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Abstract

Numerous studies in rodents suggest that there are sex differences in response to cocaine that are related to fluctuations in the ovarian
hormones of females. Given that female rhesus monkeys have menstrual cycles that are remarkably similar to those of humans, they provide an
ideal laboratory animal model for assessing the effects of cocaine across the menstrual cycle. The present study assessed the effects of 4 injections
of intravenous (i.v.) cocaine (0.00, 0.25 or 0.50 mg/kg), spaced 15 min apart, in 4 female rhesus monkeys. Each monkey was tested with each dose
during 4 phases of the menstrual cycle: menses, midfollicular, periovulatory and midluteal. Estradiol and progesterone levels were measured each
session before cocaine administration to verify phase of the menstrual cycle. Cocaine and cocaine metabolite levels were measured 5 min after
each cocaine dose and 5, 15, 30, 45, 60 and 120 min after the last cocaine dose. Similarly, levels of luteinizing hormone (LH) and prolactin levels
were measured before, 5, 15, 30, 45, 60 and 120 min after the last cocaine dose. Cocaine and metabolite levels increased as a function of dose, but
there were minimal differences across the menstrual cycle following repeated injections of cocaine. With a few exceptions, LH levels decreased as
a function of time within the session, with no differences as a function of cocaine dose. Cocaine produced transient increases in LH levels during
the luteal phase, with maximal levels occurring after the second cocaine injection. Lastly, cocaine substantially decreased prolactin levels across all
menstrual cycle phases. Taken together, these data indicate that any behavioral differences observed either across the menstrual cycle or between
males and females, are probably not related to alterations in the pharmacokinetics of cocaine across the menstrual cycle.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cocaine abuse continues to be a serious public heath
problem and appears to be increasing in women. For instance,
10 years ago, women made up approximately 33% of the
cocaine-abusing population (US DHHS, 1993), while in 2001,
out of 1.2 million new users, 41% were women (SAMHSA,
2003). Moreover, numerous preclinical studies have shown that
females are more sensitive than males to many of the
behavioral effects of stimulants and the prevailing evidence
is that gonadal hormones, particularly estrogen, contribute to
these sex differences (see reviews by Lynch et al., 2002; Mello
and Mendelson, 2002; Carroll et al., 2004; Festa and Quifiones-
Jenab, 2004).
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Given the increasing evidence that there are sex differences
in response to cocaine, and that these differences might be
related to fluctuations in gonadal hormone levels, studies have
attempted to determine whether there are pharmacokinetic
differences between males and females and whether hormonal
fluctuations in females alter the pharmacokinetics of cocaine.
Most studies in rodents have reported no differences in cocaine
plasma levels between males and females (Van Haaren et al.,
1997; Bowman et al., 1999; Festa et al., 2004; but see Van
Luijtelaar et al., 1996). Further, while some studies have shown
sex differences in cocaine metabolite levels, the results have
been inconsistent (Bowman et al., 1999; Festa et al., 2004; Van
Haaren et al., 1997; Chin et al., 2001) and the estrous cycle
mostly ignored. One study in intact female rats found that
benzoylecgonine (BZE) plasma levels, but not cocaine plasma
levels, varied across the estrous cycle (Quifiones-Jenab et al.,
1999). Another critical factor is that in the normal female rat,
estradiol and progesterone fluctuate over a 4-day estrous cycle,
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whereas the human female hormones typically fluctuate over a
28-day menstrual cycle. Therefore, findings in rodents may not
necessarily reflect what occurs in humans.

In contrast to rodents, the female rhesus monkey provides
an ideal animal model for assessing the effects of cocaine
across the menstrual cycle because they have a menstrual cycle
almost identical in hormonal fluctuation and length to that of
humans. Three studies assessed the pharmacokinetic effects of
1.v. cocaine in male and female rhesus monkeys (Misra et al.,
1977; Saady et al., 1994, 1995), but they did not directly
compare males and females and did not control for menstrual
cycle phase. Mello, Mendelson and colleagues have conducted
a series of elegant studies investigating the effects of cocaine
on gonadal and pituitary hormones in rhesus monkeys. While
no differences in cocaine plasma levels were reported between
males and females (Mello et al., 1993), cocaine plasma levels
were only measured at a single time point and direct
comparisons were not made between follicular (Mello et al.,
1990) and luteal phase females (Mello et al., 1993). The only
pharmacokinetic difference between males and midfollicular
females following an acute dose of i.v. cocaine was that
females had lower cocaine plasma levels 10 min after the
injection, although there were no differences in peak cocaine
plasma levels, time to peak or half-life (Mendelson et al.,
1999a). In a subsequent study (Mello et al., 2000), midfolli-
cular phase females were directly compared to midluteal phase
females following an acute dose of cocaine and no differences
in peak cocaine plasma levels or time to peak were observed. In
a previous study conducted in our laboratory (Evans and Foltin,
2004) we reported no differences in cocaine plasma levels
across the menstrual cycle in thesus monkeys, but found that
the cocaine metabolite levels [BZE and ecgonine methyl ester
(EME)] showed the greatest increases in the luteal phase
compared to the other phases, particularly following the highest
dose of acute cocaine. To our knowledge only one study has
administered repeated doses of i.v. cocaine to male and female
monkeys (Mello et al., 2002) and failed to find any sex
differences in peak cocaine plasma levels, time to peak cocaine
plasma levels or half-life at either dose of cocaine tested. In that
study, normally cycling females were tested in the midfollicular
phase, but not all of the females tested were normally cycling.

