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(1) 53–
57, 1999.—There are estrous cycle-dependent differences in amphetamine-stimulated behaviors and striatal dopamine (DA)
release; intact female rats exhibit a greater behavioral response to amphetamine on estrus than on other days of the cycle.
Following ovariectomy amphetamine-induced behavior is attenuated, as is the striatal DA response to amphetamine in vitro.
Repeated estrogen treatment in ovariectomized rats reinstates both of these responses to a level comparable to estrous fe-
males. In addition, 30 min after a single treatment with a physiological dose of estrogen there is enhanced amphetamine-
induced behavior and increased amphetamine-induced striatal DA detected during microdialysis. This experiment was con-
ducted to determine whether the acute effect of estradiol and the effect of repeated exposure to estrogen are functionally
related. We report here that prior treatment with estrogen (three daily treatments of 5 

 

m

 

g estradiol benzoate) results in a sig-
nificant enhancement of the effect of acute estrogen (5 

 

m

 

g estradiol benzoate) or progesterone (500 

 

m

 

g) on amphetamine-
induced striatal DA release and stereotyped behaviors. Both the peak response and the duration of the response are greater
in estrogen-primed animals treated with estrogen or progesterone 30 min prior to amphetamine, than in all other groups. Ei-
ther prior treatment with estrogen (last dose 24 h before) or a single acute injection of estrogen result in an enhanced peak re-
sponse to amphetamine, with no effect on the duration of amphetamine-induced striatal DA release. Treatment with proges-
terone in animals not primed with estrogen was not different from treatment with oil vehicle. These results demonstrate that
there are both acute and long-term effects of estrogen on the striatum that underlie the dynamic changes in stimulated DA
release and amphetamine-induced behaviors during the reproductive cycle. © 1999 Elsevier Science Inc.
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THE gonadal hormones, estrogen and progesterone, modulate
behavioral and neurochemical indices of activity in the stria-
tum [e.g., 1,4,7,15,16,20,24,26,30,32,41]. During estrus, am-
phetamine (AMPH)-induced striatal dopamine (DA) release
is enhanced relative to other days of the estrous cycle (6–8) as
is striatal DA metabolism and basal striatal extracellular DA

(31,42), while striatal DA uptake sites are highest on the
morning of proestrus (37). There is also estrous cycle-depen-
dent variation is striatal DA receptor binding (14,35). Behav-
iorally, female rats show a greater response to striatal DA ac-
tivation during estrus (6–12 h after the surges of estrogen and
progesterone) than 24 h later on diestrus 1 (6,8,33,39). Female
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rats also make fewer foot placement errors on estrus, com-
pared with diestrus 1 or early proestrus, when traversing a
suspended beam (9).

Ovariectomy attenuates striatal DA release and behaviors
thought to be mediated by the striatal DA system (4,5,7,38).
When ovariectomized (OVX) rats are treated for 3 days with
estrogen, subsequent administration of either estrogen or
progesterone enhances stimulated striatal DA release (4,5,7).
Estrogen priming is necessary for progesterone to enhance
stimulated striatal DA release in vitro (24). These effects of
estrogen and progesterone occur coincident with an enhanced
behavioral response to AMPH. Thus, relative to periods of
low circulating hormones, during behavioral estrus or after
repeated estrogen treatment, female rats exhibit greater
rotational behavior and more intense stereotyped behavior
(4–6,8).

The acute administration of estrogen to OVX rats also in-
duces a rapid increase in AMPH-induced striatal DA release,
30 min later, as detected by in vivo microdialysis (3,11). In ad-
dition, estrogen rapidly induces an increase in striatal DA
turnover (19) and downregulates D

 

2

 

 class DA receptors (1).
These effects are thought to be due to a direct effect of estro-
gen on the striatum, as physiological concentrations of estro-
gen in vitro rapidly enhance AMPH- or K

 

+

 

-induced striatal
release (2), and interfere in vitro with the GTP-induced affin-
ity shift of D

 

2

 

 DA receptors (36).
This experiment was conducted to directly compare the ef-

fects of acute estrogen treatment with the effects of repeated
estrogen treatments on AMPH-induced DA in dialysate and
stereotyped behavior. We also directly compare the effects of
estrogen vs. progesterone with and without estrogen priming.
We find that there are both acute and long-term effects of es-
trogen on the striatal DA response to AMPH, but that the
acute effects of progesterone require estrogen priming.

