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Estrogen increases prepulse inhibition of acoustic startle in rats
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Abstract

Epidemiological studies have shown gender differences in the age of onset and symptoms of schizophrenia. Because sensorimotor
gating mechanisms are deficient in schizophrenia, we studied the effect of administration of estrogen on prepulse inhibition of startle in
rats, an animal model of sensorimotor gating. Rats were tested in an automated startle apparatus for their responses to random
combinations of 115-dB sound pulses and prepulses of various intensity. Startle responses were reduced by increasing intensities of
prepulses, indicating prepulse inhibition. Repeated administration of startle pulses caused gradual habituation of startle responses.
Ovariectomy did not induce significant changes in either habituation of the startle response or prepulse inhibition of startle. Treatment
with 17b-estradiol caused an increase in percentage prepulse inhibition at all prepulse intensities at 18 h, but only at higher prepulse
intensities at 30 min after injection. Habituation of startle responses was not affected. The enhancing effect of estradiol on prepulse
inhibition was mimicked by testosterone, but not by dihydrotestosterone. Estradiol treatment increased prepulse inhibition similarly in

Ž .controls or after disruption of prepulse inhibition induced by treatment with apomorphine or dizocilpine MK-801 . Our results may help
to explain gender differences in schizophrenia and some of the beneficial clinical effects of estrogen treatment in this disease. q 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The prevalence of schizophrenia in the general popula-
Ž .tion is about 1% Hirsch and Weinberger, 1995 . Symp-

toms first occur as early as 16–20 years of age, this being
approximately 1.5–4.5 years later in women than in men
ŽAngermeyer and Kuhn, 1988; Hafner et al., 1993; Hirsch¨

.and Weinberger, 1995; Seeman, 1997 . In addition, symp-
toms of schizophrenia vary with the estrous cycle in
women, being most severe during the late luteal and
premenstrual phases, when circulating estrogen levels are

Žlow Angermeyer and Kuhn, 1988; Hafner et al., 1993;¨
.Seeman, 1997 . These epidemiological findings have been

taken as evidence for a protective role of sex steroids, in
particular estrogen, in the development of schizophrenia
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Ž .Hafner et al., 1993; Seeman, 1997 . While the ‘dopamine¨
hypothesis’ of schizophrenia suggests increased subcortical
dopaminergic activity, estrogen has been suggested to act
as an endogenous neuroleptic by reducing this activity at

Ž .several levels Di Paolo, 1994; Hafner et al., 1993 . On the¨
other hand, several studies have suggested ‘pro-
dopaminergic’ effects of estrogen. For example, adminis-
tration of estrogen to ovariectomized rats increases am-
phetamine-induced locomotor hyperactivity, which is

Žwidely used as an animal model of psychosis Menniti and
.Baum, 1981 . In vitro, addition of estrogen enhances stim-

ulated dopamine release from slices of the striatum at low
Ž .doses and reduces it at high doses Becker, 1990 . One

explanation for this paradox could be that these pro-
dopaminergic effects are mediated by membrane receptors,
leading to rapid non-genomic effects, whereas anti-dopa-
minergic effects are mediated by classical nuclear recep-

Žtors, leading to relatively slow genomic modulating West
.and Michael, 1986 .

The first clinical studies into the effect of estrogen
administration in patients with schizophrenia have been
encouraging. For example, chronic addition of estrogen
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treatment to standard antipsychotic medication was shown
to lead to a more rapid improvement of symptoms in
women with schizophrenia than with antipsychotic treat-

Ž .ment only Korhonen et al., 1995; Kulkarni et al., 1996 .
However, most basic and clinical studies have so far
focused mostly on the positive symptoms of schizophrenia,
particularly psychosis, or its experimental animal models.
Far less is known about a possible role of estrogen in other
symptoms of schizophrenia. In the present study, we inves-
tigated the effect of sex steroid treatment on prepulse
inhibition in rats. Prepulse inhibition is the phenomenon
that behavioural responses to a sensory stimulus can be
inhibited by another stimulus, delivered 20–500 ms earlier
Ž .Braff and Geyer, 1990 . The preceding stimulus Asets up
an inhibitory networkB, which dampens the response to the
second stimulus. This sensory gating mechanism is sug-
gested to protect the brain from stimulus inundation, which
could otherwise lead to cognitive fragmentation and dis-

