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Hormonal milieu drives economic demand for cocaine
in female rats
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There are substantial sex differences in drug abuse, and a key feature of cocaine addiction is pathologically high motivation for
drug. We investigated the role of ovarian hormones on cocaine demand in female rats using a within-session threshold behavioral
economics (BE) procedure, which allows us to compare motivation for drug across hormonal states and sex while controlling for
differences in dose and intake. This approach quantifies demand elasticity (α) and free consumption (Q0, consumption at null effort)
to determine motivation for cocaine. Overall, female rats showed greater motivation for cocaine compared to males. However, this
difference was cycle phase-dependent - motivation for cocaine when females were in proestrus was lower compared to the same
animals across cycle phases, and overall similar to that of males. Hormonal cycle phase accounted for 70% of the within-subject
variance in demand elasticity, obscuring other individual differences in female demand. High serum progesterone (P4; e.g., in
proestrus) predicted decreased cocaine motivation (high demand elasticity), whereas serum estradiol (E2) correlated to greater
intake at null effort (Q0). However, individual differences were revealed across OVX females, who displayed a range of demand
elasticity, as seen in males. E2 replacement in OVX females increased motivation for cocaine, whereas P4 replacement decreased
motivation. We also found that as few as 4 weeks of cocaine self-administration accelerated estropause in female rats as young as
12 weeks old. By 13 weeks of self-administration, proestrus epochs were no longer observed, and cocaine demand was potentiated
by persistent estrus in all females. Thus, P4 signaling is a key modulator of cocaine demand in females that may underlie previously
observed sex differences in addiction phenotypes.
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INTRODUCTION
There is growing evidence for sex differences in substance abuse
with clear treatment implications. In particular, there is a relation-
ship between stressful life events, stress reactivity and substance
use disorders that differ by gender [1–4]. Abundant evidence
indicates that women progress more quickly from casual drug use
to dependence [5, 6] have greater difficulty quitting [7, 8] and
shorter periods of abstinence [9, 10].
Similarly, sex differences in drug seeking behavior have been

noted in animal models of addiction and relapse. Female rats
exhibit enhanced behavioral sensitization to cocaine [11] and
acquire cocaine-induced conditioned place preference (CPP) more
rapidly and at lower doses than males [12]. In self-administration
studies, female rats more readily and rapidly acquire cocaine self-
administration [13, 14]. In animal models of relapse, female rats
demonstrate greater cocaine-primed [15, 16], and stress-induced
[17] reinstatement than males. Female rats also respond more
than male rats on the first day of extinction (ED1) after cocaine
self-administration [18, 19]. Thus, many studies indicate that
females have greater propensity to cocaine abuse than males. We
recently showed that demand elasticity (an inverse measure of
motivation in behavioral economics, BE) for cocaine predicts
multiple addiction behaviors [20], but possible sex differences in
this important biomarker have not been reported.

Hormonal milieu alters the subjective experience of cocaine. In
particular, progesterone (P4) may decrease, whereas estradiol (E2)
may enhance, cocaine’s rewarding properties. During the luteal
phase of the menstrual cycle, endogenous P4 levels are high and
women report attenuated subjective responses to cocaine and
decreased desire to smoke cocaine, compared to during a low P4
(follicular) phase [21–23]. Female rats self-administering cocaine
respond more, and satiate at higher doses, when they are in the
low P4 phase of their cycle than in other phases [24–26]. Further,
OVX attenuates cocaine self-administration [8] and, as observed in
people, cocaine administration can disrupt estrous cyclicity of
rodents [27]. Oral administration of P4 decreases subjective effects
of cocaine in women and decreases the desire to self-administer
cocaine [28–30]. Furthermore, plasma P4 levels negatively
correlate with cocaine self-administration but E2 levels do not
[24]. In contrast, E2 administration to OVX rats enhances cocaine-
induced psychomotor behavior and sensitizes rats to future
cocaine administration compared to OVX rats administered
vehicle, P4, or P4+ E2 [31–33]. Also, responsivity to cocaine-
associated cues is increased during estrous cycle phases when E2
is high [34], and blockade of E2 formation attenuates cocaine self-
administration in female rats [35]. Notably, these effects do not
appear to be due to hormone-mediated changes in the
pharmacokinetics of cocaine, as peak plasma levels of cocaine
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and elimination half-life do not differ in follicular versus luteal
phases of the menstrual cycle [30]. Therefore, female steroids
substantially influence cocaine addiction behaviors.
Drugs of abuse also alter hormonal milieu. When administered

