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Abstract
Estradiol is thought to play a critical role in the increased vulnerability to psychostimulant abuse
in women. Sex differences in the ability of estradiol to influence cocaine self-administration in
adult rats has been hypothesized to depend upon pubertal estradiol exposure. The current study
investigated whether the presence of gonadal hormones during puberty affected cocaine self-
administration behavior and its sensitivity to adult estradiol treatment in male and female Sprague-
Dawley rats. Subjects were gonadectomized or SHAM-operated at postnatal day (PD) 22, and
received either OIL or estradiol benzoate (EB) during the approximate time of puberty (PD27 to
PD 37). Adult rats were subsequently treated with either EB or OIL 30 minutes before cocaine
self-administration (0.3 mg/kg/inf) in order to examine the effects of pubertal manipulations on
the estradiol sensitivity of acquisition on a fixed ratio (FR)1 schedule, total intake on a FR5
schedule and motivation on a progressive ratio schedule. Adult EB treatment only affected cocaine
self-administration in females, which is consistent with previous research. Adult EB treatment
enhanced acquisition in all females irrespective of puberty manipulations. All females, except
those treated with EB during puberty, displayed increased cocaine intake following adult EB
treatment. Adult EB treatment only enhanced motivation in females that were intact during
puberty, whereas those treated with EB during puberty showed reduced motivation. Therefore, the
sensitivities of different self-administration behaviors to adult estradiol treatment are organized
independently in females, with pubertal estradiol exerting a greater influence over motivational
processes, and negligible effects on learning/acquisition.
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INTRODUCTION
Men and women are differentially vulnerable to drugs of abuse. Even though more men than
women use cocaine and psychotherapeutics, more women show dependence for these
substances (Back et al., 2010; Cotto et al., 2010; Elman et al., 2001). The subjective effects
of psychostimulants, like euphoria, desire, increased energy and intellectual efficiency, vary
across the menstrual cycle. Thus, women report effects that are comparable to those of men
when they are in the follicular phase and reduced during the luteal phase (Justice and de Wit,
1999; Justice and De Wit, 2000; Justice and de Wit, 2000). During the follicular phase,
estradiol administration enhances, whereas progesterone attenuates, the subjective effects of
psychostimulants (Justice and de Wit, 2000). In men, the effects of estradiol on
psychostimulant responses have not been examined and the effects of progesterone are
ambiguous (Evans and Foltin, 2005; Evans, 2007; Fox et al., 2013; Sofuoglu et al., 2004).
Furthermore, it is unclear whether the effects of ovarian hormones on subjective effects of
drugs translate into different patterns of psychostimulant use between men and women
(Reed et al., 2011; Sofuoglu et al., 2004).

In contrast, estradiol has been shown to have significant effects on drug self-administration
in preclinical models, with the majority occurring selectively in females. Estradiol treatment
facilitates acquisition of cocaine self-administration, increases cocaine intake and enhances
motivation for cocaine in ovariectomized female rats, but has no apparent effects in males
(Hu and Becker, 2008; Jackson et al., 2006; Lynch and Carroll, 2001). Male rats are quite
capable of responding to estradiol, as it is one of the primary signals required for both the
organization and activation of their reproductive behavior (McCarthy, 2008; Ogawa et al.,
2000). Current views on sexual differentiation of the brain are largely based on the
differentiation of reproductive behavior in males and females, which is driven in large part
by perinatal testosterone exposure in males (but not females) and further refinement by sex-
specific gonadal hormone profiles during puberty (McCarthy, 2008; Mccarthy and Arnold,
2011; Sisk and Zehr, 2005). During the perinatal period, estradiol primarily functions as a
masculinizing hormone, whereas it becomes crucial for female differentiation during
puberty (McCarthy, 2008; Stewart and Cygan, 1980).

We have previously proposed that the expression of sex differences in motivated behaviors
in adulthood are at least partly mediated by ovarian hormones secreted during puberty,
which are essential for feminizing the mesocorticolimbic dopamine system (Becker, 2009).
The current experiment was conducted to test whether pubertal estradiol exposure is
necessary and/or sufficient for the subsequent feminization of cocaine self-administration
behavior in adult rats. We predicted that the self-administration behavior of females would
only be sensitive to adult estradiol treatment if they had also been exposed to estradiol
during puberty. Conversely, we predicted that pubertal estradiol would not be sufficient to
feminize behavior in males, possibly due to the prior masculinizing effects of perinatal
testosterone/estradiol.