Most studies in humans have not reported differences in
cocaine plasma levels between men and women (Kosten et al.,
1996; Sofuoglu et al., 1999; Mendelson et al., 1999b; Evans
and Foltin, in press) or across the menstrual cycle (Sofuoglu et
al., 1999; Mendelson et al., 1999b; Evans et al., 2002; Evans
and Foltin, in press). In one study (Evans et al., 1999), women
had higher cocaine plasma levels than men after smoking
repeated doses of 50 mg cocaine, but this was most likely due
to the fact that the women weighed less than the men. While
another study (Lukas et al., 1996) found that men had higher
cocaine plasma levels than women, and women had higher
cocaine plasma levels during the follicular phase compared to
the luteal phase following a single dose of intranasal cocaine,
other studies in humans have not supported these findings.
Only one study has reported on cocaine metabolite levels in
humans (Evans and Foltin, in press), and the only pharmaco-

kinetic difference was that women had significantly higher
BZE plasma levels following repeated doses of 25 mg smoked
cocaine than men. Based on the inconsistent data in rodents
and the limited data available in both monkeys and humans,
there appear to be minimal differences in the pharmacokinetics
of cocaine either between males and females or as a function of
fluctuating gonadal hormones in females. However, the studies
that have been conducted thus far have several limitations,
making it difficult to definitively conclude that there are no
differences in cocaine pharmacokinetics across the menstrual
cycle.

In a previous study (Evans and Foltin, 2004) we assessed
the pharmacokinetic effects of single doses of cocaine across
the menstrual cycle in rhesus monkeys and found few
differences in the pharmacokinetic profile of cocaine across
the menstrual cycle, although the cocaine metabolites did vary
across the menstrual cycle, with both being increased in the
luteal phase. The present study was designed to extend our
previous research conducted in female monkeys by testing
repeated administration of i.v. cocaine at four distinct phases of
the menstrual cycle using a within-subject design. Further,
cocaine and cocaine metabolite levels, specifically BZE and
EME, were also measured. Most previous studies have reported
that acute cocaine administration increases luteinizing hormone
(LH) levels and decreases prolactin levels in humans and non-
human primates (see review by Mello and Mendelson, 2002,
but see Evans and Foltin, 2004). However, only a limited
number of studies in monkeys and humans have assessed the
effects of cocaine on LH levels across the menstrual cycle and
none have assessed the effects of repeated cocaine administra-
tion on LH levels. Therefore, in the present study LH and
prolactin levels were measured before and after repeated
cocaine administration.

2. Method
2.1. Animals

Four adult female rhesus monkeys (Macaca mulatta),
weighing between 6.0 and 8.3 kg, lived under the housing
conditions described below for the 8 months of this experi-
ment. Each monkey received a daily chow ration designed to
maintain a stable body weight (4—10 High protein monkey diet
#5047 chow, 15 g/chow, 3.37 Kcal/g; LabDiets®, PMI Feeds,
Inc., St. Louis, MO), chewable vitamins and a piece of fruit
daily. Body weights, determined weekly, remained stable
throughout the study. Each monkey had access to two
identically sized chambers (61.5 cm wide x 66.5 cm deep x 88
88 cm high; Hazleton Systems, Inc, Aberdeen, MD) connected
by 40 x40 cm openings. The sides of the chambers were
slotted for a solid panel that prevented movement from one
chamber to the next. These partitions were inserted when it was
necessary to confine a monkey to one chamber (e.g., cage
cleaning, TB testing). Water was freely available from spouts
located on the back wall of both chambers. The room lights
were illuminated from 0700 to 1900. The menstrual cycle of
each monkey was monitored daily by recording the onset and
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duration of menstrual bleeding. All aspects of animal mainte-
nance and experimental procedures complied with the U.S.
National Institutes of Health Guide for Care and Use of
Laboratory Animals, and were approved by the New York State
Psychiatric Institute Animal Care and Use Committee. The
investigators and a veterinarian routinely monitored the health
of the monkeys.

Because acute placement of female rhesus monkeys in
primate chairs during the follicular phase increases cortisol and
adrenocorticotropin hormone release and decreases pulsatile
LH release (Norman et al., 1994), female monkeys were
acclimated to daily chair restraint and received their daily fruit
and vitamin ration while in a chair at the same time each day.
Using two technicians, a pole and collar system was used to
guide the monkeys out of the chamber and into the chair. Once
monkeys were seated in the chair, their feet were placed into
open-toed shoes mounted on the foot bars in order to secure the
feet and legs for repeated blood sampling. All monkeys had
been acclimated to this procedure before the study started. To
reduce associating chair restraint with experimental sessions,
throughout the study monkeys were chair restrained 2
additional days each week when they received treats, but did
not receive cocaine or have blood drawn.

2.2. Cocaine administration and sample collection

The pharmacokinetic effects of repeated doses of cocaine
were tested across four phases of the menstrual cycle. Each
session lasted approximately 3 h and began at 9:30 AM. A 21-
gauge butterfly cannula (Vacutainer® Brand blood collection
set; Becton Dickinson, Franklin Lakes, NJ) was inserted into a
saphenous vein in one leg and secured with tape for repeated
blood collection. After obtaining a baseline blood sample for
estradiol, progesterone, LH and prolactin plasma levels through
a butterfly cannula in one leg, monkeys received four doses of
cocaine (either 0.00, 0.25 or 0.50 mg/kg), spaced 15 min apart.
All doses were administered in a 0.5 ml volume over 10 s
through a butterfly cannula in the alternate leg (plasma for
determination of cocaine levels cannot be taken from the same
vein used to administer cocaine), followed by a 1.0 ml saline
flush. Cocaine and metabolite levels were determined 5 min
after each cocaine injection and 5, 15, 30, 45, 60 and 120 min
after the last cocaine injection. LH and prolactin levels were
determined before and 5, 15, 30, 45, 60 and 120 min after the
last cocaine injection. Between each blood sample, saline was
periodically flushed into the i.v. line to maintain patency and
immediately before each sample, 0.5 ml of blood was
withdrawn from the i.v. line and discarded. Over the course
of an entire session, a total of 25 ml of blood was drawn.

