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Abstract

Accumulating evidence suggests that estradiol might be responsible for the enhanced response to psychostimulants sometimes observed in
females. In this study, 10 healthy pre-menopausal women who were using oral, hormone-based birth control learned to discriminate 15 mg/70 kg
oral d-amphetamine from placebo. Once a discrimination criterion was met (i.e., ≥80% correct responding at the final time point for five
consecutive sessions), a range of doses of oral d-amphetamine (0, 3.125, 7.5 and 15 mg/70 kg) was tested alone and in combination with
sublingual estradiol (0 and 0.25 mg). Test sessions were conducted during the oral contraception placebo phase when levels of both estradiol and
progesterone were at their lowest. d-Amphetamine functioned as a discriminative stimulus and produced prototypical stimulant effects (e.g.,
increased positive subject-rated drug effects, elevated cardiovascular measures). Estradiol enhanced the discriminative-stimulus effects of the low
dose, but not higher doses of d-amphetamine. Estradiol also enhanced d-amphetamine effects on a subset of self-report ratings (i.e., VAS Like
Drug and total score on the Stimulant subscale of the Adjective-Rating Scale). These findings provide limited support for the notion that estradiol
increases sensitivity to the psychostimulant effects of drugs such as d-amphetamine.
© 2007 Elsevier Inc. All rights reserved.
Keywords: Estrogen; Amphetamine; Hormone; Menstrual Cycle; Drug Discrimination; Subjective
1. Introduction

Epidemiological data indicate that rates of the misuse of
psychostimulants such as cocaine and amphetamines are higher
in adult men than women (SAMHSA, 2005). This disparity in
the prevalence of use between men and women might be due to
socio-cultural factors (e.g., van Etten et al., 1999). However,
accumulating experimental evidence from laboratory studies in
rats suggests that females might be more sensitive to some of
the abuse-related effects of psychostimulants than males, and
that gonadal sex hormones represent one component of the
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biological basis for these differences (reviewed in Lynch et al.,
2002; Carroll et al., 2004).

Psychostimulants increase synaptic levels of dopamine (DA),
serotonin and norepinephrine. Although each of these mono-
amine neurotransmitter systems is involved in the behavioral
effects of psychostimulants, there is an extensive literature
emphasizing the role of elevatedmesocorticolimbicDA. Estradiol
(i.e., 17β-estradiol), the most prominent estrogen in women, has
been shown to enhance psychostimulant effects on dopaminergic
function through both traditional genomic mechanisms (e.g.,
Zhou et al., 2002) and more rapid and direct means. For example,
in vitro microdialysis studies have demonstrated that d-amphet-
amine-evoked DA release is decreased in striatal tissue from
ovariectomized female rats, but administration of estradiol
immediately reverses the effect of ovariectomy (Becker and
Ramirez, 1981; Becker, 1990). Data from electrophysiological
studies suggest that this immediate effect of estradiol depends on a
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G-protein coupled membrane receptor and is specific to certain
estrogens such as estradiol (Balthazart and Ball, 2006).

Although many of the studies conducted in rats suggest that
estradiol enhances the behavioral effects of psychostimulants
(e.g., Lynch et al., 2002; Carroll et al., 2004, but see Caine et al.,
2004), human studies have been less consistent with regards to
the influence of estradiol levels across the menstrual cycle on
the effects of psychostimulants. The self-reported effects of
psychostimulants have been tested in women during the various
phases of the menstrual cycle, including the early to mid
follicular phase during which estrogen levels are initially low
but increase and progesterone levels remain minimal, the late
follicular phase during which estrogen peaks prior to ovulation
but progesterone is still low, and the luteal phase during which
levels of both hormones remain elevated. Two studies that
compared the self-reported effects of d-amphetamine across the
early-to-mid follicular and luteal phases found that some of the
abuse-related subject-rated effects of d-amphetamine (e.g.,
High, Want More) were increased during the follicular phase
and that these effects were positively correlated with estrogen
levels (Justice and de Wit, 1999; White et al., 2002). In
concordance with those results, women reported increased
“positive” subject ratings following cocaine administration
during the follicular, versus the luteal, phase (Sofuoglu et al.,
1999; Evans et al., 2002; Evans and Foltin, 2006). In other
studies, however, essentially no differences were observed
when the subject-rated effects of d-amphetamine were com-
pared during the early and late follicular phases (Justice and de
Wit, 2000b) or when the subject-rated effects of cocaine were
compared during the mid-follicular and luteal phases (Lukas
et al., 1996; Mendelson et al., 1999). Similarly, when estradiol
was administered via transdermal patch to women during the
early follicular phase, most of the subject-rated effects of d-
amphetamine were unaffected (Justice and de Wit, 2000a).
Important to note is that there is evidence that progesterone
masks the impact of estradiol on, or directly reduces,
psychostimulant effects (e.g., Sofuoglu et al., 1999; White
et al., 2002; Sofuoglu et al., 2004; Evans and Foltin, 2006), thus
the independent effects of estradiol are difficult to isolate across
the menstrual cycle.