acutely cocaine induces acute hypergonadism, increasing circulat-
ing and neural levels of progestogens and androgens in females
[36–39]. Repeated cocaine exposure (non-contingent or self-
administered) results in an adaptive hypothalamic-pituitary-
gonadal response, such that circulating ovarian steroid hormone
production, particularly progesterone, is inhibited [39, 40]. As
estrous cyclicity may play an important role in driving cocaine
demand, it is imperative to assess if long-term cocaine use
influences estrous cycle stability. Herein, we determine the role of
estrous cyclicity and ovarian hormones in cocaine demand, and the
long-term effects of cocaine self-administration on estrous cyclicity.

MATERIALS AND METHODS
Animals
Male (300–350 g on arrival, n= 13) and female (175–200 g on arrival, n=
49) Sprague Dawley rats (Charles River Laboratories, ~55 days of age) were
singly housed under a reversed 12 h/12 h light/dark cycle (lights off at
0600 h); all experiments were during the active cycle. Rats had free access
to food and water and were housed in the animal facility at Rutgers
University (AAALAC accredited). All experiments were approved by the
Rutgers University Institutional Animal Care and Use Committee and
conducted in accordance with the National Institutes of Health specifica-
tions outlined in their Guide for the Care and Use of Laboratory Animals.
All rats were implanted with catheters, and ovariectomized or not, at
9 weeks old, and all rats were under 6 months old by the end of the study
to avoid reproductive senescence due to aging [41, 42]. Fourteen females
were used to determine estrous cycle effects on demand. Of these, 8 that
maintained catheter patency for 13 weeks of BE were used to analyze
effects of cocaine on estrous cycling. Twenty female rats were used to
obtain progesterone and estradiol measures for ELISA following BE
stabilization. Twelve additional female rats were ovariectomized to
characterize hormone-independent variation in α values, and 10 of those
maintained catheter patency to test the effects of individual steroid
hormones on demand parameters.

Estrous cycle determination
Estrous cycle phases were recorded daily via vaginal cytology as in prior
reports [36, 37, 43]. Vaginal cytology and behavioral testing were
performed in the afternoon (1–4 pm) of the reverse light-dark cycle to
capture the afternoon peak in P4 levels during proestrus, as per prior
reports [19, 36, 43, 44].

Ovariectomy
The removal of endogenous sources of hormones is necessary to assess
behavioral control by steroid hormones within rodents. Rats were anesthe-
tized with a mixture of ketamine (56.5mg/kg) and xylazine (8.7mg/kg). To
remove ovaries [45], small incisions were made in the skin and abdominal wall
of the rats’ dorsal sides. The ovaries were located and isolated, the fallopian
tube ligated, and the ovaries removed. Following ovariectomy, rats were
implanted with indwelling jugular catheters as described below. There was a
minimum of 3 weeks between ovariectomy and the initiation of BE testing to
allow for complete washout of ovarian steroids.

Indwelling jugular catheterization
Rats were anesthetized with a mixture of ketamine (56.5 mg/kg) and
xylazine (8.7 mg/kg). Chronic in-dwelling catheters were constructed in-
house and inserted as described previously [19, 20, 46]. Rimadyl (1 mg/kg)
was used as a post-operative analgesic for 3 days following surgery.
Animals were given cefazolin (10mg, intravenous (i.v.)) and heparin (10 U,
i.v.) starting 3 days following surgery and daily following self-
administration sessions. Rats recovered from surgery for at least 1 week
before self-administration training.

Hormone replacement
OVX rats received safflower oil-vehicle or hormone replacement with
estradiol (E2) and/ progesterone (P4) before BE testing. Administration of E2

(0.09mg/kg, S.C.) occurred 44–48 h before BE testing, and administration
of P4 (4.0 mg/kg S.C.) occurred 4–6 h before BE testing. Rats had 7 days of
washout between hormone treatments while continuing BE sessions daily.
We used this dosing regimen to investigate intracellular/genomic signaling
mechanisms for E2 and P4 rather than rapid non-genomic effects as per
prior reports [47–51].