Each female monkey was tested at 2 to 3 cycle phases each
month to obtain a complete dose—response function at each
cycle phase, i.e., 2 cocaine doses and placebo were tested at
each of 4 menstrual cycle phases for a total of 12 test sessions
per female monkey. The menstrual and follicular phases of the
menstrual cycle were defined based on the onset of menstrual
bleeding, with menstrual sessions on days 1-5 and follicular
sessions on days 6—10 after the onset of menses. For the

periovulatory and luteal sessions, sessions were scheduled
based on the typical length of each individual monkey’s
menstrual cycle. Periovulatory sessions were scheduled ap-
proximately on days 12—15 days after the onset of menses,
whereas luteal sessions were scheduled approximately on days
19-23 after the onset of menses. These days were later in
monkeys who had menstrual cycles >28 days. While ovulation
occurs shortly after a surge in LH and this is the primary
indicator of when ovulation has occurred, determining LH
levels on a daily basis was not possible. Moreover, the
analytical laboratory could only assay LH levels in monkeys
in batches every 3 months, thus it was not possible to use a
verified LH surge to schedule periovulatory and luteal sessions.
However, baseline estradiol and progesterone levels were used
to define menstrual cycle phase and a menstrual cycle was
classified as ovulatory if progesterone levels were > 1.5 ng/ml
during the periovulatory or luteal phases. In the event that
sessions were aborted due to problematic data (e.g., difficulty
maintaining venous access, problematic cocaine plasma levels,
anovulatory menstrual cycle), these sessions were excluded
from the data analyses and repeated during another menstrual
cycle.

2.3. Cocaine

Cocaine hydrochloride (provided by The National Institute
on Drug Abuse) was dissolved into sterile saline for injection
U.S.P., in a concentration of 5 or 10 mg/ml, to allow similar
injection volumes across the doses tested. Injections were
administered into one of the saphenous veins of the leg in a
0.5 ml volume over 10 s, followed by 1.0 ml of sterile
saline.

2.4. Plasma cocaine and metabolite analyses

Venous blood samples (approximately 1 ml) for cocaine
were drawn from a butterfly cannula inserted into the
saphenous leg vein and placed into tubes containing potassium
oxalate and sodium fluoride. Samples were immediately mixed
and were centrifuged within 30 min of collection, yielding
approximately 0.5 ml of plasma, and stored frozen until the
time of analysis. Cocaine, BZE and EME plasma levels were
determined by the Nathan Kline Institute for Psychiatric
Research (Orangeburg, NY). Cocaine, BZE and EME were
analyzed by capillary gas chromatograph-mass spectrometry
using deuterated internal standards, positive chemical ioniza-
tion and simultaneous ion monitoring. The assay sensitivity
was 1 ng/ml and intra- and inter-assay coefficients of variation
were less than 6% for all compounds.

2.5. Plasma hormone analyses

Each experimental session, venous blood samples (2 ml at
baseline, 1 ml at other time points) for estradiol and
progesterone (only drawn at baseline before the cocaine
injection), LH and prolactin were drawn from a butterfly
cannula and placed into tubes containing SST® gel and clot
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activator. Samples were centrifuged within 30 min of collec-
tion, yielding approximately 0.5 ml of plasma, and stored
frozen until the time of analysis. Estradiol, progesterone, LH,
and prolactin plasma levels were determined by Dr. Michel
Ferin at the College of Physicians and Surgeons of Columbia
University, Department of Obstetrics and Gynecology (New
York, NY). Estradiol, progesterone and prolactin were mea-
sured by a commercial solid-phase, chemiluminescent enzyme
immunoassay (/mmulite, Diagnostic Products Co, DPC, Los
Angeles, CA) validated for monkeys. Using this assay,
progesterone levels >1.5 ng/ml during the periovulatory or
luteal phase indicated that the monkey had a normal ovulatory
cycle. The sensitivity of the estradiol assay was 20 pg/ml and
the intra- and inter-assay coefficients of variation were 4.3 and
10.5, respectively. The sensitivity of the progesterone assay
was 0.2 ng/ml and the intra- and inter-assay coefficients of
variation were 6.6 and 7.9, respectively. The sensitivity of the
prolactin assay was 0.5 ng/ml and the intra- and inter-assay
coefficients of variation were 6.2 and 8.5, respectively. LH
plasma levels were measured using a 5-day in-house radioim-
munoassay (Xiao et al., 1994) in duplicate. Recombinant
cynomolgus monkey LH was used as a standard and for
iodination, and rabbit antiserum directed against recombinant
cynomolgus monkey LH was used as the primary antibody.
The sensitivity of the LH assay was 0.06 ng/ml and the intra-
and inter-assay coefficients of variation were 7.9 and 13.1,
respectively. Reagents were provided by the NIH.

