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JOYCE, J. N., E. MONTERO AND C. Van HARTESVELDT. Dopamine-mediated behaviors: Characteristics of mod-
ulation by estrogen. PHARMACOL BIOCHEM BEHAV 21(5) 791-800, 1984.—Several behaviors produced by
intrastriatal injection of dopamine (DA) and amphetamine (AMPHET) in ovariectomized (OVX) rats were each modulated
by estradiol benzoate (EB) in different ways. Contralateral postural deviation and rotation, induced by unilateral injections
of DA and AMPHET into the dorsal striatum, were differentially suppressed with EB treatment. Postural deviation was
suppressed by /2 hour after a single treatment with EB (2 ug). In contrast, suppression of contralateral rotation required
two treatments with EB separated by an interval of 48 or 96 hours, and the suppression was observed at 24 hours after the
last treatment with EB. However, treatment with the antiestrogen CI-628 blocked the suppressive effects of EB on either
behavior. The enhanced locomotion produced by bilateral injections of AMPHET into the ventral striatum was not
suppressed with EB. In fact, AMPHET-enhanced locomotor activity decreased after a 3-week absence of estradiol as a
consequence of OVX, and was returned to early OVX levels by EB. Therefore, postural deviation, rotation, and locomotor
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activity are mediated by different underlying mechanisms in the striatum and are affected differently by estradiol,
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PREVIOUS research has shown that estrogen can modulate
the behavioral responses induced by the systemic injection
of dopaminergic (DA) agonists [9] or the intrastriatal injec-
tion of dopamine [13], producing first a suppression and later
an enhancement of the behavioral response measured. How-
ever, those studies employed very large doses of estradiol
benzoate (EB), and the effects observed may have been due
to a non-physiological action of EB. To begin to determine
whether physiological levels of estradiol can alter behaviors
regulated by striatal DA, we have tested behavioral re-
sponses to intrastriatal DA and amphetamine (AMPHET) at
various times during the estrous c¢ycle [14]. Contralateral
postural deviation and rotation elicited by both drugs were
suppressed on the morning of proestrus, when serum es-
tradiol levels are high, and elevated on the morning of estrus,
when they are low. However, other hormones such as
progesterone are also changing during this time, and thus the
results may not be attributable to estradiol alone. It is impor-
tant to test whether estradiol itself can elicit both behavioral
changes, and at appropriately low doses. Prevously, other
experimenters have used high doses of EB in the range of 50
to 150 ug to suppress striatal DA-mediated behaviors [10, 13,
23], and have observed a reversal of this suppression only
24-48 hours later [9,13]. However, since doses of EB in the
range of 1-3 pg given subcutaneously can induce sexual re-
ceptivity [7, 8, 18], we decided to determine whether a dose
of EB in this low range can significantly modulate striatal
DA-mediated behaviors. If both the early suppression and

later elevation of postural deviation and rotation are related
to the effects of physiological levels of EB, then both effects
should be observed. In addition, if the effects of EB are
specific to estrogens, they should be reversed by an
antiestrogen; in the present experiment we administered
CI-628, an anti-estrogen, following the EB.

It is possible that the rotational response to intrastriatal
DA and AMPHET observed during estrus [14] is due to the
spread of drugs to the ventral striatum. Moreover, there is
some evidence that the DA system terminating in the ventral
striatum is sensitive to modulation by gonadal hormones
[20,28]. To test this possibility directly, we applied DA and
AMPHET to the terminal regions of the mesolimbic DA sys-
tem while acutely altering estradiol levels, and measured lo-
comotor activity.

GENERAL METHOD
Animals

Female Long-Evans hooded rats weighed 180-220 g at the
beginning of the experiment. They were housed individually
and maintained on a 12:12 light:dark cycle (lights on 0800-
2000). The rats were ovariectomized bilaterally (OVX),
under ether (Mallinckrodt) anesthesia, 48 hours before
stereotaxic implantation of cannulae.

Stereotaxic Surgery

The OVX rats were implanted bilaterally with permanent
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FIG. 1. Locations of cannula tips for unilateral injection of 25 ug DA or 25 ug AMPHET in a volume of
0.25 pl into the dorsal part of the anterior striatum (diagrams derived from Pellegrino ef al. Squares
indicate sites for rats in Experiment [; filled squares that of AMPHET injections, open squares that of
DA injections. Circles indicate sites for rats in Experiment 2; filled circles that of AMPHET injections,
open circles that of DA injections. Triangles indicate sites for rats in Experiment 3; filled triangles are

AMPHET injections.

