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Abstract

Recent findings indicate that progesterone can attenuate beneficial neural effects of oestrogen.
Here, we investigate the hypothesis that progesterone can modulate oestrogen actions by
regulating expression and activity of oestrogen receptors, ERa and ERp. Our studies in cultured
neurones demonstrate that progesterone decreases the expression of both ERa and ERp and, as a
consequence, also reduces both ER-dependent transcriptional activity and neuroprotection. These
results identify a potential mechanism by which progesterone antagonises neural oestrogen
actions, a finding that may have important implications for hormone therapy in postmenopausal
women.
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The depletion of oestrogen and progesterone in postmenopausal women is associated with
increased risk for several disorders in the cardiovascular, skeletal and nervous systems (1).
For example, the Women’s Health Initiative clinical trial showed that HT use was associated
with reduced incidence of hip fractures but, unexpectedly, increased incidences of both
stroke and dementia (2). The disparities between basic research studies that demonstrate
neuroprotective effects of oestrogen and recent clinical findings that report adverse neural
effects of HT indicate the need for a more complete understanding of oestrogen and
progesterone interactions in brain and other tissues. To gain some mechanistic insight into
this issue, we studied the effects of progesterone on oestrogen actions in cultured neurones.

One important issue that is not well understood is how neural effects of oestrogen are
affected by progestagens. Recent experimental evidence in rodent models shows that
prolonged progesterone (P4) exposure often represses beneficial 17p3-oestradiol (E)
function in the brain (3-9). The mechanism(s) by which P4 inhibits E, action in the brain is
unclear. Here, we investigate the possibility that P4 modulates E, action by regulating
expression of oestrogen receptors (ERs). We demonstrate that P4 treatment reduces the
expression of both ERa and ERP in cultured neurones in a concentration- and time-
dependent manner. We also show that this decrease in ER expression leads to attenuation of
E, activity in the neurones.
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We investigated P4 regulation of ER expression and E; neuroprotection using an established
neurone culture paradigm. Experimental animal procedures were conducted in accordance
with the University of Southern California guidelines based on National Institute of Health
standards. Primary rat cerebrocortical cultures (~95% neuronal) were generated from
gestational day 16-17 rat pups using a previously described protocol (10) with some
modifications. Cultures were seeded in multiwell plates at final densities of approximately
2.5 x 104 cells/cm? (cell viability and luciferase assays) or 8 x 10° cells/cm? (RNA
isolation) and experiments were started 1-2 days after plating. In all experiments, both E,
(Steraloids Inc.; Newport, RI) and P4 (Acros Organics USA; Morris Plains, NJ) were
dissolved in ethanol and diluted to required concentrations in culture medium. Cells were
harvested for RNA isolation using TRIzol reagent (Invitrogen Corporation; Carlsbad, CA)
according to manufacturer’s protocol. ER mRNA levels were analysed using qualitative and
quantitative PCR. Following real-time PCR, the relative quantification of mMRNA levels
from various treated samples was determined by the comparative Ct method (also known as
AACt method) (11).

To assess E transcriptional activity, cultures were co-transfected with a luciferase reporter
plasmid containing an upstream oestrogen response element (ERE-luc) in the promoter
region (12) (kind gift from Dr. Donald McDonnell, Duke University) and an internal control
renilla luciferase expression plasmid (pRL) (Promega; Madison, WI) using Amaxa
Nucleofector system (Amaxa; Gaithersburg, MD) and treated with different hormone
conditions starting at 4-6 h post-transfection. To assess E, neuroprotection, cultures were
pretreated with different hormone conditions and then exposed to Apoptosis Activator Il
(AAII), a cell-permeable cytochrome c-dependent caspase activator (13) (Calbiochem; San
Diego, CA). Cell viability was determined by counts of viable cells stained with the vital
dye calcein AM (Invitrogen) as previously described (10). Raw data were statistically
assessed by ANOVA followed by between group comparisons using the Fisher LSD test.

