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Abstract

Estradiol’s ability to influence neurochemical events that are critical to female reproductive cyclicity and behavior
decreases with age. We tested the hypothesis that decreases in estrogen receptor-o. (ERa) and/or ER mRNA explain
the brain’s declining responsiveness to estradiol. We assessed ERa and ERf mRNA levels in intact and ovariec-
tomized estradiol-treated rats. ERp mRNA was detected in several brain regions and decreased by middle-age in the
cerebral cortex and supraoptic nucleus of estradiol-treated rats. ERB mRNA levels exhibited a diurnal rhythm in the
suprachiasmatic nucleus of young and middle-aged rats and this rhythm was blunted in old rats. We examined ERa
mRNA in the periventricular preoptic, medial preoptic, ventromedial and arcuate nuclei, and it was decreased only
in the periventricular preoptic nucleus of the old rats. In summary, the expression of ERo and ERf mRNAs is
differentially modulated in the aging brain and changes are region specific. © 2002 Elsevier Science Ireland Ltd. All

rights reserved.
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1. Introduction

During aging, the hypothalamic-pituitary-go-
nadal axis becomes less responsive to the feedback
effects of estradiol. This loss may contribute to
the transition from regular to irregular estrous
cycles and ultimately to reproductive senescence.
Decreasing responsiveness to estradiol may lead
to the alterations in the timing and amplitude of
proestrous and steroid-induced LH surges (Wise,
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1982, 1984) and to the decreasing amplitude and
frequency and increasing duration of LH pulses
(Scarbrough and Wise, 1990) that have been ob-
served in middle-aged female rats. Furthermore,
the ability of steroids to induce reproductive be-
havior is also blunted. Aging female rats exhibit
significantly less lordotic behavior in response to
estradiol stimulation (Cooper and Linnoila, 1977;
Gray et al., 1980; Wise and Parsons, 1984) than
young animals (Wise et al., 1984). In addition,
middle-aged female rats perform poorly compared
to young animals in tests of cognition and mem-
ory (Markowska, 2000). Importantly, these
changes become apparent in middle-aged (8—12
months) rats, prior to detectable changes in circu-
lating estradiol levels (Lu, 1983), suggesting that
decreasing responsiveness to estradiol may lead to
a declining ability to influence reproductive and
non-reproductive actions in the brain.

It is generally accepted that to date, most of the
physiologically important actions of estrogen are
mediated by nuclear receptors that act as tran-
scription factors following estrogen binding
(Gorski et al., 1993; Glass, 1994). There are two
known subtypes of the nuclear estrogen receptor:
ERa and ER. Both receptors bind estrogen with
a high affinity and bind to the same DNA re-
sponse element. Significant differences exist in the
area of the protein responsible for interactions
with other transcriptional machinery, suggesting
different mechanisms of transcriptional activation
(Kuiper et al., 1998). The mRNAs for each recep-
tor subtype have been thoroughly mapped in the
rat brain (Shughrue et al., 1997). In general, ERa
is highly expressed in the anteroventral periven-
tricular, medial preoptic, arcuate, and ventrome-
dial nuclei and the amygdala; areas of the brain
that are responsible for reproductive functions
and behaviors. Whereas, ERB mRNA is concen-
trated in the cerebral cortex, hippocampus, periv-
entricular preoptic, preoptic, bed nucleus of the
stria terminalis, paraventricular and supraoptic
nuclei, amygdala and other brain regions that
indicate non-reproductive actions of estradiol.
However, ERP is expressed in some regions that
are involved in reproduction, such as the periven-
tricular preoptic and medial preoptic nuclei. Inter-
estingly, it has been recently reported that ERf

mRNA and protein, but not ERa, is expressed in
GnRH neurons (Hrabovszky et al., 2000), open-
ing the possibility that ERf may directly influence
GnRH synthesis and secretion. There are also
several regions of the brain which express both
receptors (Shughrue et al., 1998). It is hypothe-
sized that interactions between the two receptors
may take place in these brain regions to mediate
estradiol’s actions.