cannulae under sodium pentobarbital (W. T Butler Co.)
anesthesia. Guide cannulae were constructed from 21 ga
stainless steel tubing and the injection cannulae were con-
structed using 27 ga tubing. Since the injection cannulae
terminated 3.0 mm below the guide cannulae, rats in Exper-
iments 1 and 2 had the guide cannulae stereotaxically im-
planted such that the injection cannulae were located in the
anterior dorsal striatum using the following coordinates de-
rived from Pellegrino e? al. [24]: +2.0 to 3.0 mm with respect
to bregma; 2.0 to 4.0 mm lateral to bregma; 3.5 to 5.0 mm
below the surface of the brain. Rats in Experiment 3 had
guide cannulae stereotaxically implanted such that the injec-
tion cannulae were located in the medial-ventral striatum
using the following coordinates derived from Pellegrino et al.
[24]: +2.0 to 3.4 mm with respect to bregma; 1.0 to 2.0 mm
lateral to bregma; 6.0 to 7.0 mm below the surface of the
brain. Stainless steel stylets, made from closed 27 ga tubing,
kept the guide cannulae patent when the rats were not being
injected intracerebrally.

Behavioral Testing

The intracerebral application of a drug was made by in-
jecting the drug solution through the 27 ga cannula which
was connected by polyethylene tubing to a Hamilton syringe
mounted on a Sage syringe pump (Orion Research). The in-
jection was made at a constant rate of 0.5 wl/min, and the
injection cannula remained in place for an additional 30 sec
after completion of the drug injection, In Experiments 1 and
2, after the drug administration, the rats were placed into a
circular clear Plexiglas observation chamber, 34 cm in di-
ameter and 30.5 cm in height, and observed for 40 min. The
duration of postural deviation and the number of /4 rotations
that occurred both contralaterally and ipsilaterally to the side
of intrastriatal injection were recorded. A 90 degree move-
ment around the central axis of the rat was counted as a /4

turn. The amount of time the rats deviated contralateral and
ipsilateral to the side of the intrastriatal injection was re-
corded continuously by the observer using a two pole switch
connected in series to a time clock and a rack of cumulative
counters. The cumulative durations of postural deviation and
number of /4 rotations were recorded every 5 min for 40
min. In Experiment 3, the rats were administered
intracerebral drugs bilaterally, and then placed into a glass
box (30 cm by 30 cm) that rested on an electronic activity
monitor (Stoelting 31400). The output of the monitor was fed
into a printout counter, and cumulative counts for each
5-min block of the 60 min test were registered.

Drugs

Amphetamine sulfate (AMPHET: Sigma) and dopamine
HCI(DA; Sigma) were dissolved in the phosphate buffer to a
final pH of 7.4. The phosphate buffer was a 7.0 mM sodium
phosphate monobasic/140 mM sodium phosphate dibasic
solution. DA and AMPHET were made up at a concentration
of 25 ug/0.25 ul. Estradiol benzoate (Steraloids), at a con-
centration of 10 ug/ml was dissolved in peanut oil by heating
the oil to 60 degrees C.

Histology

After behavioral testing, rats were administered an over-
dose of sodium pentobarbital and perfused intracardially
with 0.9% saline followed by 10% formalin. The brains were
placed in a 20% sucrose-10% formalin mixture for at least 24
hr. The brains were then frozen, sectioned at 30 pm, stained
with cresyl violet, and the locations of the cannula tips ver-
ified. Cannula tip placements for Experiments 1, 2, and 3 are
shown in Fig. 1.

EXPERIMENT 1

In this experiment, OVX rats were given different regi-
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TABLE 1
EXPERIMENTAL TREATMENT GROUPS FOR EXPERIMENT 1
Treatment
Regimens Hormone  Interval Hormone  Interval Test Interval  Test Interval  Test  Interval Test
EB+EB EB 96 hr EB 3 hr Drug* 24 hr Drug 48 hr Drug 72 hr DAT
OIL+EB OIL 96 hr EB 3hr Drug 24 hr Drug 48 hr Drug 72 hr DA
OIL+OIL OIL 96 hr OIL 3 hr Drug 24 hr Drug 48 hr Drug

*Separate groups received either intrastriatal DA or AMPHET.
+Test at this interval was given only to group receiving intrastriatal DA.

mens of EB treatment and then tested either for intrastriatal
DA- or AMPHET-induced postural deviation and rotation at
3, 24, 48, and 72 hours after the last EB treatment. Animals
were injected with 2 ug EB SC in the neck, a treatment that
produces serum levels of estradiol approximately equal to
those observed during proestrus at 1 hour after treatment,
and a return to the pretreatment baseline level by 36 hours
posttreatment [5]). This dose is also near the minimum
amount needed to induce sexual receptivity in OV X rats [7].