The present study was undertaken to further evaluate the
ability of estradiol to modify the behavioral effects of
psychostimulants and possibly clarify some of the inconsistent
results from previous human laboratory studies. Instead of
comparing the effects of d-amphetamine across menstrual cycle,
exogenous sublingual estradiol (0 and 0.25mg) was administered
to healthy pre-menopausal women during the placebo phase of
their oral contraceptive cycle, when hormone levels are at their
lowest. Sublingual administration was chosen because it provides
a rapid increase in estradiol and should provide consistent
estradiol levels across test conditions. A drug-discrimination task
was used to assess the discriminative-stimulus effects of oral d-
amphetamine (0, 3.125, 7.5, 15 mg/70 kg) alone and in com-
bination with estradiol. In drug-discrimination procedures,
responses are differentially reinforced depending on the presence
or absence of specific interoceptive drug stimuli. These
reinforcement contingencies result in the development of stimulus
control over responding by the presence or absence of
interoceptive drug effects. This procedure has been widely
adopted, largely due to concordance with receptor binding studies
and high degree of pharmacological specificity (Holtzman and
Locke, 1988). Furthermore, it is thought that the combination of a
drug-discrimination task and self-report questionnaires might be
more sensitive to drug effects than self-report questionnaires
alone (reviewed in Kelly et al., 2003). Therefore, a battery of self-
report questionnaires, as well as a performance task and
cardiovascular measures of physiological activity, were incorpo-
rated to more fully characterize the effects of the combination of
d-amphetamine and estradiol.

2. Methods

2.1. Subjects

Healthy, adult, pre-menopausal womenwere recruited through
advertisements placed on the University of Kentucky campus and
in the local community. All potential subjects completed a brief
telephone interview or an internet-based questionnaire addressing
general medical and legal status. Respondents who reported good
health, occasional stimulant use (e.g., caffeine), and use of an oral,
hormone-based contraceptive that included 5–7 consecutive days
of placebo administration were contacted by telephone and
invited to participate.

During an orientation and medical screening day, subjects
completed a battery of medical and psychological question-
naires (e.g., Kelly et al., 2006), and underwent blood chemistry,
complete blood count, liver function and urinalysis tests. Urine
samples were also screened for drugs of abuse and pregnancy
(cocaine, benzodiazepine, barbiturate, marijuana, amphetamine
and opiate, OnTrack TesTstik Bar, Varian, Inc., Lake Forest,
CA; Clearview HCG II, Unipath, Ltd., Inverness Medical North
America, Princeton, NJ). Breath samples were screened for
recent alcohol use (Alco-Sensor III, Intoximeters, Inc., St.
Louis, MO). Subjects were excluded if they had a history of
serious medical illness (e.g., cardiovascular disease, neurolog-
ical or psychiatric disorder, including drug dependence) or if
there was any indication of elevated medical risk associated
with administration of the study drugs.

Eighteen women were enrolled. Seven of these subjects were
unable to reliably discriminate 15 mg/70 kg of d-amphetamine
from placebo and were excluded from further participation. One
subject withdrew for reasons unrelated to the study protocol. The
data from these subjects were not included in the analysis. Ten
subjects (nine Caucasian, one Asian) completed this protocol.
Subjects ranged in age from 18 to 30 years (median=21) and in
body mass index from 19.4 to 29.8 (median=22.4). The oral
contraceptives used by these subjects included: Triphasil® (one
subject), Ortho Cyclen® (one subject), Ortho Tri-Cyclen® (two
subjects), Ortho Tri-Cyclen Lo® (two subjects), Yasmin® (three
subjects) and Demulen® (one subject). Seven subjects were non-
smokers; one subject reported smoking two cigarettes per day
and two subjects reported infrequent cigarette use. Alcohol use
ranged from 0 to 14 drinks per week (median=5.3). All subjects
reported caffeine use in the past year; daily use ranged from 0 to
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120 mg per week (median=80.0). Other lifetime psychostimu-
lant use included cocaine (two subjects), amphetamine (two
subjects) and diet pills (three subjects). Other lifetime drug use
included marijuana (six subjects), benzodiazepines (two sub-
jects) and hallucinogens (two subjects). Illicit drug use for all
subjects was infrequent and in almost all cases did not occur in
the month prior to study participation.