It has previously been hypothesized that dimin-
ished responsiveness to estradiol may be mediated
by a decrease in the density of estrogen receptors.
While under certain physiological conditions,
changes in estradiol binding have been observed
(Wise et al., 1984; Wise and Parsons, 1984; Wise
and Camp, 1984), no changes in ERa mRNA
levels have been detected (Miller et al., 1994;
Funabashi et al., 2000). The expression of mRNA
for the recently discovered ER subtype, however,
has not been examined in aging animals. There-
fore, we focused on the analysis of age-related
changes in the expression of ERp mRNA in vari-
ous brain regions including regions of the brain
that are thought to mediate the reproductive as
well as non-reproductive actions of estrogen. We
also examined levels of ERa mRNA expression
throughout aging for comparison.

2. Methods
2.1. Animals

Female Sprague—Dawley rats were maintained
in the University of Kentucky AALAC-approved
animal facility under a 14/10 light/dark cycle
(lights on at 04:00 hours) with access to food and
water ad libitum. We assessed ER mRNA levels
in: (1) intact and (2) ovariectomized (OVX) estra-
diol-treated rats. This strategy was used to assess
ER changes: (1) that occur with normal aging
(intact animals) and (2) under experimentally con-
trolled endocrine conditions in which we main-
tained equivalent levels of serum estradiol in all
the age groups (OVX, estradiol-treated). The use
of aging rats under endocrine controlled condi-
tions eliminates the potential confounding effects
of differing levels of ovarian hormones that ac-
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company advancing stages of reproductive senes-
cence. In the first experiment, young (3-4
months), middle-aged (11-12 months) and old
(19-24 months) female rats were used intact. In a
second experiment, we ovariectomized young,
middle-aged and old rats for 1 week and subcuta-
neously implanted Silastic capsules (0.062/0.125
in. inner/outer diameter) containing estradiol dis-
solved in oil (180 pg/ml, 20 mm long in young
rats, 30 mm long in middle-aged and old rats) for
2 days. We have reported previously that this
treatment produces equivalent levels of serum
estradiol in all the age groups (Wise et al., 1981).
Prior to ovariectomy all the young rats exhibited
at least two regular estrous cycles, all the middle-
age rats exhibited irregular estrous cycles, and all
the old rats were in persistent diestrus. Rats were
killed by decapitation, brains removed, frozen and
sectioned (12 um thick). Since the suprachiasmatic
nucleus is the major circadian neural pacemaker
in the mammals, and virtually every neurochemi-
cal analyzed to date exhibits a 24 h rhythm (In-
ouye and Shibata, 1994; Albers et al., 1991), we
examined the levels of ER mRNA in rats that
were killed at seven times of day (23:00, 03:00,
08:00, 12:00, 16:00, 20:00, and 23:00 hours).

2.2. In situ hybridization

In situ hybridization was performed using pre-
viously described methods (Shughrue et al., 1997).
Briefly, specific probes for ERa and ERP were
used: the ERa probe consisted of 800 nucleotides
of the Send of the ERa cDNA; the ERf probe
was a cocktail containing a 558-bp and a 285-bp
probe shown to be specific for ERB (Shughrue et
al., 1996). cRNA probes were generated by tran-
scription in the presence of 50 uM **S-UTP and
non-radioactive ATP, CTP and GTP (500 nM of
each). Sections were hybridized overnight in an
open air humidification chamber with a solution
containing 6 x 10° dpm probe per slide, 50% for-
mamide, 10% dextran sulfate, 1X Denhardt’s so-
lution, 0.3M NaCl, 0.2M DTT at 55 °C. Slides
were washed in 2X SSC/10 mM DTT, treated
with RNAse A (25 pg/ml), and washed two times
in 0.1X SSC at 63 °C for ERa and 65 °C for
ERB. Following dehydration, slides were im-

mersed in NTB2 nuclear emulsion for 30 days.
Following photographic development, slides were
stained with cresyl violet and coverslipped for
analysis.