Procedure

One week after ovariectomy (OVX), rats were divided
into two groups that received unilateral intrastriatal injec-
tions of either 25 ug/0.25 ul DA or AMPHET during each
drug test. Rats were tested for intrastriatal DA- (n=6) or
AMPHET- (n=6) induced behaviors prior to each hormone
treatment, in order to obtain a PRE-HORMONE score.
Each hormone regimen consisted of two hormone treat-
ments, separated by 96 hours (EB+EB, OIL+EB, and
OIL+OIL; see Table 1). Rats were then injected
intrastriatally with DA or AMPHET and tested at either 3,
24, 48 and 72 hours (DA) or 3, 24 and 48 hours (AMPHET)
after the last hormone treatment. Rats (OVX) received each
of the three hormone regimens in a counterbalanced order.
EB (2 ng) in the oil vehicle (OIL) or OIL alone was given SC
in the neck in a volume of 0.2 ml. No hormone was adminis-
tered for 7 days after the last hormone treatment of the pre-
vious regimen.

Data Analyses

In order to obtain an index of the dominant direction of
postural deviation (including lateralized grooming), the time
spent ipsilateral was subtracted from the time spent con-
tralateral to the side of the intracerebral injection (difference
score). A dominant direction index was also obtained for the
number of /4 rotations by subtracting the number of /4 rota-
tions ipsilateral from the number contralateral to the side of
the intracerebral injection. The difference scores for the be-
havioral responses postural deviation and /4 rotations were
analyzed for differences due to intrastriatal injections of DA
and AMPHET (DRUGQG), and hormone regimen (HOR-
MONE) using the sum total for the 40 min observation
period. An analysis of covariance was used to determine if
the variables DRUG (two levels) and HORMONE (3 levels)
had significant overall effects, with SEQUENCE (each drug
test of HORMONE) as the quantitative covariable. Because
of the split-plot design, tests of HORMONE effects used the

within subject error term, and tests of between DRUG ef-
fects, used subjects nested within the DRUG error term. In
addition, in those HORMONE conditions in which the SE-
QUENCE for the drug response to DA had one more value
than that for AMPHET, missing values were estimated ac-
cording to the SAS (Statistical Analysis System Institute)
program. Tests for simple main effects were then made using
Scheffe’s method for multiple comparisons (equal sample
size).

Results

Although the effects of the 3 separate hormone regimens
are qualitatively the same for both intrastriatal DA- and
AMPHET-induced postural deviation and rotation, the ef-
fects are not quantitatively the same, and the data for each
DRUG treatment will be presented separately. For both
drugs, DA and AMPHET, the effects of EB treatment were
different for the postural deviation and rotational responses.

When the rats were administered EB (regimens QOIL+EB,
EB+EB) they showed a suppression of the contralateral
postural deviation response to intrastriatal DA at both 3 and
24 hours after the final EB treatment (Fig. 2-A, p<0.01). By
72 hours after the last EB treatment the postural deviation
response had returned to PRE-HORMONE levels (Fig. 2-A).
The hormone regimen OIL+OIL produced no significant al-
teration in the postural deviation response to intrastriatal DA
at 3, 24 or 48 hours after the second OIL treatment, as com-
pared to PRE-HORMONE scores.

In contrast to the postural deviation response, the rota-
tional response to intrastriatal DA was not altered by a single
treatment with EB (hormone regimen OIL+EB) at any time
tested (Fig. 2-B). Two treatments with EB (hormone regimen
EB-+EB) did alter the rotational response to intrastriatal DA,
but the time course was not the same as that observed for the
postural deviation response measured at the same times. Al-
though there was no significant alteration in the rotational
response at 3 hours after the second EB treatment, there was
a significant decrease in the number of rotations at 24 hours
after the second EB injection (p<0.01), as compared to the
PRE-HORMONE drug response. By 72 hours, the con-
tralateral rotation response had returned to PRE-
HORMONE levels.

Neither intrastriatal DA-induced contralateral postural
deviation nor rotation showed any carry-over effects for any
hormone regimen. The magnitude of the responses, meas-
ured prior to any hormone regimen (Fig. 2, PRE), did not
differ significantly from the PRE-HORMONE response
measured at 5 days after each hormone regimen (3 rep-
lications, data not shown).
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The responses postural deviation and rotation, produced
by intrastriatal AMPHET (Fig. 3-A), showed a characteristic
modulation to EB treatment that was similar to that observed
with DA (Fig. 2-A). Treatment with EB, hormone regimens
OIL+EB and EB+EB, resulted in a diminished contralateral
postural deviation response to AMPHET at 3 and 24 hours
after the last EB treatment (p <0.01), and a return to PRE-
HORMONE levels by 48 hours after the last EB treatment
(Fig. 3-A). Treatment with OIL, hormone regimen OIL
+OIL, did not induce any significant alterations in the
postural deviation response to intrastriatal AMPHET at 3, 24
and 48 hours after the last OIL treatment.

