. Indeed, changes in progestogen levels and
anxiety behavior may partly underlie observed disruption of sexual behavior. In order to
further examine these phenomena, future investigations will seek to examine interactions of
endogenous progestogens and cocaine response in a chronic paradigm, such as conditioned
place preference and/or self-administration.
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Fig. 1.
Left panel depicts total entries in the open field of diestrous female, proestrous female and
male rats (n=9–12/group) administered cocaine (0, 5, 10, or 20 mg/kg, IP). Right panel
depicts time spent in the center of the open field among diestrous female, proestrous female,
and male rats (n=9–12/group) administered cocaine (0, 5, 10, or 20 mg/kg, IP). * indicates
significant differences from respective vehicle-administered control group.
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Fig. 2.
Sexual behaviors of diestrous female, proestrous female and male rats (n=9–12/group)
administered cocaine (0, 5, 10, or 20 mg/kg, IP). * indicates significant differences from
respective vehicle-administered control group.
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Table 2

Regression relationships between progesterone (P) and/or 3α,5α-THP in specific brain regions, and
behavioral observations, in cocaine administered rats. Positive relationships are denoted by an up arrow, and
negative by a down arrow.

Total entries

Regression effect Regression slope Variance explained

Diencephalon ↑p, ↑Total entries β= 53.03, t(83)=4.356
* R2 = 0.19, r(83)=0.43, p≤ 0.01

*

Hippocampus ↑P, ↑Total entries β=167.5, t(83)=4.932
* R2=0.23, r(83)=0.47, p≤0.01

*

Cortex ↑P, ↑Total entries β=158.4, t(83) =4.281
* R2=0.18, r(83)=0.43, p≤0.01

*

Midbrain ↑P, ↑Total entries β=75.4, t(83)=4.394
* R2=0.19, r(83)=0.44, p≤0.01

*

Serum ↓P, ↑Total entries β=–146.2, t(83)=–2.763
* R2=0.09, r(83)=0.29, p≤0.01

*

Time spent in the center Cortex ↓3α,5α-THP, ↑Center time β=–5.3, t(83)=–2.637
* R2=0.08, r(83)=0.28, p≤0.01

*

*
indicates significant, p< 0.05.
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