Subjects received $20 for participation in each session and
were able to earn an additional $20 based on their performance
(see below). At the end of their participation, subjects also
received $40 per session for successfully completing the entire
study and for adhering to the drug and alcohol use restrictions.

This study was conducted in accordance with the Helsinki
Declaration of 1975. The Institutional Review Board of the
University of Kentucky Medical Center approved the study and
the informed consent document. All subjects provided sober,
written informed consent and the confidentiality of their
personal information was maintained throughout.

2.2. Design

A double-blind, placebo-controlled, randomized design was
used to examine the effects of three within-subject variables
[oral d-amphetamine dose (0, 3.125, 7.5 and 15.0 mg/70 kg),
sublingual estradiol dose (0 and 0.25 mg) and time (0, 30, 60,
90, 120, 150 and 180 min post dose)]. Doses of oral d-
amphetamine and sublingual estradiol were chosen based on
previous research. A comparable dose (i.e., 15 mg) to the
training dose of d-amphetamine used in the present study (i.e.,
15 mg/70 kg) has been shown to function as a discriminative
stimulus and produce positive subject-rated effects (Rush et al.,
1998, 2003, 2004; Lile et al., 2005a,b). A study that assessed the
time course for d-amphetamine plasma concentrations found
that peak levels occurred 2–3 h following oral administration
and remained elevated for the duration of the 4-h experiment
(Angrist et al., 1987). With respect to estradiol, a pharmaco-
kinetic study demonstrated that sublingual administration of
0.25 mg resulted in peak serum estradiol levels of approxi-
mately 300 pg/mL, which are comparable to what is observed
during the late follicular phase (Price et al., 1997). That study
also showed that the time to maximum concentration for
0.25 mg estradiol was one hour or less (one hour was the earliest
time point assessed) and the terminal half-life was approxi-
mately 8 h (Price et al., 1997). Estradiol tablets were always
administered immediately prior to d-amphetamine capsule
administration, for two reasons. First, this dosing strategy
allowed for less complicated instructions for the drug-
discrimination task. Second, the more rapid onset of action
for sublingual estradiol allowed for peak estradiol levels to
occur approximately 1 hour prior to the peak onset of d-am-
phetamine effects.

Subjects initially underwent two separate training sessions in
which they practiced the study tasks until performance was
consistent and accurate across consecutive trials. No drugs were
administered during these training sessions. The experiment
proper consisted of three phases: Sampling, Control and Test.
Experimental sessions that comprised the Sampling and Control
Phases were conducted without regard to menstrual cycle phase,
and during these phases the pretreatment dose was always
placebo sublingual estradiol. Experimental sessions that
comprised the Test Phase were conducted during the placebo
days of the oral contraception regimen when systemic levels of
both estradiol and progesterone were at their lowest levels. The
interval between experimental sessions varied according to
study phase and subject availability. During the Sampling and
Control Phases, sessions occurred every 3 days on average
(range=1–28, mode=1). During Test Phase, sessions were
usually conducted daily (range=1–4), within the placebo phase
of the oral contraception regimen.

2.2.1. Sampling phase
The first two sessions of the experiment proper comprised

the Sampling Phase, in which the subject was informed that the
medication she received was “Drug A” (15 mg/70 kg oral d-
amphetamine) and that she should pay close attention to how
“Drug A” made her feel, because in future sessions, she would
not be told what drug she would receive. Prior to and every half
hour after drug administration for 3 h, subjects completed
assessments consisting of the Addiction Research Center
Inventory (ARCI), the Stimulant Items from the Adjective-
Rating Scale, Visual Analog Scale (VAS) ratings, and the Digit
Symbol Substitution Task (DSST). During assessments com-
pleted after drug administration, subjects also completed a
Drug-Discrimination Task. Blood pressure and heart rate were
recorded at the end of each assessment.

2.2.2. Control phase
The Control Phase determined whether subjects acquired the

discrimination between 15 mg/70 kg of d-amphetamine (i.e.,
“Drug A”) and placebo (“Not Drug A”). Control Phase sessions
were identical to those of the Sampling Phase, except that
subjects were not told which drug was administered and bonus
money could be earned based on the accuracy of their
performance on the Drug-Discrimination Task. Each subject
received 15 mg/70 kg of d-amphetamine at least twice and
placebo at least twice. The order of drug administration was
random. The criteria for having acquired the discrimination was
≥80% correct responding at the final, 3-h post-drug time point
on the Drug-Discrimination Task for five consecutive sessions.
When a subject did not meet the criteria during the first five
sessions of the Control Phase, training was extended up to a
maximum of 12 sessions. When a subject met the acquisition
criteria, she progressed to the Test Phase. If a subject did not
meet the acquisition criteria after 12 Control Phase sessions, she
was dismissed from the study.