Ž .turbed thought Braff and Geyer, 1990 . Experimental
studies on prepulse inhibition usually measure the in-
hibitory effect of low-intensity prepulses on the startle
response to a high-intensity stimulus, such as short sound

Ž .pulses Geyer et al., 1990 . Prepulse inhibition has been
demonstrated similarly in several mammalian species, in-

Žcluding rats, mice, guinea pigs, and humans Geyer, 1999;
.Geyer et al., 1990 . Several studies have shown that

prepulse inhibition is impaired in patients with schizophre-
Ž .nia Braff and Geyer, 1990; Geyer et al., 1990 and that

treatment with atypical antipsychotics reverses these
Ž .deficits Kumari et al., 1999 . Also, in experimental ani-

mals, prepulse inhibition is impaired after treatment with
dopaminergic drugs, such as the dopamine receptor agonist
apomorphine, or glutamatergic drugs, such as the NMDA

Ž . Žreceptor antagonist dizocilpine MK-801 Geyer et al.,
.1990; Swerdlow and Geyer, 1998 . Atypical antipsychotics

Žreverse this deficit Geyer et al., 1990; Swerdlow and
.Geyer, 1998 .

In women, prepulse inhibition is reduced compared to
men, suggesting that female sex steroids, such as estrogen,
may not be beneficial or even worsen sensorimotor gating

Ž .mechanisms Swerdlow et al., 1993 . Indeed, prepulse
inhibition is reduced during the midluteal phase of the

Žestrous cycle, when estrogen levels are high Swerdlow et
.al., 1997 . Similarly, a preliminary study in rats suggested

changes in prepulse inhibition across the estrous cycle,
with lowest values found during proestrous compared to

Ž .diestrous and estrous Koch, 1998 . Surprisingly, to the
best of our knowledge, no studies have done on the effect
of estrogen administration on prepulse inhibition. In the

Ž .present study, we therefore addressed four questions: 1
what is the effect of ovariectomy, or removing the natural
source of sex steroids in female rats, on prepulse inhibi-

Ž .tion; 2 what is the effect of administration of different
doses of estrogen on prepulse inhibition in ovariectomized

Ž .rats; 3 can this effect be mimicked by other sex steroids,
Ž .in particular testosterone; 4 does estrogen administration

reverse the disruption of prepulse inhibition by treatment
with apomorphine or MK-801?

2. Methods

We used female Sprague–Dawley rats that were ob-
tained from the University of Melbourne, Departments of
Pathology and Anatomy Animal Services. At the start of
the experiment, the rats were 12 weeks of age. All surgical
techniques, treatments and experimental protocols were
performed in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific

Ž .Purposes 1990 set out by the National Health and Medi-
cal Research Council of Australia.

2.1. Prepulse inhibition

Prepulse inhibition experiments were performed using a
Žfour-unit automated SRLab startle system San Diego In-

.struments, San Diego, CA, USA . Each unit consisted of a
plexiglas cylinder on a platform under which a sensitive
piezo-electric sensor was mounted. The cylinders were 9
cm in diameter and closed on either end. During the
sessions, the animals were kept in the cylinders within a
sound-attenuating cabinet where a 70-dB white back-
ground noise was delivered through speakers in the ceiling
of the box. Stimuli were similarly delivered and responses

Žwere measured using the SRLab software San Diego
.Instruments running on a PC in an adjacent room.

For all experiments, an identical protocol was used,
adapted from methods developed by the group of Geyer

Ž .and Swerdlow 1998 . A total of 100 trials were delivered
Ž .with an average but not constant interval of 25 s. The

first and last 10 trials consisted of single 40-ms, 115-dB
pulse-alone startle stimuli. These groups of 10 stimuli and

Žthe middle two groups of 10 pulse-alone stimuli see
.below were used to obtain a measure of response habitua-

tion in response to repeated delivery of startling stimuli.
The middle 80 trials consisted of random delivery of
twenty 115-dB pulse-alone trials, 10 trials during which no

Ž .stimuli were delivered NOSTIM , and 50 prepulse trials.
Prepulse trials consisted of a single 115-dB pulse preceded
by 100 ms by a 20-ms non-startling stimulus prepulse of 2,

Ž4, 8, 12, or 16 dB over baseline i.e., 72, 74, 78, 82 or 86
.dB .

