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Progesterone Attenuates Corticotropin-Releasing Factor-
Enhanced But Not Fear-Potentiated Startle via the Activity of
[ts Neuroactive Metabolite, Allopregnanolone

Donna J. Toufexis, Carrie Davis, Alexis Hammond, and Michael Davis
Department of Psychiatry and Behavioral Sciences and The Center for Behavioral Neuroscience, Emory University School of Medicine, Atlanta, Georgia
30322

Intact female rats and ovariectomized (OVX) rats with different ovarian steroid replacement regimens were tested for changes in
corticotropin-releasing factor (CRF)-enhanced startle (increased acoustic startle amplitude after intracerebroventricular infusion of
1 ug of CRF). OVX rats injected with estradiol (E) followed by progesterone (P) showed a blunted CRF-enhanced startle effect compared
with OVX and E-injected rats. CRF-enhanced startle also was reduced significantly in lactating females (high endogenous P levels)
compared with cycling rats (low to moderate P levels), as well as in non-E-primed rats when P was administered acutely (4 hr before
testing) or chronically (7 d P replacement). The ability of P to attenuate CRF-enhanced startle was probably mediated by its metabolite
allopregnanolone [tetrahydroprogesterone (THP)], because THP itself had a similar effect, and chronic administration of medroxy-
progesterone, which is not metabolized to THP, did not blunt CRF-enhanced startle but instead slightly increased it. These data suggest
that P blunts CRF-enhanced startle through a mechanism involving its neuroactive metabolite THP, although a role for the P receptor
cannot be completely ruled out. Finally, neither chronic P replacement nor acute THP affected fear-potentiated startle, suggesting that P
metabolites have an effect on the bed nucleus of the stria terminalis and anxiety rather than on the amygdala and stimulus-specific fear.
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Introduction

In addition to its well known role in the release of adrenocortico-
tropin hormone from the anterior pituitary, corticotropin-
releasing factor (CRF) acts centrally to coordinate several aspects
of emotional arousal (Dunn and Berridge, 1990), and dysregula-
tion of CRF has been implicated in the development of certain
psychiatric illnesses (Arborelius et al., 1999). Intracerebroven-
tricular (ICV) administration of CRF increases peripheral sym-
pathetic outflow (Grosskreutz and Brody, 1988; Stephens et al.,
1988), elevates respiration (Bohmer et al., 1990), inhibits gastric
acid secretion (Tashe et al., 1983), and activates several brainstem
nuclei to enhance attention and vigilance (Valentino and Foote,
1987, 1988; Aston-Jones et al., 1996). ICV injection of CRF also
increases the amplitude of the acoustic startle reflex (Swerdlow et
al., 1986; Liang et al., 1992). This effect depends on receptors in
the bed nucleus of the stria terminalis (BNST), because it is pre-
vented by chemical lesions of the BNST or by local infusion of a
CRF antagonist into the lateral BNST and is mimicked by local
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infusion of CRF into the same area (Lee and Davis, 1997). In
contrast, the amygdala, which is critically involved in fear-
potentiated startle (increased startle amplitude elicited in the
presence of a cue previously paired with shock), is not involved in
CRF-enhanced startle (Lee and Davis, 1997).

Gender differences in the prevalence of psychiatric disorders
are well documented within the clinical literature. Women suffer
from major depression and anxiety disorders at rates significantly
higher than men (Sloan and Kornstein, 2003). Moreover, the
occurrence of depression and anxiety-based pathologies in-
creases significantly after puberty in women, and the incidence is
highest during a woman’s reproductive years, suggesting that
ovarian hormones are involved in the etiology of these patholo-
gies (Palanza, 2001; Born et al., 2002). Studies in rodents also
indicate gender differences in emotional behavior. Female rats
often exhibit less fear or anxiety-like behavior than do their male
conspecifics (Steenbergen et al., 1990; Johnson and File, 1991;
Fernandes et al., 1999), especially during the period of
proestrous, when the ovarian hormones estrogen (E) and proges-
terone (P) are at their zenith. Proestrous females show reduced
periods of immobility in the Porsolt forced swim tests, increased
latencies in burying an electrified prod, and more time spent in
the open arms of the elevated plus maze than diestrous females
(Frye et al., 2000; Marcondes et al., 2001; Frye and Wawrzychi,
2003). Hence, ovarian steroids affect emotionality in female rats
as they do in women.