2.6. Data analyses

Baseline (before drug administration) levels of estradiol,
progesterone, LH and prolactin were analyzed separately
using one-factor repeated-measures analyses of variance
(ANOVA) with Phase (Menses, Follicular, Periovulatory,
Luteal) as the factor. To assess the time course of cocaine,
BZE and EME levels, these measures were analyzed
separately using a three factor repeated-measures ANOVA
with Phase as the first factor, Dose (0.25, 0.50 mg/kg) as the
second factor and Time (9 time points per measure) as the
third factor. For LH and prolactin, since there were menstrual
cycle differences in baseline levels, these data were analyzed
as percent change from baseline using a three factor repeated-
measures ANOVA with Phase as the first factor, Dose
(including 0 mg/kg cocaine) as the second factor and Time
as the third factor. For the other pharmacokinetic measures
described above, each one was analyzed separately using a

Table 1
Baseline hormone plasma levels as a function of menstrual cycle phase

two factor repeated-measures ANOVA with Phase as the first
factor and Dose as the second factor. For all analyses, results
were considered statistically significant if p<0.05, using
Huynh—Feldt corrections where appropriate.

3. Results
3.1. Baseline hormone levels

The four female monkeys had normal ovulatory menstrual
cycles ranging in length from 28 to 31 days (mean of 29.7
days). Table 1 shows the mean plasma levels of estradiol,
progesterone, LH and prolactin (measured at baseline each
session) at each phase of the menstrual cycle. Plasma levels of
estradiol were significantly higher in the follicular phase
compared to the other three phases (menstrual, p<0.0001;
periovulatory, p <0.0001; luteal, p <0.0001). Plasma levels of
progesterone showed a Phase effect [ F(3,3)=9.63, p<0.008],
with progesterone levels significantly higher in the periovula-
tory and luteal phases compared to the menstrual and follicular
phases (periovulatory vs. menstrual, p<0.004; periovulatory
vs. follicular, p <0.003; luteal vs. menstrual, p <0.02; luteal vs.
follicular, p <0.02). Baseline plasma levels of LH also showed
a Phase effect [F(3,3)=10.05, p<0.03], with LH levels
significantly higher in the periovulatory phase compared to
the other three phases (menstrual, p<0.003; follicular,
p<0.002; luteal, p <0.003). Baseline plasma levels of prolactin
in the luteal phase were significantly lower than the periovu-
latory phase (p<0.05) and tended to be lower than the
menstrual phase (p<0.06).

3.2. Behavioral observations

Although no structured behavioral ratings were conducted
each session, cocaine produced mydriasis, increased agitation,
restlessness, and motor activity and decreased appetite as
evidenced by the refusal of food treats (e.g., raisins, M&Ms®).
These effects were not observed when saline was injected.
After active doses of cocaine, particularly 0.50 mg/kg, the
onset of behavioral effects was observed within 5 min and
lasted up to 30 min after the last injection.

3.3. Cocaine and cocaine metabolite levels

Fig. 1 shows cocaine plasma levels as a function of cocaine
dose, time within session, and menstrual cycle phase. Cocaine

Phase Estradiol (pg/ml) Progesterone (ng/ml) LH (ng/ml) Prolactin (ng/ml)
Menses 62.67 (+17.81) 0.28 (£0.04) 1.03 (£0.21) 28.24 (£19.32)
Follicular 101.33 (+63.21)*4 0.22 (x0.02) 0.93 (0.09) 25.93 (£13.23)
Periovulatory 55.92 (£15.06) 2.20 (+1.24)*° 1.92 (£0.48)>>4 28.73 (£11.69)
Luteal 59.58 (+16.83) 1.68 (+0.66)*° 1.06 (+0.06) 15.52 (£7.70)°

Values represent the mean and 1 SD.

For each hormone, comparisons were conducted across the 4 phases;  indicates a significant difference from menses; ® indicates a significant difference from
follicular; © indicates a significant difference from periovulatory; ¢ indicates a significant difference from luteal.
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Fig. 1. Cocaine plasma levels following repeated i.v. injections of cocaine as a
function of dose, time and menstrual cycle phase. Each panel represents a
different cocaine dose and is plotted on a different scale to increase the ability
to see differences based on menstrual cycle phase. Each data point represents
the mean (+1 S.E.M) of 4 rhesus monkeys. Some error bars have been omitted
for clarity and the absence of any bars indicates 1 S.E.M. fell within the area of
the data symbol. The arrows indicate the time of each cocaine injection.

plasma levels increased as a function of Dose [ F(1,3)=35.47,
p<0.01], changed as a function of Time during the session
[F(8,24)=178.05, p<0.0001], and showed a Dose x Time
interaction [F(8,72)=16.00, p<0.0001]. Although cocaine
plasma levels were higher during menses compared to the
luteal phase after the fourth dose of 0.25 mg/kg cocaine, this
effect was only observed at a single time point (50 min).
Overall, there were no differences in cocaine plasma levels as a
function of menstrual cycle phase. Since plasma cocaine levels
were not measured earlier than 5 min after each injection, by
default, all peak cocaine levels were observed 5 min after the
final injection. For 0.25 mg/kg cocaine, mean cocaine levels
were 74.25 ng/ml 5 min after the first injection and increased to
240.75 ng/ml 5 min after the fourth injection. Correspondingly,
for 0.50 mg/kg cocaine, mean cocaine levels were 142.00 ng/
ml 5 min after the first injection and increased to 428.50 ng/ml
5 min after the fourth injection.

Fig. 2 shows BZE plasma levels as a function of cocaine
dose, time within session, and menstrual cycle phase. BZE
plasma levels increased as a function of Dose [ F(1,3)=31.52,
p<0.02], changed as a function of Time [F(8,24)=41.46,

p<0.03] and there was a Dose x Time interaction [ F(8,72)=
14.77, p<0.0001]. However, there were no differences in BZE
plasma levels as a function of menstrual cycle phase. BZE
levels increased throughout the session, with maximal levels of
63.25 and 102.75 ng/ml at 165 min following repeated doses of
0.25 and 0.50 mg/kg cocaine, respectively.