To investigate the effect of P4 on ER expression, cultures were treated with increasing
concentrations of P4 (0-100 ng/ml) for 24 h. The cells were harvested for RNA isolation,
followed by qualitative and quantitative RT-PCR. Our results show that mRNA expression
of both ERa and ERf was decreased by P4 at 0.01-100 ng/mL (p < 0.0001) (Fig. 1la-c; n=5).
The 10 ng/mL (~30 nM) P4 concentration was chosen for subsequent experiments as it was
maximally effective and within the normal physiological range (8 - 50 ng/ml). Next, cultures
were treated with 10ng/mL P4 for increasing durations ranging from 5 min to 24 h after
which RNA was isolated and quantitatively assessed for ER expression. We found that P4
treatment significantly decreased expression of ERa mRNA by 2 h (p < 0.001) and ER
mRNA within 1 h (p < 0.0001) (Fig. 1d-f; n=3).

These data show that P4 decreases expression of both ERa and ERf in a concentration- and
time-dependent manner. To determine whether the P4-induced decrease in ER expression
reduces ER activity, we examined the ability of E, to activate ERE-dependent transcription,
a measure of classic E; genomic activity, by transfecting cultures with an ERE-reporter
construct (ERE-luc) and measuring how P4 treatment affected E,-induced expression of
luciferase. P4 alone treatment was for 15 h followed by 8 h of vehicle treatment and did not
have any effect on the luciferase activity. We observed that 8 h exposure to 10 nM E,
resulted in an approximately two-fold increase in luciferase levels (p < 0.0001). This E,-
induced increase in luciferase was modestly reduced by short-term 15 min pretreatment with
10 ng/mL P4 and completely blocked by long-term 15 h P4 pretreatment (p < 0.0001) (Fig.
2a; n=3). To investigate whether P4 also attenuates Ep-mediated neuroprotection, cultures
were pretreated with 10 ng/mL P4 for either 15 min or 15 h, followed by 10 nM E; for 1 h,
and finally 24 h exposure to a toxic concentration (3 pM) of the apoptosis-inducing peptide
AAIL. For the P4 alone condition, cells were treated with 10 ng/ml P4 for 15 h followed by 1
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h vehicle treatment before administering AAIl. We observed that E, alone but not P4 alone
significantly reduced neurone loss induced by AAII (p < 0.0001). E, neuroprotection was
not significantly affected by 15 min P4 pretreatment (p = 0.67) but was completely blocked
by 15 h P4 pretreatment (p < 0.0001) (Fig. 2b; n=5). Finally, because these experiments
were conducted with both P4 and E,, we also considered how P4 affects ER expression in
the presence of E,. Thus, we measured mRNA levels of ERa and ERp under the same
treatment parameters used in the E; genomic activity experiment (Fig. 2a). We found that 8
h treatment with E, alone significantly increased expression of both ERa (p < 0.0001) and
ERp (p < 0.0001) relative to vehicle control, effects that were reduced by 15 min P4
pretreatment (ERa p < 0.0001; ERB p < 0.0001) and to a significantly greater extent by 15 h
P4 pretreatment (ERa p < 0.001; ERp p < 0.0001) (Fig. 2c, d; n=3).

In this study, we investigated P4 regulation of ER expression and E, neuroprotection. Our
results in neurone-enriched cultures demonstrate that physiologically relevant concentrations
of P4 induce a profound and prolonged decrease in expression of both ERa and ER
transcripts. The potential role of classical PR in mediating this effect is unclear. Although
the lowest effective P4 concentration 0.01 ng/mL (~ 0.03 nM) is below the K value of P4-
PR interaction (~1x10°® M), similarly low P4 concentrations can exert progestagenic actions
(14,15) and high affinity P4 binding sites have been described (16,17). The observed P4-
induced downregulation of ER expression is associated with corresponding decreases in E,-
induced transcriptional activity and neuroprotection against apoptosis. Our data demonstrate
that one neural consequence of P4 exposure is modulation of E activity via regulation of
ER levels.

