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Abstract

Rationale—3a-OH-5a[B]-pregnan-20-one (THP) is a positive modulator of the GABA receptor
(GABAR), which underlies its reported anxiolytic effect. However, there are conditions such as
premenstrual dysphoric disorder (PMDD) where increases in THP levels can be associated with
adverse mood.

Objectives—In order to test for conditions where THP might be anxiogenic, we developed a mouse
model of THP withdrawal. Because 3-containing GABAR are highly sensitive to THP modulation,
results were compared in wild-type and 8 knockout mice.

Methods—Finasteride, a 5a-reductase blocker, was administered for 3 days to female wild-type or
d knockout mice. Then, animals were tested in the elevated plus maze, following acute administration
of THP, lorazepam, flumazenil, or 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP), and
results compared to vehicle-injected controls. CA1 hippocampal GABAR a4 subunit levels were
assessed by Western blot.

Results—After THP withdrawal, THP produced anxiogenic effects, decreasing open arm entries
on the elevated plus maze, following a brief shock, in contrast to its expected anxiolytic effects. As
we have shown in rats, THP withdrawal also resulted in increased expression of the a4 subunit in
mouse CAL hippocampus. As expected for increases in a4-containing GABAR, THP withdrawn
mice were relatively insensitive to the benzodiazepine (BDZ) lorazepam and had atypical responses
to the BDZ antagonist flumazenil when tested on the plus maze. In contrast, they showed a greater
anxiolytic response to THIP, which has greater efficacy at a4pd than other GABAR. Although THP
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withdrawal in 6 knockout mice also increased the a4 GABAR subunit, the anxiogenic effects of THP
and the anxiolytic effects of THIP were not observed, implicating 04p6 GABAR in these effects.

Conclusions—Based on these behavioral and pharmacological findings, we suggest that THP
withdrawal in the mouse may serve as a rodent model of PMDD.
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Introduction

The GABA receptor (GABAR) mediates most of the fast inhibition in the CNS. This receptor
is a pentameric structure composed of varying combinations of a (1-6), § (1-3) and y (1-3),
d or & subunits (Hevers and Luddens 1998). Although the most prevalent GABAR isoform
expressed in the brain is a1p2y2, other possible subunit combinations exist, which vary in their
response to steroids. 3-Containing GA BAR are reported to have the greatest steroid sensitivity
(Wohlfarth et al. 2002; Belelli et al. 2002; Brown et al. 2002), suggesting that these receptors
may serve as a primary target for steroid effects.

Positive modulators of the GABAR include most sedative, anxiolytic drugs, such as
benzodiazepines (BDZ), barbiturates, ethanol, and the neuroactive metabolite of pro-gesterone
(P), 3a-OH-5a[B]-pregnan-20-one (THP or [allo]pregnanolone) (Majewska et al. 1986).
Behaviorally, THP produces anxiolytic (Bitran et al. 1995; Akwa et al. 1999), anticonvulsant
(Frye 1995) and sedative effects (Korneyev and Costa 1996) in a dose-dependent fashion.
Although the site of action of this steroid may be distributed throughout brain circuits,
anxiolytic actions of the steroid have been reported after local application of THP to the dorsal
hippocampus (Bitran et al. 1999) similar to BDZs (Menard and Treit 2001).

Across the menstrual cycle, circulating levels of P and THP are elevated during the 10-11 days
of the luteal phase before declining to low levels in the late luteal phase and follicular phase
(Schmidt et al. 1994; Rapkin et al. 1997). Therefore, recent animal studies have investigated
the effects of chronic exposure to and withdrawal from THP in some cases subsequent to
administration of the parent compound P to female rats (Follesa et al. 2000; Reddy et al.
2001; Smith et al. 1998a, b). Steroid withdrawal in the rat produces a state of anxiety (Gallo
and Smith 1993; Smith et al. 1998b), accompanied by a GABAR subunit switch, leading to
increased expression of a4-containing GABAR in the hippocampus (Smith et al. 1998a),
midbrain (Griffiths and Lovick 2005), and cerebellar granule cell (Follesa et al. 2000).
Consistent with the BDZ insensitivity reported for recombinant a4-containing GABAR
(Wafford et al. 1996; Wisden et al. 1991), rats tested following P withdrawal are relatively
insensitive to the anxiolytic effects of the BDZ lorazepam (LZM) (Moran et al. 1998). A similar
BDZ insensitivity is also noted for GABA-gated current, recorded with whole-cell patch clamp
techniques on pyramidal cells acutely isolated from CA1 hippocampus, following P withdrawal
(Smith et al. 1998a). This BDZ insensitivity is prevented when a4 expression is suppressed
using antisense oligonucleotide administration intraventricularly (Smith et al. 1998a),
suggesting that BDZ responsiveness can reflect the levels of a4 expression.