Fig. 3 shows EME plasma levels as a function of cocaine
dose, time within session, and menstrual cycle phase. EME
plasma levels increased as a function of Dose [ F(1,3)=77.90,
p<0.004], changed as a function of Time [ F(8,24)=95.09,
p<0.0001] and showed a Dose x Time interaction [ F(8,72)=
10.61, p<0.0002]. However, there were no differences in EME
plasma levels as a function of menstrual cycle phase. Similar to
BZE levels, EME levels increased throughout the session, with
maximal levels of 28.00 and 49.50 ng/ml at 165 min following
repeated doses of 0.25 and 0.50 mg/kg cocaine, respectively.

3.4. LH and prolactin plasma levels

Fig. 4 shows LH plasma levels, as percent change from
baseline, as a function of cocaine dose, time within session,
and menstrual cycle phase. LH plasma levels changed as a
function of Time [F(8,24)=7.500, p<0.04] and showed a

BZE Plasma Levels
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@® Follicular
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_ 0 '
€ 15 30 45 60 75 90 105120135150165
2
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1401
120 1
100
801
60 1
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Fig. 2. Benzoylecgonine (BZE) plasma levels following repeated i.v. injections of
cocaine as a function of dose, time and menstrual cycle phase. See Fig. 1 for details.
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Fig. 3. Ecgonine methyl ester (EME) plasma levels following repeated i.v.
injections of cocaine as a function of dose, time and menstrual cycle phase. See
Fig. 1 for details.

Phase x Time interaction [F(24,72)=3.77, p<0.01]. When
placebo cocaine (0.00 mg/kg cocaine) was administered, LH
plasma levels remained stable or decreased, with the greatest
decreases in LH plasma levels occurring during the periovu-
latory phase. Overall, there was no main effect of cocaine dose
on LH levels. However, cocaine did produce transient increases
(approximately 30% increase relative to baseline) in LH during
the luteal phase after the second injection of either 0.25 or
0.50 mg/kg cocaine, which was followed by a decrease to
below baseline levels. Similar to placebo cocaine, LH levels
remained stable across the session or decreased, with the
greatest decreases observed during the periovulatory phase,
following repeated doses of cocaine.

Fig. 5 shows prolactin plasma levels as a function of cocaine
dose, time within session, and menstrual cycle phase. Prolactin
plasma levels decreased as a function of Dose [ F(2,6)=117.17,
p<0.001], decreased as a function of Time during the session
[F(8,24)=76.81, p<0.0001], and showed a Dose x Time
interaction [ F(16,72)=14.19, p<0.0001]. Overall, there were
no differences in prolactin plasma levels as a function of
menstrual cycle phase. However, the top panel of Fig. 5 shows
that when placebo cocaine (0.00 mg/kg cocaine) was admin-

istered, prolactin plasma levels decreased as a function of time
during the session across all menstrual cycle phases, with the
greatest decreases observed during the periovulatory phase.
Maximal reductions in prolactin levels, collapsed across the
menstrual cycle phases, were approximately 50% of baseline at
the end of the session (28% reduction in the follicular phase to

Luteinizing Hormone Levels
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] O Menses
40 @ Follicular
301 [ Periovulatory
201 B Luteal

15 30 45 60 75 90 105 120135 150165

601 0.25 mg/kg cocaine

ng/ml (% change from baseline)

15 30 45 60 75 90 105 120135 150165

601 0.50 mg/kg cocaine

15 30 45 60 75 90 105 120135 150 165
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Fig. 4. Luteinizing hormone (LH) plasma levels, expressed as percent change
from baseline, following repeated i.v. injections of cocaine as a function of
dose, time and menstrual cycle phase. Each data point represents the mean
(1 S.E.M) of 4 rhesus monkeys. Some error bars have been omitted for clarity
and the absence of any bars indicates 1 S.E.M. fell within the area of the data
symbol. The arrows indicate the time of each cocaine injection.
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Fig. 5. Prolactin plasma levels, expressed as percent change from baseline,
following repeated i.v. injections of cocaine as a function of dose, time and
menstrual cycle phase. See Fig. 4 for details.

70% reduction in the periovulatory phase). Cocaine adminis-
tration produced rapid and dramatic decreases in prolactin
levels. After the first injection of cocaine, prolactin levels
decreased by approximately 8% to 17% of baseline levels
following 0.25 and 0.50 mg/kg cocaine, respectively. However,
after the second injection, prolactin levels decreased by 55%
and 63% relative to baseline following 0.25 and 0.50 mg/kg
cocaine, respectively. After all 4 cocaine injections, prolactin
levels were reduced by approximately 90% relative to baseline

for both cocaine doses and prolactin levels were still attenuated
at the end of the session.

