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Abstract
The Women’s Health Initiative trials – in which more extreme adverse outcomes were observed in
the medroxyprogesterone acetate (MPA) + conjugated equine estrogen (CEE) arm, as compared to
the CEE only arm – suggest that the addition of MPA to estrogen treatment has undesirable
consequences. An important question raised by these results is whether the adverse outcomes
observed in the progestin arm can be attributed to effects that are unique to MPA or are common to
all progestins. In this study we explored the potential for MPA and progesterone (P4) to differentially
impact neuroendocrine function by comparing their effects on mRNA expression for the α4 subunit
of GABAA receptors in the CA1 hippocampus of female rats. Prior research has shown that P4, acting
through its reduced metabolite allopregnanolone (AP), can mediate α4 subunit expression, thereby
altering GABAA receptor gated currents. By contrast, MPA competitively inhibits the enzymes
necessary for the synthesis of AP. In this study, ovariectomized females were primed with estradiol
benzoate and then treated with P4, MPA, or vehicle. Subjects were sacrificed 12 h or 24 h later and
in situ hybridization was used to measure α4 mRNA in the CA1 hippocampus. At 12 h but not 24 h,
α4 mRNA was reduced in the P4 group as compared to the MPA group, and as compared to the
vehicle group. These results suggest that MPA, while progestational in terms of its effects in the
uterus, is not a simple substitute for P4 in other systems. The relative impact of these two progestins
on neuroendocrine function must be carefully explored.
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1. Introduction
Medroxyprogesterone acetate (MPA) has been one of the most common progestin components
of post menopausal hormone therapy in the United States [1]. As a progestin, MPA is used to
protect against endometrial hyperplasia during estrogen therapy [2,3]. However, in the recently
terminated Women’s Health Initiative (WHI) trials the more extreme adverse consequences of
MPA + conjugated equine estrogen (CEE), as compared to CEE alone [4,5], suggest that the
addition of MPA to estrogen treatment also has undesirable consequences. An important
question raised by the findings of the WHI trials is whether MPA induces undesirable effects
that are unique to this compound, or whether undesirable outcomes may be observed with the
addition of any progestin to postmenopausal hormone therapy.

With the advent of micronized progesterone (P4) as an alternative to synthetic progestins [6],
an increasing number of studies have begun to directly compare the effects of MPA and P4.
Several of these studies not only suggest that poorer outcomes might be expected with MPA
[but see 7,8,9], but they also have pointed to potential cellular and molecular mechanisms
through which MPA may exert more extreme effects relative to P4 on breast cancer [10–12],
coronary heart disease [13,14], and cognitive decline or Alzheimer’s disease [15].

Despite accumulating research comparing the effects of MPA and P4 on several measures with
long-term health consequences, hormone therapy currently is prescribed most frequently for
short-term control of symptoms such as hot flushes, vaginal dryness, urinary symptoms, and
sleep disturbances. Nonetheless, even with short-term treatment, some research suggests that
MPA may be associated with increased anxiety and irritability [16–18]. One mechanism
through which MPA could have this effect is through its impact on allopregnanolone (AP), a
reduced metabolite of P4 that acts as a potent positive modulator of GABAA receptors [19].
Although P4 readily is reduced to AP, MPA competitively inhibits the enzymes needed for
this conversion [20–22], and in one experiment, serum and hippocampal AP levels rose after
P4 treatment, but failed to show a similar increase with MPA [23]. Given that acute application
of AP – either systemically [24] or directly to the CA1 hippocampus [25] – is anxiolytic, MPA
may impact anxiety by reducing the availability of AP. However, fluctuations in AP following
more prolonged exposure (48–72 h) also lead to changes in GABAA receptor subunit
composition that have important implications for the regulation of anxiety [26–32]. Such
quantitative changes in the subunit structure of GABAA receptors may serve as a good marker
of potential differences between MPA and P4 in their impact on neuroendocrine function.