Although a greater number of rotations was produced by
an intrastriatal injection of AMPHET than DA at the PRE-
HORMONE test (Fig. 3-B), and at any other hormone
regimen-test interval (p<0.01), the characteristics for EB
modulation were similar. Treatment with a single injection of
EB did not alter the rotational response to intrastriatal AM-
PHET, but treatment with two injections of EB, separated
by 96 hours, did. Moreover, the rotational response to
intrastriatal AMPHET, like that to DA, was reduced only at
the 24 hour post-EB test. Thus, the hormone regimens OIL
+OIL and OIL+EB produced no significant modification in
the number of rotations to AMPHET at 3, 24 or 72 hours
after the last hormone treatment of each regimen (Fig. 3-B).
Treatment with the hormone regimen EB-+EB led to a signif-
icant reduction in the number of rotations to AMPHET, but
only at the 24 hour test (p<0.01). Tests at 3 and 48 hours
after the last EB treatment were not significantly different
from the PRE-HORMONE test (Fig. 3-B).

Intrastriatal AMPHET-induced responses, contralateral
postural deviation and rotations, did not show any carry-
over effects for any hormone regimen. The magnitude of the
responses, measured prior to any hormone regimen (Fig. 3,
PRE), did not differ significantly from the PRE-HORMONE
response measured at 5 days after each hormone regimen (3
replications, data not shown).

Discussion

Intrastriatal DA-induced postural deviation and rotation
showed different requirements for estrogen modulation.
Treatment with a single injection of EB resulted in a sup-
pression of the postural deviation response to intrastriatal

FIG. 2. Behavioral responses to injections of DA into dorsal
striatum after each hormone regimen, Experiment 1. (A) The aver-
age duration of postural deviation in response to injections of DA,
prior to (PRE) and at 3 hours, 24 hours, 48 hours (OIL+OIL) and 72
hours (OIL+EB,EB+EB) after the last hormone treatment of a reg-
imen. The ordinate represents the average difference score for
postural deviation expressed in 0.01 min. Ipsilateral deviation was
subtracted from contralateral deviation for each animal to obtain an
absolute difference score. Positive scores represent a predominantly
contralateral deviation, and negative score, an ipsilateral deviation.
The graph represents the mean difference score +S.D, for the total
observation period, (B) The average number of !/4 rotations in re-
sponse to injections of DA, prior to (PRE) and at 3 hours, 24 hours,
48 hours (OIL+EB,EB+EB) after the last hormone treatment of a
regimen. The ordinate represents the average difference score for
number of !/4 rotations were subtracted from contralateral '/ rota-
tions for each animal to obtain an absolute difference score. Positive
scores represent predominantly contralateral /4 rotations, and
negative scores, ipsilateral '/s rotations. The graph represents the
mean difference score S.D. for the total observation period.

795

DA and AMPHET by 3 hours after the treatment. The rota-
tional response was reduced by EB treatment only if prior
treatment with EB had occurred, and then, the latency to the
suppression was longer than for the postural deviation re-
sponse. This suggests that the two responses are differen-
tially sensitive to EB treatment, but further evidence is re-
quired to show that the two responses are modulated inde-
pendently by EB.

Although EB treatment led to a reversible decrease in
both the deviation and rotational responses to intrastriatal
DA and AMPHET, no enhancement was ever observed.
This result is in contrast to observations in a previous study
on male rats given a very large dose of EB [13]. It is unlikely
that in the present experiment a period of time existed in
which an enhancement did occur, and was missed with the
test intervals selected. The OVX rats were tested to
intrastriatal DA at 3, 24, 48, 72 and 120 hours after EB treat-
ment, without observing an enhanced response. By 72 hours
there should be minimal, if any, estrogen in serum or brain
[S, 8, 17]. The differences in results found in previous studies
[9,13] and those reported here could be due to the dose of EB
used. Gordon [9] reported that low doses of EB (10 ug)
produced a suppression, but no enhancement of the
stereotypy scores to APQO at later time points. However,
higher doses of EB (50 and 100 pg) did produce a switch to
increased scores.

EXPERIMENT 2

The results of Experiment 1 indicated that EB suppresses
intrastriatal DA-induced contralateral deviation and rotation
through independent mechanisms. One way to test this
possibility is to attempt to interfere with the effects of EB on
one of these behaviors but not the other. In the next experi-
ment OVX rats were treated with an EB regimen that sup-
pressed the postural deviation response to intrastriatal DA
and AMPHET, and then administered an antiestrogen and
tested for EB’s ability to suppress the rotational response to
intrastriatal DA and AMPHET.