To date, CRF-enhanced startle has been studied only in male
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rats, and only a handful of studies have looked at sex differences
in fear conditioning (Anagnostaras et al., 1998; Pryce et al., 1999;
Gupta et al., 2001; Stock et al., 2001). Moreover, the influence of
steroid hormones on anxiogenic effects produced by ICV CRF
versus those produced by fear conditioning has yet to be deter-
mined. In this study, we begin the examination of ovarian hor-
mone effects on CRF-enhanced and fear-potentiated startle in
the female rat.

Materials and Methods

General methods

Animals. Female Sprague Dawley rats (Charles River, Raleigh, NC),
weighing between 250 and 300 gm were maintained on a 12 hr light/dark
cycle (lights on at 8:00 A.M.) with food and water available ad libitum.
Rats were initially group-housed in 45 X 24 X 20 cm polycarbonate cages
(four rats per cage) and individually housed after implantation of ICV
cannulas. In all experiments, intact or ovariectomized (OVX) rats ob-
tained from the supplier were maintained in the vivarium for 2 weeks
before startle testing.

Apparatus. Rats were trained and tested in two identical 8 X 15 X 15
cm Plexiglas and wire mesh cages. The floor of each cage consisted of
four 6.0-mm-diameter stainless steel bars spaced 18 mm apart. The
cages were suspended between compression springs within a steel
frame, and both were enclosed in a ventilated, sound-attenuating
chamber (inside dimensions, 56 X 56 X 81 cm; Industrial Acoustics,
Bronx, NY). Background noise (60 dB; wideband) was provided by a
General Radio (Concord, MA) type 1390-B noise generator and
delivered through high-frequency speakers (Supertweeter; Radio Shack,
Tandy, Fort Worth, TX) located 5 cm from the front of each cage. Sound
level measurements were made with a Briiel & Kjaer (Marlborough, MA)
model 2235 sound-level meter (A scale; random input) with the micro-
phone (type 4176) located 7 cm from the center of the speaker, which
approximates the distance of the rat’s ear from the speaker during testing.

Startle responses were evoked by 50 msec white-noise bursts (5 msec
rise—decay) generated by a Macintosh G3 computer sound file (0-22
kHz), amplified by a Radio Shack amplifier (100 watt; model MPA-200),
and delivered through the same speakers as those used to provide back-
ground noise. Startle response amplitudes were quantified using an
Endevco (San Juan Capistrano, CA) 2217E accelerometer . Cage move-
ment produced by the rat’s startle response resulted in displacement of
the accelerometer, the output of which was integrated, producing a volt-
age output proportional to the velocity of cage movement. This signal
was amplified by an Endevco model 104 amplifier and digitized on a scale
of 0-2500 units by an InstruNET device (model 100B; GW Instruments,
Somerville, MA) interfaced to a Macintosh G3 computer. Startle ampli-
tude was defined as the maximal peak-to-peak voltage that occurred
during the first 300 msec after onset of the startle-eliciting noise burst.

In the fear-potentiated startle test, the visual conditioned stimulus was
a 3.7 sec light (200 lux) produced by a 25 W incandescent bulb located 25
cm above each cage. Luminosity was measured using a VWR (Atlanta,
GA) light meter. The unconditioned stimulus was a 0.5 sec, 0.4 mA shock
delivered through the four floor bars. Shock intensity was measured with
a 1 k() resistor across a differential channel of an oscilloscope in series
with a 100 k() resistor connected between adjacent floor bars within each
cage. Current was defined as the root-mean-square voltage across the 1
k() resistor where milliamperes = 0.707 X 0.5 X peak-to-peak voltage.
Shocks were produced by LeHigh Valley shock generators (SGS-004;
Beltsville, MD). The presentation and sequencing of all stimuli were
under the control of the Macintosh G3 computer using custom-designed
software (The Experimenter; Glassbeads Inc., Newton, CT).

Surgery. Rats were anesthetized with a ketamine—xylazine mixture
(ketamine, 100 mg/100 ml; xylazine, 20 mg/ml at 1 cc/kg, i.p.) and placed
in a stereotaxic instrument (ASI, Warren, MI). The skull was exposed, a
hole was drilled over the lateral ventricle, and a 22 gauge guide cannula
(model C313G; Plastic Products, Roanoke, VA) was lowered into the
right lateral ventricle (anteroposterior, —0.4; dorsoventral, —5.5; medio-
lateral, +1.2 mm from bregma; nosebar set to +5.0 mm). Four jeweler’s
screws were anchored to the skull, and the assembly was cemented in
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place using Cranioplastic Powder (Plastic Products). A dummy cannula
(model C313DC/l; Plastic Products) was inserted into the guide cannula
to maintain patency before returning the rats to the vivarium. One week
later, the accuracy of cannula placement was determined using the an-
giotensin IT drinking test in which 50 ng of angiotensin II was infused and
the latency to drink recorded. Animals that did not initiate drinking
within 2 min were eliminated from the experiment.