In this study, we tested the hypothesis that MPA and P4 may have different effects on
neuroendocrine function by measuring mRNA expression for the α4 subunit of GABAA
receptors in the CA1 hippocampus of female rats. Prior research has shown that changes in
long-term AP exposure increase α4 subunit expression and that this change is accompanied by
a rise in anxiety [29–32]. Moreover, it has been shown that α4 mRNA expression in this brain
region corresponds to protein levels [31]. Therefore, determining whether MPA and P4
differentially affect α4 mRNA expression in the CA1 hippocampus is an important first step
for identifying a potential mechanism through which these progestins could diverge in their
impact on emotion.

2. Materials and methods
2.1. Animal care and treatment

Forty adult female Long-Evans rats weighing approximately 200–224 g were obtained from
Harlan Laboratories, Indianapolis, IN. These rats were estimated to be 3 months at the start of
this study, which is the age of subjects previously used by other laboratories to model the effects
of hormone therapy in surgically postmenopausal animals [8,9]. Subjects were ovariectomized
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prior to shipment and were pair-housed on a reverse 12:12 light/dark cycle with ad libitum
access to food and water. All animal care, maintenance, and treatment were conducted in
accordance with the National Institutes of Health and United States Department of Agriculture
guidelines, and were approved by Emory University’s Institutional Animal Care and Use
Committee.

Hormone treatments began after a minimum 11-day acclimation period. Females were injected
with estradiol benzoate (Product E-8518, Sigma-Aldrich, St. Louis, MO, 4 μg in 0.1 ml sesame
oil, sc) followed 44 hours later by treatment with MPA (Product M-1629, Sigma-Aldrich, St.
Louis, MO, 615 μg in 0.2 ml DMSO, sc), P4 (Product P-3972, Sigma-Aldrich, St. Louis, MO,
500 μg in 0.2 ml DMSO, sc), or vehicle (0.2 ml DMSO). All subjects were sacrificed by
CO2 asphyxiation followed by decapitation at either 12 h (MPA: N = 7; P4: N = 7; vehicle: N
= 6) or 24 h post progestin/vehicle injection (MPA: N = 7; P4: N = 6; vehicle: N = 7). The
MPA and P4 doses were chosen as the molar equivalents. All brains were immediately frozen
on dry ice and stored at −80°C until they were sliced into 20 μm sections on a cryostat and
thaw-mounted on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA).

2.2. In situ hybridization
A step-by-step description of the in situ hybridization procedure followed has been published
previously [33]. Briefly, all slides were air-dried, fixed in 4% paraformaldehyde (4°C) for 5
min, and then rinsed in 0.1 M phosphate buffered saline (pH 7.4; 4 °C) for 2 min. Next after
one rinse in 1.5% triethanolamine (TEA), slides were treated in 0.25% acetic anhydride in TEA
(pH 8.0) for 10 min, and then rinsed twice with 0.03 M Na citrate in 0.3 M NaCl (2×SSC), pH
7.0. Slides were subsequently defatted by incubating them for 2 min each in 70%, 95%, and
100% ethanol, followed by 5 min in chloroform and 2 min each in 100% and 95% ethanol. At
the end of this defatting sequence, the slides were air-dried and 100 μl of hybridization solution
was applied to each slide, after which they were covered with parafilm and placed in a
humidified incubator for 14 h at 37 °C.

The hybridization solution contained 50% formamide, 4×SSC, 1×Denhardt’s solution, 2.5 mg/
ml yeast tRNA, 10% dextran sulphate (MW=50 000), 0.3 M NaCl, 10 mM Tris, 10 mM
dithioxytocinhreitol (DTT), and a 45 base pair oligodeoxyribonucleoxytocinide probe for the
α4 subunit (CAA GTC GCC AGG CAC AGG ACG TGC AGG AGG GCG AGG CTG ACC
CCG). This probe is the reverse complement of nucleotides 133–177 of the rat α4 subunit
mRNA (GenBank Accession Number L08493) [34], and was custom ordered from Invitrogen
Life Technologies (Grand Island, NY). Probes were labeled at the 3′-end with 35S-dATP
(Perkin Elmer, Waltham, Massachusetts, MA) using terminal deoxynucleoxytocinidyl
transferase to a specific activity of 1×106/pmol, purified and mixed with the hybridization
buffer at a concentration around 4 pmol/ml.