Alterations in mood and BDZ responsiveness have been reported for human females across
the menstrual cycle (Endicott et al. 1999). There are reports that mood changes can be observed
late in the luteal phase (i.e., “premenstrual syndrome”) when endogenous THP levels are
declining (Rapkin et al. 1997; Pearlstein et al. 2005), suggesting that steroid withdrawal in the
rat may have clinical relevance. However, a severe form of this disorder is classified in the
DSM-1V as premenstrual dysphoric disorder (PMDD) (Angst et al. 2001; Backstrom et al.
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2003a,b; Freeman 2003; Rapkin 2003). PMDD has an onset early to midluteal phase, when P
and THP levels are increased (Angst et al. 2001). Dysphoric mood at this time can encompass
anxiety (Yonkers 1997), irritability, aggression, depression, and emotional reactivity,
suggesting a diverse array of symptoms (Angst et al. 2001; Endicott et al. 1999; Freeman
2003; Pearlstein et al. 2005; Backstrom et al. 2003a; Smith et al. 2003b; Steiner et al. 1999).

The role of progesterone in the etiology of PMDD is not clear. Therapeutic administration of
progesterone to women with PMDD has been shown to be no better than placebo (Elliott
2002; Kouri and Halbreich 1998; Freeman 2004). Although some studies report that women
with PMDD do not respond differently to progesterone than nonaffected individuals (Freeman
2004), other studies suggest that administration of progesterone to women with PMDD
increases dysphoric mood, especially anxiety (Schmidt et al. 1998; Tiemstra and Patel 1998).
Consistent with this are other recent reports suggesting that women with PMDD display higher
THP levels than normal subjects (Girdler et al. 2001). In another study (Freeman et al. 2002),
improvement in PMDD symptoms was paradoxically associated with a decline in THP levels,
rather than an increase, as would be expected based on its anxiolytic potential. Although other
studies suggest conflicting results (Rapkin et al. 1997; Bicikova et al. 1998; Monteleone et al.
2000; Hsiao et al. 2004), the possibility exists that under some conditions, THP may
paradoxically exert anxiogenic effects in women with PMDD in contrast to its well-established
anxiolytic action.

Therefore, we conducted the present study to determine whether we could observe anxiogenic
effects of THP under conditions of THP cyclicity relevant for the menstrual cycle. Because
any potentially “dysphoric” effects of THP in the luteal phase would occur, following a period
of relative “THP withdrawal” in the follicular phase, we used a mouse model of THP
withdrawal to test this possibility. Mice display high nocturnal surges of THP (20-30 nM) in
brain (Corpechot et al. 1997), which exceed those found in rat (10-12 nM) (Corpechot et al.
1993). Because of this, withdrawal can be accomplished by blocking formation of these
endogenously high levels of THP with finasteride, a 5a-reductase blocker (Frye and Walf
2004). Because PMDD symptoms include anxiety and irritability (Angst et al. 2001), we
distinguished between effects of the steroid on baseline anxiety and emotional response to an
aversive stimulus.

Our earlier work indicated that steroid withdrawal could increase a4-containing GABAR
(Smith et al. 1998a). Therefore, we also assessed a4 levels in CA1 hippocampus across steroid
state. The a4 subunit can coexpress with either the 6 or y2 subunit (Sur et al. 1999), both of
which have a distinctive pharmacological response (Wafford et al. 1996; Belelli et al. 2002;
Brown et al. 2002). 3-Containing GABAR have an increased responsiveness to steroids
(Wohlfarth et al. 2002), but variable responses have been reported (Zhu et al. 1996) suggesting
that the functional role of steroids at this receptor may be modifiable. Therefore, it was
important to compare the effects of steroid withdrawal on both wild-type and & knockout mice
to determine the role of 3-containing GABAR in mediating behavioral responses to THP,
following steroid withdrawal.