2.2. Experiment 1: effect of oÕariectomy

Intact female rats were tested for baseline prepulse
inhibition at 12 weeks of age, after which they were
ovariectomized under general anesthesia with pentobarbital

Ž .sodium 60 mgrkg, i.p. . Through a midline incision, the
ovaries were located and silk-2 sutures were used to ligate
the fallopian tubes and blood vessels. The ovaries were
then carefully removed using forceps. The abdominal mus-
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cle wall and skin were suture closed and the rats were
allowed to recover for at least 1 week before the second
session of prepulse inhibition was performed. Thus, each
rat was tested twice: before and 1 week after ovariectomy.

Rats from this group were used for an estrogen dose
response experiment, to test the effect of testosterone, and
to test the interaction of estrogen treatment with that of

Ž .apomorphine and MK-801 see below .

2.3. Experiment 2: effect of estrogen treatment on prepulse
inhibition

Using a randomized, crossover treatment protocol, 10
ovariectomized rats received subcutaneous injections of

Ž .sesame oil vehicle 1 mlrkg or 10, 50, or 250 mgrkg of
Ž .17b-estradiol benzoate Sigma, St. Louis, MO, USA in

vehicle. Prepulse inhibition measurements were done 30
min and 18 h after injection. Each rat was thus tested for
prepulse inhibition twice after treatment at a total of four
occasions, with 4- to 7-day intervals.

2.4. Experiment 3: effect of testosterone treatment on
prepulse inhibition

Ten ovariectomized rats were randomly given a subcu-
Ž .taneous injection of sesame oil vehicle 1 mlrkg or 1

Ž . Žmgrkg of testosterone-proprionate Sigma Eikelis and
.Van den Buuse, 2001 . Prepulse inhibition measurements

were done 30 min and 18 h after injection. Thus, each rat
was tested on two occasions, with a 1-week interval.

2.5. Experiment 4: effect of dihydrotestosterone treatment
on prepulse inhibition

Ten ovariectomized rats were subcutaneously treated
with either oil vehicle or 1 mgrkg of dihydrotestosterone
Ž .Sigma , 18 h before their prepulse inhibition session.
Thus, each rat was tested on two occasions, with a 1-week
interval.

2.6. Experiment 5: interaction of estrogen with the effects
of apomorphine and MK-801 on prepulse inhibition

Using a randomized, crossover treatment protocol, 10
ovariectomized rats received two subcutaneous injections
per prepulse inhibition session. At 18 h before testing, the

Ž .animals were treated with oil vehicle 1 mlrkg or 50
Ž .mgrkg of 17b-estradiol Sigma as above. The next day,

10 min before the prepulse inhibition session, the rats were
Ž .injected with either saline vehicle 1 mlrkg , 0.1 mgrkg

Žof apomorphine Research Biochemical, Natick, MA,
. ŽUSA , or 0.1 mgrkg of dizocilpine MK-801, Research

.Biochemicals . Thus, all rats were tested a total of six
times, with 1-week intervals.

2.7. Data analysis

Responses of individual rats were expressed as the
median of the first, second, third and last ten 115-dB
pulse-alone trials to determine habituation. We also calcu-
lated the median of the middle twenty 115-dB pulse-alone
trials and that of each of the groups of 10 prepulse trials.
Percentage prepulse inhibition was then calculated as the
difference between responses to the 115-dB pulse-alone
trial and the respective prepulse trials divided by the
response to the pulse-alone trial=100. Individual re-
sponses were then averaged to yield groups means and

Ž . Žstandard errors of the mean S.E.M. Geyer and Swerd-
.low, 1998 .

Data were analyzed with two-way and three-way analy-
Ž .sis of variance ANOVA for repeated measures, where

appropriate. All experiments were within-animal compar-
isons, with the change in responses over four blocks of 10
pulse-alone trials in the habituation experiments or pre-
pulse intensity level in the prepulse inhibition experiments

Žas statistical variables. In addition, ovariectomy experi-
. Ž .ment 1 , estrogen dose experiment 2 , testosterone treat-
Ž .ment experiment 3 , or dihydrotestosterone treatment

Ž .experiment 4 were additional within-animal treatment
factors. In experiment 5, estrogen treatment and apomor-
phinerMK-801 treatment were within-animal factors. The
data for the interaction of estrogen with apomorphine and
estrogen with MK-801 were analyzed separately. When
P-0.05, differences were considered statistically signifi-
cant.