Procedure

One week after ovariectomy, rats were divided into two
groups and administered either intrastriatal DA (n=4) or
AMPHET (n=4). The rats were tested for intrastriatal DA-

FIG. 3. Behavioral responses to injections of AMPHET into dorsal
striatum after each hormone regimen, Experiment 1. (A) The aver-
age duration of postural deviation in response to injections of AM-
PHET, prior to (PRE) and at 3 hours, 24 hours and 48 hours (OIL
+0IL, OIL+EB, EB+EB) after the last hormone treatment of a
regimen. The ordinate represents the average difference score for
postural deviation expressed in 0.01 min. Ipsilateral deviation was
subtracted from contralateral deviation for each animal to obtain an
absolute difference score. Positive scores represent a predominantly
contralateral deviation, and negative scores, an ipsilateral deviation.
The graph represents the mean difference score +£8.D. for the total
observation period. (B) The average number of !/4 rotations in re-
sponse to injections of AMPHET, prior to (PRE) and at 3 hours, 24
hours and 48 hours (OIL+OIL, QIL+EB, EB+EB) after the last
hormone treatment of a regimen. The ordinate represents the aver-
age difference score for number of !/4 rotations. Ipsilateral /4 rota-
tions were subtracted from contralateral /4 rotations for each animal
to obtain an absolute difference score. Positive scores represent
predominantly contralateral /4 rotations, and negative scores, ip-
silateral !/4 rotations. The graph represents the mean difference
score =S.D. for the total observation period,
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TABLE 2
EXPERIMENTAL TREATMENT GROUPS FOR EXPERIMENT 2
Treatment
Regimens Hormone Interval Hormone Interval Test Treatment Interval Test
EB+EB EB 48 hr EB 30 min Drug* none 24 hr Drug
OIL+EB OIL 48 hr EB 30 min Drug none 24 hr Drug
EB+EB+CI-628 EB 48 hr Eb 30 min Drug Ci-628 24 hr Drug

*Separate groups received either intrastriatal DA or AMPHET.

or AMPHET-induced behaviors prior to the first hormone
treatment in order to obtain a PRE-HORMONE score before
the initiation of any subsequent hormone regimen. The dose
for each unilateral intrastriatal DA and AMPHET drug test
was 25 ug/0.25 wl. Each hormone regimen consisted of two
hormone treatments (OIL+EB or EB+EB; see Table 2)
separated by an interval of 48 hours. For one regimen (EB-
+EB+CI—-628; Table 2) the antiestrogen CI-628 was ad-
ministered 70 min after the last EB treatment. At /2 and 24
hours after the last hormone treatment behavioral responses
to unilateral intrastriatal injections of DA or AMPHET were
assessed. EB (2 ng) and OIL were given subcutaneously in
the neck in a volume of 0.2 ml. The antiestrogen CI-628
(Parke, Davis and Company) was administered intraperito-
neally at a concentration of 4 mg/0.4 ml (3% alcohol-saline
vehicle). Animals received each of the three hormone regi-
mens in a counterbalanced order. No hormone regimen was
administered for 5 days after the last hormone treatment of
the previous regimen.

Data Analyses

Postural deviation and rotation were measured and the
data prepared for analysis as in Experiment 1. The difference
scores for the behavioral responses postural deviation and /4
rotations were analyzed for differences due to intrastriatal
injections of DA and AMPHET (DRUG) and hormone regi-
men (HORMONE) using the sum total for the 40 min obser-
vation period. An analysis of covariance was used to deter-
mine if the variables DRUG (two levels) and HORMONE
(three levels) had significant overall effects, with SE-
QUENCE (each drug test of HORMONE) as the quantita-
tive covariable. Because of the split-plot design, between
DRUG and within DRUG tests for main effects used differ-
ent error terms. Between DRUG tests of main effects used
the subjects nested within DRUG error term, and within

FIG. 4. Behavioral responses to injections of DA into dorsal
striatum after each hormone regimen, Experiment 2, (A) The aver-
age duration of postural deviation in response to injections of DA
prior to (PRE-HORMONE) and at !/2 hour and 24 hours after the last
hormone treatment of a regimen (EB+EB, OIL+EB). For the hor-
mone regimen EB+EB+CI-628, CI-628 was administered im-
mediately after the !/2 hour test to intrastriatal DA. All other details
as in Fig. 2-A. (B) The average number of /4 rotations in response to
DA prior to (PRE-HORMONE) and at /2 hour and 24 hours after the
last hormone treatment of a regimen (EB+EB, OIL+EB). For the
hormone regimen EB+EB+CI—628, CI—-628 was administered im-
mediately after the /2 hour test to intrastriatal DA, All other details
as in Fig. 2-B,

DRUG tests of main effects used the within subjects error
term. Tests for simple main effects were then made using
Scheffe’s method for multiple comparisons (equal sample
size).