2.2.3. Test phase
During the Test Phase dose–response functions were deter-

mined for d-amphetamine (0, 3.125, 7.5, and 15 mg/70 kg) alone
and in combination with 0.25 mg estradiol. Each dose
combination was tested once for a total of eight sessions. Up to
four sessions of the Test Phase were conducted during the placebo
days of each oral contraception cycle; therefore, the Test Phase
typically required two or three menstrual cycles to complete. The
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placebo days correspond to the onset of menses and the early
follicular phase of the menstrual cycle, during which estrogen and
progesterone are at their lowest levels. During sessions in which
subjects received the training dose condition (i.e., placebo
pretreatment and 0 or 15 mg/70 kg d-amphetamine), subjects
received feedback on the accuracy of their performance at the end
of the session, and payment was contingent upon accuracy, as
during the Control Phase. During sessions in which a novel dose
condition was administered (Test Session), subjects did not
receive any feedback regarding the accuracy of their discrimina-
tion performance. Instead, a subject was told that the condition
she received that day would not be disclosed. Prior to the Test
Phase, subjects were informed that payment for Test Sessions was
determined based upon the average earnings from all other
sessions.

2.3. Daily schedule

Session length was approximately 3.5 h and start times were
fixed for each subject. Subjects were instructed to abstain from
illicit drugs for the duration of the study, medications and
alcohol for 24 h prior to all scheduled sessions, and from eating
or consuming caffeine for 4 h prior to the start of each session.

At the beginning of each session, subjects answered open-
ended questions regarding sleep, drug and medication use,
eating behavior and health status during the preceding 24 h, and
completed field-sobriety, breath and urine tests to assess drug
use and possible pregnancy. Subjects then consumed a low-fat
snack. Assessments were completed before (i.e., time 0) and at
half-hourly intervals for 3 h after drug administration. Each
assessment was approximately 4–6 min in duration. During
each assessment, activities were presented in the following
order:

2.3.1. Visual-analog scales (VAS)
Subjects rated items (I like the drug effect; I feel high,

stimulated, sedated, anxious, hungry, thirsty, a drug effect and
confident) presented individually on the computer by marking a
100-unit line anchored on the extremes by “Not At All” and
“Extremely”.

2.3.2. Addiction research center inventory (ARCI)
The 49-item short form of the true-false inventory (Martin

et al., 1971) yielded information on five dimensions: LSD scale,
Amphetamine (A) Scale, Benzedrine-Group (BG) Scale,
Morphine–Benzedrine Group (MBG) Scale and the Pentobar-
bital, Chlorpromazine, Alcohol Group (PCAG) Scale.

2.3.3. Adjective-rating scale
The Adjective-Rating Scale consists of 32 items and contains

two subscales: Sedative and Stimulant (Oliveto et al., 1992). In
the present study, only the 16 items from the Stimulant subscale
were presented. Subjects rated each item using a numeric
keypad to select among one of five response options: “Not
at All”, “A Little Bit”, “Moderately”, “Quite a Bit”, and
“Extremely” (scored numerically from 0 to 4, respectively;
maximum score=64).
2.3.4. Drug-discrimination task
This task was completed during assessments occurring after

drug administration. Two circles labeled “Drug A” and “Not
Drug A”were displayed on the computer screen, each associated
with a training dose condition. Counters were displayed directly
below the circles. A cursor was displayed on the screen, which
could be moved using a mouse. Mouse button presses increased
the counter associated with the circle where the cursor was
located according to a fixed-interval 1-second schedule. The
cursor could be moved between the circles without any
consequence for the fixed-interval schedule (i.e., no change-
over-delay). Up to 60 points could be allocated across the two
options. A monetary bonus of $0.04 per point was earned for
points accumulated on the circle associated with the dose
condition on training dose sessions, as described above. The
dependent variable for this task was the percent responding on
the “Drug A” circle (i.e., drug-appropriate responding).

2.3.5. Digit-symbol substitution task (DSST)
Subjects completed a 2-min computerized version of the

DSST adopted from McLeod et al., 1982. Subjects earned $0.02
for each correct symbol completed. The dependent variables for
this psychomotor task were symbol completion rate and
accuracy.

2.3.6. Cardiovascular assessment
Oscillometric heart rate and systolic and diastolic blood

pressure measures were obtained (Sentry II, NBS Medical,
Costa Mesa, CA).