Drugs
Cocaine hydrochloride (NIDA, Research Triangle Park, NC) was dissolved in
0.9% sterile saline. Estradiol (Tocris; 0.09 mg/kg/injection) and progester-
one (Tocris; 4.0 mg/kg/injection) were dissolved with heat in safflower oil
and administered as described above. Mifepristone (RU486, Tocris; 5 mg/
kg, S.C.) was dissolved with heat in safflower oil and administered 1 h prior
to BE testing.

Cocaine self-administration procedures
Self-administration sessions were conducted in standard operant cham-
bers housed in sound attenuating cubicles and controlled via MED-PC IV
software (Med-Associates, St Albans, VT) as described previously [19]. Rats
were trained in daily 2 h sessions to press an active lever for iv cocaine for
at least 10d on a fixed ratio 1 (FR1) schedule of reinforcement to reach a
criterion of >10 cocaine infusions/day (males: 0.20mg/50 ul cocaine/
infusion, females: 0.16mg/50ul cocaine/infusion). These doses of cocaine
produced similar numbers of infusions and cue-cocaine associations in the
two sexes [19]. Each cocaine infusion was followed by a 20 s time-out in
which lever pressing produced neither cocaine nor cues. An inactive lever
was also present; presses on it were tabulated but had no consequence.

Within-session behavioral economics (BE) protocol
Within-session BE training was as described in our previous papers
[20, 46, 52, 53]. In the BE paradigm, rats were given access to a descending
series of cocaine doses by volume (421, 237, 133, 75, 41, 24, 13, 7.5, 4.1, 2.4,
and 1.3 ug/injection for both sexes) on an FR1 schedule during 11
consecutive 10min bins in a daily session. A compound stimulus (light +
tone) was paired with each infusion. Cocaine doses were manipulated by
adjusting pump duration [20, 52]. The initial 10min bin was a ‘loading bin’
wherein rats had received high-dose cocaine (0.4mg/injection) to allow
animals to establish their preferred brain cocaine concentration at low effort
(few presses required). In subsequent 10min bins, the amount of cocaine
infused per active lever press decreased on a ¼ log scale so that price
(number of lever responses required per mg cocaine) progressively increased,
and rats needed to respond more in each 10min bin to defend their preferred
level of cocaine. Rats exerted more effort (more presses; greater price paid)
across bins to maintain their desired cocaine consumption until PMax

(maximum price paid), the point beyond which the effort exerted decreased
and was not sufficient to maintain cocaine concentration (point slope of
demand curve=−1); PMax was typically followed by a rapid fall in
consumption. An exponential demand equation [54] was used to fit a
demand curve to the data and extract important BE parameters, particularly α
(demand elasticity) and Q0 (free cocaine consumption) as described in our
publications [20, 52]. The parameter k, representing the range of all
consumption data in loge units, was held at a value of 7.368 (3.2 in log10
units) across all experiments. OMax was also determined and indicates the
maximum amount of lever pressing (consumption) observed at PMax. As OMax

and PMax are derived from single points on the curve, the current manuscript
focuses primarily on α which incorporates data from all points on the demand
curve and is thus a more comprehensive measure of demand. Rats performed
daily BE sessions until they exhibited stable behavior, i.e., until α and Q0 values
over the last three sessions (3 cycles in females) were within 20% of their
means. Rats acclimated rapidly to this procedure and displayed stable
(baseline) α and Q0 typically within 6 BE sessions (males) or three cycles
(females). We found that after achieving stabilization criteria, BE performance
remained stable over weeks of repeated daily BE testing, allowing prolonged
within-subjects testing [20, 52]. Male rats herein were tested in parallel with
cycling females, such that all rats had similar numbers of BE sessions.

Tail vein blood draw and ELISA
Ten rats/cycle were used, and serum was obtained via tail vein blood draw.
Within-subjects sampling was taken 90min post-PMax. Serum was
centrifuged (10,000 RPM at 4 °C) and plasma was reserved for processing.
Steroid hormones were extracted from serum using ethyl ether [55]. 100 uL
of sample was placed in a borosilicate glass culture tube and submerged in
acetone/dry ice. The supernatant was collected and ether was allowed to
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passively evaporate in the hood. Samples were reconstituted in assay
buffer per kit instructions. Plasma progesterone (402310, standard range
0.1–100 ng/mL), estradiol (402110, standard range 0.01–10 ng/mL), and
testosterone (402510, standard range 0.001–1 ng/mL) levels were mea-
sured using enzyme immunoassay kits (Neogen Life Sciences).