Results

The two behavioral responses, postural deviation and ro-
tation, were altered differentially by the hormone regimens,
as observed in Experiment 1. Treatment with EB suppressed
the postural deviation response to intrastriatal DA and AM-
PHET. Thus, hormone regimens EB+EB and OIL+EB re-
sulted in the suppression of the postural deviation response
to intrastriatal DA (Fig. 4-A) and AMPHET (Fig. 5-A) at !/2
hour and 24 hours after the last (EB+EB) or only (OIL+EB)
EB treatment, as compared to PRE-HORMONE test
(p<0.01). The hormone regimens affected the rotational re-
sponse to intrastriatal DA (Fig. 4-B) and AMPHET (Fig.
5-B) differently. Asin Experiment 1, two treatments with EB
were necessary to induce the suppression of rotational re-
sponse to intrastriatal DA or AMPHET. The hormone regi-
men EB+EB, but not the regimen OIL-+EB, significantly
depressed the rotational response to intrastriatal DA and
AMPHET at the 24 hour test (p<0.01), as compared to the
PRE-HORMONE and the /2 hour test.

When the rats were given the hormone regimen
EB+EB+CI-628, intrastriatal DA- (Fig. 4-A) and AMPHET-
(Fig. 5-A) induced postural deviation were suppressed by EB
immediately prior to CI-628 treatment (»<<0.01). However,
at 24 hours after CI-628 treatment the postural deviation re-
sponse to either DA or AMPHET was reversed to that of the
PRE-HORMONE response. Similarly, the suppression of
the rotational response to DA (Fig. 4-B) or AMPHET (Fig.
5-B), normally observed with the hormone treatment EB-
+EB, was blocked with CI-628 treatment. The magnitude of
the rotational response to intrastriatal DA (Fig. 4-B) and

FIG. 5. Behavioral responses to injections of AMPHET into dorsal
striatum after each hormone regimen, Experiment 2. (A) The aver-
age duration of postural deviation in response to injections of AM-
PHET prior to (PRE-HORMONE) and at Y2 hour and 24 hours after
the last hormone treatment of a regimen (EB+ERB, OIL+EB). For
the hormone regimen EB+EB+CI—-628, CI1-628 was administered
immediately after the 1/2 hour test to intrastriatal DA. All other
details as in Fig. 3-A. (B) The average number of /4 rotations in
response to AMPHET prior to (PRE-HORMONE) and at Y2 hour
and 24 hours after the last hormone treatment of a regimen (EB
+EB, OIL+EB). For the hormone regimen EB+EB-+CI—628,
CI-628 was administered immediately after the !> hour test to
intrastriatal AMPHET. All other details as in Fig. 3-B.



798

AMPHET (Fig. 5-B) was not suppressed by EB+EB at /2
hour after the last EB injection, prior to administration of
CI-628, or 24 hours after the administration of CI-628.

Discussion

In an attempt to clearly test if two striatal DA-mediated
behaviors are modulated separately by estrogen, the anti-
estrogen, CI-628 [17,27], was used. Rats were treated with
an estrogen regimen that would normally lead to suppression
of both the rotational and postural deviation response to
intrastriatal DA and AMPHET, when measured at 24 hours
after the last EB treatment. The rats were then administered
the anti-estrogen CI-628, a drug known to block binding of
estrogen to intracellular estrogen receptors [3, 4, 17, 27]. The
anti-estrogen was administered after EB so that the behav-
ioral effect of EB could first be observed. Intrastriatal DA-
and AMPHET-induced postural deviation were reduced at
the /2 hour test, evidencing an estrogen effect, but at the 24
hour test neither the postural deviation nor the rotational
responses were reduced. Thus, the administration of an
anti-estrogen blocks this estrogen effect, even after sup-
pression of the intrastriatal DA- and AMPHET-induced
postural deviation had occurred.

Although the results from this study do not provide clear
evidence for separate estradiol mechanisms in suppressing
postural deviation and rotation, the results do provide evi-
dence about some characteristics of the estrogen-induced
suppression of striatal DA-mediated behaviors. Estrogen in-
duction of sexual receptivity in the female rat appears to
involve the initiation of a sequence of genomic events during
a critical period of nuclear receptor binding by estrogen [4,
17, 22, 27, 30], after which it need not be present. In contrast,
regarding intrastriatal DA-mediated postural deviation, EB’s
effects are very rapid and can be reversed with subsequent
treatment with an anti-estrogen. These results suggest that
estradiol must be continuously present to suppress postural
deviation produced by intrastriatal DA and AMPHET.