2.4. Drug

Doses of d-amphetamine (0, 3.125, 7.5, 15 mg/70 kg;
Mallinckrodt, St. Louis, MO) were prepared by the University
of Kentucky Investigational Pharmacy in size 0 opaque capsules
with cornstarch filler. Placebo capsules contained only
cornstarch. One capsule containing the appropriate dose of d-
amphetamine was taken orally with approximately 150 mL of
water. Commercially available estradiol tablets (0 [Necon 1/35-
28 placebo] and 0.25 mg [Estrace, Bristol-Myers Squibb,
Princeton, NJ]) were administered sublingually and allowed to
dissolve under the tongue over a period of approximately one to
two minutes as described by Price et al. (1997). Estradiol doses
were not adjusted for body weight because the sublingual route
of administration was used.

2.5. Data analysis

All results were considered significant at pb0.05. Data were
analyzed as raw scores using a linear repeated-measures model
with d-amphetamine dose (0.0, 3.125, 7.5 and 15.0 mg/70 kg),
estradiol dose (0 and 0.25 mg) and time (0, 30, 60, 90, 120, 150
and 180 min post dose) as factors (JMP, SAS Institute Inc., Cary,
NC). If a significant interaction of any of the factors was observed,
simple effects models were used to interpret the results; multiple
comparisons were not conducted. Effects reported here were
limited to those measures for which a significant main effect of d-
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amphetamine or estradiol, or an interaction of d-amphetamine,
estradiol and/or time was obtained.

3. Results

3.1. Drug-discrimination task

d-Amphetamine functioned as a discriminative stimulus, and
the 10 subjects met the discrimination criteria in 5–12 Control
Phase sessions (median=5). When placebo (i.e., 0 mg oral d-
amphetamine administered in combination with 0 mg sublin-
gual estradiol) was administered during the final five sessions of
the Control Phase, subjects reported an average of 1.0
(SEM=0.19) percent drug-appropriate responding on the
Drug-Discrimination Task during the final post-drug assess-
ment. When the training dose of d-amphetamine (i.e., 15 mg/
70 kg) was administered during the final five sessions of the
Control Phase, it engendered an average of 100.0 (SEM=0.0)
percent drug-appropriate responding on the Drug-Discrimina-
tion Task during the final post-drug assessment. The top panel
of Fig. 1 demonstrates the time course for discriminative-
stimulus effects of the training conditions administered during
the final five sessions of the Control Phase.

As shown in Fig. 1, the discriminative-stimulus effects of d-
amphetamine were a function of d-amphetamine dose, estradiol
dose, and time (i.e., 3-way interaction; F18,162=2.1; p≤0.01). d-
Amphetamine dose dependently increased drug-appropriate
responding on the Drug-Discrimination Task compared to placebo
during the Test Phase (middle panel). Responding came under
control of the discriminative-stimulus effects of d-amphetamine at
the 90 min time point and continued through 180 min. Fig. 1 also
shows that estradiol enhanced the discriminative-stimulus effects
of the 3.125mg/70 kg dose of d-amphetamine (middle panel) at the
120–180 min time points (bottom panel). In addition, estradiol
appeared to have reduced the latency in the onset of the
discriminative cue at the 15 mg/70 kg dose (data not shown).