4. Discussion
4.1. Pharmacokinetics of cocaine and cocaine metabolites

To our knowledge, this is the first study to comprehensively
assess the pharmacokinetics of repeated cocaine doses across
the menstrual cycle in rhesus monkeys. Overall, there was no
evidence that the pharmacokinetics of cocaine or cocaine
metabolites (BZE and EME), varied consistently across the
menstrual cycle. Cocaine plasma levels increased following
each injection and as a function of cocaine dose. When
collapsed across the 4 menstrual cycle phases, cocaine plasma
levels 5 min after the first injection of 0.25 and 0.50 mg/kg
were 74 and 142 ng/ml, respectively. These levels are
comparable to what we observed in a previous study using
the same doses and time point (Evans and Foltin, 2004).
Previous studies in rhesus monkeys have typically observed
peak cocaine plasma levels within 2—9 min after acute dosing
(Evans and Foltin, 2004; Mello et al., 2000, 2002; Mendelson
et al., 1999a; Zhou et al., 2001). Similarly, in humans, the time
to achieve peak cocaine plasma levels after i.v. cocaine
administration has ranged from 4 to 8 min (e.g., Cone, 1995;
Evans et al., 1996; Foltin and Fischman, 1991; Javaid et al.,
1978; Mendelson et al., 1999b).

In the present study, cocaine plasma levels increased with
each successive injection; cocaine plasma levels 5 min after
the fourth cocaine injection of 0.25 and 0.50 mg/kg were 241
and 429 ng/ml, respectively. Similarly, both BZE and EME
plasma levels increased as a function of cocaine dose. In fact,
even though blood samples were collected up to 120 min
after the last cocaine injection, cocaine metabolite levels had
either peaked or were still rising. In a previous study
conducted in 2 pregnant monkeys (Zhou et al., 2001), BZE
levels peaked approximately 1.7 h after an acute dose of 1.00
mg/kg i.v. cocaine. Studies in human males have also shown
that BZE levels continue to rise for up to 75 min after the last
cocaine dose (Isenschmid et al., 1992) and can remain
elevated for up to 6 h after a single i.v. dose of cocaine
(Cone, 1995).

No differences in cocaine or metabolite plasma levels were
noted across the menstrual cycle in this study. These findings
contrast to some extent with our previous study (Evans and
Foltin, 2004). In that study, female rhesus monkeys had slightly
lower cocaine plasma levels in the periovulatory phase
following an acute dose of 0.25 mg/kg i.v. cocaine, whereas
the greatest increases in BZE and EME plasma levels were in
the luteal phase compared to the other phases, particularly
following an acute dose of 1.00 mg/kg cocaine. The present
study was conducted in the same laboratory as our previous
study using virtually identical procedures (e.g., animals,
technicians, assays for cocaine and hormone levels). The
inability to show changes across the menstrual cycle in cocaine
metabolite levels in the present study is most likely due to
administering repeated doses of cocaine, rather than acute
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doses, and not collecting samples for several hours after the last
dose.

Several studies in rodents have assessed changes in cocaine
pharmacokinetics following either acute or repeated cocaine
administration. Most studies have reported no differences in
cocaine plasma levels between males and females (Van Haaren
et al., 1997; Bowman et al., 1999; Festa et al., 2004). Although
differences in cocaine metabolites have been reported, the
results have been inconsistent. For instance, some studies have
shown higher BZE levels in males (Bowman et al., 1999; Festa
et al., 2004), others have shown higher BZE levels in females
(Chin et al., 2001) and others have shown no differences in
BZE levels between males and females (Van Haaren et al.,
1997; Chin et al., 2002). While the cocaine metabolite EME
isn’t measured as often as BZE, two studies (Bowman et al.,
1999; Festa et al., 2004) found that female rats had higher
levels than male rats. Unfortunately, most studies have not
measured both cocaine and cocaine metabolite levels. In
addition, the cocaine-dosing regimen has varied across studies,
and differences in cocaine pharmacokinetics depend on
whether cocaine is administered acutely or chronically (Chin
et al.,, 2001; Van Haaren et al., 1997; Quifiones-Jenab et al.,
2000). Further, few studies have controlled for the estrous
cycle. One study in female rats (Quifiones-Jenab et al., 1999)
reported no differences in cocaine levels, but lower BZE levels
during estrus and proestrus than during metestrus/diestrus
following three injections of cocaine spaced one hour apart. In
a subsequent study (Quifiones-Jenab et al., 2000), ovariecto-
mized female rats treated with estrogen and progesterone had
lower BZE plasma levels than females treated with either
estrogen alone or progesterone alone following repeated
cocaine administration. Unfortunately, the route of cocaine
administration and the dosing regimen used in these rodent
studies, coupled with the differences between the monkey
menstrual cycle and the rat estrous cycle, make direct
comparisons difficult.

Several studies have assessed the pharmacokinetics of
cocaine in rhesus monkeys. For instance, in a study by Mello
et al. (2002), male and female monkeys were administered 4
injections of i.v. cocaine (0.4 or 0.8 mg/kg), spaced 30 min
apart. While that study found no sex differences in cocaine
plasma levels, the role of the menstrual cycle on cocaine
pharmacokinetics could not be determined because cycling
females were only tested during the follicular phase, and non-
cycling females were included. Consistent with the present
study, Mello et al. (2000) also failed to show differences in
cocaine pharmacokinetics as a function of menstrual cycle
phase in rhesus monkeys. Further, no differences in cocaine
pharmacokinetics have been observed in ovariectomized
monkeys chronically treated with ovarian steroid hormone
replacement compared to untreated ovariectomized monkeys
(Mello et al., 2004a).