 

METHOD

 

Adult female Sprague–Dawley rats weighing 175–200 g
(Reproductive Science Program, University of Michigan,
Ann Arbor) were maintained on a 14L:10D cycle with free
access to food and water. They were housed two to three ani-
mals per cage until stereotaxic surgery, after which they were
housed individually. All procedures were carried out using a
protocol approved by the University of Michigan Care and
Use of Animal Committee.

The rats were ovariectomized (OVX) under methoxyflu-
rane anesthesia using sterile/aseptic conditions. Vaginal
smears were taken for 10 days post-OVX and animals that
continued to have cornified cells in the vaginal epithelium
were eliminated from the study. At least 2 weeks after OVX,
rats were anesthetized using sodium pentobarbital and guide
cannulae (8 mm long; 25 gauge extrathin wall) were im-
planted bilaterally, 1 mm ventral to the top of the skull. Both
cannulae were aimed for the dorsolateral striatum with coor-
dinates from bregma, skull flat: anterior 0.2 and lateral 3.5.
The cannulae were fixed into place using dental acrylic, and a
stylet (8.5 mm) was inserted into each to prevent occlusion.
Guide cannulae were implanted bilaterally to minimize loss
of animals from the study. Only one set of data points was
used for each animal. If both sites were confirmed to be ap-
propriate by histology, and both probes functioned normally
on the day of dialysis (the two sides were tested at the same
time), the mean values of the two sides were used for that an-
imal. If only one probe met the criteria, data from that one
side was used for the analysis.

Dialysis probes were constructed based on the design de-
scribed previously (40). The dialysis fiber was a semiperme-
able membrane with a molecular cutoff of 6000 and outer di-
ameter of 0.25 mm (Spectrum Medical Industries, Los
Angeles, CA). The probes were tested for recovery in vitro
prior to the experiment. During recovery, a Ringer’s solution
(145 mM NaCl

 

2

 

, 2.7 mM KCl, 1.2 mM CaCL

 

2

 

, 1.0 mM MgCl

 

2

 

,
0.25 mM ascorbic acid; pH 

 

5

 

 7.3) was pumped through the
probe at a flow rate of 1.5 

 

m

 

l/min. A solution of Ringers con-
taining also 200 ng/ml of DA, homovanillic acid (HVA), and
dihydroxyphenylacetic acid (DOPAC) was warmed to 37

 

8

 

C
and the probe was placed into the solution for 1 h. Samples
were collected at 15-min intervals. Recovery was calculated as
the percent of each compound collected from the probe, rela-
tive to the amount in the solution after warming to 37

 

8

 

C. Only
probes that recovered between 16 and 20% were used in dial-
ysis. Twelve to 18 h before the beginning of an experiment, di-
alysis probes were inserted through the guide cannulae to a
depth of 6.25 mm ventral to the skull. The Ringer’s were
pumped through the probes at a constant rate of 1.5 

 

m

 

l/min
using a Harvard Apparatus pump (Holliston, MA). On the
day of dialysis, samples were collected at 15-min intervals, and
DA concentrations were assayed by high-performance liquid
chromatography with electrochemical detection (6). DA con-
centrations were corrected for recovery as determined for
each probe prior to the day of dialysis (amount of DA was di-
vided by the % recovery and multiplied by 100).

At least 1 week after guide cannulae implantation, animals
were primed with 5 

 

m

 

g estradiol benzoate (EB primed) in 0.1
ml peanut oil (SC) or peanut oil (0.1 ml; OIL primed), at 72,
48, and 24 h prior to dialysis. This dose of EB has been deter-
mined to produce serum concentrations of estradiol compara-
ble to the physiological peak of estradiol during estrus (10,27).
On the day of dialysis, six to eight baseline samples were
taken at 15-min intervals to determine basal DA release. Af-
ter baseline was determined to be stable, the animals received
either 5 

 

m

 

g of EB, 500 

 

m

 

g progesterone (P), or oil. Groups:
EB primed 

 

1

 

 EB (

 

n

 

 

 

5

 

 7); EB primed 

 

1

 

 OIL (

 

n

 

 

 

5

 

 8); OIL
primed 

 

1

 

 EB (

 

n

 

 

 

5

 

 9); OIL primed 

 

1

 

 OIL (

 

n

 

 

 

5

 

 8); EB primed 

 

1

 

P (

 

n

 

 

 

5

 

 8); or OIL primed 

 

1

 

 P (

 

n

 

 

 

5

 

 8). Thirty minutes later all
animals received 2.5 mg/kg AMPH. Following AMPH admin-
istration, the animal’s behavior was videotaped, and stereo-
typed head and forelimb movements were each counted dur-
ing bins at 7.5-min intervals [coinciding with the dialysis
collection intervals; (11)]. A subgroup of each group of the
P-treated rats received P 4–5 h prior to AMPH (EB primed 

 

1

 

P, 

 

n

 

 

 

5

 

 5; OIL primed 

 

1

 

 P, 

 

n

 

 

 

5

 

 3). Statistical comparisons by
analysis of variance (ANOVA) indicated there was no effect
of the time of P treatment (30 min vs. 4–5 h) on either the
neurochemical or behavioral response to AMPH, and so the
OIL-primed 

 

1

 

 P group and the EB-primed 

 

1

 

 P group each
contain some animals that received P 30 min prior to AMPH,
and others that received P 4–5 h before AMPH.