Matching procedure. Rats were presented with 30 95 dB, 50 msec bursts
of white noise (startle stimuli) at a 30 sec interstimulus interval (ISI). The
rats were then divided into groups that had equivalent mean startle am-
plitudes across the 30 startle stimuli.

CRF-enhanced startle. On the test day, rats were given 60 105 dB startle
stimuli at a 30 sec ISI (baseline startle test) and then removed for 1 hr.
After this period, all rats were infused with 1 pg of CRF (human-rat CRF;
Sigma, St. Louis, MO) in 5 ul of artificial CSF over 2 min, a dose previ-
ously demonstrated to produce a robust increase in startle. Infusion
cannula were left in the ventricle for an additional 2 min. The rats were
then returned to the startle chambers and presented with 240 105 dB
startle stimuli at a 30 sec ISI.

Radioimmunoassays. Plasma progesterone and leutinizing hormone
(LH) levels were measured using standard radioimmunoassays described
in the literature (Trawick and Bahr, 1986; Kornblatt and Grattan 2001)
by the Yerkes Neuroendocrine Laboratory.

Fear-potentiated startle training. Two days after matching, rats were
placed in the startle test cages and 5 min later given 10 light-shock pair-
ings consisting of a 3.7 sec, 200 lux light coterminating with a 0.5 sec, 0.4
mA footshock at an average intertrial interval of 3 min (range, 2—4 min).
This procedure was repeated the following day.

Fear-potentiated startle testing. Eight days later, all animals were re-
turned to the training chambers and presented with 30 95 dB startle
stimuli (Noise-Alone trials) at a 30 sec ISI followed 30 sec later by the first
of 30 light plus startle stimulus trials (Light-Noise trials) and 30 Noise-
Alone trials in a balanced, irregular order. On the Light-Noise trials, the
startle stimulus occurred 3.2 sec after onset of the light.

Data analysis. CRF-enhanced startle data were analyzed using percent-
age increase from baseline, because this method has proven to be more
accurate than scoring absolute values in determining levels of fear and
anxiety (Walker and Davis, 2002). CRF-enhanced startle data were first
collapsed over 10 min blocks of 20 startle stimuli. The mean startle am-
plitude before drug infusion was computed for each rat and used as the
baseline startle amplitude for that animal. The data during the 12 blocks
after drug infusion for each animal were computed as a percentage
change in startle relative to this baseline. These percentage changes scores
were then analyzed with two-way ANOVA with treatment (e.g., P vs
Vehicle) as a between-subjects factor and trial block (i.e., 10-120 min) as
a within-subjects factor. Fear-potentiated startle was analyzed with
ANOVA with repeated measures using both absolute and percentage
values.

Specific methods

Experiment 1: CRF-enhanced startle in OVX females with estrogen alone or
estrogen plus progesterone replacement regimens. The purpose of this ex-
periment was to evaluate the effect of E and P on CRF-enhanced startle.
OVX rats were used to reduce lingering levels of these steroids or their
metabolites. Rats were implanted with ICV cannulas, as described above.
After a 10 d recovery period, they were matched, as described above, into
three initial groups of eight rats each that had equivalent mean startle
amplitudes. Because of loss of cannula or failure to respond in the angio-
tensin II drinking test, six rats were removed from this study. Groups
consisted of: OVX (oil injected; n = 5); OVX plus E replacement (1
g/100 wl, s.c. estradiol in corn oil injected 24 hr before; 250 ug/100 wl,
s.c. estradiol in corn oil injected 4 hr before testing; n = 6; this dose has
been used to induce LH in OVX and lactating rats) (Todd et al., 2003;
Abizaid et al., 2004); or OVX plus E plus P (1 ug/100 wl, s.c. estradiol in
corn oil injected 24 hr before; 250 ng/100 ul, s.c. estradiol in corn oil
injected followed 20 hr later by 500 ug/100 wl, s.c. P in corn oil; n = 7;
with testing taking place 4 hr after P injection). These doses have been
used to induce LH in OVX and lactating rats (Todd et al., 2003; Abizaid
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et al., 2004). On the test day, the rats were tested before and after ICV
infusion of CRF, as described above.

Experiment 2: CRF-enhanced startle in OVX females with acute P re-
placement. The purpose of this study was to examine the effect of acute P,
without estrogen priming, on CRF-enhanced startle in female rats. OVX
rats were implanted with ICV cannulas and 10 d later matched and
divided into two groups of 10 rats each. One group was given a single
injection of P (500 g/100 ul). The other group was given a single injec-
tion of the vehicle, corn oil (100 ul). Four hours after injection, rats were
tested for CRF-enhanced startle, as described above.