Statistical analyses
We used repeated measures one-way analysis of variance (ANOVA) to
explore if cocaine demand elasticity (α) varied among cycle phases (estrus,
metestrus, diestrus, and proestrus) or if ovarian extirpation and replace-
ment of E2 and/or P4 altered cocaine demand elasticity (α), free
consumption (Q0), or consumption at maximal price paid (OMax). Pearsons
correlation analyses were used to assess the relationship between cocaine
demand parameters and circulating levels of ovarian hormones in intact

rats. Linear regressions were performed to determine the rate of decline in
estrous cyclicity and corresponding increases in cocaine demand. Wilcoxon
matched-paired signed rank tests were used to determine the effects of
long-term BE testing on proestrus epochs, and T-tests were used to
determine effects of long-term BE testing on average cocaine demand
between early and late test weeks.

RESULTS
Demand variation with cycle phase
Following cocaine self-administration, female rats underwent a
minimum of three cycle phases of BE testing until stabilization
criterion was met. Male rats received the same number of days of
BE as females, although males typically met stabilization criterion

Fig. 1 Progesterone negatively predicts economic demand for cocaine in intact female rats. A Example cocaine demand curves as a
function of estrous cycle phase in an individual female. There was a leftward shift in the cocaine demand curve during proestrus, indicating
increased demand elasticity (decreased motivation) compared to other cycle phases. B Females in estrus, metestrus, or diestrus have lower α
(higher motivation) compared to rats in proestrus **p < 0.05. No significant differences in α were observed when comparing female rats in
proestrus, ovariectomized females, or males. C Administering exogenous P4 to rats in diestrus (when circulating P4 levels are low) attenuated
cocaine demand, and administering a P4 receptor antagonist (RU486, mifepristone) increased cocaine demand compared to safflower oil
vehicle in each cycle phase (Di: diestrus, Pro: proestrus); *p < 0.05 compared to within-subjects vehicle for each cycle phase. D Progesterone
(ng/mg) was predictably higher in proestrus rats compared to diestrus rats *p < 0.05. E Progesterone correlated positively with α values (left)
but not with Q0 (right). Linear regressions (red lines for collapsed females across cycle, green lines and symbols for females in proestrus, black
lines, and symbols for females in diestrus) are plotted. See text and Table 1 for corresponding correlation coefficients, *p < 0.05. F Estradiol (ng/
mg) was predictably higher in proestrus rats compared to diestrus rats *p < 0.05. G Estradiol predicted Q0 (free consumption) in diestrus
females only (right), but not α (left) Linear regressions (red lines for collapsed females across cycle, green lines and symbols for females in
proestrus, black lines and symbols for females in diestrus) are plotted See text and Table 1 for corresponding correlation coefficients, *p < 0.05.
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earlier. We found a significant effect of sex on demand elasticity,
wherein females had less cocaine demand elasticity (greater
motivation) than males. Also, the within-subject variance in females
was high across BE test days, indicating a possible cycle phase
effect (Fig. 1A shows example demand curves in a single female
across the estrus cycle). On further investigation, we found that
female rats in proestrus had higher α values compared to other
cycle phases (F(3,55)= 37.48, p < 0.05, and demand elasticity in
proestrus was similar to that of male (t= 0.7997, df= 34, p=
0.4295; Fig. 1B) and ovariectomized female rats (t= 0.7912, df= 25,
p= 0.4363; Fig. 1B). Analyzing α at the same cycle phase in intact
females decreased between-subjects variance, indicating that
cycling ovarian hormones had a substantial effect on cocaine
demand. To determine the amount of variance accounted for by
cycle phase, we used a single factor repeated measures ANOVA
across cycles (F(3,24)= 19.01, p < 0.05) and divided the sum of
squares of differences in α between cycle phases by the total sum
of squares (across individuals + cycle) to determine that 70.4% of
the total variance in α in the group was explained by cycle phase,
compared to only 23% variance between individual rats within an
observed cycle phase. These data indicate that the majority of
variance in α values in intact female rats was produced across cycles
(within-subjects), and not across individuals (between-subjects).
We ovariectomized a separate group of female rats to eliminate

within-subjects variance produced by cycle, so that individual
differences (between-subjects variance) in cocaine demand
elasticity independent of cycle could be measured. OVX females
(F(11,14)= 4.970, p < 0.05) and male rats (F(20,14)= 3.901, p < 0.05)

had significantly greater between-subjects variance than females
in proestrus [highest co-efficient of variance (CV) across cycles]. An
F-test to compare between-subjects variances revealed that OVX
females and males did not significantly differ in their variance (F
(11,20)= 1.274, p= 0.6132 Fig. 1B). These data indicate that in
females, OVX can reveal individual, between-subjects, differences
in cocaine demand that are otherwise obscured by ovarian
hormone cycling.