2.3. Quantification of mRNA expression and
statistical analysis

The density of silver grains per cell was deter-
mined following development of emulsion-coated
slides. BIOQUANT V4.0 was used to determine the
area of grains above a user-defined threshold per
labeled cell. A cell was considered labeled if the
density of grains covering the cell reached five
times that of a non-labeled cell in the same brain
section (background).

Data were statistically analyzed by two-way
analysis of variance (ANOVA, time x age) for
measurements of mRNA levels in the suprachias-
matic nucleus, and by one-way ANOVA for all
the other brain regions. The Student Neuman-—
Keuls test was used for post-hoc analysis. Differ-
ences were considered statistically significant
when P < 0.05.

3. Results

3.1. ERf mRNA levels in the cerebral cortex of
intact female rats

We initially examined ER mRNA Ievels in the
intact young, middle-aged and old rats. Fig. 1
shows the mean grain area per cell of ERf
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Fig. 1. ERB mRNA levels in the cortex of aging intact rats.
Bars represent the mean + SEM, n=4-5. No statistically
significant differences were observed (P = 0.158).
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Fig. 2. (A) ERP mRNA levels in the cortex of OVX, estradiol-
treated rats during aging. There was a significant effect of age
(P <0.02) and ERB mRNA levels decreased by the time rats
were middle-aged (P < 0.05). Bars represent the mean + SEM,
n=4-5. (B) Photomicrographs of ER in situ hybridization in
young, middle-aged, and old animals. Arrows point to labeled
cells. Magnification =400 x .

mRNA in cells of layers IV-VI of the cerebral
cortex (isocortex region). Due to the variation in
the middle-aged and old groups, average mRNA
levels exhibited a tendency to decrease, but this

change did not reach statistical significance (P =
0.158).

3.2. ERf} mRNA levels in ovariectomized
estradiol-treated rats

To control for the variable levels of serum
estradiol that occur in female rats during various
stages of reproductive aging (Lu, 1983), we
ovariectomized all animals and implanted subcu-
taneous Silastic capsules that contain estradiol
dissolved in sesame oil. Equivalent levels of serum
estradiol are produced with this paradigm (Wise
and Parsons, 1984). ERB mRNA levels in the
cortex of these animals are shown in Fig. 2A.
Brains collected at 12:00 hours were analyzed
since no effect of time of day was observed (data
not shown). Under these controlled endocrine
conditions, we detected a significant effect of age
(P <0.02). The mean grain arca was reduced sig-
nificantly by middle age (P < 0.05). Representa-
tive photomicrographs are shown in Fig. 2B.

ERP mRNA levels were also examined in the
suprachiasmatic nucleus (Fig. 3). This nucleus is
the major circadian neural pacemaker in mam-
mals and drives the circadian aspects of female
reproductive function. Most neurochemical as-
pects of suprachiasmatic nucleus exhibit diurnal
rhythmicity; therefore, rats were killed at seven
different times during the day (23:00, 03:00, 08:00,
12:00, 16:00, 20:00, and 23:00 hours) to assess
both the potential changes in rhythmicity of ER
mRNA expression as well as changes in the over-
all average level of receptor expression. ERP
mRNA expression in the suprachiasmatic nucleus
was low but detectable. Two-way ANOVA re-
vealed a significant interaction between the age
and time (P < 0.04). There was a significant effect
of time-of-day in both the young and middle-aged
rats (P <0.001). Although the same trend was
observed in old rats, the rhythm was not statisti-
cally significant (P = 0.057). The regulation of the
single pulse of expression appeared to be lost as
levels were also slightly elevated in the evening.