3. Results

3.1. Experiment 1: effect of oÕariectomy

All rats demonstrated reproducible startle responses to
sound pulses. Startle amplitude, as measured by the SRLab
startle system, showed significant habituation during the

Ž .session F s28.0, P-0.001 and this habituation wasŽ3,84.
slightly more rapid in intact rats, as indicated by the

Ž .block=group interaction F s4.5, Ps0.005 . Over-Ž3,84.
all, there was no significant effect of ovariectomy on

Ž .startle amplitude Table 1 .
When preceded by low-intensity prepulses, startle re-

sponses to the 115-dB tone were reduced. This reduc-
tion was intensity-dependent, with the higher-intensity
prepulses producing more inhibition than lower-intensity
prepulses. Fig. 1 demonstrates that in both intact and ova-
riectomized Sprague–Dawley rats, as prepulse intensity
increased, the percentage prepulse inhibition also signifi-

Ž .cantly increased F s73.5, P-0.001 . OvariectomyŽ4,112.
did not cause any significant changes in prepulse inhibition
Ž .Fig. 1 .



( )M. Van den Buuse, N. EikelisrEuropean Journal of Pharmacology 425 2001 33–4136

Table 1
Startle amplitude in response to a 40-ms, 115-dB tone and startle
habituation in Sprague–Dawley rats before and after ovariectomy and
after subcutaneous injection of oil vehicle or estrogen, testosterone or
dihydrotestosterone

Block 1 Block 2 Block 3 Block 4

Effect of oÕariectomy
Intact 463"114 246"26 245"32 209"27
Ovariectomized 311"52 243"27 172"27 150"23

Effect of estrogen 30 min after treatment
Oil vehicle 865"186 677"165 334"61 455"141
10 mgrkg 596"146 382"58 295"49 280"57
50 mgrkg 522"139 359"75 263"36 234"49
250 mgrkg 482"104 316"54 269"33 221"48

Effect of estrogen 18 h after treatment
Oil vehicle 594"127 440"108 328"89 329"64
10 mgrkg 480"126 342"53 271"48 220"52
50 mgrkg 523"152 311"60 240"52 217"43
250 mgrkg 441"110 305"52 282"65 196"31

Effect of testosterone 30 min after treatment
Oil vehicle 273"77 181"30 143"25 191"73
Testosterone 328"123 184"40 140"30 166"41

Effect of testosterone 18 h after treatment
Oil vehicle 300"113 191"43 128"30 116"28
Testosterone 370"184 195"53 178"44 167"52

Effect of dihydrotestosterone treatment
Oil vehicle 378"69 334"68 294"77 278"77
Dihydrotestosterone 507"117 335"71 250"50 200"39

Data are mean arbitrary units"S.E.M. as obtained from the SRLab startle
system by calculating the median of blocks of ten 115-dB pulses, before
Ž . Ž . Ž .block 1 , during blocks 2 and 3 and after block 4 a prepulse inhibition
session.

3.2. Experiment 2: effect of estrogen treatment

At 30 min after treatment, startle amplitude was found
Žto habituate significantly during the session F s9.4,Ž3,27.

.P-0.001 . There was also a significant effect of treatment
Ž .on startle amplitude F s8.1, Ps0.001 , reflectingŽ3,27.

the slight reduction of absolute startle amplitude after
estrogen treatment, when compared to oil-vehicle treat-
ment. However, estrogen treatment had no significant ef-
fect on habituation as indicated by the lack of a block=
dose interaction.

Ž .As expected, at 30 min after injection Fig. 2 there was
Ža highly significant effect of prepulse intensity F sŽ4,36.

.67.1, P-0.001 . In addition, while there was no overall
effect of treatment dose, there was a significant interaction

Žof prepulse intensity and treatment dose F s2.2,Ž12,108.
.Ps0.018 . Analysis of the data of individual prepulse

intensities showed that there was no significant effect of
different doses of estrogen on the percentage inhibition
evoked by prepulse-2 and prepulse-4. However, at higher
prepulse intensities, ANOVA showed a significant effect

Žof estrogen treatment prepulse-8: F s4.1, Ps0.016;Ž3,27.
prepulse-12: F s7.5, Ps0.001; prepulse-16: FŽ3,27. Ž3,27.

Fig. 1. Prepulse inhibition of acoustic startle in 29 female rats before
Ž . Ž .white bars and 1 week after hatched bars ovariectomy. Data are
expressed as mean % prepulse inhibition"S.E.M.