EXPERIMENT 3

Experiments 1 and 2 suggest that two behavioral re-
sponses to intrastriatal DA and AMPHET, postural devia-
tion and rotation, can be differentially suppressed by es-
tradiol, since the two behaviors show different requirements
for estrogen effects. However, rotational behavior may not
involve only a dorsal striatal DA-sensitive system [15,26].
The dorsal striatal injections of DA and AMPHET may dif-
fuse to ventral striatal sites. DA-sensitive regions involved in
locomotor activity [6,16]; see for additional references, [11]).
The rotational response to a dorsal striatal injection of DA
drugs may be due to combined actions in these two striatal
regions, actions of the DA drugs in the dorsal striatum
producing postural deviation, and activity in the ventral
striatum inducing an increase in locomotor activity, ulti-
mately resulting in rotation. Cells in the ventral striatum ac-
cumulate tritiated estradiol [25] and therefore this region
could contain estrogen-sensitive neurons. If estrogen mod-
ulates the DA system terminating in the ventral striatum
(e.g., [20,28)), then the diffusion of DA drugs into the ventral
striatum could account for the apparently separate suppres-
sion of rotation and postural deviation by estrogen. In this
experiment a more explicit test of that hypothesis was made
by injecting DA drugs directly into the ventral striatum (e.g.,
nucleus accumbens), altering serum estrogen levels, and
testing the resultant effects on locomotor activity.

JOYCE, MONTERO AND Van HARTESVELDT

saof OV H  PREEB

@ AMPHET PRE-ES
510} A AAMPHET I/2 HR EB, | WK OVX
g0} \ SAMPHET 24 HR EB, | WK OVX

_.®_  DAMPHET PRE-EB, 3 WK QVX
450p A//.\"\ \ ~ “w
420 K R “vge
T VA S
390} / / T
3eof
5. 330
- 300}
= w70t
=
Q) 240
210

OAMPHET 24 HR EB, 3 WK OVX

1aof
150
120}
9o} - b
sof
3ol

5 1 15 20 25 30 35 40 45 50 55 &0
MINUTES

FIG. 6. Locomotor activity elicited by injection of 12 ug AMPHET
into left and right nucleus accumbens, Experiment 3. Five days after
OVX, 12 ug AMPHET or the vehicle (VH) was injected bilaterally
into nucleus accumbens prior to hormone treatment (PRE-EB). Lo-
comotor activity was significantly lower for the VH group. One
week after OVX, 12 ug AMPHET was injected as above /2 hour (}/2
HR EB) and 24 hours (24 HR EB) after the second of two SC injec-
tions of 2 ug EB separated by 48 hours. Three weeks after OVX, 12
rg AMPHET was injected bilaterally into nucleus accumbens prior
to (PRE-EB) and 24 hours after (24 HR EB) the second of two SC
injections of 2 ug EB separated by 48 hours. Locomotor activity for
the AMPHET PRE-EB, 3 weeks OVX group was significantly lower
than for any other AMPHET group.

Procedure

Five days after OVX (PRE-EB) and surgical implantation
of cannulae, rats (n=3) were tested for activity induced by
bilateral injection of VH (0.12 ul) or AMPHET (12 ng/0.12
wl, each side) into the nucleus accumbens. Two days later
the rats were given the first of two hormone-test regimens
(HORMONE). In the first procedure, rats were given two
injections of EB (2 ug/0.2 m! oil, SC) separated by 48 hours.
At /2 and 24 hours after the second injection, the rats were
retested (as before) with AMPHET. In the second proce-
dure, 25 days after the first, rats were pretested with AM-
PHET and were then administered EB (2 1g/0.2 ml oil, SC)
twice, with a 48 hour interval between, and then retested 24
hours later with AMPHET.

Data Analysis

To test whether the effects of VH were different from
those of AMPHET prior to HORMONE treatment, a one-
way analysis of variance was used. For the AMPHET re-
sponse, differences due to HORMONE were tested for sig-
nificance using least squares means estimation with a quad-
ratic function as the model for the response across the twelve
5-min blocks of the test period. When testing for differences
using the AMPHET response across the twelve 5-min blocks
of the observation period, it was assumed that the lines were
parallel. Tests of HORMONE effect for Procedure 1, test
scores at PRE, /2 hour and 24 hours after EB treatment,
were tested separately from tests for differences between
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Procedure | and Procedure 2. In order to test for HOR-
MONE effects between Procedure 1 and Procedure 2, drug
tests at PRE and 24 hours after EB treatment were used.
Tests for differences due to simple main effects were deter-
mined using Scheffe’s method for multiple comparisons.

Results

OVX rats (n=>5) given a bilateral intra-accumbens injec-
tion of AMPHET (PRE-EB) showed significantly more ac-
tivity than when injected with the VH (Fig. 6). Treatment
with EB did not significantly alter the response to intra-
accumbens AMPHET at V2 (!/> HR EB) and 24 hours (24 HR
EB) after the last EB treatment (Fig. 6). Long-term absence
of estradiol produced by long-term ovariectomy (AMPHET
PRE-EB, 3 weeks OVX) resulted in a reduced response to
intra-accumbens AMPHET, as compared to all other HOR-
MONE conditions (p<0.01). Subsequent EB treatment re-
versed the OVX-induced reduction in the activity response
to intra-accumbens AMPHET. When measured 24 hours
after EB treatment (AMPHET 24 hr EB, 3 weeks OVX), the
activity response was no longer suppressed as compared to
all other hormone treatments.