METHODS
Animals

Sprague-Dawley rats purchased from Charles Rivers (Portage, MI) were gonadectomized
(OVX/CAST) at postnatal day (PD) 22, or remained intact through puberty (pINTACT) (n =
51 per sex). Animals were housed in same-sex groups in standard laboratory cages (2–3 per
cage) and maintained on a 14:10 (light:dark) reversed light cycle (lights off at 08:00) and
provided free access to rat chow (Teklad Global 14% protein rodent maintenance diet) and
carbon-filtered water in a temperature- and humidity-controlled vivarium. All experimental
procedures were conducted between 09:00 and 16:00 and were in accordance with the
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National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
preapproved by the University of Michigan Committee on the Use and Care of Animals.

OVX/CAST animals received subcutaneous (s.c.) injections of either estradiol benzoate
(EB) or the peanut oil vehicle (OIL) from PD27-37 (approximate time of puberty in
females). Treatments consisted of OIL or a ramping EB regime (5, 10 and 15mg/kg, s.c.)
delivered over 3 days for 3 cycles with one day off between cycles. These groups were
referred to as puberty EB (pEB) or puberty OIL (pOIL). The pINTACT animals were treated
with OIL during PD27-37 and were subsequently OVX/CAST at PD67. Animals were
weighed daily and the age at vaginal opening (for females) or preputial separation (for
males) was determined. Estrogen reduces weight gain in both males and females and
accelerates vaginal opening, so these measures were used to validate the effectiveness of
pubertal gonadectomies and EB treatments.

Catheter Surgeries
At PD74, all animals were fitted with indwelling jugular catheters connected to a back port.
Catheters were constructed by gluing silastic tubing (Silastic tubing, 0.51 mm I.D. × 0.94
mm O.D., Dow Corning, Midland, MI) to an external guide cannula (22 Gauge guide
cannula; Plastics One, Roanoke, VA) using cranioplastic cement. A polypropylene mesh
was secured to the bottom of the cannula using this same cement. Rats received an injection
of Buprenorphine (0.02 mg/kg, s.c.) 30 minutes before they were anesthetized with
isoflurane (5% isoflurane in oxygen). The free end of the silastic tubing of the catheter
apparatus was inserted into the right jugular vein of the animal and secured using 4.0 silk
sutures around the tubing and the venous tissue. The catheter port exited dorsally from the
animal. After successful implantation, the animal’s catheter was flushed with 0.2 ml each of
heparin (30 U/ml in 0.9% sterile saline) and gentamicin (3 mg/kg) to prevent clotting and
infection, respectively. A dummy stylet was then inserted into the port opening. Two days
after surgery, catheters were flushed with 0.2 ml of heparin (30 U/ml in 0.9% sterile saline)
and gentamicin (3 mg/kg), and each day after that with gentamicin and heparin (3 mg/kg and
20 U/ml, resp.). Catheter patency was checked weekly using a solution of Pentothal®
(thiopental sodium, 15mg/ml, 0.15–0.25ml in sterile water). Animals were allowed to
recover for 5–7 days before the start of cocaine self-administration.

Cocaine self-administration
Half of the animals in each puberty group (pOIL, pEB and pINTACT) were treated with
OIL or EB (5mg/kg, s.c.) 30 minutes before the start of each daily self-administration
session, resulting in 12 final treatment groups: 2 sexes (male or female) × 3 puberty
treatments (pOIL, pEB or pINTACT) × 2 adult treatments (aOIL or aEB). Group treatments
and assignments are described in Table 1. Self-administration and adult hormone treatments
were administered 5 days a week, followed by 2 days off as in previous experiments from
this laboratory where EB enhanced cocaine-taking behavior (Hu et al., 2004; Jackson et al.,
2006).

Self-administration was performed in standard operant chambers (Med Associates, Inc.,
Georgia, VT) where the animals could nose poke into the active hole for cocaine or in an
inactive hole, which had in no consequences. Rats were connected to the infusion syringe
via a swivel mounted to a counter-balanced arm, which allowed animals to move freely in
the testing environment. Animals were weighed prior to each self-administration session.

