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Abstract
The neuroprotective effects of estrogen in young adult rodents are well established. Less well
understood is how estrogen neuroprotection is affected by aging and interactions with progesterone.
In this study, we investigated the effects of estrogen and continuous progesterone, both alone and in
combination, on hippocampal neuron survival following kainate lesion in 14 month-old female rats
entering reproductive senescence. Our results show that ovariectomy-induced hormone depletion did
not significantly affect the extent of kainate-induced neuron loss. Treatment of ovariectomized rats
with estrogen significantly reduced neuron loss, however this effect was blocked by co-
administration of continuous progesterone. Treatment of ovariectomized rats with progesterone alone
did not significantly affect kainate toxicity. These results provide new insight into factors that regulate
estrogen neuroprotection, which has important implications for hormone therapy in postmenopausal
women.
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Introduction
The precipitous loss of estrogen and progesterone that occurs after menopause is a significant
risk factor for the development of Alzheimer’s disease (AD) in women [19]. However, support
for the use of estrogen-based hormone therapy (HT) to reduce the risk of AD in postmenopausal
women has been controversial. Although prospective studies have demonstrated that HT can
reduce the risk of AD, the Women’s Health Initiative trial indicated that the incidence of
dementia was not significantly affected by HT consisting of only conjugated equine estrogen
(CEE) initiated several years after the onset of menopause but increased by HT combining
CEE plus medroxyprogesterone acetate (MPA). These conflicting results suggested that neural
estrogen actions and thus HT efficacy may be attenuated by a variety factors, such as the
paradigm of continuous versus cyclic progesterone treatment [19] and advancing age.
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Accumulating evidence suggests that there may be a limited window of opportunity for
initiation of HT in women after which benefits are not realized [12]. In experimental models,
the brain shows age-related alterations in estrogen responsiveness that appear to begin with
the onset of reproductive senescence. For example, many neural effects of estrogen are
diminished in aged female rats, including induction of brain derived neurotrophic factor [14],
compensatory sprouting [27], spatial memory [4] and neuroprotection from stroke [28].
However, middle-aged female rodents retain some estrogen responsiveness on cognition in
women [25] and rodents [1]. Taken together, these studies highlight the importance of
investigating the neuroprotective effects of female sex steroid hormones in the aging brain.

In addition to aging, neural estrogen actions are also regulated by progesterone, interactions
that may affect HT efficacy. For example, we recently reported that estrogen attenuated
ovariectomy-induced accumulation of β-amyloid in a mouse model of AD, an effect that was
blocked by co-administration of continuous progesterone [5]. Similarly, continuous
progesterone can block estrogen-induced increases in the expression of neurotrophins [3] and
indices of cholinergic function [10]. When delivered independently, both estrogen [29] and
progesterone [24] can exert protective effects in models of neuronal injury such as excitotoxic
lesions and ischemia. Co-administration of estrogen and progesterone rescues neuronal loss in
some rodent models of injury but not others [24]. For example, continuous exposure to
progesterone or the progestin medroxyprogesterone attenuates estrogen neuroprotection
against kainate lesion in young adult female rats [23]. How aging affects interactions between
estrogen and progesterone in regulation of neuroprotective effects is not well understood. In
this study, we begin to investigate in an animal model how both aging and progesterone affect
estrogen neuroprotection. We examine the independent and combined effects of estrogen and
progesterone on neuron survival in hippocampus following kainate lesion in reproductively
senescent female rats.