.s6.6, Ps0.002 . Thus, 30 min after injection, estrogen
treatment caused an increase of prepulse inhibition only at

Ž .higher prepulse intensities Fig. 2, top panel .

Fig. 2. Prepulse inhibition of acoustic startle in 10 ovariectomized rats
Ž .after treatment with oil vehicle white bars , 10 mgrkg of 17b-oestradiol

Ž . Ž .hatched bars , 50 mgrkg of 17b-oestradiol dark stippled bars or 250
Ž .mgrkg of 17b-oestradiol horizontal hatching . Data were obtained 30

Ž . Ž .min top panel and 18 h after treatment bottom panel and are expressed
as mean % prepulse inhibition"S.E.M.
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At 18 h after injection, startle amplitude again showed
Žsignificant habituation during the session F s10.8,Ž3,27.

.P-0.001 . However, as indicated by the lack of an inter-
action between block and dose, the extent of habituation
was similar whether rats were treated with oil vehicle or

Ž .different doses of estrogen Table 1 .
At 18 h after injection, the effect of increasing prepulse

intensities on percentage prepulse inhibition was again
Žhighly significant for all treatments F s64.8, P-Ž4,36.

.0.001 . Estrogen treatment induced a significant overall
Žincrease in the level of prepulse inhibition F s10.7,Ž3,27.

. Ž .P-0.001 Fig. 2, bottom panel . There was no statistical
interaction of treatment and prepulse intensity, suggesting
that the effect of estrogen was similar for all prepulse
levels. Analysis of the data from individual prepulse inten-
sities confirmed that the effect of estrogen was observed

Žfor lower prepulse intensities prepulse-2: F s4.3,Ž3,27.
.Ps0.014; prepulse-4: F s4.2, Ps0.015 as well asŽ3,27.

Žfor the higher prepulse intensities prepulse-8: F sŽ3,27.
10.1, P-0.001; prepulse-12: F s5.9, Ps0.003;Ž3,27.

.prepulse-16: F s4.9, Ps0.008 . Thus, at 18 h afterŽ3,27.
injection, estrogen caused an increase of prepulse inhibi-

Ž .tion at all prepulse intensities Fig. 2, bottom panel while
at 30 min after treatment it only increased prepulse inhibi-

Ž .tion at higher prepulse intensities Fig. 2, top panel .

3.3. Experiment 3: effect of testosterone treatment

At 30 min after injection of testosterone, startle ampli-
Žtude showed significant habituation F s3.3, PsŽ3,24.

.0.038 , but there was no treatment effect or statistical
interaction. At 18 h after injection, startle amplitude tended
to habituate during the session, similar to previous experi-

Ž .ments see above , but the extent of habituation failed to
Ž .reach significance Table 1 .

As shown in Fig. 3, the overall effect of increasing
prepulse intensities was again highly significant, both at 30

Ž .min F s30.2, P-0.001 and at 18 h after treatmentŽ4,32.
Ž .F s26.5, P-0.001 . Testosterone treatment signifi-Ž4,32.
cantly increased the level of prepulse inhibition compared

Žto oil vehicle treatment at 18 h after injection F s8.2,Ž1,8.
.Ps0.021 , but not at 30 min after injection. The effect of

testosterone was particularly found at lower prepulse inten-
Ž .sities Fig. 3 , although the statistical interaction of pre-

pulse intensity and treatment failed to reach significance
Ž .F s2.3, Ps0.077 . Analysis of individual prepulseŽ4,32.
intensities revealed that the effect of testosterone, 18 h
after injection, was significant for prepulse-4.

3.4. Experiment 4: effect of dihydrotestosterone treatment

Startle amplitude significantly habituated during the
Ž .prepulse inhibition session F s6.5, P-0.005 . ThisŽ3,27.

effect was similar after both oil-vehicle and dihydrotestos-
terone administration, as shown by a lack of block=

Ž .treatment interaction Table 1 .

Fig. 3. Prepulse inhibition of acoustic startle in ten ovariectomized rats 18
Ž .h after treatment with oil vehicle white bars or 1 mgrkg of testosterone

Ž . Ž .hatched bars . Data were obtained 30 min top panel and 18 h after
Ž .treatment bottom panel and are expressed as mean % prepulse inhibition

"S.E.M.