Similarly in humans, most studies have reported little
evidence of differences in cocaine plasma levels between
men and women (Sofuoglu et al., 1999; Mendelson et al.,
1999b; Evans and Foltin, in press; but see Lukas et al., 1996
and Evans et al., 1999) or as a function of menstrual cycle

phase following either acute doses of i.v. cocaine (Mendelson
et al., 1999b), or repeated doses of smoked cocaine (Sofuoglu
et al., 1999; Evans et al., 2002; Evans and Foltin, in press). To
our knowledge, only one study in humans assessed cocaine
metabolite levels as a function of menstrual cycle phase in
normally cycling women (Evans and Foltin, in press) and there
was no evidence that either BZE or EME plasma levels varied
between the follicular and luteal phases. Those data were based
on a single blood sample taken 4 min after administration of
the sixth dose of smoked cocaine, so it is unclear if differences
would have been detected if samples had been obtained further
out into the session. That study did show that BZE plasma
levels were significantly higher in females than in males
following repeated doses of smoked cocaine, but this was only
observed after 25 mg cocaine. One other study administered a
single dose of intranasal cocaine to females taking triphasic
oral contraceptives and there was no evidence that cocaine or
cocaine metabolite levels varied at different “phases” of the
cycle (Kouri et al., 2002). Based on the data available in both
monkeys and humans, there appear to be minimal differences
in the pharmacokinetics of cocaine across the menstrual cycle
or between males and females.

4.2. Effects of cocaine on LH

In the present study, cocaine did not produce consistent
increases in LH levels. In fact, transient increases in LH plasma
levels were observed only when cocaine was administered
during the luteal phase, with no differences between the two
cocaine doses. Otherwise, LH plasma levels either remained
stable or decreased during the session. Further, the greatest
reductions over time in LH plasma levels were during the
periovulatory phase. These findings vary slightly from our
previous study (Evans and Foltin, 2004). In that study an acute
dose of 1.00 mg/kg i.v. cocaine produced increases in LH
plasma levels during both the menstrual and follicular phases,
but decreases during the periovulatory and luteal phases.
Similar to the present study, that study also showed that the
greatest decreases in LH plasma levels relative to baseline
occurred during the periovulatory phase. The discrepancy
between our previous study and the current study is most likely
due to acute versus repeated cocaine administration.

While previous studies in laboratory animals and humans
have typically shown that LH plasma levels increase following
cocaine administration (see Mello and Mendelson, 2002 for a
comprehensive review), the cocaine-induced increases in LH
plasma levels can vary depending upon the dose or the
menstrual cycle phase. For instance, Mello et al. (1990)
showed that acute doses of i.v. cocaine (0.4 and 0.8 mg/kg)
increased LH plasma levels in female monkeys who were only
tested during the early follicular phase. In a subsequent study
(Mello et al., 1993), only the higher dose of cocaine (0.8 mg/kg)
increased LH levels in male monkeys and in female monkeys
tested during the midluteal phase and these increases in LH
plasma levels remained above baseline for 40—50 min. In the
present study, LH levels increased only after the first two
injections of cocaine during the luteal phase, then actually
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began to decline following the last two cocaine injections. One
possible, but unlikely, explanation for the lack of consistent
increases in LH levels observed in the present study is that
blood samples were drawn in monkeys while restrained in a
chair. While chair restraint alone has been shown to decrease
LH levels, particularly during the follicular phase (Norman et
al., 1994), the studies conducted by Mello et al. (1990) and
Mello et al. (1993) showing cocaine-induced increases in LH
have also used a chair-restraint system, but in anesthetized
monkeys. Another possible explanation is that since LH is
released in a pulsatile fashion (Hotchkiss and Knobil, 1994), the
integrated plasma collection procedure used in previous studies
(Mello et al., 1990, 1993) may better capture the pulsatile
release compared to bolus samples collected in the present
study. Lastly, another factor that may have contributed to
observing only transient increases in LH levels is that the LH
assay procedure used in the present study differed from other
laboratories.

In rodents, dose-related changes in LH have also been
observed following acute doses of cocaine, with low doses
increasing LH and high doses decreasing LH (Dada and
Horacek, 1991; King et al., 2001; Steger et al., 1981). In
humans, acute doses of cocaine have been shown to increase
LH levels in cocaine-dependent men (Mendelson et al., 1992),
cocaine-naive men (Heesch et al, 1996) and in women
(Mendeslon et al., 2001). However, this effect appears to be
more pronounced in men, with men showing increased levels
of LH following acute doses of i.v. cocaine (0.2 and 0.4 mg/
kg), whereas in women, only the higher dose of cocaine
increased LH levels regardless of whether they were tested in
the follicular phase or the luteal phase (Mendelson et al.,
2001).

There is increasing evidence that the presence of gonadal
hormones, as well as the actual levels, appears to be crucial to
observe cocaine-induced increases in LH levels. Several
studies have shown that cocaine fails to alter LH levels in
ovariectomized monkeys (Mello et al., 1995, 2004a; Sarnyai et
al., 1995). In fact, in ovariectomized monkeys, acute cocaine
administration only increased LH levels when females were
chronically treated with progesterone alone, but not when
progesterone was combined with estradiol or when estradiol
was given alone. Only when large acute doses of cocaine (2—
4 mg/kg, i.v.) are administered to ovariectomized monkeys
(Canez et al., 1992), are decreases in LH levels observed.
Interestingly, a recent study in rhesus monkeys (Mello et al.,
2004b) suggests that cocaine-induced increases in LH plasma
levels can vary depending on estradiol levels in the follicular
phase; cocaine only increased LH levels in females who had
low estradiol levels (<100 pg/ml), but when estradiol levels
were high, LH levels did not change after cocaine administra-
tion. In the present study, only one of the four monkeys had
estradiol levels consistently >100 pg/ml during the follicular
phase, making it impossible to examine the data in a similar
manner. Taken together, these studies suggest that the effects of
cocaine on the stimulation of LH appear to be dependent on a
variety of factors, including cocaine dose and gonadal steroid
hormone status.