Materials and Methods
Retired female Sprague-Dawley rat breeders (Harlan Laboratories; Indianapolis, IN) were
obtained at 9 mo of age. Vaginal smears were taken 7 consecutive days every 21 days from
12–14 mo of age to identify irregular estrus cycles, a hallmark of reproductive senescence
[18]. At 14 months of age, rats underwent ovariectomy (OVX) or sham OVX. Two weeks
following surgery, animals were subcutaneously implanted with silastic capsules (1.57 mm
I.D., 3.18 mm O.D.; Dow Corning) that were either empty (controls) or contained hormones
(Sigma, St. Louis, MO) in a crystalline form. Each group (n=10 per group) received either 1
× 5 mm blank capsule, 1 × 5 mm 17β-estradiol (E2) capsule, 4 × 40 mm progesterone (P4)
capsule, or a combination of 1 × 5 mm E2 and 4 × 40 mm P4 capsules designed to maintain
plasma E2 and P4 at physiological levels [23;9;13]. On the day of sacrifice, uteri were dissected,
blotted, and weighed as a bioassay of E2 action to confirm efficacy of estrogen treatment
[17]. Further, to confirm efficacy of progesterone treatment, blood was collected and serum
P4 levels were measured by ELISA (Demeditec Diagnostics, Germany); our data were
consistent with the manufacturer’s reported values for assay sensitivity (0.045ng/ml) and intra-
assay (CV= 5.4%) and inter-assay (CV= 9.96%) variability.

Three weeks after initiation of hormone treatment, animals were injected (ip) with either saline
or kainate (Sigma; 10 mg/kg in sterile 0.85% NaCl). To assess latency and severity of kainate-
induced seizure, animals were monitored continuously for 3 h following injection according
to a previously described progressive rating scale ranging from 0 (no seizure) to 5 (continuous
seizure) [23]. Animals that displayed a seizure rating of 5 were immediately sacrificed and
excluded from further study. Forty-eight hours post-injection, animals were anesthetized with
isoflurane and killed by rapid decapitation. Brains were immediately removed, bisected
midsagitally, and immersion-fixed for 48 h in cold, freshly prepared 4% paraformaldehyde.
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Hemibrains were exhaustively sectioned (40 µm) in the horizontal plane using a vibratome.
Every tenth section containing hippocampus (approximately 12 sections per brain) was
immunostained with the neuron-specific antibody NeuN (1:250, Chemicon; Temecula, CA)
using the ABC Elite immunohistochemistry kit (Vector; Burlingame, CA), as previously
described [22]. The number of NeuN immunoreactive cells in the CA2/3 of the hippocampus
was counted using a protocol previously described [22]. Briefly, an Olympus BX50 microscope
equipped with a motorized stage was computer-controlled by the CAST-Grid software
(Olympus, Ballerup, Denmark) so that unbiased, randomly oriented counting frames of 32 µm
× 32 µm with X-Y steps of 210 µm × 210 µm were generated throughout the CA2/3 region.
The number of positively stained nuclei within each counting frame was recorded by an
experimenter blinded to the experimental conditions.

To evaluate treatment effects, raw data were statistically examined using ANOVA and, when
appropriate, between group comparisons were made using Fisher LSD tests.

Results
To confirm the efficacy of the hormone manipulations, we measured uterine weight, a bioassay
of E2 action, and P4 serum values. We observed a significant overall effect on uterine weight
across treatment groups [F(4,36) = 8.61, p <0.001]. In comparison to sham OVX animals, the
OVX group had significantly lower uterine weight (530±32 mg versus 230±80 mg; p <0.001).
Relative to the OVX group, both of the E2 treated groups, OVX+E2 (376±30 mg) and OVX
+E2+P4 (402±23 mg), exhibited significantly higher uterine weights (p = 0.03 and p = 0.02,
respectively), indicating effective E2 treatment. Progesterone replacement had no statistically
significant effect on uterine weight (284±43 mg; p = 0.42 compared to OVX). We also observed
a significant overall effect of treatment on P4 serum values [F(4,23) = 6.28, p = 0.001].
Specifically, compared to sham OVX (36.1±11.2 ng/ml), OVX animals had significantly
decreased serum P4 level (9.0±3.5 ng/ml; p = 0.04). Serum P4 levels after P4 replacement
(54.7±5.1 ng/ml) and E2+P4 replacement (60.8±12.9 ng/ml) significantly increased levels
compared to OVX (p = 0.003 and p = 0.0004, respectively).