As illustrated in Fig. 4, while there was the expected
significant reduction in startle responses by prepulses
Ž .F s41.2, P-0.001 , there was no significant effectŽ4,36.
of dihydrotestosterone treatment on prepulse inhibition or
a statistical interaction.

3.5. Experiment 5: interaction of estrogen with the effects
of apomorphine and MK-801 on prepulse inhibition

After all four combinations of pretreatment with either
oil vehicle or 50 mgrkg of 17b-estradiol and treatment
with either saline or apomorphine, significant habituation

Žof the startle response occurred during the session FŽ3,27.
.s32.2, P-0.001 . A significant interaction of block=

Ž .treatment F s5.1, Ps0.006 reflected the findingŽ3,27.
that apomorphine-treated rats, irrespective whether they
were given pretreatment with oil vehicle or estrogen, habit-
uated more rapidly when compared to saline-treated ani-

Ž .mals Table 2 .
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Fig. 4. Prepulse inhibition of acoustic startle in 10 ovariectomized rats 18
Ž .h after treatment with oil vehicle white bars or 1 mgrkg of dihy-

Ž .drotestosterone hatched bars . Data are expressed as mean % prepulse
inhibition"S.E.M.

Previous studies have shown that the disruption of
prepulse inhibition by apomorphine is most prominent on
the lower prepulse intensities. When analyzing data from
prepulse-2, prepulse-4 and prepulse-8, there was a signifi-

Žcant effect of apomorphine treatment F s13.9, PsŽ1,9.
.0.005 . On the other hand, while estrogen pretreatment

caused a significant overall increase of prepulse inhibition
Ž .F s6.9, P-0.027 , the lack of an interaction be-Ž1,9.
tween treatment and pretreatment shows that this effect

Žwas similar in saline- or apomorphine-treated animals Fig.
.5 . In addition to these drug effects, there was a highly

Žsignificant overall effect of prepulse intensity F sŽ2,18.
.68.2, P-0.001 .

Ž .In the MK-801 experiment Table 2, Fig. 5 , again after
Žall four combinations of pretreatments oil vehicle or

. Ž .estrogen and treatments saline or MK-801 , a significant
overall habituation of startle responses occurred during the

Ž .session F s 8.3, P- 0.001 . MK-801 treatmentŽ3,27.
caused a marked overall increase in startle amplitude

Table 2
Startle amplitude in response to a 40-ms, 115-dB tone and startle
habituation in 10 ovariectomized Sprague–Dawley rats 18 h after subcu-
taneous injection of oil vehicle or 50 mgrkg of estrogen, and 10 min
after subcutaneous injection of saline, 0.1 mgrkg of apomorphine, or 0.1
mgrkg of MK-801

Block 1 Block 2 Block 3 Block 4

Vehiclersaline 214"22 196"23 155"22 162"23
Estrogenrsaline 254"39 182"18 178"24 149"22
VehiclerApomorphine 302"63 144"20 138"24 108"26
EstrogenrApomorphine 265"47 151"21 140"25 123"25
VehiclerMK-801 576"140 343"48 317"42 309"40
EstrogenrMK-801 611"133 389"66 309"34 303"44

Data are mean arbitrary units"S.E.M. as obtained from the SRLab startle
system by calculating the median of blocks of ten 115-dB pulses, before
Ž . Ž . Ž .block 1 , during blocks 2 and 3 and after block 4 a prepulse inhibition
session.

Fig. 5. Prepulse inhibition of acoustic startle in 10 ovariectomized rats 18
Ž .h after treatment with oil vehicle white bars and stippled bars or 50

Ž .mgrkg of 17b-estradiol hatched bars and 10 min after injection of
Ž . Žeither saline, 0.1 mgrkg of apomorphine top panel , or MK-801 bottom

.panel . Data are mean % prepulse inhibition"S.E.M.

Ž .F s24.1, Ps0.001 and, as with apomorphine, re-Ž1,9.
sulted in a more rapid habituation of startle responses

Žcompared to saline-treatment block by treatment interac-
Ž .tion F s3.5, Ps0.030 .Ž3,27.

While MK-801 caused a marked disruption of prepulse
Ž .inhibition F s54.5, P-0.001 , the overall effect ofŽ1,9.