Experiment 3: CRF-enhanced startle in OVX females with chronic P
replacement. The purpose of this study was to examine the effect of
chronic P, without estrogen priming, on CRF-enhanced startle. OVX rats
were implanted with ICV cannulas and 10 d later matched and divided
into two groups of eight rats each. One rat was subsequently removed
after failing the angiotensin II drinking test. The chronic P group was
implanted subcutaneously in the back of the neck under light halothane
anesthesia [with SILASTIC (Dow Corning, Midland, MI) capsules filled
with P; length, 6 cm; 0.078 inch inner diameter (I.D.); 0.125 inch outer
diameter (O.D.); n = 8]. Controls (blanks; n = 7) were implanted with
empty capsules. CRF-enhanced startle was measured on day 8 after 7 d of
capsule implantation. After testing, tail blood was sampled from eight
chronic P and blank rats and assayed for plasma P concentrations.

Experiment 4: CRF-enhanced startle in intact females with different en-
dogenous P levels. The purpose of this experiment was to examine the
effect of endogenous P levels in intact female rats known to differ with
respect to plasma P level. Intact Sprague Dawley females were matched
and divided into two groups of eight rats each. One group was allowed to
mate and subsequently separated into individual cages ~2 d before birth.
Intact virgin females were housed individually for approximately the
same duration before surgery and testing as postpartum females. Intact
virgin and lactating rats (on postpartum day 2) underwent cannula im-
plantation, as described previously. Three rats, two virgin and one lac-
tating, were removed from the study because of loss of cannula. After a
12 d recovery period (postpartum day 14 for lactating females), they were
tested for CRF-enhanced startle (intact, n = 6; lactating, n = 7).

Experiment 5: effect of allopregnanolone on baseline and CRF-enhanced
startle in OVX rats. The purpose of this experiment was to assess the effect
of allopregnanolone [tetrahydroprogesterone (THP)], the major metab-
olite of P, on CRF-enhanced startle. OVX Sprague Dawley females (n =
8) underwent cannula implantation, and 10 d later they were matched.
Rats were each tested twice for CRF-enhanced startle. On the first test
day, half the rats were injected with THP (10 mg/kg, i.p. dissolved in 45%
2-hydroxypropyl-B-cyclodextrin) and tested 4 hr later for CREF-
enhanced startle. The other half was tested after infusion of the vehicle
alone. At least 2 d later, these procedures were repeated except that rats
given THP on day 1 were now given only the vehicle and vice versa. The
same procedure was used on another group of OVX rats (n = 8) without
CREF infusion to measure baseline startle in THP-treated females.

Experiment 6: CRF-enhanced startle in OVX rats replaced with P or
medroxy-progesterone. Because the experiments above suggested that the
effect of P on CRF-enhanced startle was probably attributable to its con-
version to THP, experiment 6 evaluated how medroxy-progesterone
(MPA), which binds to the P receptor but is not metabolized to THP,
would affect CRF-enhanced startle. OVX rats underwent cannula im-
plantation and were matched and divided into two groups of eight rats
each. One group was implanted with SILASTIC capsules (length, 6 cm;
0.078 inch L.D.; 0.125 inch O.D.) filled with P, and the other group
received capsules filled with MPA (length, 12 ¢cm; 0.078 inch 1.D.; 0.125
inch O.D.; Sigma). Three rats, one replaced with P and two replaced with
MPA, were removed from the study because of missing or clogged can-
nulas. Eight days later, they were tested for CRF-enhanced startle. As a
positive control for the action of P and MPA, plasma LH levels were
measured in all MPA- and P-replaced females and compared with those of
OVX nonreplaced rats from the previous experiments. Because of lack
of ovarian steroid negative feedback, OVX rats should have higher levels of
plasma LH compared with P- and MPA-replaced OVX females (Rabii and
Ganong, 1976)

Experiment 7: effect of chronic P on fear-potentiated startle in OVX rats.
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Figure1.  Percentage change from baseline startle (== SEM)in OVX (gray circles; n = 5), OVX

estrogen-replaced (E2; black circles; n = 6), and OVX estrogen-primed, P-replaced (E2P; white
circles; n = 7) female rats after ICV CRF infusion. Data were collapsed into 10 min intervals of 20
startle stimuli.