Because kainate-induced seizure severity is related to the extent of neuronal injury, we
determined whether hormone manipulations affected seizure parameters. Lesioned animals
were monitored for latency to seizure onset and seizure severity. All kainate-treated animals
exhibited robust seizures with seizure severity scores of at least 3 out of 5 and an overall mean
seizure severity of 3.8. In animals used for neuron survival analysis (<5 seizure score), there
was no effect of hormone treatment on either seizure severity [F(4,40) = 0.34, p = 0.85] (Figure
1A) or latency to seizure onset [F(4,40) = 0.42, p = 0.79] (Figure 1B). The proportion of animals
achieving maximal seizure rating (score 5; immediate sacrifice and exclusion from study) was
higher (50.0%) in the OVX+P4 group compared to all other groups (26.8%).

To determine the effect of hormone treatments on the extent of kainate lesion, neuronal survival
in the hippocampus CA2/3 was determined. Sham OVX animals suffered ~60% neuron loss.
If sex steroids are endogenous regulators of neuron viability, then hormone depletion resulting
from OVX should exacerbate kainate-induced cell loss and hormone treatments should protect
relative to OVX. Overall, there was a significant effect of treatment on neuron survival [F(5,28)
= 8.65, p <0.0001]. However, in contrast to observations in young adult female rats [23], the
OVX group did not exhibit a significant decrease in neuron survival relative to the sham OVX
group (Figure 2). Treatment of OVX rats with E2 (OVX+E2, p = 0.008) but not P4 (OVX+P4;
p = 0.32) significantly increased neuronal survival compared to the OVX group. However,
when replaced in combination, the OVX+E2+P4 group suffered significantly more neuron loss
compared to the OVX+E2 alone group (p = 0.013), demonstrating that the addition of P4
blocked the neuroprotective effect of E2. Within treatment groups, we did not observe
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significant correlations between neuron survival and either progesterone levels or uterine
weight (data not shown).

Discussion
The goal of this study was to begin investigating, in an animal model, two variables that may
affect efficacy of estrogen-based HT in postmenopausal women: age-related changes in
hormone responsiveness and regulatory interactions between estrogen and progesterone. In
comparison to our previous study in young adult female rats [23], our current results suggest
that the middle-aged female rat shows altered responsiveness to estrogen but can still benefit
from estrogen neuroprotection. Further, our data extend to an aging model the growing
evidence that progesterone can antagonize at least some neural effects of estrogen.

We applied to reproductively senescent female rats the same paradigm that we previously
utilized to demonstrate progesterone antagonism of estrogen neuroprotection in young adult
female rats [23]. In the middle-aged rats studied here, we observed a more extensive lesion
and more robust seizures than we had in 3 month-old female rats treated with the same dose
of kainate [23]. This observed age-related increase in kainate vulnerability is consistent with
some [30] but not all [16] prior studies. It is possible that the severity of the lesion created a
floor effect, potentially masking subtle hormone effects on neuron survival. Our data are
consistent with the hypothesis that middle-aged rodents show diminished estrogen
responsiveness. First, we observed that uterine weight decreased by <60% after OVX in 14
mo old rats, a modest effect in comparison to observations in younger female rats. Previous
studies also demonstrated that the uterus becomes less responsive to estrogen with increasing
age, showing smaller OVX-induced decreases in uterine weight [31] and uterotrophic effects
of estrogen only when treated soon after OVX [7]. Second, we did not observe a significant
increase in neuron death in OVX rats compared to sham OVX animals, a finding inconsistent
with the established role of endogenous estrogen as an important regulator of neuron survival
[29]. Similarly, Stone et al. found that OVX impaired compensatory sprouting in young adult
but to a lesser degree in middle-aged female rats [27], suggesting that aging may affect the
neural response to estrogen depletion.

Although OVX-induced hormone deprivation did not exacerbate kainate lesion, estrogen
treatment in middle-aged OVX rats was significantly neuroprotective. This observation adds
to a growing literature indicating that although estrogen often exerts diminished effects in the
middle-aged female brain, it can retain at least some of its protective effects. In prior studies,
estrogen treatment in middle-aged OVX rats was shown to enhance working memory
performance on hippocampal-dependent spatial memory tasks [1,7], regulate cholinergic
function [15], and protect against spinal cord [6] and ischemic brain [8,26,28] injuries.
However, as discussed above, other studies have demonstrated reduced or lost protective
actions of estrogen in brain, including regulation of interleukin-1 expression following
excitotoxic injury [21], regulation of brain-derived neurotrophic growth factor expression
[14], compensatory sprouting [27], neuroprotection from stroke [2], and working memory
[7].