Subjects self-administered cocaine (0.3 mg/kg/inf) on a fixed ratio (FR) 1 schedule of
reinforcement for the first 13 days. On the FR1 schedule, animals were required to perform
one nose poke in the active hole in order to receive an infusion. Nose pokes in the inactive
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hole had no consequences. The FR1 tests were two hours long, but terminated early once the
animal received 100 infusions. Acquisition of cocaine self-administration was defined as
three consecutive days with two times the number of active to inactive nose pokes. Animals
were then tested on a progressive ratio (PR) schedule of reinforcement to determine
breaking points (BP). The PR requirement escalated through an exponential series: 1, 3, 6, 9,
12, 17, 24, 32, 42, 56, 73, 95, 124, 161, 208, 268…. adapted from Richardson and Roberts
(Richardson and Roberts, 1996). A higher BP is an indication that the animal is more
motivated for cocaine, as they are willing to work harder to obtain each subsequent infusion.
The number of infusions, nose pokes in the active and inactive holes and the last completed
ratio (BP) were recorded. The PR session terminated after 6 hours, or earlier if 1 hour
elapsed without receiving an infusion.

Following the PR test, animals were transitioned to a FR5 schedule of reinforcement with
daily tests consisting of 3 × 40 minute active sessions (i.e., house light illuminated
indicating drug availability) separated by 2 × 15 minute inactive sessions (i.e., house light
turned off signaling drug unavailability). There was also a 40-second delay following each
infusion, during which time nose pokes in the active hole were recorded but did not result in
any consequences. To investigate if chronic cocaine self-administration affected the
motivation to take cocaine, animals were retested on the PR schedule after 18 days on the
FR5 schedule.

Statistics
Statistical analyses were performed with SPSS (version 18.0). Weight gain for the different
periods was analyzed with repeated-measures ANOVA with day as within-subject variable
and sex, puberty-treatment and adult treatment (when applicable) as between subject
variables. The effects of puberty manipulations on the proportion of individuals displaying
vaginal opening or preputial separation were examined by Pearson’s Chi Square analysis,
whereas differences in the timing of vaginal opening were analyzed by unpaired t-tests.
Acquisition of cocaine self-administration was defined as the first day the animal had twice
as many nose-pokes in the active hole compared to the inactive hole for three consecutive
days. The percentage of animals that acquired within each group was analyzed using a
Kaplan-Meier survival analysis. For the FR1 and FR5 the total number of infusions were
analyzed with an ANOVA with sex, puberty-treatment and adult-treatment as between
subject variables. For the PR data, breaking points (BP) were analyzed using repeated-
measures ANOVA with day as within-subject variable and sex, puberty treatment and adult
treatment as between subject variables. Sphericity assumed modeling, with Greenhouse-
Geisser and Huynh-Feldt adjustments, was applied (Quintana and Maxwell, 1994).

RESULTS
Acquisition of cocaine self-administration on FR1 schedule

Adult EB treatment enhanced acquisition of cocaine self-administration in all female groups
irrespective of hormone treatment during puberty (Fig. 1A). Therefore, data were combined
into four groups based on sex and adult hormone treatment for survival analyses. Females
treated with EB as adults (aEB) acquired cocaine self-administration significantly earlier
aOIL females (χ2=4.53, p=0.033, Cohen’s d=0.67, r=0.32), whereas there was no effect of
adult EB treatment in males. The mean latencies for acquisition ± SEM for each group were
as follows: 4.1 ± 0.5 days (aOIL females), 2.4 ± 0.5 days (aEB females), 3.9 ± 0.5 days
(aOIL males) and 3.7 ± 0.6 days (aEB males). There were no group differences in the total
number of infusions of cocaine on the FR1 schedule of reinforcement.
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Total infusions on FR5 schedule
A significant main effect of adult hormone treatment on total cocaine intake on the FR5
schedule was found (Fig. 2; F1,90=6.97, p=0.01; η2=0.06). aEB treatment increased cocaine
intake in pOIL females and pINTACT females, relative to aOIL counterparts (p=0.019,
Cohen’s d=1.81, r=0.67; and p=0.008, Cohen’s d=1.95, r=0.70, respectively). aEB treatment
had no effect on the number of infusions in pEB females, counter to our prediction. Neither
pubertal nor adult hormone treatment affected cocaine intake in males on the FR5 schedule
of reinforcement.

Motivation for cocaine on the PR schedule
There were no significant main effects on BP; however, there was a significant interaction
between sex, puberty treatment and adult treatment (F2,90=5.72, p=0.005; ηP

2=0.11). There
was also a significant effect of test (early vs. late PR; F1,90=68.00, p≤0.001; ηP

2=0.43).