After 14 h incubation at 37 °C, the parafilm was removed. Slides were washed four times in
SSC at 55 °C for 15 min each, and then once in SSC at room temperature for 60 min. Next
they were dehydrated in a series of graded concentrations of ethanol. Upon completion, the
rinsed and dried sections were exposed for 7 days to Kodak BioMax MR film (Eastman Kodak,
Rochester, NY, USA) with 14C-labeled autoradiographic standards (Amersham Pharmacia
Biotech, Arlington Heights, IL).

2.3. Image analysis
Image analysis was conducted on a PC using the AIS imaging software (Imaging Research
Inc., St. Catharines, ON, Canada, version 6.0 for Windows). mRNA expression of the α4
subunit was measured bilaterally in four adjacent sections containing hippocampal CA1
neurons from Bregma −3.14 mm to −3.38 mm [35]. For each of the four sections, mRNA
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expression was also measured in the medial habenular nucleus, a region with low levels of
α4 subunit expression [36], to control for background expression. Optical densities were
converted to nCi/gm tissue equivalents using the 14C standards (Amersham Pharmacia Biotech,
Arlington Heights, IL).

2.4. Data analysis
For each subject we calculated an average mRNA level for the CA1 hippocampus across the
four sections in which expression was measured. Following established methods [37,38],
differences in α4 subunit mRNA expression were then examined with analysis of covariance
(ANCOVA) models. Progestin condition and time from treatment were entered as fixed factors
in the analysis; background levels of mRNA expression from the medial habenular nucleus,
again based on the average across the four sections measured for each subject, were entered
as a covariate to control for confounding effects. We initially conducted a two-way ANCOVA,
but because of a significant time by treatment interaction, we subsequently used two, one-way
ANCOVAs to evaluate differences across progestin treatments at 12 h and 24 h. Post-hoc
analyses were conducted with the Least Significant Difference test. Statistical analyses were
performed using SPSS software (version 14.0 for Windows), and tests having a P ≤ 0.05 were
considered significant.

Because probability estimates do not allow comparisons of the magnitude of effect between
groups or studies, we calculated Cohen’s d as an indicator of effect size [39]. Cohen’s d is a
measure of the magnitude of a difference between means expressed as standard deviation units
and is calculated as the difference between two means divided by the average standard deviation
of those means. By convention, d < 0.2 indicates a small effect, d = 0.2–0.8 indicates a moderate
effect, and d > 0.8 indicates a large effect. Effect size provides an important complement to
traditional probability testing because, unlike probability estimation, effect size is insensitive
to sample size and offers magnitude estimates in standardized units that can be compared across
groups or studies.

3. Results
The two-way ANCOVA indicated that α4 subunit mRNA expression varied significantly
across treatment groups (F = 21.9, P < 0.001), with time (F = 20.9, P < 0.001), progestin
condition (F = 4.24, P = 0.02), and background expression from the medial habenular nucleus
(F = 13.0, P = 0.001). Because the time by treatment interaction was significant (F = 3.84, P
= 0.03), we analyzed the effects of progestin treatment separately at 12 h and at 24 h.

At 12 h, progestin treatment had a significant effect on α4 subunit mRNA expression (F = 9.53,
P = 0.002; Fig. 1). Post-hoc analyses for this time point revealed that subjects receiving P4 had
lower levels of mRNA expression in comparison to subjects receiving MPA (P = 0.001; Fig.
2) and in comparison to subject receiving vehicle (P = 0.005). Treatment with P4 had a very
large effect, both in comparison to MPA (d = 2.17) or vehicle treatment (d = 2.04). By contrast,
MPA treatment did not differ from vehicle treatment (P = 0.95), and there was virtually no
effect difference between MPA and vehicle treatment (d = 0.04).

By 24h, the differential effect of P4 and MPA on α4 subunit mRNA expression had
disappeared, as there was no any longer difference between progestins (F = 0.76, P = 0.48).