Žprepulse intensity was still significant F s28.9, P-Ž2,18.
.0.001 . Estrogen pretreatment significantly increased pre-

Ž .pulse inhibition F s7.6, Ps0.022 , although thisŽ1,9.
effect was similar in saline-treated and MK-801-treated
rats, as shown by the lack of statistical interaction between
treatment and pretreatment. Thus, estrogen treatment in-
creased prepulse inhibition in rats treated with apomor-
phine or MK-801, but the extent of this effect was similar

Ž .as that seen in saline-treated controls Fig. 5 .

4. Discussion

This study produced a number of new findings on the
modulatory effects of sex steroids on central nervous
system function. We observed that estrogen treatment of
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ovariectomized rats induced a dose-dependent increase in
prepulse inhibition of the acoustic startle response in
ovariectomized rats without changes in startle habituation.
The effect of estrogen occurred for all prepulse intensities
at 18 h after injection, whereas it was only observed for
higher prepulse intensities at 30 min after injection. This
prolonged and slow development of the effect of estrogen
suggests that it is mediated by a genomic action of the
steroid on nuclear receptors, rather than a rapid, non-ge-

Žnomic effect on plasma membrane receptors Fink et al.,
.1996; McEwen, 1991 . However, further experiments, for

example with bovine serum albumin-conjugated estrogen,
which does not penetrate the cell membrane, are needed to

Ž .definitively prove this assumption Zheng et al., 1996 .
Whichever the cellular mechanism, the effect of estrogen
was mimicked by testosterone, but not dihydro-testos-
terone. While the effect of testosterone appeared to be
more modest than that of estrogen, this could be explained
by the relatively low dose of testosterone we used in our

Žstudy compared to previous studies Sumner and Fink,
.1998 . Because dihydrotestosterone cannot be converted

by aromatase to estrogen, its lack of effect suggests that
testosterone itself is converted to estrogen before it can

Žinduce an increase in prepulse inhibition Sumner and
.Fink, 1998 . One implication of this finding is that testos-

terone, and presumably estrogen as well, may be acting in
the brain in a region rich in aromatase. It is interesting to
note that two of the brain regions where moderate to high
levels of aromatase gene expression have been detected,

Žthe nucleus accumbens and amygdala Foidart et al., 1995;
.Jakab et al., 1993 , are also implicated in the regulation of
Žprepulse inhibition Decker et al., 1995; Wan and Swerd-

.low, 1993 . Estrogen receptors, both of the alpha and beta
subtype, are found both in the nucleus accumbens and

Ž .amygdala Shughrue et al., 1997 and could mediate the
effects of estrogen and converted testosterone on prepulse
inhibition. However, further studies with local intracere-
bral injections are needed to verify the site of action of
estrogen and testosterone on prepulse inhibition.

While administration of estrogen significantly increased
prepulse inhibition, ovariectomy could have been expected
to have the reverse effect, i.e. a decrease of prepulse
inhibition. However, we observed no significant difference
in startle amplitude and prepulse inhibition before and 1
week after ovariectomy. It should be noted that further
experiments with sham-operated female rats will need to
be done to investigate whether, using this interval, there is
normally a time-related change in prepulse inhibition which
did not occur in the ovariectomized rats. Such a possibility
seems unlikely, however, as we have seen no such time-re-
lated effects in intact female rats tested at similar intervals
Ž .data not shown . A lack of effect of ovariectomy could
indicate that estrogen does not have a tonic modulatory
role in the regulation of prepulse inhibition, but is only
important in certain physiological states such as during

Ž .some stages of the estrous cycle Koch, 1998 or preg-

nancy. However, this would appear in contrast to the
clinical findings that prepulse inhibition is reduced during
the period of midluteal elevations of circulating estrogen
levels and thus appears to decrease prepulse inhibition
Ž .Swerdlow et al., 1997 . An explanation could be that
changes in prepulse inhibition during the menstrual cycle

Žin women or the estrous cycle in rats Koch, 1998; Swerd-
.low et al., 1997 are in fact determined not only by varying

levels of estrogen, but also by other ovarian hormonal
influences such as progesterone or inhibin. Rupprecht and
co-workers recently showed that administration of proges-
terone caused a dose-dependent, but partial, reversal of the
disruption of prepulse inhibition induced by apomorphine

Ž .treatment Rupprecht et al., 1999 . Baseline prepulse inhi-
Žbition was not enhanced by progesterone treatment Rup-

.precht et al., 1999 . It is possible that combined treatment
with estrogen and progesterone could lead to a complete
restoration of disrupted prepulse inhibition.