ERPB mRNA expression was also examined in
the periventricular preoptic, medial preoptic, par-
aventricular, and supraoptic nuclei of OVX estra-
diol-treated rats (Fig. 4A-D). No significant
changes in the expression were observed with age
in the periventricular preoptic nucleus (P = 0.241;
Fig. 4A), medial preoptic nucleus (P = 0.460; Fig.
4B) or paraventricular nucleus (P =0.601; Fig.
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Fig. 3. ERBp mRNA levels in the suprachiasmatic nuclei at
various times of day. Young and middle-aged rats exhibited a
diurnal rhythm of expression peaking at 03:00 hours (P <
0.001). The effect of time was lost in the old animals (P =
0.057, n=5-7 per time point for each age group).
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Fig. 4. ERB mRNA levels in the: (A) periventricular preoptic nucleus; (B) medial preoptic nucleus; (C) paraventricular nucleus; and
(D) supraoptic nucleus. Bars represent the mean + SEM, n=4-5. A significant decline with age was observed in the supraoptic

nucleus (D) (P <0.05).

4C). In contrast, ERp mRNA expression was
significantly reduced in the middle-aged and old
animals in the supraoptic nucleus (P < 0.05; Fig.
4D).

3.3. ERax mRNA levels in ovariectomized
estradiol-treated rats

For comparison, we examined ERoa mRNA
expression in the periventricular preoptic, medial
preoptic, arcuate, and ventromedial nuclei, four
regions of the hypothalamus that control repro-
duction (Fig. 5). ERa mRNA levels decreased in
the periventricular preoptic nucleus by the time
female rats were old (P < 0.002), but were not
altered with age in the medial preoptic nucleus
(P =0.880), ventromedial nucleus (P =0.33), or
arcuate nucleus (P =0.405). We did not detect
ERa mRNA in any other region that we analyzed
(i.e. cerebral cortex, suprachiasmatic, supraoptic,
or paraventricular nuclei).

4. Discussion

In these studies, we examined the regional and
age-dependent expression of ERP and ERa
mRNA in the female rat brain. Our study focused
attention on ERP since this newly discovered
receptor is expressed in the brain (Shughrue et al.,
1997) and may mediate different actions than the
classical ERa (Nilsen et al., 2000; Patrone et al.,
2000) and has never been assessed in aging ani-
mals. We report three important findings. First,
we found both regional and age-related differ-
ences in ERa and ERf mRNA expression. Sec-
ond, combining animals at varying stages of
reproductive senescence appears to increase the
variation in ERB mRNA levels in each age group
and hide potentially important changes in the
level of receptor expression. In contrast, when
estradiol levels are controlled, ERp mRNA levels
in the cerebral cortex and supraoptic nucleus de-
creased in the middle-aged and old rats, while the
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rhythm of expression in ERB mRNA in the
suprachiasmatic nucleus was absent in old ani-
mals. There was no effect of age on ERB mRNA
in the periventricular preoptic, medial preoptic or
paraventricular nuclei. Third, ERa mRNA levels
were relatively immune to the effects of age, ex-
hibiting decreases only in the periventricular
preoptic nucleus of the old rats.

The effects of aging on ERBf mRNA expression
in the brain are not global, but instead are region-
specific. In the cerebral cortex, ERB mRNA ex-
pression decreases by middle age. It is important
to point out that we were only able to detect these
age-related changes when the hormonal milieu of
all the age groups was controlled. In random
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cycling middle-aged female rats in which variable
hormonal conditions accompany estrous cyclicity
and reproductive aging, the variance was too
great to achieve statistical significance. It is inter-
esting to note that this decline in receptor expres-
sion correlates with the cognitive decline seen in
the middle-age rats (Markowska, 2000). In addi-
tion, on proestrus, when circulating estradiol lev-
els are highest, rats perform better on tasks that
may require cortical function (Warren and
Juraska, 1997). These observations in rats have
recently been supported by studies in aging
women (Keenan et al., 2001). In postmenopausal
women estrogen replacement therapy enhances
cognitive deficits that involve cortical memory.