Our findings are consistent with an accumulating set of observations that P4 can inhibit
beneficial E; actions in brain. Continuous P4 exposure maintained over weeks to months in
ovariectomised female rodents has been observed to attenuate several E,-induced actions,
including neuroprotection from kainate lesion (8), reduction in the Alzheimer’s disease-
related protein B-amyloid (9), and increased expression of the neurotrophins brain-derived
neurotrophic factor, nerve-growth factor, and neurotrophin 3 (3). Our data show that P4
decreases ER expression within hours, suggesting that even relatively short term P4
exposure may attenuate E, actions in vivo. In agreement with this prediction, acute P4
blocks E,-induced upregulation of the anti-apoptotic protein Bcl-2 in ovariectomised female
rats (4). Interestingly, Eo-induced increase in hippocampal spine density in female rats is
potentiated 4 h following P4 treatment but blocked after 18 h P4 treatment (7). Thus, P4
may exert independent protective effects and or initially potentiate protective E, actions but
with prolonged exposure P4 can attenuate E; action via ER downregulation. This
interpretation is consistent with observations that although P4 can be neuroprotective (18),
both P4 (8) and synthetic progestagens (18,8) can also block E;, neuroprotection. Although
P4 was not neuroprotective in our paradigm, we suggest that P4 has neural benefits both
directly and interactively with E, (19) that may be optimised by delivery in a cyclic manner
(which parallels natural fluctuations) rather than continuously. In one of the few studies to
investigate this important issue, Gibbs found that activity of choline acetyltransferase — the
enzyme catalysing biosynthesis of the neurotransmitter acetylcholine — in ovariectomised
female rats is modestly increased by E,, significantly elevated by E, paired with a cyclic P4
regimen but reduced by E, with continuous P4 exposure (5).

In summary, our findings suggest a novel mechanism by which P4 can affect oestrogen
actions: downregulation of ER expression. Additional research is needed not only to further
define this progestagen-oestrogen interaction, but also to evaluate its potential involvement
in regulating neural hormone actions in intact brain. Should these findings extrapolate to
humans, they would have significant implications for the design of hormone therapy in
postmenopausal women.
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Figure 1.

Progesterone (P4) decreases the expression of ERa and ERB mRNA in a concentration- and
time-dependent manner. Representative agarose gels of RT-PCR products qualitatively
show relative changes in mRNA levels of ERa and ERp induced by 24 h exposure to 0-100
ng/mL (~0-300 nM) P4 (a) and 0-24 h exposure to 10 ng/ml (~30 nM) P4 (d); p-actin was
used as an internal control. The relative levels of ERa and ERE mRNA after treatment with
various P4 concentrations (b, ¢; n=5) and for various time points (e, f; n=3) were determined
quantitatively using real-time PCR. Data show mean (+SEM) expression levels, relative to
vehicle-treated controls, as determined by Ct values (cycle number at which the logarithmic
fluorescence crosses the threshold) of ERa and ERPB normalised with corresponding Ct
values of B-actin. * Denotes p < 0.01 relative to corresponding vehicle-treated control group.
The primer sets used were: ERa- F : 5 '-CATCGATAAGAACCGGAG-3'andR:5"-
AAGGTTGGCAGCTCTCAT-3; ERp - F: 5-AAAGTAGCCGGAAGCTGA-3'and R: 5'-
CTCCAGCAGCAGGTCATA-3'; B-actin — F: 5-AGCCATGTACGTAGCCATCC-3" and
R: 5-CTCTCAGCTGTGGTGGTGAA-3..
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Figure 2.

Progesterone (P4) reduces oestrogen-induced increases in ER activity and neurone survival.
(@) ER activity was determined by luciferase assay of neuronal cultures transfected with
ERE-luc then treated with vehicle (C), 10 nM E; (Ep), 10 ng/mL (~30 nM) (P4), or E, with
P4 pretreatment (P4+E,) for either 15 min or 15 h. Data show mean luciferase activity
(zSEM) represented as relative luminescence unit and expressed as a percentage of vehicle-
treated control condition. * Denotes p < 0.01 relative to vehicle-treated control (C, open bar)
and # indicates p < 0.01 relative to E; group. n=3. (b) Neurone survival was measured in
cultures pretreated with 0 or 10 ng/mL P4 for 15 min or 15 h, followed by addition of O or
10 nM E, and finally 24 h exposure to 3 uM apoptosis inducing peptide Il (AAII). Cell
viability data show average mean cell counts of viable cells (+SEM) expressed as percentage
of vehicle-treated control group. * Denotes p < 0.01 relative to vehicle + AAII condition
(veh, solid bar). n=5. (c, d) Levels of ERa and ERB mRNA were determined under the same
treatment conditions used in the luciferase assay. Data show representative agarose gels of
RT-PCR products (upper panels) and mean (tSEM) mRNA levels determined by
quantitative RT-PCR (lower panels). * Denotes increased expression (p < 0.0001) as
compared to the vehicle control (C); # Denotes decreased expression (p < 0.0001) as
compared to the E, condition (E2); ¥ Denotes decreased expression (p < 0.001) as
compared to the 15 m P4 pretreatment group [P4+E(15 m)]. n=3.
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