Early PR test—Puberty treatments significantly influenced the response to adult EB
treatment in females. Females that were exposed to EB both during puberty and adulthood
exhibited a reduced motivation to take cocaine compared to females that received OIL
during puberty (pEB/aEB vs. pOIL/aEB; p=0.049, Cohen’s d=1.01, r=0.45). No differences
were found between groups that received OIL or EB during adulthood. A sex difference was
found in pEB/aEB animals, with males showing a higher BP than females (p=0.048,
Cohen’s d=0.81, r=0.37).

Late PR test—Compared to their aOIL counterparts, adult EB treatment significantly
reduced BP in females that received EB during puberty, and increased BP in females that
were intact during puberty (Fig. 3; p=0.015, Cohen’s d=1.07, r=0.47, and p=0.023, Cohen’s
d=2.59, r=0.79, resp.). The differential effect of adult EB in these groups also resulted in
their being significantly different from another (p=0.029, Cohen’s d=2.28, r=0.75). There
was a significant sex difference in the pINTACT/aOIL animals, with males having a higher
BP than female pINTACT/aOIL (p=0.045, Cohen’s d=1.40, r=0.57).

Early vs. late PR tests—The motivation to take cocaine increased with the animals’
experience taking cocaine on the FR5 schedule as would be expected, and BP’s for most
groups were significantly higher during the second PR test (p<0.05) This was true for all
groups except for female pINTACT/aOIL, female pEB/aEB, male pEB/aOIL and male pEB/
aEB.

Effects of treatments on physiological measures
Physiological measures were taken to assess the effects of treatments on ontogeny of
physiological parameters of growth as well as endocrine status. Significant group
differences are presented in table 1. There were main effects of sex (F1,96=20.33, p≤0.001;
η2=0.14) and puberty treatment (F2,96=11.85, p≤0.001; η2=0.17) on weight gain during
PD27 to 39. In general, males gained more weight than similarly treated females. Pubertal
EB treatment significantly reduced weight gain in both sexes. There was a main effect of sex
(F1,96=257.30, p≤0.001; η2=0.68) and an interaction between sex and puberty treatment
(F2,96=23.46, p≤0.001; η2=0.12) on weight gain following the termination of puberty
treatments (PD39-60). Males gained more weight than similarly treated females. pINTACT
females grew less than OVX females, whereas pINTACT males gained more weight than
CAST males. There were also main effects of sex (F1,90=52.51, p≤0.001; η2=0.21), puberty
treatment (F2,90=3.11, p=0.049; η2=0.02) and adult treatment (F1,90=80.84, p≤0.001;
η2=0.32) on weight gain during the self-administration period. Adult EB treatment
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significantly attenuated weight gain in all groups irrespective of puberty treatment and males
generally gained more weight than similarly treated females.

Puberty treatments had a significant effect on the number of animals showing vaginal
opening (VO) or preputial separation (PS) (χ2 =51.0, p<0.001 for both males and females).
The following numbers of animals showed VO/PS: 0/20 (pOIL females), 18/18 (pEB
females), 13/13 (pINTACT females), 0/20 (pOIL males) 0/18 (pEB males) and 13/13
(pINTACT males). pEB females opened earlier than the pINTACT group (t1,29=5.08,
p<0.001, Cohen’s d=1.79, r=0.67).

There were main effects of sex (F1,90=16.87, p≤0.001; η2=0.07), adult treatment
(F1,90=108.63, p≤0.001; η2=0.47), and an interaction between these factors (F1,90=7.87,
p=0.006; η2=0.03) on relative adrenal weights. Treatment with EB during adulthood
increased the relative adrenal weight in both males and females, with females showing
higher adrenal weights than males. There were significant main effects of puberty treatment
(F1,45=7.22, p=0.002; η2=0.05), and adult treatment (F1,45=231.04, p≤0.002; η2=0.79) on
the relative uterine weights. EB treatment during adulthood increased adrenal weights in all
groups.

DISCUSSION
The results of this experiment confirm that estradiol treatment only affects cocaine self-
administration in adult females and that pubertal estradiol may be necessary, but is not
sufficient, for this subsequent sensitivity to estradiol. Furthermore, the effects of adult
estradiol treatment on acquisition, intake and the motivation to self-administer cocaine were
differentially sensitive to pubertal estradiol manipulations in females. Our initial hypothesis
was based on the assumption that estrogen sensitivity of cocaine self-administration
behaviors would be uniformly organized during development. The dissociation of estrogen
effects on acquisition, intake and motivation by our pubertal manipulations supports a more
complex model in which these different facets of behavior are independently regulated
during development, although possibly still in a coordinated fashion. The etiology of
estrogen sensitivity may differ for these behaviors due to their reliance on different
underlying brain structures, which could be organized during distinct development periods
or employ divergent signaling mechanisms.