The purpose of this experiment was to determine whether chronic pro-
gesterone would affect the expression of fear-potentiated startle. OVX
female rats were matched into two groups of 10 rats each and trained for
the fear-potentiated startle, as described above. One day after training,
the chronic P group was implanted subcutaneously with SILASTIC cap-
sules (0.078 inch, I.D.; 0.125 inch, O.D.) filled with P. Controls (blanks)
were implanted with empty capsules. One animal, which appeared very
sick, was removed from the blank group before testing. Seven days later,
all rats were tested for fear-potentiated startle, as described previously.

Experiment 8: effect of acute THP on fear-potentiated startle in OVX rats.
The purpose of this experiment was to determine whether acute THP
would affect the expression of fear-potentiated startle. OVX female rats
(n = 8) were trained for the fear-potentiated startle as described above.
Two days after training, four of the rats were injected with THP (10
mg/kg) and four were injected with vehicle. Four hours later, all rats were
tested for fear-potentiated startle, as described previously. All rats were
then retrained and 2 d later tested again, except that rats given THP on
day 1 were now given only the vehicle and vice versa.

Results

Experiment 1: CRF-enhanced startle in OVX females with
estrogen alone or estrogen plus progesterone replacement
regimens

In this and all subsequent studies, there were no significant group
effects or group by time interactions during the preinfusion base-
line test. As shown in Figure 1, all groups showed a significant
increase in acoustic startle amplitude across the 2 hr test session
(CRF-enhanced startle; F(;, 165y = 5.50; p < 0.0001). The overall
time by group interaction was not significant. Subsequent com-
parisons indicated that the OVX alone and OVX plus E groups
did not differ across time, but when these groups were compared
with the OVX E plus P groups, there was a significant group by
time interaction (F;, ,76) = 2.48; p < 0.007).

Experiment 2: CRF-enhanced startle in OVX females with
acute P replacement

Figure 2 A shows that both the OVX and OVX plus P rats showed
significant CRF-enhanced startle (F(;, 105y = 5.776; p << 0.0001).
However, the magnitude of this was lower in the group given
acute P, and this was supported by a significant overall group
effect (F(; 14) = 5.662; p < 0.03) as well as a significant group by
time interaction effect (F(,; ;o) = 1.83; p < 0.05)

Experiment 3: CRF-enhanced startle in OVX females with
chronic P replacement

Figure 2 B shows that chronic P also blunted CRH enhanced star-
tle. Thus, there was a significant overall effect of CRF (F;, 143y =
9.99; p < 0.0001) as well as a significant group by time interaction
(F11,143) = 2.40; p < 0.009), reflecting the smaller increase in the
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lactating females as reflected by a
significant group by time interaction
(Faiaa1) = 6.42; p < 0.001).

1171 Experiment 5: effect of THP on baseline
and CRF-enhanced startle in OVX rats
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Percentage change from baseline startle (== SEM) after ICV CRF infusion in: 4, OVX rats injected with oil alone (dark
circles;n = 10) or progesterone (white circles; n = 10) (500 .g/100 gl oil) 4 hr before the CRF test; B, 0VX ratsimplanted for 7d
with blank SILASTIC capsules (dark circles; n = 7) or P-filled capsules (white circles; n = 8); and (, intact virgin (dark circles; n =

Figure 3A shows that THP reduced CRF-
enhanced startle. Thus, there was a signif-
icant overall effect of CRF (F(,, 54y =
7.534; p < 0.001) as well as a significant
group effect (F, 14 = 8.925; p < 0.01). As
shown in Figure 3B, THP did not signifi-
cantly affect baseline startle (ANOVA:
group, F, 4y = 0.619, p > 0.44; group by
time, Fy1 152 = 0.672, p > 0.76).

6) and lactating (Xs; n = 7) female rats. Data from all three studies were collapsed into 10 min intervals of 20 startle stimuli.
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Figure3. Percentage change from baseline startle (2= SEM) in: A, OVXrats (n = 8) tested for

CRF-enhanced startle with (dark squares) and without (white squares) intraperitoneal injection
of THP (10 mg/kg, by weight); and B, changes in baseline startle over a 2 hr period in OVX rats
(n = 8) after injection of THP (dark squares) or vehicle (veh; white squares).
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Figure4. Percentage change from baseline startle (= SEM) after ICV CRF infusion in OVX rats

implanted with MPA (dark squares; n = 6) or P (white squares; n = 7). Data were collapsed into
10 min intervals of 20 startle stimuli.

chronic P rats. Radioimmunoassay on plasma sampled from
progesterone-treated rats showed high levels of plasma proges-
terone (21.3 +/— 3.1 ng/ml). Blank-replaced rats had negligible
plasma progesterone.