Manipulating P4 signaling and demand
In a separate group of rats (n= 7), we investigated if adminis-
tering exogenous P4 to rats in diestrus (when circulating P4 levels
are low) attenuated cocaine demand. Rats were administered P4
(4 mg/kg, I.P.) or safflower oil vehicle 4 h before BE testing. We
found that female rats administered P4 in diestrus had greater
demand elasticity (decreased motivation) for cocaine compared
to those administered vehicle (paired t= 3.489, df= 6, p < 0.05;
Fig. 1C). In these same rats, we administered a P4 receptor
antagonist (RU486, mifepristone) during proestrus to determine
if decreased motivation for cocaine during proestrus was due to
actions at P4 receptors. Rats were administered RU486 (5 mg/kg,
S.C.) or safflower oil vehicle 1 h before testing in BE. We found
that female rats administered RU486 in proestrus had lower
demand elasticity (increased motivation) for cocaine compared
to those administered safflower oil vehicle (paired t= 4.615, df=
6, p < 0.05; Fig. 1C). These results indicate that P4, acting at the
cognate progesterone receptor, may attenuate demand for
cocaine.

Table 1. Displays correlation coefficients (Pearsons r) and associated p values between steroid hormones (P4, E2, T) and demand parameters (α, Q0).

A. Progesterone (ng/mL) Estradiol (ng/mL) Testosterone (ng/mL) Alpha (α)

Females collapsed across
cycle (n= 20)

Estradiol (ng/mL) 0.3492

(0.131)

Testosterone (ng/mL) 0.3079 0.3097

(0.187) (0.184)

α 0.8278* 0.2255 0.2038

(<0.0001) (0.34) (0.389)

Q0 0.0721 0.3745 0.2681 0.009

(0.769) (0.114) (0.267) (0.970)

B. Progesterone (ng/mL) Estradiol (ng/mL) Testosterone (ng/mL) Alpha (α)

Proestrus females (n= 10) Estradiol (ng/mL) −0.4941

(0.147)

Testosterone (ng/mL) −0.0647 −0.0493

(0.859) (0.892)

α 0.7346* −0.4008 −0.1438

(0.016) (0.251) (0.692)

Q0 −0.5325 −0.1638 0.4834 −0.5421

(0.140) (0.674) (0.187) (0.132)

C. Progesterone (ng/mL) Estradiol (ng/mL) Testosterone (ng/mL) Alpha (α)

Diestrus females (n= 10) Estradiol (ng/mL) −0.0183

(0.960)

Testosterone (ng/mL) 0.1356 0.1999

(0.709) (0.580)

α 0.6366* −0.1395 0.3724

(0.048) (0.701) (0.289)

Q0 0.081 0.6811* 0.0659 0.0264

(0.426) (0.030) (0.856) (0.942)

Significant correlations are bolded and marked with asterisks. Panel A Correlation coefficients (Pearsons r) and p-values for all females collapsed across cycle
phases. Panel B. Correlation coefficients (pearsons r) and p-values for females in proestrus. Panel C. Correlation coefficients (pearsons r) and p-values for
females in diestrus.
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Correlations of demand with hormone concentrations
A separate group of 20 female rats underwent 10 weeks only of BE
testing, and tail vein blood was drawn 90min post-PMax to measure
circulating P4, E2, and T levels in proestrus and diestrus females.
Sampling was performed just prior to euthanasia as we found that

tail vein draws severely disrupted BE stability in females. Rats were
transcardially perfused following tail vein blood draws. We observed
high P4/E2 ratios in proestrus (3436 ± 782.2, n= 10) and diestrus
(2869 ± 564.3, n= 10) in these rats, inconsistent with reproductive
senescence [41]. As expected, proestrus females had greater