Young MA Oid

Young MA Oid

Fig. 5. ERo mRNA levels in the: (A) periventicular preoptic nucleus; (B) medial preoptic nucleus; (C) arcuate nucleus; and (D)
ventromedial nucleus. Age significantly reduced mRNA in the periventricular preoptic nucleus (P < 0.002). The mRNA levels did
not change with age in the medial preoptic nucleus (P = 0.880), arcuate nucleus (P = 0.405), or the ventromedial nucleus (P = 0.33).

Bars represent the mean + SEM, n=4-5.
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Some of the neuroprotective effects of estradiol
appear to require estrogen receptors to protect the
brain against neurodegenerative diseases and in-
jury (Dubal et al., 1998; Wise et al., 2001). Which
receptor subtype mediates these neuroprotective
actions has been an area of active discussion. Our
previous studies in mice demonstrate that ERP
does not appear to play a critical neuroprotective
role against stroke-like injury, since estradiol con-
tinues to effectively protect against injury in
ERBKO mice while failing to do so in ERaKO
mice (Dubal et al., 2001). We have also reported
that the ability of estradiol to protect does not
diminish in middle-aged rats (Alkayed et al., 2000;
Dubal and Wise, 2000). The present data add
credence to our hypothesis that neuroprotection
against ischemic injury involves ERa, but not
ERBp, since the decrease in the mRNA levels of
this receptor subtype in the cerebral cortex of the
middle-aged rats does not appear to impact on
the ability of estradiol to protect against ischemia.

In the suprachiasmatic nucleus, we detected a
diurnal rhythm of ERB mRNA levels in young
and middle-aged rats and rhythmic expression
was not detectable in old animals. The overall
basal level of expression does not appear to be
diminished, but the temporal regulation is lost.
This alteration in a daily rhythm may contribute
to the decreasing ability of estradiol to ‘organize’
daily signals from the suprachiasmatic nucleus
that, in turn, regulate GnRH neurons. We have
shown previously that the rhythm of nore-
pinephrine turnover (Wise, 1984) and the density
of o,-adrenergic receptors are blunted in the
suprachiasmatic nuclei of middle-age rats (Wei-
land and Wise, 1990). ER« is not detectable in the
suprachiasmatic nucleus; thus ER} may mediate
the estrogen signal in this brain region. Our cur-
rent observations of altered rhythmicity of ERP
gene expression in older animals may be impor-
tant in understanding the decline of numerous
estradiol-dependent circadian-driven neurochemi-
cal signals that have been reported (Wise et al.,
1997).

In contrast to the age-related changes in ER
gene expression in multiple brain regions, we
found that ERa mRNA levels are largely resistant
to age-dependent changes. The only change we

observed was between middle-aged and old rats
and was confined to the periventricular preoptic
nucleus. These changes were detectable consider-
ably later in the lifespan than the decline in
hypothalamic events associated with reproductive
decline (Wise et al., 1999). In the ventromedial
nucleus there was a trend towards a decline in
ERa expression with age, however, this did not
reach statistical significance. These results confirm
and extend those of Miller et al. (1994), who
showed that ERae mRNA levels do not change in
several areas of the hypothalamus when animals
were treated with long-term estradiol replacement.
However, Funabashi et al., (2000) recently
showed that estradiol’s ability to down-regulate
ERa mRNA disappears in middle-aged and old
rats. The difference in the regulation of ERa and
ERPp mRNA with age warrants further
investigation.

In summary, our data show that ERa and ERf
mRNA are expressed in several regions of the
brain that are known to mediate the reproductive
and non-reproductive effects of estradiol and that
age influences the expression of ERf mRNA in
multiple, but not all brain regions. On the other
hand, ERa mRNA levels appear to continue to be
expressed at normal levels even in old animals in
most brain regions and decreased only in the
periventricular preoptic nucleus of old animals of
all the specific areas of the hypothalamus that we
examined. It is possible that the region-specific
decline in receptor expression may be responsible
for some of the decreased responsiveness to estra-
diol, but since this is not a global effect, other
mechanisms are likely involved as well.