Estradiol effects on acquisition of cocaine self-administration
Estrogen replacement to OVX females is known to enhance acquisition of cocaine self-
administration (Hu et al., 2004; Jackson et al., 2006; Lynch and Carroll, 2001). Our data
show that this estrogen effect is evident in adult females irrespective of their gonadal status
or estradiol exposure during puberty. Additionally, prepubertal CAST and estradiol
treatment did not render acquisition of cocaine self-administration sensitive to estrogen in
adult males. Collectively, these data suggest that the ability of adult estradiol exposure to
enhance acquisition is organized prior to puberty. Perinatal testosterone/estradiol signaling
renders the neural substrates of acquisition in the male brain insensitive to subsequent
estradiol, whereas these substrates retain their estrogen sensitivity in females not exposed to
these hormones perinatally. It is also possible that the neural substrates of acquisition are
organized independently from gonadal hormones, such as through sex-determining genes or
other environmental influences (Arnold, 2011). Treating females with testosterone/estradiol
during the perinatal period or blocking these potential hormone effects in males via neonatal
CAST or other pharmacological means would distinguish between these possibilities.

There are no published data that directly address the issue of where in the brain estradiol
may be acting to enhance acquisition of cocaine self-administration. Acquisition requires the
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ability to discriminate the effects of cocaine and associate them with a specific response in a
particular location. Given the significant learning component inherent in acquisition,
estradiol may be acting in the cortex or hippocampus to enhance this component of cocaine
self-administration. Both of these structures contain estrogen receptors (Butler et al., 1999;
Shughrue et al., 1997), with expression in the cortex being sexually dimorphic and
especially pronounced early in development (Wilson et al., 2011). Long-term OVX has been
shown to abolish some estrogen responses in the hippocampus, but not cortex (Bohacek et
al., 2008; Wu et al., 2011). Thus, the currently available information would suggest that the
cortex may be the primary site of action for estradiol’s effects on acquisition of cocaine self-
administration.

Estradiol effects on cocaine intake
Estradiol can increase cocaine intake in OVX females (Hu and Becker, 2008; Hu et al.,
2004; Jackson et al., 2006); however, we did not see any group differences in the number of
infusions earned over the first 13 days while animals were self-administering on the FR1
schedule. In the present study, all animals had stable patterns of self-administration by the
time they were put on the FR5 schedule, which might explain why we were able to detect an
estradiol effect on intake during this later stage of testing. However, it should be mentioned
that this effect of estradiol was relatively modest and only detectable when considering the
cumulative number of infusions over the entire 18 days of self-administration on the FR5
schedule. The ability of estradiol to increase cocaine intake was only present in pINTACT
and pOIL females. These results demonstrate that females do not require ovarian hormones
during puberty in order for estradiol to increase cocaine intake in adulthood. The lack of an
estrogen effect in pEB females is similar to the response profile of males, which suggests
that pubertal estradiol exposure may actually masculinize the neural substrates underlying
this effect. It is possible that pubertal estradiol can either masculinize or feminize behavior
depending upon concentration, pattern of exposure or interactions with other factors (e.g.,
progesterone).

Estradiol effects on motivation to self-administer cocaine
Estradiol enhances motivation to self-administer cocaine in OVX females and intact females
reach higher cocaine BP during estrus compared to other stages of the reproductive cycle,
suggesting that long-term estrogen exposure is required for this effect (Lynch, 2008; Ramoa
et al.; Roberts et al., 1989). Our data show that females’ motivation was only sensitive to
adult estradiol administration if they were intact or treated with estradiol during puberty.
Interestingly, while both pINTACT and pEB females were sensitive to adult estradiol
treatment, their motivation was respectively increased and decreased by hormone treatment.
Thus, pubertal estradiol may feminize motivated behavior (i.e., render it sensitive to adult
estradiol), but additional factors may determine the final behavioral response. In males, the
motivation to self-administer cocaine was unaffected by adult estradiol treatment
irrespective of our pubertal manipulations.