The involvement of other hormones is also suggested
by neurochemical observations that estrogen appears to
enhance stimulated dopamine release from slices of the

Žstriatum at low doses and reduces it at high doses Becker,
.1990 . Given that dopaminergic stimulation, such as oc-

curs with amphetamine- or apomorphine treatment, dis-
rupts prepulse inhibition, high circulating levels of estro-
gen during the midluteal phase of the menstrual cycle
should reduce this effect and, hence, increase prepulse
inhibition. Such an effect is in contrast with the model that
it is cycling levels of estrogen only that modulate prepulse
inhibition during the menstrual cycle. In the present study,
we assessed the effect of estrogen administration without
the confounding effect of other hormones that could theo-
retically oppose or alter its effect. Our conclusion is, that
estrogen, at least when administered at the doses we used
and at the time intervals we tested, increased prepulse
inhibition.

The central neurochemical mechanism for the effect of
estrogen on prepulse inhibition is unclear. We adminis-
tered estrogen in rats that were subsequently treated with
apomorphine or MK-801 to assess if estrogen would inter-
act specifically with central dopaminergic or glutamatergic
mechanisms. While both apomorphine and MK-801 signif-
icantly disrupted prepulse inhibition, the effect of estrogen
was essentially similar whether rats received no additional
treatment, or either of these drugs. In addition, the effect of
estrogen in rats treated with apomorphine or MK-801 was
modest at best, possibly indicating that this treatment has
little potential to restore sensorimotor gating deficits in
patients with schizophrenia. Pretreatment with clinically
used antipsychotic drugs, such as haloperidol and clozap-
ine, completely reverses the disruption of prepulse inhibi-

Žtion by apomorphine Rupprecht et al., 1999; Swerdlow
.and Geyer, 1993 . In contrast, there is discrepancy in the

literature as to whether the disruption of prepulse inhibi-
tion by MK-801 treatment is blocked by antipsychotic

Ž .treatment Bakshi et al., 1994; Hoffman et al., 1993 .
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While an interaction with dopaminergic or glutamater-
gic pathways cannot be excluded, these results may indi-
cate that estrogen treatment stimulates a central mecha-
nism completely separate from either of these mechanisms
involved in prepulse inhibition. The effects of estrogen are
then simply additive to those of apomorphine and MK-801.
For example, estrogen has been shown to reduce expres-
sion of 5-HT receptors in different parts of the brain at1A

doses and time intervals comparable to the ones used in
Ž .the present study Osterlund and Hurd, 1998 . Administra-

tion of 5-HT receptor agonists has previously been1A
Žshown to reduce prepulse inhibition Rigdon and Weather-

.spoon, 1992 . Thus, endogenous serotonin, acting on 5-
HT receptors, may reduce prepulse inhibition, an in-1A

volvement that could be reversed by the down-regulation
of these receptors by estrogen. In this way, estrogen acts
similar to 5-HT receptor antagonists that have been1A

Žshown to increase prepulse inhibition Wedzony et al.,
.2000 .

Estrogen has also been shown to increase the expression
Ž .of 5-HT receptors Sumner and Fink, 1995 . However,2A

an involvement of this mechanism in the present results
seems unlikely, as 5-HT receptors antagonists reverse2A

disruption of prepulse inhibition by drugs such as phen-
Ž .cyclidine Sipes and Geyer, 1994; Varty et al., 1999 .

Thus, the increased expression of these receptors would
lead to the opposite effect, i.e. reduced prepulse inhibition.
Furthermore, drugs acting at 5-HT receptors have been2A

Žshown to alter startle amplitude or startle habituation Geyer
.and Tapson, 1988 , an effect not consistently seen with

estrogen treatment.
In addition to serotonergic mechanisms, the activity of

several other neurotransmitter systems is modulated by sex
Ž .steroids Liaw et al., 1992; Shughrue et al., 2000 and

further experiments will be needed to explore these inter-
actions.

In conclusion, the present study demonstrated that es-
trogen may modulate prepulse inhibition. Startle amplitude
was reduced at 30 min, but not 18 h after injection and
there was no effect on startle habituation. These results
could help to explain the apparent protective effect of

Žestrogen on the psychopathology of schizophrenia Hafner¨
.et al., 1993; Seeman, 1997 and the beneficial effects of

Ž .estrogen treatment in psychosis Kulkarni et al., 1996 .
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