Prepubertal wild-type female mice (C57BL6, Jackson Labs) and 8 knockout mice were housed
in a reverse light/dark cycle (lights on 2330 hours/lights off 1130 hours). These animals do not
exhibit estrous cyclicity and were used in order to isolate selective effects of THP withdrawal
on behavioral state. Circulating levels of estradiol at this time are increasing to within the high
diestrous range (Overpeck et al. 1978) and are elevated above levels earlier in development.
Additional 5 knockout mice were bred in-house, and tails genotyped after experimental
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procedures were completed. Mice were housed at an ambient temperature of 21-25°C in groups
of three with access to food and water. Their pre-pubertal status was verified by an imperforate
vagina. Mice were injected on a daily basis for 3 days with finasteride (50 mg/kg, i.p.) or vehicle
1-1.5 h before dark onset. This 3-day THP “withdrawal” was used to simulate the THP
withdrawal in the human, where more prolonged fluctuations in steroids occur. In all cases,
the “Principles of laboratory animal care” were followed, as were the guidelines from the
Institutional Animal Care and Use Committee.

Radioimmunoassay for 3a,5a-THP

Animals were killed 1 h after dark onset in order to determine hippocampal levels of THP
which have been shown to peak to 207-35 nM at this time (Corpechot et al. 1997), values two
to three times higher than peak levels during the light period. Brains were removed and stored
on dry ice, and serum was collected on ice. 3a,5a-THP levels in plasma and hippocampus were
determined by radioimmunoassay according to previously published methods (Frye et al.
1998; Frye and Bayon 1999; Smythe et al. 1994).

Extraction of 3a,5a-THP—Following incubation with water and 800 cpm of tritiated 3a,
5a-THP (NET-1047: specific activity=65.0 Ci/mmol; New England Nuclear, Boston, MA),
30,5a-THP was extracted from plasma with ether. Hippocampal tissues were homogenized
with a glass/glass homogenizer in 5 ml of methanol, 1% acetic acid and 800 cpm of tritiated
30,5a-THP. Homogenates were centrifuged at 3,000xg for 15 min. Supernatants were
chromatographed on Sepak cartridges with increasing concentrations of methanol. Samples
were dried, and fractions were reconstituted in phosphate assay buffer (pH 7.4).

3a,5a-THP radioimmunoassay—The standard curve was prepared in duplicate with a
range of nine concentrations from 50 to 8,000 pg/ml. The total volume of the assay was 950
ul. The standards were added to phosphate assay buffer, followed by addition of the 3a,5a-
THP (921412-5) antibody (purchased from Dr. Robert Purdy, Veteran’s Medical Center, La
Jolla, CA) in a concentration of 1:5,000 and 3H-steroid. The assay was incubated overnight at
4°C.

Termination of binding—Separation of bound and free 3a,50-THP was accomplished by
the rapid addition of dextran-coated charcoal. Following incubation with charcoal, samples
were centrifuged at 1,200xg, and the supernatant was pipetted into a glass scintillation vial
with 6 ml scintillation cocktail. Sample tube concentrations were calculated using the logit-
log method (Rodbard and Hutt 1974), interpolation of the standards, and correction for
recovery. The minimum detectable limit of the assay was 50 pg. The intra-assay and inter-
assay coefficients of variance were 0.12 and 0.15.

Western blot procedure

Crude membranes from microdissected CA1 hippocampus were first normalized according to
protein content using standard techniques (Smith et al. 1998b); then, proteins were separated
using SDS gel electrophoresis, transferred to nitrocellulose membranes, and probed with a
selective antibody for the rat a4 (67 kDa) subunit (Smith et al. 1998a). Because of the low
expression of a4 subunit in CA1 hippocampus, these bands were detected with a highly
sensitive chemiluminescence substrate (Pierce Supersignal West Femto substrate) for
visualization and quantified using a Umax scanner and One-Dscan software. The results were
standardized to a glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 36 kDa) control
protein.
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Elevated plus maze

The elevated plus maze is a device consisting of four 8x35 cm arms at 90° angles, elevated 57
cm above the floor. Two arms are enclosed by 33-cm walls, and two arms have no walls (“open
arms”). The open arms are also partially bordered by small rails (5%15 cm) extending to the
proximal half of the arm, and the floor of the maze is marked with grid lines every 25 cm. Each
animal was initially acclimated to the room for 30 min to 1 h before being placed in the center
of the maze, and exploratory activity was recorded for 5 min. Background white noise was
used for most tests, except for the flumazenil experiment where a 30-kHz auditory signal was
used to increase the aversive qualities of the experimental conditions (Wavetek 186 5 MHz
Phaselock generator). The time spent in the open and closed arms was tabulated, as were the
entries. The number of total entries is a measure of general activity level. To be considered an
open arm entry, the animal had to cross the line of the open platform with all four paws. An
increase in time spent in the open arm is considered to be a measure of decreased anxiety
(Pellow et al. 1995), as we have described (Smith et al. 1998b). For the shock-plus maze
paradigm, mice were administered a 400-uA shock for 1-2 s immediately before timing in the
maze. Open and closed arm data were tabulated as described above.