Fig. 2 Long-term cocaine self-administration disrupts estrous cyclicity in intact female rats. A Proestrus epochs decreased over time and
were significantly reduced in weeks 7–13 of daily cocaine self-administration (BE sessions) compared to pre-cocaine (no cocaine) estrous
cycling; *p < 0.05 indicates significant values in post-hoc analyses for individual days. B Number of cycle events decreased over weeks of BE
sessions. Each week, the number of phase changes observed (out of four possible phases) was recorded. As expected, prior to cocaine
exposure, our rats showed, on average, 3.672 ± 0.11 cycle phase changes per 5-day period. Cycle phase changes observed significantly
decreased (F(1,14)= 292.2, p < 0.05) over 16 weeks to 0.50 ± 0.27 days between estrus epochs. C Days between estrus phases were
substantially reduced by cocaine. As expected, prior to cocaine exposure, rats exhibited 3.34 ± 0.33 days between estrus epochs (3–4 days
between epochs indicate a normal 4–5 day cycle). The time between estrus epochs significantly decreased (F(1,14)= 33.85, p < 0.05)) over
13 weeks of BE sessions to 0.12 ± 0.09 days between estrus epochs. D Proestrus to estrus events were reduced by daily cocaine sessions,
reaching significance by cycles 13–16 (cocaine exposure weeks 11–13) *p < 0.05.
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circulating P4 (t= 4.789, df= 18, p < 0.05; Fig. 1D), E2 (t= 4.066, df=
18, p < 0.05; Fig. 1F), and T (t= 2.103, df= 18, p < 0.05; proestrus:
0.03329 ng/mL ± 0.006, n= 10, diestrus: 0.01894 ng/mL ± 0.002,
n= 10) compared to their diestrus counterparts.
When hormonal milieu was compared to demand parameters

on the day of sampling, P4 significantly correlated to α, but not Q0

(Fig. 1E). E2 correlated to Q0 only, and only in diestrus rats (R2=
0.68, p < 0.05; Fig. 1G). Additional correlations between behavioral
economics measures and circulating hormone levels are found in
Table 1. These results indicate that hormonal milieu may strongly
influence cocaine demand state in female rats.

Effects of cocaine self-administration on estrous cyclicity
Acute or chronic administration of cocaine substantially alters
female hormone levels [36, 37, 39, 40]. Thus, we hypothesized that
over time cocaine may disrupt estrous cyclicity, which may
contribute to the higher cocaine demand seen in females. We
administered BE tests 5 days per week for 13 weeks and measured
estrous cycling throughout those times. Repeated measures two-
way ANOVAs comparing cycle phase epochs (diestrus, proestrus,
estrus, metestrus) across weeks of BE indicated that estrous
cyclicity was disrupted such that fewer proestrus epochs were
observed in weeks 7–13 compared to earlier weeks (F (45,360)=
4.001, p < 0.05; Fig. 2A). Post-hoc comparisons confirmed that
cycle stability decreased by BE week 6, indicating that even those
rats that did not enter this “perma-estrous” state remained in
other cycle phases (e.g., diestrus; Fig. 2A), longer than the normal
~24 h periods per cycle phase (F (1126)= 146.3, p < 0.05; Fig. 2B).
Repeated measures one-way ANOVAs indicated that sequential
days between estrus epochs significantly increased over the
13 weeks of BE testing (F (1,126)= 42.14, p < 0.05; Fig. 2C).
Proestrus-to-estrus transitions were nearly eliminated by week 13
(F(3,31)= 8.765, p < 0.05; Fig. 2D). These data together indicate
that female rats show periods of decreased demand for cocaine
during initial drug exposure when P4 levels are high (e.g., during
proestrus); however, the cycle-related P4 peak is inhibited by long-
term cocaine exposure (during BE testing) and the addiction-
protective proestrus phase is nearly eliminated, producing a
positive feedback loop that promotes elevated cocaine demand.
We also investigated effects of cocaine on the frequency of

proestrus epochs and associated average demand for cocaine.
There was a significant effect of time on incidence of proestrus
epochs, wherein fewer proestrus epochs were observed during

weeks 11–13 of BE compared to weeks 1–3 (Wilcoxon matched-
paired signed rank test, Z=−2.52, N= 8, p= 0.0078; Fig. 3A).
Comparing the first 3 weeks of BE to weeks 11–13, we found that
average demand elasticity was decreased (motivation was
increased) in weeks 11–13 compared to weeks 1-3 (α: t= 4.027,
df= 7, p < 0.05; Fig. 3B, OMax: t= 4.016, df= 7, p < 0.05; Fig. 3D)
and correlated to a reduced number of proestrus epochs observed
(α: R2= 0.40, p < 0.05; Fig. 3B, OMax: R

2= 0.45, p < 0.05; Fig. 3D). Q0

(t= 0.459, df= 7, p= 0.6602; R2= 0.13, p= 0.1778; Fig. 3C) was
unchanged. Thus, cocaine-induced suppression of proestrus
epochs may contribute to higher motivation for cocaine over time.