3.2. Visual-analog scales

For three of the VAS items, Stimulated, Thirsty and Feel
Drug, subject ratings were a function of d-amphetamine dose
Fig. 1. Top panel: time course for the discriminative-stimulus effects of the training
conditions (i.e., 0 mg/70 kg d-amphetamine [open squares] and 15 mg/70 kg d-
amphetamine [open circles]). Data are from the final five sessions of the Control
Phase. The x-axis represents experimental session time following drug
administration in minutes. The y-axis represents the percentage of d-amphet-
amine-appropriate responding. Data points show means (±SEM) of 10 subjects.
Middle panel: Dose-effect function for the discriminative-stimulus effects of d-
amphetamine administered alone (open circles) and in combination with 0.25 mg
estradiol (filled circles) during the Test Phase. Data are the average percent drug-
appropriate responding for the 120–180 min time points based on the time course
data for the 3.125 mg/70 kg dose of d-amphetamine (see bottom panel). The x-axis
represents d-amphetamine dose; PL denotes placebo d-amphetamine (open square)
and estradiol alone (i.e., estradiol+placebo d-amphetamine; filled square). Other
details are as in top panel. Bottom panel: Time course for the discriminative-
stimulus effects of 3.125 mg/70 kg d-amphetamine administered alone (open
circles) and in combination with 0.25 mg estradiol (filled circles) during the test
phase. Other details are as in top panel.
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and time (i.e., 2-factor interaction; F's18,62≥1.8; p's≤0.05).
For the VAS item Like Drug, subject ratings were a function of
d-amphetamine dose, estradiol dose and time (i.e., 3-factor
interaction; F18,162=1.9; p≤0.01). d-amphetamine dose de-
pendently increased subject ratings on these VAS items, and
these effects were apparent through the 90–180 min time points.
In addition, estradiol increased the magnitude, and decreased
the latency of the subject-rated effects for the item Like Drug at
the 15 mg/70 kg dose of d-amphetamine. The dose-effect
function for this item following administration of d-amphet-
amine, alone and in combination with estradiol, is presented in
the top panel of Fig. 2. Data are presented as area-under-the-
time-effect curve (AUC) to incorporate the time-dependent
enhancement of the discriminative-stimulus effects of d-
amphetamine in combination with estradiol.
Fig. 2. Dose-effect function for the subject-rated effects of d-amphetamine
administered alone (open circles) and in combination with 0.25 mg estradiol
(filled circles) during the Test Phase on the VAS item Like Drug (top panel) and
the Stimulant subscale of the Adjective-Rating Scale (bottom panel). Data are
presented as area-under-the-time-effect curve (AUC) to incorporate the time-
dependent enhancement of the subject-rated effects of d-amphetamine in
combination with estradiol. All other details are as in Fig. 1, middle panel.
3.3. Addiction research center inventory

Subject ratings for four of the ARCI scales varied as a
function of d-amphetamine dose and time (i.e., 2-factor
interaction; F's18,62≥3.0; p'sb0.001). d-amphetamine dose
dependently increased subject ratings on the BG, MBG and A
scales of the ARCI compared to placebo. In addition, d-
amphetamine dose dependently decreased subject ratings on the
PCAG scale compared to placebo. The time of onset for the
effects of d-amphetamine varied according to scale. Estradiol
had no effect on ARCI scale ratings.

3.4. Adjective-rating scale (stimulant subscale)

Subject ratings for the Stimulant subscale of the Adjective-
Rating Scale were a function of d-amphetamine dose, estradiol
dose and time (i.e., 2-factor interaction of d-amphetamine dose
and time; F18,62=5.5; pb0.001, and significant main effect of
estradiol; F1,9=6.8; p≤0.05). As shown in the bottom panel of
Fig. 2, d-amphetamine dose dependently increased composite
score on this scale, and estradiol increased this score at every
active dose of d-amphetamine. Data are presented as AUC to
incorporate the time-dependent effects of d-amphetamine.

3.5. Digit-symbol substitution task

DSST rate was a function of d-amphetamine dose and time
(i.e., 2-factor interaction; F18,162=1.8; pb0.05). d-Amphetamine
increased DSST rate, and these effects were apparent at the 60–
180 min time points. d-Amphetamine had no effect on the
accuracy on DSST performance. No significant estradiol effects
were detected on DSST performance.

3.6. Cardiovascular assessment

Heart rate and blood pressure changed as a function of d-
amphetamine dose and time (i.e., 2-factor interaction; F's
18,62≥3.0; p'sb0.001). d-Amphetamine dose dependently
increased heart rate and systolic and diastolic blood pressure,
and these effects were apparent at the 90–180 min time points.
No significant estradiol effects were observed.

4. Discussion

The present study used a drug-discrimination methodology
in an effort to detect interactions between d-amphetamine and
exogenously administered estradiol in women. In addition, a
battery of self-report questionnaires, as well as a performance
task and cardiovascular measures of physiological activity, were
incorporated to more fully characterize the effects of the
combination of d-amphetamine and estradiol. Briefly, estradiol
enhanced the effects of certain doses of d-amphetamine on the
drug-discrimination task, one VAS item (i.e., Like Drug) and on
the composite score of the Stimulant subscale of the Adjective-
Rating Scale. That only a subset of measures was sensitive to
the combined effects of d-amphetamine and estradiol is
concordant with previous research that has found limited effects
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of estradiol on the subject-rated effects of d-amphetamine
(Justice and de Wit, 2000a,b).

Consistent with other prior research, d-amphetamine alone
functioned as a discriminative stimulus, dose dependently
increased drug-appropriate responding, produced positive
subject-rated effects (e.g., increased ratings of Like Drug and
scores on the MBG, BG and A scales of the ARCI), enhanced
performance on the DSSTand elevated cardiovascular measures
(Chait et al., 1985; Heishman and Henningfield, 1991; Rush
et al., 1998, 2003, 2004; Lile et al., 2005a,b;). The behavioral
effects of d-amphetamine peaked at approximately 2 h, in
agreement with previous human laboratory research (e.g., Chait
et al., 1985; Kelly et al., 1993; Rush et al., 1998) and the time
course for peak plasma levels following oral administration
(Angrist et al., 1987).