4. Discussion
In this study, P4 down-regulated mRNA expression for the α4 subunit of GABAA receptors
in the CA1 hippocampus of female rats. MPA failed to have a similar effect. This difference
was observed at the 12 h time point, but was no longer apparent at 24 h. Because changes in
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α4 subunit expression in the CA1 hippocampus have important implications for the regulation
of anxiety [26–32], and prior research has shown that α4 mRNA expression in this brain region
corresponds to protein levels [31], measurement of α4 subunit mRNA can provide a useful tool
for future research evaluating how the different effects of MPA and P4 on AP metabolism may
impact neuroendocrine function.

While this study suggests that MPA and P4 have different effects on α4 subunit expression,
our current results apply to a single time-point. Our findings at this time are important,
nonetheless, given that previous research has shown that AP modulation of α4 subunit
expression is dynamic [39]. Notably, although it clearly has been demonstrated that withdrawal
from long-term exposure to AP up-regulates α4 subunit expression in the CA1 hippocampus
[31,32], prior research also has shown that the onset of long-term P4 exposure induces a
transient rise in α4 subunit expression; this transient rise is not yet present at 24 h, but it peaks
at 48–72 h, after which time α4 subunit expression returns to base-line levels [29]. Our study
adds a more acute time point to this dynamic change that occurs with long-term P4 treatment
and suggests that there may be an initial phase during which P4 down-regulates α4 subunit
expression, which then rises over the next 60 h and eventually declines to baseline levels.

In addition to evaluating the relative effect of MPA and P4 at additional time-points, the
functional implications of the difference we found need to be further explored. The α4 subunit
of GABAA receptors may coexpress with either γ2 or δ subunits [40]. While the relative
insensitivity of α4 containing receptors to benzodiazepines [36,41] suggests that this subunit
may underlie anxiety states [39], substitution of the γ2 subunit with the δ subunit yields
receptors that are highly sensitive to neurosteroids [42,43]. Moreover, changes in long-term
exposure to AP have been shown to increase expression of α4βδ receptors in the CA1
hippocampus [26,27,44]. Nonetheless, while AP potentiates inward current at α4βδ receptors,
it induces rapid desensitatization of outward current (inward Cl− flux) [26]. Hence, although
AP may enhance inhibition in the dentate gyrus and cortex, where GABAergic current is inward
[45,46] and α4βδ expression is normally high [36], it may reduce inhibition in the CA1
hippocampus, where GABAergic currents are outward [47] and α4βδ expression is normally
low [36]. Thus, while acute application of AP typically is anxiolytic [25], with increases in the
expression of α4βδ receptors induced through fluctuations in long-term exposure, AP may
paradoxically be anxiogenic [26,30]. Hence determining whether the different effects of MPA
and P4 on α4 subunit expression are accompanied by changes in the δ subunit will be important
for determining the effects that might be expected with further hormonal perturbations.

In conclusion, in this study we provide evidence that MPA and P4 have different effects on
mRNA expression for the α4 subunit of GABAA receptors in the CA1 hippocampus of female
rats at 12 h but not 24 h post-treatment. Effects of more prolonged treatment need to be
evaluated to provide a more complete time-course of progestin action on α4 subunit expression.
In addition evaluating whether differences in α4 expression are accompanied by changes in
δ subunit expression will be important for determining the ultimate functional consequences
of these differences. Nonetheless, what is clear from this study is that MPA, while
progestational in terms of its effects in the uterus, is not a simple substitute for P4 in other
systems. Thus differences between these two progestins in their effect on neuroendocrine
function must be carefully explored.
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Fig. 1.
Levels of α4 mRNA expression in hippocampal CA1 neurons at 12 h and at 24 h among subjects
treated with vehicle, P4 or MPA. Results of the ANCOVA at 12 h indicate there was a
significant difference in receptor sub-unit expression across treatment conditions (P = 0.002),
but there was no significant difference at 24 h (P = 0.482).
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Fig. 2.
Film radiograms illustrating mRNA expression of the α4 subunit in hippocampal CA1 neurons
at 12 h following treatment with vehicle, P4 or MPA. Subjects treated with P4 showed lower
levels of mRNA expression in comparison to subjects treated with vehicle (P = 0.005), and
especially in comparison to subjects treated with MPA (P = 0.001).
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