Experiment 4: CRF-enhanced startle in virgin versus

lactating rats

Figure 2C shows that both intact virgin and lactating rats showed
a significant increase in startle amplitude after CRF infusion
(F11,121y = 8.37; p < 0.001). Intact virgin females showed signif-
icantly greater CRF-enhanced startle over time compared with

Experiment 6: CRF-enhanced startle in

OVX rats replaced with P or MPA

Figure 4 shows the typically blunted CRF effect in the P-treated
rats in contrast to a high level of CRF-enhanced startle in the
MPA-treated rats. This was reflected by a significant group effect
(Fi,11) = 8.77; p < 0.016) as well as a significant group by time
interaction (F(;; 151y = 2.43; p < 0.009). Inspection of Figure 4
suggested that the magnitude of CRF-enhanced startle was un-
usually high in the MPA-treated group. To test this statistically,
the results for all of the OVX control rats in the previous experi-
ments were combined and compared with the data of the MPA
rats (Fig. 5). Based on this comparison, the MPA rats did show
greater CRF-enhanced startle as reflected by a significant group
by time interaction (F(,, 546y = 1.976; p < 0.031). Although ad-
ditional comparisons within the same cohort of rats need to be
made, these results suggest that MPA may actually have increased
CRF-enhanced startle, in contrast to the consistent blunting pro-
duced by P.

Table 1 shows the serum LH levels of OVX rats and OVX rats
replaced with MPA and P. A one-way ANOVA found a signifi-
cant difference among the groups (F, 7y = 9.22; p < 0.002). Post
hoc contrasts using Tukey’s correction for multiple comparisons
found a significant difference between the OVX group and the
P-replaced group ( p < 0.02) and the MPA-replaced group ( p <
0.002). Results indicate that both P and MPA were sufficient to
decrease plasma LH levels, as has been reported previously in
women and male rats (Bagis et al., 2002; Jai et al., 2002; Saares-
ranta et al., 2002).

Experiment 7: effect of chronic P on fear-potentiated startle
in OVX rats

Figure 6 A shows the magnitude of fear-potentiated startle in
OVX rats and OVX rats with chronic P replacement. In contrast
to its effects on CRH-enhanced startle, chronic P did not reduce
either baseline or fear-potentiated startle. Thus, there was a sig-
nificant effect of trial type (i.e., higher startle amplitude in the
presence vs the absence of the cue; fear-potentiated startle) (F;, =
58.869; p < 0.001), but there was no significant effect of group
(F1.17) = 0.075; p = 0.788) or group by trial-type interaction
(Fiiy) = 0.011; p = 0.878).

Experiment 8: effect of acute THP on fear-potentiated startle
in OVX rats

Figure 6B shows the magnitude of fear-potentiated startle in
OVX rats and OVX rats injected with THP 4 hr before testing.
Again, in contrast to its effects on CRH-enhanced startle, there
was no effect of THP on either baseline or fear-potentiated startle.
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Figure5. Percentage change from baseline startle (== SEM) after ICV CRF infusion in OVX rats
(white squares; n = 22) and those implanted with SILASTIC capsules filled with MPA (dark
squares; n = 6). Data were collapsed into 10 min intervals of 20 startle stimuli.

Table 1. Serum luteinizing hormone levels in rats replaced with SILASTIC tubing
containing progesterone (n = 7), medroxy-progesterone (n = 5), and untreated
(n=8)

Groups LH (in nanograms per milliliter)
Untreated 6.62 + 0.96*
MPA-filled 1.42 £ 0.51
P-filled 315*+09
*Significantly higher than MPA- and P-implanted animals.
A B
5
4
£,
g
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Figure6. Fear-potentiated startle in: 4, OVX ratsimplanted for 7 d with blank capsules (n =
8) or P-filled capsules (n = 9) and B, 0VX rats (n = 8) tested 4 hr after either THP (10 eg/kg, by
weight) injection or vehicle. Graph shows startle amplitude in the presence (light noise; white
bars) and absence (noise alone; black bars) of the light cue. The difference between the two trial
types (light-noise — noise alone = fear-potentiated startle; = SEM) is depicted by gray bars.