Pharmacological studies

In order to test the effect of various GABA-modulatory drugs, separate groups of wild-type or
d knockout mice were tested late in the morning prior to the lights-off period, with THP (10
mg/kg, i.p. in oil; 20 min before testing, n=8-10, unpaired plus maze; n=17-26, shock-paired
plus maze), LZM (0.1 mg/Kkg, i.p. 10 min before testing, n=7), flumazenil (2 or 7 mg/kg, i.p.,
10 min before testing, n=7/dose), 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP; 3 mg/
kg, 30 min before testing, n=11-12), or vehicle for the indicated time period prior to plus maze
testing. (These timings have been determined empirically to yield significant responses in the
plus maze.) Because performance on the plus maze is altered by prior experience, each animal
was tested only once in this task. Thus, the comparisons are between groups of animals tested
on the same day.

Statistical analysis

THP levels—The statistical significance of differences in hippocampal and serum levels of
THP between animals receiving finasteride vs vehicle was assessed with the Student’s t test.

a4 Subunit levels—Differences between groups were assessed with a one-way ANOVA
followed by a Tukey’s post hoc analysis.

THP effects on plus maze behavior—For this study, a mixed linear model multifactorial
ANOVA was used (SAS, Cary, NC) to test the effects of three fixed factors: THP withdrawal
state, acute THP administration, and shock, on two dependent variables in the elevated plus
maze: open arm time and open arm entries. In addition to main effects, two- and three-way
interactions between effects were tested. Litter group was considered a random factor, and
locomotor activity (assessed as the total number of arm entries) was used as a covariate.
Individual post hoc comparisons with the Fisher’s test accounted for total arm entries. Because
litter grouping was not a significant factor (P=0.398), it was not included in subsequent models.
As described in the previous paragraphs, all comparisons were between animals.

Lorazepam and THIP effects on plus maze behavior—For this study, a simplified
mixed linear model (SPSS) was employed to test the effect of LZM or THIP on two dependent
variables, open arm time and open arm entries relative to their values under control conditions.
Two fixed factors, THP withdrawal state and genotype, were examined, as well as two-way
interactions between effects, with the total number of arm entries used as a covariate.
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Flumazenil effects on plus maze behavior—Because the hypothesis to be tested was
that flumazenil (FIz) dose reversed its effects from anxiolytic to anxiogenic in wild-type mice,
separate ANOVA comparisons (SPSS) were made to examine the effects of either 2 or 7 mg/
kg doses on open arm time and open arm entries. Results were compared in animals undergoing
THP withdrawal relative to vehicle-injected controls. As stated above, the total number of arm
entries was used as a covariate. In all comparisons, data are expressed as the mean+SEM, and
a P level less than 0.05 was accepted as a level of significance.

THP withdrawal

A state of THP withdrawal was produced with administration of the 5a-reductase blocker
finasteride (50 mg/kg, i.p. for 3 days) to prepubertal female mice 1 h before dark onset. When
tested 1 h after dark onset during the nocturnal surge in brain levels of THP (Corpechot et al.
1997), this regimen resulted in a 49+0.5% (P<0.05) decrease in hippocampal levels of THP
for animals treated with finasteride (Fig. 1) compared to control animals injected with vehicle.
Serum levels of THP, assessed at this time, were also reduced by finasteride by 44+2%
(P<0.05, Fig. 1). These data suggest that finasteride administration significantly reduces the
initial nocturnal surge of THP in hippocampus.

Hippocampal a4 GABAR subunit expression

Because our earlier studies in rats (Smith et al. 1998a) suggest that neurosteroid withdrawal
could increase expression of the GABAR a4 subunit, we assessed a4 levels in isolated CA1
hippocampal membranes. The THP withdrawal state produced by finasteride administration
resulted in a highly significant eightfold increase in a4 expression (P<0.001) when assessed
in wild-type (+/+) mice (Fig. 2). We also tested the effects of THP withdrawal in mice lacking
expression of the 8 GABAR subunit (5 knockout mice). Although less significant (P<0.05),
THP withdrawal in 6 knockout mice produced a threefold increase in a4 expression in CA1l
hippocampus (Fig. 2).