After dialysis, the rats received a lethal dose of sodium
pentobarbital and were perfused with 0.9% saline followed by
10% formalin. The brains were removed, sectioned at 40 

 

m

 

m,
and stained with cresyl violet to determine the position of the
probe in the brain. Data from animals with probe placement
outside of dorsolateral striatum were eliminated from the
study. The numbers above indicated the final number of ani-
mals included in the analysis; six animals were eliminated due
to probe placement.

Statistical analyses of behavioral and neurochemical data
were performed using repeated-measures analysis of variance
(ANOVA) with Bonferroni/Dunn post hoc group compari-
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sons using Statview 4.5 for the Macintosh Computer. All six
groups were compared in a single ANOVA for each of the
measures (i.e., extracellular DA; head and forelimb move-
ments), as rats from each of the groups were tested over the
same time period in a random order.

 

RESULTS

 

In female rats primed with EB and receiving EB or P prior
to AMPH, the AMPH-induced increase in extracellular stri-
atal DA [main effect of group, 

 

F

 

 (5, 42) 

 

5

 

 12.609, 

 

p

 

 

 

,

 

 0.0001;

 

p

 

 

 

,

 

 0.01 in post hoc pair-wise comparisons] and stereotyped
head and forelimb movements [main effect of group 

 

F

 

 (5, 42) 

 

5

 

22.347, 

 

p

 

 

 

,

 

 0.0001; 

 

p

 

 

 

,

 

 0.05 in post hoc pair-wise compari-
sons] were significantly greater than for all other groups (Figs.
1 and 2). On both measures there was a significant group 

 

3

 

time interaction [DA, 

 

F

 

 (35, 294) 

 

5

 

 6.74, 

 

p

 

 

 

,

 

 0.0001; stereo-
typed behaviors: 

 

F

 

 (35, 294) 

 

5

 

 2.38, 

 

p

 

 

 

,

 

 0.0001] as the groups
showed different patterns of change over time (Figs. 1 and 2).
The AMPH-induced increase in DA in dialysate and stereo-
typed behavior, for both the EB-primed 

 

1

 

 OIL group and the
OIL-primed 

 

1

 

 EB group, were significantly greater than the
OIL-primed 

 

1

 

 OIL group or OIL-primed plus P group (

 

p

 

 

 

,

 

0.05). There were no significant differences in the stereotyped
head and forelimb movements or in striatal DA concentra-
tions in dialysate when the EB-primed 

 

1

 

 OIL group and the
OIL-primed 

 

1

 

 EB group were compared (Fig. 1).
In female rats primed with EB, and receiving P prior to

AMPH, the AMPH-induced increase in striatal DA (

 

p

 

 

 

,

 

0.05) and stereotyped head and forelimb movements (

 

p

 

 

 

,

 

0.05) were significantly greater than for the group receiving P
without EB-priming or the OIL control group (Fig. 2). There
were no significant differences in stereotyped head and fore-
limb movements or in striatal DA concentrations in dialysate
when the OIL-primed 

 

1

 

 OIL group and the OIL-primed plus
P group were compared (Fig. 2).

The time course of the AMPH-induced increase in striatal
DA also varied across groups (Fig. 1A). At 30 min post-
AMPH the increase in DA was comparable for the EB-
primed 

 

1

 

 EB group, the EB-primed 

 

1

 

 OIL group, and the
OIL-primed 

 

1

 

 EB group, and all three groups were greater
than the OIL-primed 

 

1

 

 OIL group (

 

p

 

 

 

,

 

 0.05). At 45 min
post-AMPH the DA in dialysate from the EB-primed 

 

1

 

 EB
group continued to increase while in the EB-primed 

 

1

 

 OIL
and OIL-primed 

 

1

 

 EB groups DA concentrations were al-
ready declining. Thus, 45–75 min post-AMPH the DA in di-
alysate from EB-primed 

 

1

 