Thus, there was a significant effect of trial type (i.e., fear-
potentiated startle) (F,, = 26.538; p < 0.001) but no significant
effect of group (F, 14y = 0.074; p = 0.70) or group by trial-type
interaction (F, ;4 = 0.066; p = 0.72)

Discussion
This study showed that gonadal steroids modulate the effects of
ICV CREF on the acoustic startle reflex in female rats. In OVX rats,
replacement of P in estrogen-primed females or acutely, as well as
chronically, in non-estrogen-primed females, significantly atten-
uated CRF-enhanced startle, whereas baseline startle remained
unchanged. A similar effect was seen in lactating females, in
which plasma P is chronically elevated and estrogen levels are
low. In contrast, chronic P did not affect the expression of fear-
potentiated startle, suggesting that P affects brain regions, such as
the BNST, essential for CRF-enhanced startle and not systems
involving the central nucleus of the amygdala, critical for the
expression of fear-potentiated startle (Walker and Davis, 1997).
The ability of P to decrease CRH-enhanced startle could have
resulted from activation of its receptor(s), through activity of its
metabolites, or a combination of these factors. P is rapidly con-
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verted to 3a,5a-pregnan-20-one (allopregnanolone-THP)
(Stoffel-Wagner et al., 2003) that does not bind to the P receptor
but exerts strong positive allosteric modulation of the GABA ,
receptor (Gulinello and Smith, 2003).

Several lines of evidence implicate THP in the reduction of
CRF-enhanced startle induced by P. THP has been shown to play
a role both in the response to, and in the effect of, stress. For
example, 5 min after swim stress, THP levels in adrenalectomized
male rats are increased 4- to 20-fold over baseline values (Purdy
et al., 1991), and serum THP is increased after injection of CRF
and adrenocorticotropin hormone (Torres et al., 2001) after CO,
exposure (Barbaccia et al., 1996) and after footshock (Barbaccia
etal., 1997) in male rats. The effects of THP on stress may specif-
ically involve CRF systems. Patchev et al. (1994) demonstrated
that doses of 5 and 10 ug of THP ICV offset the anxiogenic effect
of 0.5 ug of CRF on plus maze activity in male rats and showed
that stimulation of CRF release by the a-1 receptor agonist me-
thoxamine was inhibited in vitro by pretreatment with low molar
concentrations of THP. THP also reduced stress-induced tran-
scription of vasopressin in the ventromedial paraventricular nu-
cleus of adrenalectomized, castrated rats (Patchev et al., 1996).
Thus, the connection between THP and the stress axis, and in
particular with CRF neurotransmission, might extend to interac-
tions between THP and CRF systems in other brain regions. In-
deed, a study by Swerdlow and Britton (1994) showed that al-
phaxalone, a synthetic pregnane steroid anesthetic, inhibits the
startle-enhancing effects of CRF without affecting baseline startle
or interfering with strychnine-induced facilitation of the startle
response. And, in the present study, administration of THP itself
also decreased CRF-enhanced startle.

THP has been shown to have profound anxiolytic properties
linked to its allosteric modulation of the GABA, receptor. THP
reduces anxiety in rodents in the elevated plus maze (Bitran etal.,
1991; Wieland et al., 1991; Rhodes and Frye, 2001), the Geller-
Seifter punished response test (Carboni et al., 1996; Brot et
al.,1997), the mirrored chamber test (Reddy and Kulkarni, 1997),
and the defensive burying test (Fernandez-Guasti and Picazo,
1995). THP also decreases ultrasonic vocalizations in rat pups
separated from their mothers (Zimmerberg et al., 1994; Vivian et
al., 1997). Thus, the GABAergic activity of THP may make the
major contribution to the attenuation of CRF-enhanced startle
observed here. In further support of this, CRH-enhanced startle
was not reduced by MPA, which binds to the P receptor with an
equal or greater affinity to that of natural P (Jeppsson, 1981;
Pridjian et al., 1987; Selman et al., 1996) but does not undergo
metabolic conversion to THP (McAuley et al., 1993; Lobo, 1999).

Both acute as well as chronic P replacement without estrogen
priming also reduced CRF-enhanced startle in OVX rats. Because
most brain areas require estrogen receptor activation for induc-
tion of P receptor synthesis (Bogic et al., 1988; Simerly et al., 1996;
Shughrue et al., 1997; Camacho-Arroyo et al., 1998; Allan et al.,
2001), blunted CRF-enhanced startle after acute P injection with-
out estrogen priming suggests this probably was not mediated
through the P receptor. This is corroborated by results from the
chronic P replacement study. P has been shown to downregulate
its own receptor in vitro (Turgeon and Waring, 2000), a process
involving the inhibition of gene transcription. Thus, when rats
were tested (on day 8 of P replacement), the downregulation of
the P receptor would make it unlikely that the P receptor activa-
tion played a major role in suppressing CRF-enhanced startle.
However, Camacho-Arroyo et al. (1998) showed that P-induced
P receptor downregulation does not occur in the hippocampus,
suggesting that forebrain regions may be exempt from this effect.
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Moreover, in the present study, activation of at least some hypo-
thalamic P receptors did, in fact, take place in steroid-replaced
females, as witnessed by the decrease in plasma LH in both MPA-
and P-replaced females relative to OVX nonreplaced females (Ta-
ble 1). These results indicate that the failure of MPA to block
CRF-enhanced startle cannot be attributed to a complete absence
of MPA-induced hypothalamic P receptor activation, but rather
to the fact that MPA, unlike natural progestins, is not metabo-
lized to THP.