Effects of THP in the elevated plus maze

Because clinical reports suggest that women with PMDD are most likely to experience
increases in irritability or emotional reactivity to aversive stimuli in the luteal phase (Angst et
al. 2001) when THP levels are increased, we assessed THP effects on behavior in the elevated
plus maze with or without a preceding shock. In this case, mice were tested, following 3 days
of finasteride administration to decrease hippocampal levels of THP (“THP Wd”, see Fig. 1),
and compared with vehicle-administered control mice. Both open arm time and open arm
entries were evaluated, as measures of anxiety, as well as the total number of arm entries,
considered a measure of locomotion.

The main effect of THP administration was highly significant in altering open arm time
(P=0.0002, Table 1; Fig. 3) and open arm entries (P=0.0001), with significant two-way
interactions between THP administration and THP withdrawal state (P=0.0001 and 0.007, for
open arm time and entries, respectively) as well as THP administration and shock (P=0.03,
open arm time). There was also a significant three-way interaction between THP
administration, THP withdrawal state, and shock (P=0.0144 and 0.021, for open arm time and
entries, respectively).

An increase in time spent in the open arm of the maze (open arm time) and/or the number of
open arm entries are considered to be measures of decreased anxiety (Pellow et al. 1995), and
as expected, these parameters were increased by 54+5.2 and 42+4%, respectively, in control

mice in response to THP administration (P<0.05, Fig. 3) compared to vehicle-treated mice,
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consistent with the well-known anxiolytic action of this steroid (Akwa et al. 1999; Bitran et
al. 1995). The addition of a shock preceding the plus maze test did not alter the effect of THP
in control mice. In no case was locomotor activity altered by THP, as evidenced by a lack of
effect on the total number of arm entries.

However, in mice undergoing THP withdrawal, THP significantly (P<0.0001) decreased open
arm time by 31£3.5% (P<0.05, Fig. 3) when a shock preceded the plus maze test, suggesting
that under these conditions, THP possesses an anxiogenic effect. In contrast, when tested
without the shock, THP did not produce significant effects on open arm time, suggesting that
both the THP withdrawal state and the effect of an aversive stimulus are necessary to reverse
the normally anxiolytic effect of THP to an anxiogenic action.

Effects of THP on & knockout mice in the elevated plus maze

Because 6-containing GABAR are especially sensitive to modulation by steroids such as THP
(Wohlfarth et al. 2002; Belelli et al. 2002; Brown et al. 2002), we tested the effects of THP on
& knockout mice using the plus maze paradigm with and without a preceding shock, as
described above. As seen in wild-type mice, the main effect of THP administration was
significant in the & knockout mice for both open arm time (P=0.015, Table 2; Fig. 4) as well
as open arm entries (P=0.025). A significant effect of THP withdrawal was also seen for open
arm time (P=0.05), but no other main effect or interactions were significant.

As reported by other labs (Mihalek et al. 1999), THP was less effective as an anxiolytic in &
knockout mice than in wild-type mice (Fig. 4), producing a 44+2% increase in open arm time
(P<0.05) and a 28+6.1% increase in open arm entries, effects which were dampened in the
shock-paired plus maze. Following THP withdrawal, however, THP produced no significant
effect on either open arm time or open arm entries. These results suggest that the anxiogenic
effect of THP in the shock-paired plus maze test is absent in mice which lack expression of
the 8 GABAR subunit.

THP withdrawal results in a BDZ insensitivity

GABAR containing the a4 subunit are characterized by a relative insensitivity to modulation
by BDZ agonists (Wafford etal. 1996; Wisden etal. 1991). Therefore, because THP withdrawal
in both wild-type and & knockout mice increased expression of the a4 GABAR subunit (see
Fig. 2), we tested the effects of LZM (0.1 mg/kg, i.p.) on performance in the shock-paired plus
maze. For both wild-type and & knockout mice, the main effect of THP withdrawal was
significant for LZM effects on open arm time (P=0.048, Table 3) and open arm entries
(P=0.03). There was no significant effect of genotype on these parameters nor were there
significant interactions between effects.

Under control conditions, LZM significantly (P<0.05, Table 3) increased open arm time by 46
+8% and increased open arm entries relative to the total entries by 15+3%, accompanied by a
10% increase in total entries. In contrast, after THP withdrawal, LZM reduced open arm time
by 44+ 0.2% and open arm entries/total entries by 53+0.03%. A similar insensitivity to LZM
was also observed, following THP withdrawal in  knockout mice. Surprisingly, the anxiolytic
effect of LZM was greater in control 5 knockout mice than in wild-type mice, as evidenced by
a77+10% increase in open arm time and a 27+3% increase in open arm entries/total (P<0.001).