 EB-treated animals was signifi-
cantly greater than for the EB-primed 

 

1

 

 OIL, OIL-primed 

 

1

 

EB or OIL-primed 

 

1

 

 OIL groups (

 

p

 

 

 

,

 

 0.05). During the in-
terval from 45–60 min post-AMPH, DA in dialysate from the
EB-primed 

 

1

 

 EB group was also greater than that seen in the
EB-primed 

 

1

 

 P group (

 

p

 

 

 

,

 

 0.05; Fig. 1A vs. Fig. 2A). How-

FIG. 1. (A) The effect of EB with or without EB priming on the
AMPH-induced (2.5 mg/kg) increase in DA in dialysate from dorso-
lateral striatum. DA concentrations are expressed in fmol/15 min
sample (mean 6 SEM). Basal extracellular DA concentrations (fmol/
15 min; mean 6 SEM)—EB-primed 1 EB: 49.5 6 7.4; OIL primed 1
EB: 50.1 6 5.9; EB primed 1 OIL: 46.7 6 4.0; OIL primed 1 OIL:
57.2 6 10.3. (B) The effect of EB with or without EB priming on
AMPH-induced stereotyped behaviors (head and forelimb move-
ments) made in a 30-s sample time taken every 7.5 min. The sum of
two observations were used for each 15-min interval (mean 6 SEM).
Closed circles: EB primed 1 EB, n 5 7; open circles: OIL primed 1
EB, n 5 9; closed triangles: EB primed 1 OIL, n 5 8; open squares:
OIL primed 1 OIL, n 5 8. **Rats that received EB-PRIMED 1 EB
showed significantly greater AMPH-induced DA in dialysate and
greater stereotypy than all EB-treated groups for the entire 2-h
period of sample collection (overall ANOVA; p , 0.05). *EB-
PRIMED 1 OIL and OIL-PRIMED 1 EB groups showed a greater
increase (p , 0.05) in AMPH-induced DA in dialysate and greater
stereotypy than did the OIL PRIMED 1 OIL. †On individual time
point comparisons EB PRIMED 1 EB . OIL PRIMED 1 OIL (p ,
0.05). ††On individual time point comparisons EB PRIMED 1 EB .
OIL PRIMED 1 OIL, OIL PRIMED 1 EB, and EB PRIMED 1
OIL (p , 0.05) and EB PRIMED 1 OIL and OIL PRIMED 1 EB .
OIL PRIMED 1 OIL (p , 0.05). ‡On individual time point compari-
sons EB PRIMED 1 EB . OIL PRIMED 1 OIL and OIL
PRIMED 1 EB (p , 0.05).

FIG. 2. (A) The effect of P treatment with or without estrogen prim-
ing on the AMPH-induced (2.5 mg/kg) increase in DA in dialysate
from dorsolateral striatum. DA concentrations are expressed in fmol/
15 min sample). Basal extracellular DA concentrations (fmol/15 min;
mean 6 SEM)—EB primed 1 P: 45.6 6 1.7; OIL primed 1 P: 42.1 6
3.2; OIL primed 1 OIL: 57.2 6 10.3 (same data as Fig. 1). (B) The
effect of P treatment with and without estrogen priming on AMPH-
induced stereotyped behaviors (head and forelimb movements) made
in a 30-s sample time taken every 7.5 min. The sum of two observa-
tions were used for each 15-min interval (mean 6 SEM). Closed
squares: EB primed 1 P, n 5 9; open triangles: OIL primed 1 P, n 5
8; open squares: OIL PRIMED 1 OIL, n 5 8 (same data as in Fig. 1).
*Rats that received EB PRIMED 1 P showed significantly greater
AMPH-induced DA in dialysate and greater stereotypy than other
groups depicted for the entire 2-h period of sample collection. †On
individual time point comparisons EB PRIMED 1 P . OIL
PRIMED 1 OIL (p , 0.05). ††On individual time point comparisons
EB PRIMED 1 P . OIL PRIMED 1 OIL and OIL PRIMED 1 P
(p , 0.05). 
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ever, at 15 and 30 min post-AMPH the increase in DA was
greater for the EB-primed 1 P group than for the OIL-
primed 1 P group and the OIL-primed 1 OIL group (p ,
0.05). At 45 min post-AMPH the DA in dialysate from the
EB-primed 1 P group began to decline, and was significantly
greater than the OIL-primed 1 OIL group (p , 0.05). At 45–
105 min post-AMPH the DA in dialysate from EB-primed 1
P-treated animals continued to be greater than for OIL-
primed 1 OIL groups (p , 0.05).