The mechanism(s) underlying age-related changes in estrogen responsiveness are not clear,
but likely are affected by age changes in ovarian function. We observed that responsiveness
to estrogen protection appeared to depend upon the estrus cycle history of middle-aged female
rats. Specifically, we noted that estrogen was protective in rats showing persistent vaginal
cornification, but not in rats with irregular cycles. The period of persistent vaginal cornification
in mice has been characterized by a nearly twofold E2:P4 ratio due to a significant reduction
in circulating P4 levels [20]. This increased E2:P4 ratio would expose the brain to a relatively
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unopposed estrogen-rich environment, perhaps promoting a higher level of estrogen
responsiveness.

We also found that the neuroprotective effect of E2 in middle-aged female rats was blocked
by co-treatment with P4. This result is consistent with two previous studies from our laboratory.
First, using a parallel experimental design, we found that both P4 and medroxyprogesterone
acetate antagonize estrogen neuroprotection against kainate in young adult female rats [23].
Second, in young adult female 3×Tg-AD transgenic mice we found that continuous P4 blocked
the β-amyloid lowering action of E2 [5]. Our current finding is also consistent with a recent
report that progesterone blocks estrogen upregulation of neurotrophins [3]. The mechanism by
which progesterone blocks the neuroprotective effect of estrogen remains to be elucidated.
Previous studies report that short-term P4 treatment provides neuroprotective effects by
attenuating seizure severity however long-term exposure to P4, as used in this study, is not
associated with anxiolytic, seizure-reducing effects [23]. Interestingly, there is evidence that
CEE+MPA hormone treatment increases seizure frequency in epileptic women, but not in
laboratory rodents [11]. One potential strategy with relevance to clinical use of HT is cyclic
rather than continuous progesterone exposure, an approach that can increase rather than inhibit
estrogen actions in rodent brain [25]. Although abundant experimental and clinical data
strongly suggest that estrogen-based HT should yield beneficial neural outcomes in
postmenopausal women, the unexpected negative findings from the recent Women’s Health
Initiative clinical study have raised serious concerns about the safety and efficacy of HT.
Several factors, including advanced age and the use of a continuous progestogen component,
have been suggested as potential liabilities that may underlie the recent clinical shortcomings
of HT. Our results support this hypothesis. In middle-aged, reproductively senescent female
rats our data indicate an altered responsiveness to E2 but also demonstrate a retained ability to
exhibit neuroprotection in at least a subset of animals. Further, our findings show that
continuous P4 exposure attenuates E2 actions. Additional studies in animal models are needed
to elucidate the mechanisms underlying hormone interactions and how they are affected by
aging, which should generate the novel insight necessary to develop rational new strategies for
effective HT in women.
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Figure 1.
Treatment conditions did not significantly affect the severity and latency of kainite-induced
seizures. Female rats treated systemically with kainate (KA) were monitored for both seizure
severity (A) and latency to seizure onset (B). Seizure scores show mean values (+SEM) of each
group (n = 10/group) and represent the severity of seizure-related behavioral indices based on
a 0–5 scale with 5 representing the highest level of seizure behavior. Seizure latency shows
show mean values (+SEM) for each group of the time period (in minutes) from KA injection
to the onset of seizure-related behaviors.
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Figure 2.
Progesterone blocks the neuroprotective effect of estrogen. The number of NeuN-
immunoreactive cells in hippocampal region CA2/3 was quantified in sham OVX rats and in
OVX rats treated with either vehicle (veh), E2 and/or P4. Data show mean numbers of counted
cells (± SEM) for treatment groups exposed to KA (filled bars) and not exposed to KA (open
bars). In all groups exposed to KA except OVX+E2, the number of neurons was significantly
decreased relative to Sham-veh. * denotes p<0.05 between indicated groups.
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