Effects of THIP on the elevated plus maze

Because 3-containing GABAR have increased sensitivity to the GABA partial agonist THIP
(Brown et al. 2002), we tested the effect of THIP on behavior in the elevated plus maze.
Consistent with this, genotype was a significant factor in determining the THIP effect on open
arm time (P=0.0001, Table 3) and open arm entries (P=0.043), with & knockout mice exhibiting
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a 15-47% reduction in response to THIP compared to wild-type mice. There was also a
significant interaction between THP withdrawal and genotype on THIP effects on open arm
time (P=0.029, Table 3).

A dose of THIP subthreshold for its sedative effect (3 mg/kg, i.p.) significantly (P<0.001)
increased open arm time by 76+7%, following THP withdrawal only in wild-type mice (Table
3), a significantly greater effect than that observed in control animals (P<0.05). This dose of
THIP also increased open arm entries/total entries by 20+1.5% (P<0.05) compared to 6+2%
in controls. Thus, these results are pharmacologically consistent with an increase in 8-
containing GABAR, following THP withdrawal.

Effects of flumazenil on the elevated plus maze

GABAR containing the o4 subunit have atypical responses to the BDZ antagonist flumazenil
(Dunn et al. 2003; Wafford et al. 1996). Therefore, we tested the effects of flumazenil (2 and
7mg/kg, i.p.) inthe shock-paired plus maze. The main effect of THP withdrawal was significant
for both the higher dose (P=0.002, Table 4) as well as the lower dose of flumazenil (P=0.03).
The lower dose of flumazenil tested (2 mg/kg), which had no significant effect in vehicle-
treated animals, produced a 50% reduction in open arm time (P<0.05), following THP
withdrawal in wild-type mice, suggesting that it has an anxiogenic effect under these
conditions. In contrast, this dose of flumazenil increased both open arm time and open arm
entries/total in 6 knockout mice, following THP withdrawal.

A higher dose of flumazenil (7 mg/kg) produced modest increases in open arm time in control
mice (20-30%), which were not significant (Table 4). However, 7 mg/kg flumazenil
significantly increased the open arm time by more than twofold in wild-type mice (P<0.001)
compared to vehicle-treated mice, following THP withdrawal. A less dramatic increase in open
arm time was observed in & knockout mice undergoing THP withdrawal (P<0.05). Thus, these
results suggest that the effect of flumazenil is dose-dependent and is affected by steroid state,
as well as by the ability to express the GABAR & subunit.

Discussion

The results from the present study suggest that a 48-h withdrawal from THP in female mice
produces a paradoxical anxiogenic response to THP, assessed with a well-established model
of anxiety paired with an aversive stimulus. Further, this THP withdrawal state produced a
significant increase in hippocampal expression of the o4 subunit of the GABAR, as we have
previously demonstrated in the rat (Smith et al. 1998a). Consistent with increased expression
of a4-containing GABAR (Wafford et al. 1996; Wisden et al. 1991), mice undergoing THP
withdrawal were insensitive to a BDZ agonist. The behavioral and pharmacological profile
observed, following this withdrawal state, is comparable in many respects to that reported for
women with PMDD.

While multiple symptoms of PMDD have been reported, the most common affective
component is an increase in irritability or emotional reactivity to aversive stimuli (Endicott et
al. 1999; Angst et al. 2001; Smith et al. 2003b), as well as increased anxiety and tension
(Yonkers 1997; Endicott et al. 1999). Emotional reactivity can be further subclassified into
anxious, depressive, or aggressive components, depending on individual susceptibility (Angst
et al. 2001; Endicott et al. 1999; Backstrom et al. 2003a; Freeman 2003; Pearlstein et al.
2005; Steiner et al. 1999). Therefore, the present study employed a shock-paired plus maze
paradigm to test emotional reactivity in response to an aversive stimulus to better compare with
the most prevalent PMDD symptom.
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Both the onset and the hormonal milieu associated with dysphoric symptoms is highly variable
(Pearlstein etal. 2005) in women with this disorder. However, cyclicity of steroid levels appears
to be necessary for PMDD symptom onset, as drugs which prevent ovulation, and thus prevent
the increase in circulating levels of P and THP, prevent PMDD symptoms (Schmidt et al.
1998). Conversely, high steady-state levels of P and THP in pregnancy are also associated with
reduction of PMDD symptoms (Cloitre et al. 2004). With our THP withdrawal model in the
mouse, suppression of the elevated hippocampal levels of THP for 3 days would produce a
sustained THP withdrawal state to better simulate the low THP conditions occurring during
the follicular phase of the human cycle, which precedes the onset of PMDD symptoms in the
luteal phase.