Estradiol alone (i.e., 0.25 mg estradiol and 0 mg/70 kg d-
amphetamine) did not occasion d-amphetamine-appropriate
responding, produce subject-rated effects, impact psychomotor
performance or alter heart rate or blood pressure. In a previous
study in which 0.8 mg estradiol was administered transdermally
in combination with d-amphetamine (0 and 10 mg, p.o.), no
significant main effects of estradiol were observed, but post-hoc
analysis revealed that estradiol alone did increase subject ratings
of Pleasant Stimulation compared to placebo (Justice and
deWit, 2000b). In that study, plasma estradiol levels were
760 pg/mL on average when measured 2 and 6 h after patch
application. For reference, estradiol peaks at around 200 pg/mL
during the late follicular phase of the menstrual cycle
(Thorneycroft et al., 1971). In the present study, a dose of
0.25 mg estradiol was administered sublingually. Although
blood levels were not measured here, a previous study indicated
that sublingual administration of this estradiol dose resulted in
serum estradiol levels that reached 300 pg/mL 1 h after
administration, and declined to 120 and 60 pg/mL 2 and 3 h,
respectively, following administration (Price et al., 1997). These
data suggest that higher estradiol doses might be necessary for
the effects of estradiol alone to become apparent.

When estradiol and d-amphetamine were administered in
combination, they were well tolerated by all subjects and no
adverse events were reported. Concurrent administration of
estradiol significantly enhanced the discriminative-stimulus
effects of the lowest d-amphetamine dose (i.e., 3.125 mg/
70 kg). In addition, a significant interaction of estradiol and time
was observed at the 15 mg/70 kg dose of d-amphetamine,
reflecting a reduced latency of onset of the discriminative cue at
this dose. However, visual comparison of the time course data
from the Control Phase and the Test Phase for this dose
suggested that the interaction could be interpreted as a decrease
in the discriminative-stimulus effects of d-amphetamine at the
90-min time point only, rather than an enhancement of this dose
of d-amphetamine by estradiol, per se, and should therefore be
interpreted with caution. It is not clear why estradiol effects
were not apparent at the moderate dose (7.5 mg/70 kg). One
possibility is that the ability of estradiol to enhance the
discriminative-stimulus effects of d-amphetamine might be
limited to lower doses. Consistent with this notion, preclinical
studies that have compared sex and/or manipulated estrogen
levels and studied a range of self-administered drug doses have
found greater differences in the reinforcing effects at lower
doses of psychostimulants (Hu et al., 2004; Jackson et al.,
2006). Although no change in the group mean of the magnitude
of the discriminative-stimulus effects of the higher d-amphet-
amine doses was observed following estradiol pretreatment,
inspection of individual subject data indicated that the effects
the 7.5 mg/70 kg dose were enhanced in four of the ten subjects,
consistent with a decreased ability of estradiol to modulate the
behavioral effects of higher d-amphetamine doses.

A limited number of the subject-rated drug effects of d-
amphetamine were also enhanced by estradiol. Both the
magnitude and the rate of onset for ratings of Like Drug Effect
were increased at the 15 mg/70 kg dose of d-amphetamine. In
addition, estradiol increased the magnitude and rate of onset for
composite score on the Stimulant subscale of the Adjective-
Rating Scale at all d-amphetamine doses. However, these were
the only two subject-rated measures for which estradiol
enhanced d-amphetamine effects. That many of the subject-
rated effects of d-amphetamine were unaffected by estradiol is
consistent with some of the previous human laboratory research
that has compared the effects of d-amphetamine during the
early versus the late follicular phase of the menstrual cycle
(Justice and de Wit, 2000a) and in combination with
exogenously administered estradiol (Justice and de Wit, 2000b).