The ability of estradiol to enhance motivation for cocaine in adult females has largely been
attributed to its ability to increase drug-induced dopamine overflow in the striatum (Becker
et al., 1984; Becker and Rudick, 1999). However, estradiol can also modulate the firing rate
and rhythmicity of dopamine neurons within the substantia nigra and ventral tegmental area
by altering negative feedback mechanisms, which can reduce dopamine neurotransmission
(Chiodo and Caggiula, 1980; Torres-Hernández and González-Vegas, 2005; Zhang et al.,
2008). Thus, it is possible that in the intact female, pubertal estradiol acts with other factors
(e.g., progesterone) to completely feminize the adult estradiol response, whereas prepubertal
OVX and estradiol treatment might only feminize the negative feedback mechanisms
leading to reduced dopamine neurotransmission and lower cocaine BP following adult
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estradiol administration. It is also probable that the effects of estradiol on motivation for
cocaine involve downstream changes in dopamine receptors, dopamine transport or
metabolism, not to mention myriad effects on other neurochemical systems in the striatum
and other brain regions.

Efficacy of estradiol treatments
Treatment effects on the various physiological measures confirm that both the pubertal and
adult estradiol treatments exerted effects in both males and females. The comparable
patterns of weight gain and sexual maturation in pEB and pINTACT females suggests that
our pubertal estradiol regime was sufficient to support normal developmental changes and
most likely not supra physiological. The pattern of ovarian hormone secretion leading up to
puberty has not been well characterized. However, feeding patterns and weight gain show
cyclic fluctuations weeks before vaginal opening (Sieck et al., 1977) and several cycles of
estradiol exposure may be required for the normal induction of puberty (Greenstein, 1992).
Therefore, we chose to administer estradiol in a cyclic regime with ramping doses followed
by withdrawal. It is possible that even lower doses, a different temporal pattern, or co-
administration of other factors (e.g., progesterone) would produce more reliable
feminization of motivated behavior.

Additionally, the lack of behavioral effects of prepubertal CAST and estradiol treatment in
males should be interpreted with caution. The reduction in weight gain induced by
exogenous estradiol during the pubertal and adult treatment periods and their adrenal
hypertrophy confirm that males can respond to estradiol. Therefore, the lack of an estradiol
effect on behavior would suggest that this hormone does not contribute to the organization
of their self-administration behavior, perhaps due to the prior organizing effects of perinatal
testosterone on relevant neurocircuitry. However, it is also possible that our negative
findings relate to the specific estradiol treatment paradigm, which may not be optimal for
identifying estrogen effects in males.

Summary/Conclusion
In the current study we show that several of the effects of adult estradiol treatment on
cocaine self-administration behavior are modulated by exposure to gonadal hormones during
puberty in female rats, but not males. Aspects of cocaine self-administration behavior, such
as acquisition and motivation, are differentially regulated by gonadal hormone exposure
during puberty in females. Sensitivity of acquisition to adult estradiol treatment did not
depend on gonadal hormones during puberty, whereas the sensitivity of motivation to
estradiol was affected by the gonadal status and hormone exposure during puberty. We
conclude that sexual differentiation of the neural substrates of drug taking behaviors are not
bi-modally distributed to become ‘male’ or ‘female’, as multiple developmental events
influence the pattern of behavior and the sensitivity to estradiol potentially contributing to
both sex differences and individual differences in drug taking behaviors.
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Highlights

• Developmental effects of estradiol on cocaine self-administration were
examined.

• Adult estradiol affected self-administration behavior in females, but not males.

• Pubertal estradiol differentially affected cocaine responses to adult estradiol.

• Acquisition and motivation were independently regulated during development.
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Figure 1. Adult estradiol treatment only enhances acquisition in females and this effect is
independent of pubertal hormone manipulations
Survival curves of acquisition in females (A) and males (B) (pINTACT: triangles, pOIL:
squares, pEB: circles).
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Figure 2. Adult estradiol increases cocaine intake in females, but not males, and this effect is
modulated by pubertal hormone exposure
*p≤ 0.05, significant difference between aOIL and aEB treatment within respective sex and
puberty treatment.
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Figure 3. Adult estradiol treatment only enhances motivation to self-administer cocaine in
females that were intact during puberty
*p≤ 0.05, significant difference between aOIL and aEB treatment within respective sex and
puberty treatment; $p≤ 0.05, significant difference between males and females within the
same treatment group; ^ p≤ 0.05, significant difference from pEB group within the same sex
and adult treatment.
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