Clinical studies have only indirectly established the effect of THP in PMDD, but there is
considerable evidence to suggest that this steroid may reverse to increase anxiety rather than
to act as an anxiolytic agent at least under some conditions in susceptible individuals. This
possibility was first suggested by a paper reporting that women with PMDD have an abnormal
response to administration of the parent compound P, which triggered PMDD symptoms after
cessation of steroid cyclicity (Schmidt et al. 1998). Two other studies have noted a positive
correlation between circulating levels of THP and adverse mood, one in PMDD subjects
(Freeman et al. 2002) and the other in postmenopausal women with E+P replacement therapy
(Andreen et al. 2004). In the latter study (Andreen et al. 2004), high luteal phase levels of THP
were associated with dysphoric mood compared to lower and higher levels of the steroid.
Further, women with PMDD show increased cortical excitability in the luteal phase (Smith et
al. 2003a) in contrast to normal subjects who show increased cortical inhibition at this time.
Taken together, this body of data suggests that the effect of THP may reverse to trigger
excitability and emotional reactivity in PMDD. The results from the present study suggest that
in a state of THP withdrawal as seen following the follicular phase, acute administration of
THP produces an anxiogenic response to an aversive stimulus.

In contrast to these studies, there are reports which suggest that PMDD is in fact correlated
with lower circulating levels of THP or progesterone (Rapkin et al. 1997; Bicikova et al.
1998; Monteleone et al. 2000) or rather showed no correlation at all (Hsiao et al. 2004). The
lack of consistency for correlations between THP levels and PMDD symptoms may be due to
the fact that the extent or rate of change of these levels is more important than absolute levels
of the steroid, that steroid metabolism in these women is altered, or that additional steroid
metabolites complicate comparisons. Conversely, women with PMDD may have an abnormal
response to steroid fluctuations.

These apparently conflicting reports may so be due to the diverse etiology of the syndrome or
to the conditions under which progesterone was administered. In fact, our results suggest that
THP produces no significant effect on plus maze behavior when administered without an
aversive stimulus. Insensitivity to the GABA-modulatory effect of THP has been reported for
women with PMDD (Sundstrom et al. 1998), using both subjective and objective measures of
sedation. Thus, these results suggest that the effect of THP is dependent upon the behavioral
context.

Increases in circulating levels of estradiol have also been implicated in the etiology of PMDD,
where administration of the steroid has even been shown to trigger dysphoric symptoms
(Schmidt et al. 1998; Seippel and Backstrom 1998). Although we used 5-week-old mice in the
peripubertal period to minimize the hormonal variability, these animals have somewhat
increased circulating levels of estradiol in the high diestrous range (Overpeck et al. 1978), and
this may have played a role in triggering the paradoxical anxiogenic effect of THP. Further,
the results from the present study may also have relevance for mood swings and irritability,
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commonly reported at the onset of puberty in association with fluctuations in steroid hormones
(Buchanan et al. 1992; Cameron 2004).

Results from the present study suggest that one outcome of THP withdrawal is an increase in
expression of the a4 subunit of the GABAR in the hippocampus. In fact, the pharmacological
results from the plus maze are consistent with increased expression of both a4p5 and a4py2
subunit combinations. These include a relative insensitivity to the anxiolytic effects of the BDZ
agonist LZM (both a4B3 and a4fy2; Brown et al. 2002), anxiolytic responses to the BDZ
antagonist flumazenil (a4By2; Wafford et al. 1996), and increased anxiolytic responses to the
GABA partial agonist THIP (a4B3; Brown et al. 2002). Because THIP has greater efficacy at
d-containing GABAR (Brown et al. 2002), it was almost ineffective as an anxiolytic in &
knockout mice. The anxiogenic effect of the lower dose of flumazenil may also be due to effects
at 04B6 GABAR, where it has been shown to act as a BDZ inverse agonist (Dunn et al.
2003). Further, this anxiogenic effect of flumazenil was not observed in the 5 knockout mouse,
suggesting that a4p5 GABAR mediate this atypical effect of the BDZ antagonist. Both the
BDZ insensitivity (Sundstrom et al. 1997) and anxiogenic effect of flumazenil (Le Melledo et
al. 2000) have been reported for women with PMDD, suggesting an additional comparison
with the THP withdrawal model in the present study.