Discussion

In Experiment 3 the activity response to intra-accumbens
(ventral striatum) AMPHET was not altered by acute EB
treatment, even when EB was administered in a regimen that
suppresses the rotational response to intrastriatal DA and
AMPHET (see Experiment 2). In fact, long-term OVX re-
sulted in a suppression of the activity response to bilateral
ventral striatal injections of AMPHET, which was increased
to early-OVX levels by treatment with EB. These results
strongly argue against the hypothesis that rotational re-
sponses to intrastriatal DA and AMPHET are the result of
dopaminergic stimulation of the dorsal (postural deviation)
and ventral (activity) striatum.

GENERAL DISCUSSION

The results of the experiments reported here indicate that
several behaviors mediated by DA-sensitive sites in the basal
ganglia are affected differently by estradiol. Contralateral
postural deviation and rotation, behaviors elicited by unilat-
eral intrastriatal administration of DA agonists, are both
suppressed by estradiol treatment but with different re-
quirements for parameters of administration and different
latencies to effect. While one small dose of EB suppressed
intrastriatal DA- and AMPHET-induced contralateral
postural deviation very rapidly, it did not affect contralateral
rotation. In order to suppress the rotational response, a
series of two small doses had to be given with an interval of
48 or 96 hours in between. In addition, even after this regi-
men the latency to suppression of rotation was far longer
than it was for postural deviation—24 hours as opposed to
one half hour. These data suggest that postural deviation and
rotation are modulated by mechanisms differentially affected
by estradiol benzoate. The proposition that estrogen differ-
entially modulates DA-mediated behaviors is supported by
the findings of Bedard et al. [2], who showed that the DA-
related behaviors tremor and lingual dyskinesia, which are
induced by a midbrain lesion involving the substantia nigra
pars compacta, are differentially affected by estradiol ben-
zoate.

The comparatively short latency for the estrogen-induced
suppression of the postural deviation response elicited by
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intrastriatal DA (i.e., within one half hour) raises the
possibility that the suppression is mediated by a genomic
mechanism [19]. Estrogen has previously been shown to
have rapid effects in the striatum, both with respect to be-
havioral responses to DA agonists [10,23] and elec-
trophysiological responses to iontophoretically applied DA
[1]. In addition, we have recently shown that OVX rats given
unilateral estrogen implants into the dorsal striatum and sys-
temic administration of apomorphine show ipsilateral
postural deviation, a result which we feel is due to a direct
estrogenic antagonism of the DA agonist effects of apomor-
phine in that region of the striatum [12]. Together, these data
suggest that there may be a membrane receptor for estrogen
which is involved in the suppression of postural deviation.
Membrane receptors for estrogen have recently been re-
ported in other brain regions [29]. Furthermore, the sup-
pression of intrastriatal DA-induced postural deviation and
rotation by estrogen appears to require occupancy of a bind-
ing site by estrogen, since treatment with the anti-estrogen
CI-628 blocked the estrogen suppression. This demonstra-
tion is important since it provides additional evidence that
even the short latency suppression by estrogen is not a
nonspecific effect. Furthermore, the suppression of
intrastriatal DA-mediated postural deviation aiso requires
the continued presence of estrogen.

While estrogen treatment had acute effects on the behav-
iors elicited by injections of DA and AMPHET into the dor-
sal striatum, locomotor activity induced by injection of AM-
PHET into the ventral striatum was not altered acutely (Ex-
periment 3). Consistent with the findings reported in Exper-
iment 3, Naik er a/. [23] found that acute treatment with EB
did not alter the activity response to a low dose of AM-
PHET, a finding which has been confirmed in this laboratory
(Joyce, Schuessler and Van Hartesveldt, unpublished). In
contrast, long-term OVX led to a decline in AMPHET-
induced activity elicited from the ventral striatum, and sub-
sequent estrogen replacement brought the AMPHET re-
sponse back to early post-OVX levels. (In unpublished work
we have shown that after long-term OVX, EB suppresses
contralateral postural deviation and rotation elicited by DA
in the striatum.) Consistent with those findings, male rats,
which have very low levels of estradiol, and long-term QVX
rats show a reduced activity response to AMPHET [2,28).
Male rats given estradiol for long periods of time show en-
hanced behavioral effects of a low dose of AMPHET, and of
apomorphine in the denervated nucleus accumbens [20].
Taken together, these results suggest that estradiol exerts
chronic effects on the sensitivity of the mesolimbic DA sys-
tem, while it produces acute changes in the nigrostriatal DA
system. Furthermore, behaviors induced by injection of DA
and AMPHET into the dorsal striatum are suppressed with
low dose EB treatment, whereas locomotor activity elicited
by ventral striatal injections of AMPHET appears to be
facilitated by estrogen.
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