Ovariectomy and hormone replacement
We next investigated the effects of administering physiologically
relevant levels of E2 and P4 on cocaine demand in OVX rats.
Statistical analyses were performed compared to an average
baseline measurement, allowing for individual variability assess-
ment at in BE pretests (See Fig. 4A for timeline of injection
conditions relative to baseline, BE pre-test, BE testing, and BE post-
test). Injections of E2 were made 44–48 h prior to BE testing, and
injections of P4 were made 4–6 h prior to testing. These injection
schedules and doses produce physiologically relevant levels of
steroid hormones and behavioral endocrine responses (e.g.,
lordosis) when combined that reflect proestrus. One-way ANOVAs
for vehicle, E2, P4, and E2+ P4 treatments indicate that E2
alone increased, whereas P4 alone decreased, demand behavior
in the BE task (α: F(3,39)= 23.72, p < 0.05; p < 0.05; Fig. 4C, OMax:
F(3,39)= 10.93, p < 0.05; Fig. 4E); Q0 was unaffected by these
treatments. When P4 and E2 were co-administered, there was no
change from baseline demand measurements, indicating that
these two steroids may have opposing effects on demand, and
that P4 negates the effects of E2.

DISCUSSION
Our studies indicate that female rats show higher motivation for
cocaine than males in a hormone-dependent manner. P4 lowered
cocaine demand of females, supporting prior results that P4
lowered several core addiction-like behaviors in rodents and
correlated to lower addiction phenotypes in women [29, 30, 56].
Our results also indicate that although extrinsic E2 increased
motivation (decreased α) for drug in ovariectomized rats, intrinsic
E2 only correlated to free consumption (Q0) in diestrus females.

Fig. 3 Cocaine demand increases over time of chronic cocaine self-administration/BE and correlates to reduced proestrus epochs. A The
number of proestrus epochs was significantly lower in weeks 11–13 of BE sessions compared to weeks 1–3 *p < 0.05. B α was significantly
higher (lower motivation) in early weeks of cocaine self-administration/BE (normal cycling; higher number of proestrus epochs) compared to
later weeks, when proestrus was rarely observed *p < 0.05. Inset: α significantly correlated to the number of proestrus epochs observed (R2=
0.49, p < 0.05). C Q0 was unchanged over time of chronic cocaine self-administration. Inset: Q0 did not correlate to the number of proestrus
epochs observed. D OMax was significantly lower in early weeks of BE (normal cycling; higher number of proestrus epochs) compared to later
weeks, when proestrus was rarely observed *p < 0.05. Inset: OMax significantly correlated to the number of proestrus epochs observed (R2=
0.32, p < 0.05).
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Similarly, administration of E2 and P4 together did not alter
addiction phenotypes in ovariectomized rats; thus, variation of E2
and P4 levels may competitively influence motivation for cocaine
in females.
It is noteworthy that effects of exogenous hormones vary

greatly depending on many factors, including dose, timing,
endogenous hormonal status, and substance of abuse. Herein,
we focus on the effects of exogenous steroids in psychostimu-
lants. Exogenous E2 has U-shaped dose-dependent effects on
psychostimulant dopamine release that are reversed by co-
administration of P4 [57–59]. We see similar effects that
correspond to drug demand, in that the effects of exogenous E2
to increase cocaine demand can be ameliorated by co-
administration of P4. E2 and P4 have time-dependent effects that
determine which downstream signaling mechanisms contribute to
their effects. For example, there are rapid effects of E2 (30 min) to
potentiate striatal D2-receptor binding that are reversed by P4 co-
administration [60]. Many such rapid effects of steroid hormones
are thought to be due to membrane-bound receptors rather than
nuclear signaling mechanisms [45]. Interestingly, we did not
observe effects of E2 at up to 24 h post-injection; this indicates
that the effects of E2 to increase cocaine demand may be
dependent on nuclear signaling rather than membrane-bound
hormone receptor activation or striatal dopamine release.