Acknowledgements

This work was partially supported by NIH
AGO02224 (P.M.W.) and AG05818 (M.E.W.).

References

Albers, H.E., Liou, S-Y., Ferris, C.F., Stopa, E.G., Zoeller,
R.T., 1991. Neurochemistry of circadian timing. In: Klein,
D.C., Moore, R.Y., Reppert, S.M. (Eds.), Suprachiasmatic



600 M_.E. Wilson et al. / Mechanisms of Ageing and Development 123 (2002) 593-601

Nucleus. The Mind’s Clock. Oxford University Press, New
York, pp. 263-288.

Alkayed, J.J., Murphy, S.J., Traystman, R.J., Hurn, P.D.,
2000. Neuroprotective effects of female gonadal steroids in
reproductively senescent female rats. Stroke 31, 161-168.

Cooper, R.L., Linnoila, M., 1977. Sexual behavior in aged,
noncycling female rats. Physiol. Behav. 18, 573-576.

Dubal, D.B., Kashon, M.L., Pettigrew, L.C., Ren, J.M., Fin-
klestein, S.P., Rau, S.W., Wise, P.M., 1998. Estradiol
protects against ischemic injury. J. Cereb. Blood Flow
Metab. 18, 1253-1258.

Dubal, D.B., Wise, P.M., 2000. Neuroprotective effects of
estradiol in middle-aged female rats. Endocrinology 142,
43-48.

Dubal, D.B., Zhu, B., Yu, B., Rau, S.W., Shughrue, P.J.,
Merchenthaler, 1., Kindy, M.S., Wise, P.M., 2001. Estro-
gen receptor-o, not -f, is a critical link in estradiol-medi-
ated protection against brain injury. Proc. Natl. Acad. Sci.
USA 98, 1952-1957.

Funabashi, T., Kleopoulos, S.P., Brooks, P.J., Kimura, F.,
Pfaff, D.W., Shinohara, K., Mobbs, C.V., 2000. Changes
in estrogenic regulation of estrogen receptor « mRNA and
progesterone receptor mRNA in the female hypothalamus
during aging: an in situ hybridization study. Neurosci. Res.
38, 85-92.

Glass, C.K., 1994. Differential recognition of target genes by
nuclear receptor monomers, dimers, and heterodimers. En-
docr. Rev. 15, 391-407.

Gorski, J., Furlow, J.D., Murdoch, F.E., Fritsch, M., Kaneko,
K., Ying, C., Malayer, J.R., 1993. Perturbations in the
model of estrogen receptor regulation of gene expression.
Biol. Reprod. 48, 8-14.

Gray, G.D., Tennent, B., Smith, E.R., Davidson, J.M., 1980.
Luteinizing hormone regulation and sexual behavior in
middle-aged female rats. Endocrinology 107, 187—-194.

Hrabovszky, E., Shughrue, P.J., Merchenthaler, 1., Hajszan,
T., Carpenter, C.D., Liposits, Z., Petersen, S.L., 2000.
Detection of estrogen receptor-f messenger ribonucleic
acid and '*’I-estrogen binding sites in luteinizing hormone-
releasing hormone neurons of the rat brain. Endocrinology
141, 3506-3509.

Inouye, S.T., Shibata, S., 1994. Neurochemcial organization of
circadian rhythm in the suprachiasmatic nucleus. Neurosci.
Res. 20, 109-130.

Keenan, P.A, Ezzat, W.H., Ginsburg, K., Moore, G.J., 2001.
Prefrontal cortex as the site of estrogen’s effect on cogni-
tion. Psychoneuroendocrinology 26, 577-590.

Kuiper, G.G.J.M., Shughrue, P.J., Merchenthaler, 1., Gustafs-
son, J-A., 1998. The estrogen receptor beta subtype: a
novel mediator of estrogen action in neuroendocrine sys-
tems. