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Abstract
This study was conducted to investigate whether the dose of estradiol (E) administered acutely, or
chronic delivery of one dose of E impacts acquisition and subsequent cocaine self-administration in
ovariectomized (OVX) female rats. Five groups of female rats were compared: OVX females treated
with 0, 1, 2, or 5 µg 17 β-E, 30 min prior to the self-administration session, and OVX rats that received
a 1.5 mg E pellet (designed to chronically release 25 µg E/d X 60 d) implanted 1 week before cocaine
self-administration initiation. Rats were tested in 1 hr sessions on a FR1 schedule with the dose of
cocaine increasing every week (testing occurred 5 day/wk; doses: 0.2, 0.3, 0.4, 0.5 and 0.75 mg/kg/
infusion). We report that OVX rats treated with 2 µg E acquired self-administration more rapidly
than all of the other groups, and animals that received 1 or 2 µg E self-administered significantly
more cocaine compared to OVX+vehicle at 0.3 and 0.4 mg/kg/infusion. In contrast, OVX rats given
5 µg E acutely, or chronic E via slow-release pellets did not take more cocaine than the OVX+vehicle
group at any time point. Physiological serum concentrations of E were seen with 1 or 2 µg E, but 5
µg E and the E pellet produced supra-physiological concentrations. These results suggest an inverted
U-shaped dose-response curve for the effect of E on acquisition of cocaine self-administration.
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1. Introduction
Cocaine abuse by women has increased rapidly in the last decade, and it is estimated that
approximately 600,000 of the 2 million estimated cocaine users are now women (Substance
Abuse and Mental Health Service Administration; SAMHSA, 2003). Women are more likely
to use cocaine at an earlier age and with a greater frequency (Lynch et al., 2002; Johnston et
al., 2006). After their first use of cocaine, women tend to take less time to become addicted,
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they enter treatment sooner and when they enter treatment their cocaine habit is more severe
than is usually seen in men seeking treatment (Griffin et al., 1989; Kosten et al., 1993;
Mendelson et al., 1999; Carroll et al., 2004). Women also reported stronger cravings in response
to cocaine cues than do men (Robbins et al., 1999), and the hormones of the menstrual cycle
modulate the subjective value of psychomotor stimulants (Justice et al., 1999; Justice et al.,
2000).

Similar to women, female rats are more sensitive to the psychomotor activating effects of
psychostimulants than are males. Female rats show greater behavioral sensitization after
repeated cocaine injections than do male rats (Glick et al., 1984; van Haaren et al., 1991; Chin
et al., 2002; Hu et al., 2003). They also acquire cocaine self-administration more readily than
male rats (Lynch et al., 1999; Lynch et al., 2001; Carroll et al., 2002; Hu et al., 2004).

Estradiol (E) is thought to modulate the reinforcing effects of cocaine (Roberts et al., 1989;
Grimm et al., 1997; Lynch et al., 2000; Lynch et al., 2001; Carroll et al., 2002; Hu et al.,
2004; Jackson et al., 2006). For example, female rats will work harder for cocaine during estrus
than during other phases of the estrous cycle (Roberts et al., 1989; Carroll et al., 2002) and E
treatment given to ovariectomized (OVX) rats enhances the motivation to self-administer
cocaine (Becker et al., 2007). When various doses of cocaine are available, female rats choose
higher doses of cocaine during estrus than during other phases of the estrous cycle (Lynch et
al., 2000). OVX females given E replacement acquire cocaine self-administration faster, and
at lower doses of cocaine, than do OVX females or male rats treated with vehicle (Hu et al.,
2004). Finally, E does not enhance cocaine self-administration in male rats (Jackson et al.,
2006).

In most previous studies, only a single dose of E has typically been used, and the doses of E
used by various laboratories can be quite different. The current study was conducted to
investigate whether the dose of E given acutely vs. chronic E delivery impacts acquisition of
cocaine self-administration and subsequent cocaine taking behavior in OVX female rats.

2. Materials and Methods
2.1. Subjects

Adult female Sprague-Dawley rats weighed 250–300 g at the beginning of the experiment
(Harlan Sprague-Dawley, Indianapolis, IN). Animals were housed individually under a 14:10
reverse light:dark cycle at a constant temperature of 20–21°C, and received a phytoestrogen-
free rodent chow (2014 Teklad Global 14% protein rodent maintenance diet, Harlan Teklad,
Madison, WI); carbon filtered tap water (to remove environmental contaminants) was
continuously available. All the procedures were carried out according to a protocol approved
by the University of Michigan Use and Care of Animals Committee.

2.2. Surgery
Approximately 1 week after arrival, all rats were ovariectomized (OVX) under isoflurane
anesthesia as described previously (Hu et al., 2003). Four days later animals underwent daily
vaginal lavage for 10 consecutive days to examine the cells of the vaginal epithelium and
determine if there had been cessation of the ovarian cycle. All animals were confirmed to have
complete ovariectomy.

Approximately 2–3 weeks after OVX surgery, rats were prepared with indwelling intravenous
jugular catheters connected to a back port. Jugular catheter construction and implantation were
based on previously described procedures (Weeks, 1972; Kalivas et al., 1993; Crombag et al.,
2000). Briefly, catheters were constructed by gluing silastic tubing (0.51 mm ID, 0.94 mm OD;
Dow Corning, Midland, MI.) to external guide cannulae. The cannulae were then glued to
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polypropylene mesh with cranioplastic cement. Animals were anesthetized with combination
of ketamine (45 mg/kg, i.p.) and medetomidine hydrochloride (0.3 mg/kg, i.p.). The free end
of the silastic tubing was inserted into the right jugular vein and secured with 4.0 silk sutures
around the venous tissue. The catheters exited dorsally on the animal’s back. Dummy stylets
were inserted into the catheters when rats were not connected to infusion pumps. Catheters
were flushed twice daily with 0.1 ml heparinized saline (30 U/ml, in sterile saline buffered at
pH=7.4) to prevent occlusions, and 0.1 ml gentamicin (0.08 mg/ml) to circumvent microbial
buildup in the catheter. For each self-administration session, catheters were flushed with 0.1
ml of saline before sessions began and with 0.08 ml gentamicin after each session.

2.3. Self-administration
Five days after surgery rats were placed into standard operant chambers (Med Associates, Inc.,
Georgia, VT) and were allowed to nose poke to obtain an i.v. infusion of cocaine on a Fixed
Ratio (FR)1 schedule of reinforcement during a 1-h session each day. Animals were not
pretrained to nose poke or given cocaine non-contingently during the session. Animals were
connected to an infusion syringe and tethered via a steel cable to a swivel, which was mounted
on a counterbalanced arm. This allowed the animal to move freely in the test cage. Each
response in the active hole produced a compound stimulus consisting of a white stimulus light,
a tone (85 dB), and an intravenous injection of 50 µl of cocaine HCl in saline delivered over
2.8 s. The compound stimulus occurred simultaneously with the cocaine injection and was
followed by a 5 s time out period, during which time further responses had no programmed
consequences but nose pokes were recorded. Nose pokes in the inactive hole were also
recorded, but had no programmed consequences.

As described previously (Hu et al., 2004), on the scheduled testing day, animals received 0.1
ml of peanut oil (OVX group and OVX+E Pellet group) or 17 β-estradiol (E) treatment in 0.1
ml peanut oil (s.c.) 30 min before the self-administration testing session (doses are given below
for the acute E treatment group). Daily 1-hour sessions of self-administration testing were given
for five consecutive days followed by two days off for five weeks. Hormones were not
administered during the two days off. The two days without treatment was designed to prevent
dopamine receptor super sensitivity, which develops with chronic elevation of serum E (Di
Paolo et al., 1981).

Responses at the 'active' hole resulted in the administration of the following doses of cocaine
HCl (mg/kg/infusion): week #1 - 0.2; week #2 - 0.3; week #3 - 0.4; week #4 - 0.5; and week
#5 - 0.75. An animal could receive a maximum of 50 infusions on any test day. This procedure
allowed us to determine the effect of dose on the acquisition of cocaine self-administration and
subsequent cocaine taking behavior as a function of treatment condition. At the beginning and
end of each week, the catheters were tested for patency by injecting intravenously 0.1 ml of
the short-acting Pentothal (thiopental sodium, 20 mg/ml in sterile water). Rats that did not
become ataxic within 5 s were excluded from the analysis.

Five groups of rats were given the opportunity to self-administer cocaine: (1) OVX + vehicle
(OVX; N=11); (2) OVX+ 1 µg 17β-estradiol (OVX+1 µg E; N=14); (3) OVX+ 2 µg 17β-
estradiol (OVX+2 µg E; N=13); (4) OVX+5 µg 17β-estradiol (OVX+5 µg E; N=14); 5) OVX
+ 1.5 mg 17β-estradiol pellet (OVX+E pellet; N=12). The pellet was implanted in the rat (s.c.)
1 week before self-administration testing, and was designed to chronically release 25 µg E /
day × 60 days (Innovative Research of America, Sarasota, Florida). Release rate was
empirically evaluated (see below).

Laboratories use a variety of criteria for defining acquisition of drug self-administration. Based
on previous work from this laboratory, acquisition was defined as three consecutive sessions
in which the response in the active hole for was 2X greater than the mean responding on the
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inactive hole for all groups during the first week (which was determined to be 6 nose pokes).
Thus, if a rat attained 12 infusions per day for three consecutive test sessions, it was considered
to have acquired self-administration behavior. The day of acquisition was considered to be the
first day of the 3 consecutive days an animal met the criterion.

2.4. Serum E analysis
Serum E concentrations were determined using a sensitive immunofluorimetric assay in
separate groups of animals. Separate groups were used in order to be able to control the time
from hormone administration to time of blood collection, and so that trunk blood could be
collected during the time when self-administration was taking place. All rats were assigned to
one of the following groups: OVX treated with Oil; 1 hr post-injection of 1µg E, 2 µg E or 5
µg E2; 24 hr post-injection of 1µg E, 2 µg E or 5 µg E2; 1 hr after daily injections, for 5
consecutive days, of 1µg E, 2 µg E or 5 µg E2; 24 hr after 5 consecutive daily injections of
1µg E, 2 µg E or 5 µg E2; 7 days after subcutaneous implant of a 1.5 mg E pellet (see table
one). At the scheduled time, the rat was killed by decapitation, blood was collected by
exsanguination, the blood was allowed to clot on ice, the serum was filtered and then frozen
at −80° C. The 17β-E immunofluorimetric assay was developed on an ACS-180 system
equipped with the manufacturer’s software and using E2-6 reagents supplied by Bayer
Diagnostics as described previously (England et al., 2002). The reporting range for the assay
is 1–200 pg/mL. The ACS Estradiol-6 Master Curve standards are manufactured and evaluated
by GC-MS. We report the following: Inter-assay coefficient of variation: 13.78%, Intra-assay
coefficient of variation: 8.51%. All E2 samples were measured at the same time, in the same
assay.

2.5. Statistical Analyses
All data were analyzed using the computer program Prism 4 for the Macintosh. Comparisons
were made by analysis of variance (ANOVA) with repeated measures and subsequent post-
hoc comparisons with Bonferroni’s Multiple Comparison test or Fisher’s Least Significant
Difference Test. Acquisition of self-administration was evaluated by survival curve testing and
chi-square analysis. Data were deemed significant when p<0.05.

3. Results
3.1. Serum E concentrations

As shown in Table 1, the injections of E induced a dose-dependent increase in serum E
concentrations. The serum E concentrations achieved 1 hour after one s.c. injection with 1 or
2 µg E were in the physiological range for the proestrus rat (Butcher et al., 1974;Henderson et
al., 1977a;Henderson et al., 1977b), and returned to OVX levels within 24 hours. There was
no difference in the serum E concentration seen one hour after the fifth injection of 1 or 2 µg
E (over five consecutive days) when compared with serum values after one injection (Table
1). After one or five consecutive injections of 5 µg E, the serum concentrations of E were
significantly higher than the physiological levels for E in the proestrus rat (Table 1).
Furthermore, 24 hours post-injection of 5 µg E, serum concentrations were significantly greater
than seen for OVX animals (p<0.05), suggesting that there was an accumulation of E with this
dose of E, although this could also be due to variability across individual animals. In OVX rats
that received a 1.5 mg E pellet implanted 1 week before self-administration testing, the serum
concentrations of E were 1541.5±156.5 pg/ml (see Table 1).

3.2. Effect of acute E on acquisition of cocaine self-administration
Acute E enhanced the acquisition of cocaine self-administration. Figure 1 shows the percentage
of rats that met criteria for cocaine self administration in the 5 groups across the 25 testing
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sessions. Survival curve testing was conducted for data across the first three weeks (after which
all but eight animals had acquired). There was a significant effect of E treatment on the
percentage of rats that acquired cocaine self-administration (Chi square = 9.726, DF = 4,
p=0.05). The OVX+2 µg E animals acquired cocaine self-administration in fewer days than
the OVX (p<0.0058) and OVX+E pellet groups (p<0.0051); and there was a trend for the group
to acquire faster than OVX+5 µg E (p<0.063). There were no significant differences among
other groups in the day of acquisition.

Figure 2 provides a summary of the mean (+SEM) number of cocaine infusions for each group
during each of the 5 weeks of testing. There was a main effect of treatment group, F4,16=10.55,
p<0.0001; and an effect of dose of cocaine, F4,296=9.25, p<0.0001; with no interaction. The
OVX group took fewer infusions at 0.2 mg/kg/inf than they did at 0.4 or 0.5 mg/kg/inf (p<0.05).
At 0.3 mg/kg/inf the OVX group took fewer infusions than they did at 0.5 mg/kg/inf (p<0.05).
The OVX+ 1 or 5 µg E groups did not differ in the number of infusions received throughout
the 5 weeks of testing. The OVX+2 µg E group received more infusions when the dose was
0.3 mg/kg/inf than they did when the dose was 0.2 or 0.75 mg/kg/inf (p<0.05) and more
infusions at 0.4 mg/kg/inf than with 0.75 mg/kg/inf (p<0.05). The E-pellet group received
fewer infusions when the dose was 0.2 mg/kg/inf than when the dose was 0.4 or 0.5 mg/kg/inf
(p<0.05). When groups were compared, the OVX+2 µg E group received more infusions than
the OVX group at 0.3 mg/kg/inf (p<0.05).

3.3. Effect of acute E on total cocaine intake
There was a significant effect of dose of cocaine and dose of estradiol in a two-way ANOVA
(effect of dose of estradiol F4,296=7.76, p<0.0001; effect of dose of cocaine F4,296=93.26,
p<0.0001; no interaction). Daily cocaine intake (mg/kg) was analyzed for each dose of cocaine
using an one-way ANOVA. At 0.2 mg/kg/infusion, animals were still acquiring cocaine self-
administration and there was no effect of dose of estradiol. During the second week, when rats
received 0.3 mg/kg/infusion of cocaine, there was a significant effect of hormone treatment
(F4,59=2.52, p<0.05). Post-hoc pairwise comparisons indicated that the OVX control group
received less cocaine than the OVX+1 µg E2 (p<0.05) or OVX+2 µg E (p<0.01) groups (Figure
3). During the third week, when rats received 0.4 mg/kg/infusion of cocaine, there was a
significant effect of hormone treatment (F4,59=3.005, p=0.0252). Post-hoc pairwise
comparisons indicated that OVX+2 µg E rats took more cocaine than OVX (p<0.05). OVX +1
µg E rats took more cocaine than OVX (p<0.05). There were no differences among the groups
at 0.5 mg/kg/infusion or 0.75 mg/kg/infusion.

4. Discussion
In the present study, we replicated our earlier observation that acute E facilitates the acquisition
of cocaine self-administration behavior in OVX rats (Hu et al., 2004). More importantly, we
find that the effect of acute E on acquisition of cocaine self-administration has an inverted U-
shaped dose-response curve with an apparent peak effect around 400 pg/ml E in serum
(estimated from serum concentrations in separate groups of rats). In contrast, OVX rats with
E pellets that deliver a high dose of E were not different from OVX. These results indicate that
acute E enhances acquisition of cocaine-taking behavior in female rats, while chronic treatment
with E, at least at this dose, does not.

When considering the data from the three figures together, it is apparent that the OVX group
did not readily acquire self-administration at the 2 lower doses of cocaine (70% did not meet
criteria for acquisition in week one at 0.2 mg/kg/inf, 30% did not meet criteria for acquisition
in week two at 0.3 mg/kg/inf), and 20% of animals never met the criterion at any dose.
Interesting, the animals that did not meet the criterion were exhibiting steady rates of nose
pokes in the active hole, but at a low frequency. In the groups receiving 1 or 2 µg E, 100% of
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animals reach criteria for acquisition by early in week 3, and maintained responding at a steady
rate thereafter. Conversely, in the 5 µg E and E-pellet groups not all animals met the criterion
for acquisition of cocaine self-administration, but as was seen in the OVX animals some
maintained a low rate of responding throughout testing. The differences among the groups
reported here are primarily due to differences rates of responding for cocaine at 0.3 and 0.4
mg/kg/infusion, with physiological doses of E resulting in more avid responding than vehicle
or high/chronic doses of E.

In many studies of the effects of E in OVX rats, serum concentrations of E are not reported.
In the present study, plasma E concentrations after gonadectomy and E replacement were
analyzed in different groups of rats. As expected, OVX animals had low serum concentrations
of E, although the values reported here are somewhat higher than those obtained from
radioimmunoassays conducted with commercial kits [e.g., (Stupka et al., 2001; Walker et al.,
2001). Serum E concentrations produced by the 2 lower doses of E used in this study were
within the high physiological range for E in the proestrus rat (Butcher et al., 1974), although
there is considerable variability in the values reported for proestrus when only one or two time
points are taken (Walker et al., 2001; Haim et al., 2003). The differences in values may be due
to different strains of rat used, light cycle differences, or assay differences.

Commercially produced E pellets or 5 µg E resulted in higher E levels in serum than would be
considered to be physiological, and serum concentrations were elevated for prolonged periods
of time. The fact that the commercial pellets produced such high serum E concentrations one
week after implantation suggests that the release of E from these pellets does not reach a low
physiological steady state within 48 hours as indicated by the manufacturer. A high rate of E
release from these pellets during the first 2 weeks has been reported by others (Haim et al.,
2003; Theodorsson et al., 2005), so caution is needed when using and evaluating the effect of
these pellets.

In previous studies, chronic elevation of E has been reported to have no effect or even to
attenuate cocaine self-administration maintained under fixed ratio or progressive ratio
schedules of reinforcement (Grimm et al., 1997). The results presented here may help to
reconcile reports that report E facilitates cocaine self-administration with results that failed to
find an enhancement of self-administration after treatment with high doses of E or chronic E
treatment.

The effect of E on acquisition of cocaine self-administration may be mediated by its well-
characterized actions on dopamine (DA) neurotransmission (Becker et al., 1981; Di Paolo et
al., 1985; Becker et al., 1986; Becker, 1990b, a; Di Paolo, 1994; Thompson et al., 1995; Xiao
et al., 1997; Becker et al., 1999; Becker et al., 2001). Acute E increases stimulated DA release
in striatum and nucleus accumbens (Becker, 1990b, a; Becker et al., 1999; Becker et al.,
2001) and enhances DA reuptake in nucleus accumbens (Thompson et al., 1995). Importantly,
there is an inverted U-shaped curve dose-response for the effect of E on amphetamine-
stimulated DA release in vitro, where physiological doses enhance DA release and supra-
physiological doses do not (Becker, 1990a). Given that these mesotelencephalic dopamine
systems are thought to mediate psychostimulant-induced behavioral sensitization and reward
(Wise, 1987; Robinson et al., 2000), it is likely that the ability of E to facilitate dopaminergic
activity contributes to its enhancement of cocaine self administration.