The anxiogenic effect of THP observed, following THP withdrawal in the present study, was
not observed in & knockout mice, implicating actions at 8-containing GABAR. These receptors
are extrasynaptic (Wei et al. 2003), where they mediate a tonic inhibition via activation by
ambient levels of GABA or via spillover from adjacent synapses (Wei et al. 2003).
Furthermore, fluctuations in circulating levels of THP have been shown to alter expression of
the & subunit (Sundstrom-Poromaa et al. 2002; Lovick et al. 2005; Maguire et al. 2005).
Although of3d GABAR have been shown to exhibit an increased sensitivity to modulation by
steroids (Wohlfarth et al. 2002; Stell et al. 2003), conflicting reports exist (Zhu et al. 1996),
and posttranslational mechanisms, such as receptor phosphorylation, are required for steroid
modulation (Fancsik et al. 2000; Harney et al. 2003; Leidenheimer and Chapell 1997; Vicini
et al. 2002). In addition, steroid potentiation of a4B6 GABAR increases receptor efficacy
(Bianchi and Macdonald 2003), which increases the rate and extent of receptor desensitization.
Such an effect would therefore eventually decrease inhibition and theoretically could lead to
increased behavioral reactivity.

In conclusion, THP withdrawal in the mouse results in paradoxical, anxiogenic effects of THP
in response to an aversive stimulus. Although the array of symptoms and hormonal correlations
reported for PMDD suggests a diverse etiology, the mouse model presented here suggests that
anxiogenic effects of THP are possible but are dependent upon the hormonal milieu and
behavioral context. In this model, underlying factors may include the increase in a4 expression
and, in particular, increased a4p5 GABAR expression, which subserve tonic inhibition in many
areas of the limbic system.
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Fig. 1.

Finasteride administration decreases hippocampal levels of THP. Daily administration of
finasteride (50 mg/kg, i.p.) or vehicle 1-1.5 h before dark onset to prepubertal female mice
significantly decreased levels of THP in hippocampus and blood when assessed 1 h after dark
onset. (P<0.05 vs Con, n=3-5 animals/group)
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Fig. 2.

Withdrawal from THP increases a4 subunit expression. THP withdrawal (THP Wd) in both +/
+ and & —/— mice increased expression of the a4 subunit in isolated CA1 hippocampal
membranes, without altering levels of the GAPDH control protein. a Representative Western
blot. b Group means. (*P<0.05 vs Con, n=9 animals, each)

Psychopharmacology (Berl). Author manuscript; available in PMC 2010 June 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

Page 17
I Vehicle
mm THP (10 mg/kg)
NO SHOCK
1207 *  SHOCK
-~ 100
)
]
&£ 80
)
E o0 :
=
& 40
o
o 20+
0
Con THPWd Con THP Wwd
151
o 129
2
=
5 o
£
© 6
c
2
O 3
O_
Con THPWd. Con THP Wd
30
=
S 18
£
S
© 124
[
S o
0

Con THPWd Con THPWwd

Fig. 3.

THP increases anxiety in a shock-paired plus maze paradigm, following THP withdrawal.
When tested in the elevated plus maze without a preceding shock (left panel), an anxiolytic
dose of THP (10 mg/kg, i.p.) increased time in the open arm and open arm entries in control
mice, but not in mice undergoing THP Wd. (*P<0.05 vs Vehicle, n=8-10). However, when
tested following a brief shock (right panel), THP decreased open arm time, following THP
W(d, in contrast to its effect in control mice, where it increased this parameter. (*P<0.05 vs
Vehicle, n=17-26). The total number of arm entries (lower panel) was not altered by any
experimental treatment
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Fig. 4.

THP withdrawal reduces the anxiolytic effects of acute THP administration in 8 knockout mice.
(Left panel) Although reduced, anxiolytic effects of THP in Con & —/— mice in the unpaired
plus maze were reflected by an increase in open arm time and a decrease in open arm entries.
(*P<0.05 vs Vehicle, n=4-6). After THP Wd, THP had no effect in 6 —/— mice. When the
elevated plus maze test was preceded by a shock (right panel), the anxiolytic effects of THP
were not significant are pharmacologically consistent with an increase in §-containing
GABAR, following THP withdrawal.
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