The time course of AMPH-induced stereotyped head and
forelimb movements (Fig. 1B) mirrors the group differences
in DA in dialysate (Fig. 1A). During the first 30 min after
AMPH, the EB-primed 1 EB group exhibited greater stereo-
typed behaviors than did the OIL-primed 1 OIL group. Dur-
ing the intervals from 45–105-min post-AMPH, the EB-
primed 1 EB group had significantly more stereotyped head
and forelimb movements than did the OIL-primed 1 OIL
group and the OIL-primed 1 EB group (p , 0.05). During
the last 15-min interval, the EB-primed 1 EB group was sig-
nificantly greater than the OIL-primed 1 OIL, OIL-primed 1
EB, and EB-primed 1 OIL groups (p , 0.05; Fig. 1B).
Throughout the 120-min post-AMPH, the the EB-primed 1 P
group exhibited greater stereotypy than did the OIL-primed 1
OIL group or the OIL-primed 1 P group (p , 0.05; Fig. 2B).

DISCUSSION

The results of the experiments reported illustrate that
physiological doses of estrogen can have both rapid (,1 h)
acute effects and long-term (.24 h) effects on the AMPH-
induced increase in striatal DA and DA-mediated behaviors.
Furthermore, the combined effect of repeated estrogen treat-
ments and acute estrogen produces a greater effect on these
measures than either acute or repeated treatments indepen-
dently. Interestingly, repeated estrogen treatments also
primes the striatum to be responsive to P, although P by itself
is without effect on AMPH-induced DA in dialysate or
AMPH-induced stereotyped behaviors. These results indicate
that the dramatic changes in striatal DA responsiveness that
occur during the estrous cycle are due to the combined effects
of exposure to increasing serum estrogen concentrations dur-
ing the 4-day estrous cycle and the acute effects of the surges
of estrogen and progesterone that occur on the afternoon of
proestrus.

Either acute estrogen or repeated estrogen followed by 24-h
withdrawal produces an enhancement in the peak of AMPH-
induced DA in dialysate (see Fig. 1A). The combined treat-
ment of repeated and acute estrogen results in an even
greater, but delayed peak, and a broadening of the striatal
DA response to AMPH. Thus, there is a greater effect of re-

peated and acute EB treatment. Acute actions are thought to
be due to direct effects of estrogen on the striatum to increase
DA turnover and enhance stimulated DA release (2,19,43).
Prolonged or repeated estrogen treatments elevate serum
prolactin, produce DA receptor supersensitivity, and can af-
fect DA turnover. These DA receptor changes appear to be
mediated both by indirect effects of estrogen on prolactin as
well as through prolactin-independent effects of estrogen
(12,13,14,17,18,28,29). During the estrous cycle, DA turnover
increases during estrus and falls during proestrus (25). The re-
sulting behavioral effects reported here are likely to be due to
the combined effects of repeated EB and acute EB or P on
striatal DA release, DA turnover, and DA receptor binding.

Interestingly, the hormone regimen given here has not
been found to produce changes in DA receptor binding that
would predict the behavioral results reported. Experiments
using quantitative autoradiography to measure D2 DA recep-
tor binding find that 30 min after a single injection of EB, D2
DA receptor binding is decreased. Furthermore, there was no
effect of EB priming 1 P on D2 DA receptor binding (1).
Thus, changes in DA turnover and in AMPH-induced DA re-
lease following estrogen treatment are likely to be the pri-
mary cause of the behavioral effects reported.

The finding that in EB-primed rats, P enhances AMPH-
induced DA in dialysate is consistent with previous reports
that effects of P on striatal DA release in vitro are dependent
on estrogen priming (20–24). Estrogen is thought to induce
membrane receptors for progesterone in the striatum, which
mediate this effect (34). Thus, during the estrous cycle when
both estrogen and progesterone are present, estrogen is pre-
sumably acting at many sites both within the striatum and
elsewhere to induce the cyclic changes in sensitivity to
dopaminergic drugs that are seen [e.g., (2,6,8,9)].

The results reported here are important for our under-
standing of how estrogen affects stimulated striatal DA activ-
ity. The finding that there are combined effects of acute and
repeated estrogen suggest that the timing of drug delivery
may be important for the effectiveness of estrogenic drugs on
sensorimotor functions. Given the high rate of use of hor-
mone replacement therapy in postmenopausal women, and
the incidence of Parkinson’s Disease in an aging population,
an improved understanding of the interactions among modes
of estrogen treatment and basal ganglia function may eventu-
ally lead to more effective hormone replacement and drug
treatment strategies for women.
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