Psychostimulants may alter cycling gonadal hormones and
fertility in both men and women. Six weeks of 10 mg/kg/day non-
contingent cocaine decreases ovulation in rats by >40% [40];
higher doses, e.g., 20 mg/kg/day, produces effects that persist
long after cocaine cessation [61]. Similar effects of cocaine to
disrupt menstrual cycling in rhesus monkeys have been reported
[62, 63], including in self-administration studies [27]. Herein, we
show that the estrous cycle is disrupted in female rodents
performing our cocaine self-administration/BE procedure, such
that proestrus epochs are nearly eliminated, however as the
maximal age for intact females in our studies was <6 months,
these effects were not consistent with normative reproductive
senescence in Sprague Dawley rats [41, 42]. We also show that
reduced proestrus epochs in later weeks of BE sessions correlate
to increased average cocaine demand. We postulate that over
time cocaine disrupts estrous cyclicity, driving female rats into a
persistent high-demand estrous phase (e.g., diestrus, estrus), and
greatly decreasing the low demand proestrus cycle phase.
Although endogenous variability in testosterone in intact females
did not seem to contribute to cycle-phase variability in demand, it
is possible that we would observe differences in the OVX and/or
intact male model, as OVX decreases androgen production. Our
results indicate that cocaine’s endocrine disrupting effects, in
particular those on P4 and E2, may potentiate addiction

Fig. 4 Progesterone decreases, and estradiol increases, economic demand for cocaine in ovariectomized female rats. A Timeline of
injection conditions indicating when injections of estradiol, progesterone, and safflower oil vehicle occurred with respect to baseline
measures (for percent change comparisons), BE pre-test (black lines preceding symbols on B–D), BE test (symbols on B–D), and BE Post-test
(black lines succeeding symbols on B–D). B Example cocaine demand curves as a function of exogenous hormone administration in an
individual OVX female. Progesterone produced a leftward shift in the cocaine demand curve, indicating increased demand elasticity
(decreased motivation) compared to vehicle conditions. Estradiol produced a rightward shift in the cocaine demand curve, indicating
decreased demand elasticity (increased motivation) compared to vehicle conditions. Estradiol + progesterone produced a demand curve
similar to vehicle administration. C. Changes in α induced by estradiol or progesterone plotted for individual female rats. Progesterone
increased, and estradiol decreased, α compared to rats given vehicle. Notably, elasticity after estradiol+progesterone co-administration was
not different from vehicle; *p < 0.05 compared to baseline/veh. D Changes in Q0 induced by estradiol or progesterone plotted for individual
female rats. There were no effects of progesterone or estradiol on Q0 in the same animals with significant effects in α (compare B and C).
E Changes in OMax induced by estradiol or progesterone plotted for individual female rats. Progesterone decreased, and estradiol increased,
OMax compared to rats given vehicle or estradiol+progesterone together; *p < 0.05 compared to baseline/veh.
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vulnerability in females. Future studies may aim to identify the role
of androgen steroids (and estradiol) in driving individual trait
differences in cocaine demand.
Prior studies show that women have increased drug-seeking

behaviors during menstrual cycle phases with high estrogen levels
[64]. Our data show that female rats in the high progesterone
phase (i.e., proestrus) have decreased demand for cocaine,
compared to all other cycle phases. Our data indicate that P4
may primarily regulate motivation for cocaine rather than free
consumption, as it predicted α but not Q0. Similarly, we show that
exogenous P4 can attenuate motivation in both ovariectomized
females and intact females in low P4 cycle phases (e.g., diestrus),
and that inhibition of P4 receptors by mifepristone increases
demand in high P4 cycle phases (e.g., proestrus). We postulate that
fluctuating concentrations of endogenous hormones over longer
periods of time (e.g., hours, days) creates a dynamic landscape
that impacts patterns of cocaine demand and can be modified
with exogenous hormone manipulations. These results are more
intriguing when we consider that administration of cocaine itself
impacts the endogenous hormonal milieu. Although our results
primarily relate to genomic effects of ovarian hormones, they are
similar to those observed with rapid non-genomic effects in FR1
and reinstatement experiments wherein E2 and P4 promote and
inhibit drug-seeking behaviors in female rats, respectively [11, 56].
Steroid hormones in females may play a more substantial role in
cocaine use than previously thought given the relative variability
in demand accounted for by cycle phase and that ovariectomized
female rats exhibit individual variability in demand similar to that
observed in males. Thus, our results indicate that sex differences in
motivation for cocaine are driven substantially by underlying
hormonal factors.
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