4.3. Effects of cocaine on prolactin

Lastly, in the present study cocaine produced rapid and
substantial decreases in prolactin plasma levels, with no
differences as a function of menstrual cycle phase or
between the two doses of cocaine. These findings are
consistent with the existing literature documenting that acute
cocaine administration decreases prolactin levels (see Mello
and Mendelson, 2002 for review). This dramatic decrease in
prolactin levels is most likely due to the inhibitory effects of
dopamine on both the synthesis and secretion of prolactin
(e.g., Yen, 1979; Ben-Jonathan, 1985). Indirect dopamine
agonists, such as cocaine, may reduce prolactin levels by
increasing dopamine levels (e.g., Yen and Jaffe, 1999;
Heesch et al., 1996).

Acute cocaine administration has been shown to decrease
prolactin in most rodent studies despite differences in cocaine
dose and route of administration (Baumann and Rothman,
1993; Levy et al., 1992; Steger et al., 1981, but see Pilotte et
al., 1990). More extensive research has assessed the effects of
cocaine administration on prolactin in rhesus monkeys. For
instance, in one study, acute doses of either 0.4 or 0.8 mg/kg
i.v. cocaine suppressed prolactin levels in female monkeys
tested in the follicular phase within about 10 min, with the
lowest levels relative to baseline (18—34%) being observed
within 60—70 min (Mello et al., 1990). However, by the end of
the session, prolactin levels were beginning to return to
baseline and in some animals, exceeded baseline levels.
Similarly, in a subsequent study (Mello et al., 1993), both
doses of cocaine decreased prolactin levels in male monkeys,
whereas only the high dose of cocaine decreased prolactin
levels in females tested during the midluteal phase. In the
present study, four successive injections of either 0.25 or
0.50 mg/kg i.v. cocaine decreased prolactin levels 80—90%
relative to baseline levels and these levels were still substan-
tially suppressed at the end of the session (120 min after the last
injection), irrespective of menstrual cycle phase. An interesting
finding from the present study was that prolactin levels were
also decreased following repeated injections of saline (0 mg/kg
cocaine), although not to the same extent as following cocaine.
Unfortunately, the elegant studies by Mello et al. (1990, 1993)
did not include a saline condition for comparison, although
several early studies have observed few fluctuations in
prolactin levels across the menstrual cycle in drug-naive
monkeys (Quadri and Spies, 1976; Milmore, 1978). However,
as with LH, the effects of acute cocaine administration on
prolactin levels appear to depend on gonadal hormone status;
cocaine does not alter prolactin levels in ovariectomized female
monkeys, but attenuates prolactin levels in females given
hormone replacement with estradiol alone, progesterone alone
or estradiol in combination with progesterone (Mello et al.,
2004a).

Relatively few laboratory studies in humans have examined
the effects of acute cocaine administration on prolactin levels,
and the results have varied across studies. When intranasal
cocaine (2 mg/kg) was administered to cocaine-naive men
(Heesch et al., 1996), prolactin levels decreased. In cocaine-
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dependent men (Mendelson et al., 1992), administration of
either 30 mg i.v. cocaine or placebo produced only small
decreases in prolactin. This may have been in part due to the
relatively low baseline levels of prolactin. Similarly, in another
study 40 mg i.v. cocaine did not alter prolactin levels in male
cocaine users (Baumann et al., 1995). While these studies
differed with respect to the route of administration, the major
difference is related to the previous drug history of the
participants. The study by Heesch et al. (1996) was conducted
in normal males, while the other two studies were conducted in
males with chronic histories of cocaine and other drug abuse.
In contrast to acute cocaine administration, there is evidence
from both the preclinical and clinical literature that chronic
cocaine exposure disrupts prolactin regulation and in some
cases may result in hyperprolactinemia (see review by Mello
and Mendelson, 2002).

4.4. Limitations

This study had several limitations. One limitation was the
small number of animals tested. This is somewhat unavoidable
due to the expensive and difficulty obtaining normally cycling
female rhesus monkeys. Another limitation was that estradiol
and progesterone were not measured after cocaine administra-
tion and cocaine samples were not collected more frequently to
assess trough levels before each cocaine injection, or beyond
120 min after the last cocaine injection. Given that monkeys
were tested 2—3 times each month, the amount of blood that
could be safely drawn at that frequency was restricted. The
inability to take blood samples more often and for a longer
period of time limits the conclusions that can be made,
particularly regarding the cocaine metabolite levels. This study
also did not include a comparison group of male monkeys, but
based on previous studies described above conducted in
monkeys and humans, there is little evidence that there are
substantial sex differences regarding the pharmacokinetics of
cocaine.

4.5. Implications

There is a growing body of pre-clinical and clinical
literature indicating that the behavioral response to stimulants
such as cocaine, vary as a function of gonadal hormone status
and sex. The results of the present study, in combination with
previous studies, indicate that any behavioral differences
observed either across the menstrual cycle or between males
and females, are probably not related to alterations in the
pharmacokinetics of cocaine. However, the existing literature,
including the present study, shows that cocaine administration
does alter hormones, such as LH and prolactin, which are
crucial to normal reproductive function. Research on the
effects of chronic cocaine exposure using a non-human
primate model are important to examine how alterations in
neuroendocrine regulation affect the behavioral response to
cocaine and reproductive function. Given that cocaine
remains a major public health problem and appears to be
increasing among women (SAMHSA, 2004), understanding

the interaction between cocaine, hormones and behavior will
facilitate the development of effective treatment strategies for
cocaine abusers that may need to be different for women.
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