Collectively, data presented above support the idea that the
neuroactive metabolite of P, THP, is most likely responsible for
inhibiting CRF-enhanced startle. However, the participation of
the P receptor cannot be completely ruled out. Both P and MPA
are agonists at the glucocorticoid receptor (GR), with MPA pos-
sessing a much higher affinity for GR than P (Kontula et al., 1983;
Patel et al., 2003). Chronic (5 d) subcutaneous injections of cor-
ticosterone produced CRF-enhanced startle to a dose of CRF
previously shown not to increase startle (Lee et al., 1994). Con-
ceivably, this GR effect (augmentation of CRF-enhanced startle)
of MPA offset any MPA-induced P receptor effect (attenuation of
CRF-enhanced startle). However, P and MPA may not affect GR
in the same manner as glucocorticoids do. Indeed, activation of
GR via progestins versus glucocorticoids results in differential
gene transcription (Wan and Nordeen, 2003).

MPA, the progestin used in most hormone replacement regi-
mens in North America, actually amplified CRF-enhanced startle
over that observed in OVX controls. Interestingly, MPA has also
been shown to have effects opposite to those of P both at the
cellular level (Nilsen and Brinton, 2003) and in behavioral para-
digms (Gibbs and Gabor, 2003).

CRF-enhanced startle also was attenuated in lactating females.
Lactation in the rat produces a hyporesponsiveness of the stress
axis (Deschamps et al., 2003), the onset of maternal behavior
(Pedersen and Boccia, 2002), and a diminution of emotional re-
sponses in tests of fear and anxiety (Neumann, 2003). Although
elevated P is only one of several hormonal changes that occur
during lactation, it is interesting that a physiological state that
naturally produces a sustained elevation of plasma P also attenu-
ated the effects of CRF on startle. Indeed, changes in hypotha-
lamic and limbic levels of CRF are a hallmark of lactation in the
rat (Costa et al., 2001), as is the reduced responsiveness of CRF
target tissues such as the pituitary (Toufexis et al., 1999b). Thus,
extended exposure to P during lactation could be related to these
changes in central CRF neurotransmission during this period.

In contrast to CRF-enhanced startle, neither chronic P nor
acute THP attenuated expression of fear-potentiated startle.
Considerable data indicate the central nucleus of the amygdala
(CeA) is necessary for short-duration responses to aversive stim-
uli (i.e., fear-potentiated startle) (Davis, 1992), whereas the
BNST mediates long-duration responses to aversive stimuli, such
as the elevation in startle several minutes after rats are placed in a
brightly lit startle chamber (light-enhanced startle) (Walker and
Davis, 1997). The BNST, and not the CeA, is also required for the
elevation of startle after central CRF infusion (Lee and Davis,
1997), and fear-potentiated and CRF-enhanced startle show ad-
ditivity, consistent with the idea they work through parallel inde-
pendent systems (Walker and Davis, 2002). The differential ef-
fects of P and THP on CRF-enhanced versus fear-potentiated
startle suggests that progesterone may affect the BNST or related
brain areas and not the CeA. This is supported by the fact that
lactating rats show blunted CRF-enhanced startle (current study)
but no reduction in fear-potentiated startle (Toufexis et al.,
1999a). Because the BNST is implicated in emotional reactivity
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more akin to anxiety than stimulus-specific fear (Walker et al.,
2003), the current results suggest that P may be affecting brain
systems involved in anxiety versus stimulus-specific fear. In
agreement with this, a recent study reported that neither THP nor
P reduced the suppression of motility after the onset of condi-
tioned fear stimulus (Noda et al., 2000).

Dysregulation of CRF is seen in several psychiatric disorders
(Gutman and Nemeroff, 2002). Moreover, CRF is increased, and
THP is reduced, in the cerebrospinal fluid of depressed patients,
and these concentrations normalize after treatment with antide-
pressant drugs (Nemeroff, 2002; van Broekhoven and Verkes,
2003). A recent in vitro study showed that selective serotonin
reuptake inhibitors could upregulate the enzyme responsible for
the conversion of dihydroprogesterone to THP (Griffin and Mel-
lon, 1999). Hence, the interaction between P and THP with CRF
presented here may represent an important connection between
the neurosteroid and neuropeptide systems in the control of
emotional behavior.
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