The present study appears to be the first to have used drug-
discrimination procedures to assess the influence of estradiol on
the discriminative-stimulus effects of a psychostimulant.
Because drug-discrimination procedures require extended
periods of training and testing, and the purpose of the study
was to examine the interaction of estradiol and d-amphetamine,
a unique experimental design was developed. In order to
evaluate the effects of estradiol under conditions in which basal
levels of sex hormones were low, Test Phase experimental
sessions were conducted during the placebo days of oral
contraceptive cycles, which corresponded to the onset of
menstruation and the early follicular phase. Typically only
four experimental sessions could be conducted per menstrual
cycle (i.e., per month). It would have been difficult to bring a
subject's behavior under the stimulus control of the training
drug if the Control Phase was limited to only four days per
month. Therefore, Control Phase sessions were conducted
without regard menstrual cycle phase. One concern associated
with this design was that as hormone levels fluctuated across
Control Phase sessions, the discriminative-stimulus effects of
the training dose of d-amphetamine might have varied as well,
making it difficult to acquire the discrimination, or leading to
greater variability in the discriminative cue learned by the
subjects. As described above, some of the subject-rated effects
of d-amphetamine are menstrual cycle phase dependent (Justice
and de Wit, 1999; White et al., 2002), which might translate to
the discriminative-stimulus effects as well (Preston and
Bigelow, 1991; reviewed in Kelly et al., 2003). Despite this
concern, this approach appeared successful. Subjects learned to
discriminate d-amphetamine from placebo and concurrent
estradiol administration enhanced its discriminative-stimulus
effects at the lowest dose.
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Two limitations of the present study warrant mention. First,
only a single estradiol dose was tested. As noted above, the dose
of estradiol (0.25 mg) tested should have produced serum levels
around 120–60 pg/mL (Price et al., 1997) during peak d-
amphetamine effects (i.e., 2–3 h following administration),
whereas maximum estradiol levels during the late follicular
phase of the menstrual cycle are typically 200 pg/mL. Therefore,
higher estradiol doses might have been required to more closely
approximate the d-amphetamine and estradiol interactions that
could occur during the late follicular phase, and for a more
pronounced enhancement of d-amphetamine's effects to have
become apparent. Another limitation is that serum levels of d-
amphetamine, estradiol and progesterone were not determined.
Measurement of serum d-amphetamine levels would have
provided valuable information about whether estradiol enhance-
ment of the effects of d-amphetamine could be explained by a
change in the pharmacokinetic profile of d-amphetamine.
Presently, there do not appear to be any studies that have
addressed that possibility. In addition, monitoring estradiol and
progesterone levels would have allowed us to correlate plasma
hormone levels with the effects of d-amphetamine, as has been
done previously (e.g., White et al., 2002). Blood samples were
not obtained for several reasons, including cost and time
associated with sampling and analysis, as well as the concern for
subject recruitment and retention. That is, subjects might have
been reluctant to participate in a relatively long study that
required daily catheter insertion. Importantly, this experimental
design (i.e., the use of exogenously administered estradiol in
combination with various doses of d-amphetamine in the same
subjects) precluded the need to measure estradiol levels to obtain
useful data regarding interactions with d-amphetamine.

As noted above there is evidence that progesterone opposes
the influence of estradiol on, or directly reduces, psychostimu-
lant effects (e.g., Sofuoglu et al., 1999; White et al., 2002;
Sofuoglu et al., 2004; Evans and Foltin, 2006). One limitation to
comparing the effects of psychostimulants across the menstrual
cycle is that the levels of estradiol increase across the follicular
phase, whereas levels of estrogen and progesterone remain at
relatively consistent levels for a longer period of time during the
luteal phase. Therefore, it would have been useful to test the
effects of d-amphetamine in these subjects during the luteal
phase of their menstrual cycle, which would have allowed for a
direct comparison of the influence of both hormones relative to
estradiol alone during relatively consistent hormone levels.
Another interesting experimental manipulation would have
been to include male subjects. Although animal studies have
identified conditions under which females are more sensitive to
the behavioral effects of psychostimulants, human laboratory
studies have been less consistent, and most studies fail to find an
increased sensitivity in women. For example, studies that have
controlled for menstrual cycle phase have either not revealed
any sex or menstrual cycle differences (Mendelson et al., 1999),
have found that women and men report similar subject ratings
following psychostimulant administration during the follicular
phase, but women report decreased subject-rated effects during
the luteal phase (Sofuoglu et al., 1999; White et al., 2002; Evans
and Foltin, 2006), or have found that men are more sensitive to
psychostimulant effects (Lukas et al., 1996). Clearly, additional
research is needed to reconcile discordant animal and human
laboratory findings.

Experimental data from animal studies indicate that there are
interactions between gonadal sex hormones and psychoactive
drugs that result in hormone cycle differences in the behavioral
effects of drugs. Much of this research has focused on the
interaction between estradiol and psychostimulants, and some
findings suggest that there is an enhancement of psychostimu-
lant effects by estradiol that occurs via CNS dopamine systems.
The present results provide limited support for this notion and
extend the results of previous studies to the discriminative-
stimulus effects of d-amphetamine in humans. Together, this
body of research indicates that women might be differentially
susceptible to the abuse-related effects of psychostimulants
depending on menstrual cycle phase.
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