In contrast, extremely high doses of E or chronic treatment with physiological doses of E have
been shown to induce down regulation of presynaptic DA activity (Di Paolo et al., 1982; Di
Paolo et al., 1983; Morissette et al., 1993a) and produce DA receptor supersensitivity (Hruska
et al., 1980; Di Paolo et al., 1981; Hruska et al., 1982; Hruska, 1986; Morissette et al., 1992;
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Morissette et al., 1993b, a). These effects of chronic E on DA functional activity may have
contributed to discrepant findings on the effects of E on cocaine self-administration.

In conclusion, the effects of circulating E on cocaine self-administration behavior described
here may be related to the growing evidence for sex differences in drug use and abuse in humans
discussed above. Effects of circulating ovarian hormones may facilitate the acquisition of a
cocaine habit for women. Incorporating considerations of gender and hormonal status is critical
to designing appropriate prevention, intervention, and treatment strategies for women.
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Figure 1.
The percentage of animals that met criteria for acquisition of cocaine self-administration each
day. OVX rats treated with estradiol or vehicle were tested 5 days a week for 5 weeks with
increasing doses of cocaine each week.
Open circles - OVX; closed triangles - 1 µg E; closed circles - 2 µg E; open diamonds - 5 µg
E; closed squares - E-pellet.
*There was a significant effect of 2 µg treatment on the percentage of rats that acquired self-
administration during week 2 relative to the OVX and OVX+pellet groups (p<0.01).
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Figure 2.
Mean number (+SEM) of infusions/day for each group/week. Bars represent different doses
of cocaine; legend is on the figure.
++ The OVX group took fewer infusions at 0.2 than they did at 0.4 or 0.5 mg/kg/inf and fewer
infusions at 0.3 than with 0.5 mg/kg/inf (p<0.05).
** The OVX+2µg E group received more infusions at 0.3 than with 0.2 or 0.75 mg/kg/inf
(p<0.05).
* The OVX+2µg E group received more infusions at 0.4 than with 0.75 mg/kg/inf (p<0.05).
+ The OVX E-pellet group received fewer infusions at 0.2 than they did at 0.4 or 0.5 mg/kg/
inf (p<0.05).
a – Indicates that these two groups are different (p<0.05).
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Figure 3.
Mean cocaine intake (mg/kg) per day at each dose of cocaine (+SEM). There was a significant
effect of E treatment on the total cocaine intake when rats received 0.3 and 0.4 mg/kg/infusion
of cocaine; legend is on the figure.
* Indicates p<0.05 relative to OVX; ** indicates p<0.01 relative to OVX.
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Table 1
Serum concentrations of E (pg/ml, mean ± SEM)) after hormone administration

Group: 1 µg 2 µg 5 µg
1 hr after 1 injection1 244.7±51.7 N=4* 407.5±58.5 N=5* 1146.2±107.8 N=5***
24 hr. after 1 injection 55.8±8.0 N=4 35.3±4.2 N=5 73.5±14.7 N=4
1 hr. after 5 consecutive daily injections 265.9±30.9 N=4* 577.9±35.1 N=5** 1025.0±99.8 N=5***
24 hr. after 5 consecutive daily injections 42.0±5.0 N=5 56.1±3.9 N=4 102.4±23 N=4
OVX 36.7±3.0 (N=5)
E pellet 1541.5±156.5 (N=4)*
*
Significantly greater than serum E in OVX rats (p<0.05).

**
Significantly greater than serum E in OVX rats and rats that received 1 µg of E (p<0.05).

***
Significantly greater than serum E in OVX rats and rats that received 1 or 2 µg of E (p<0.05).

1
Results at 1 hour reported in Yang et al (Yang et al., 2007) and repeated here for completeness.
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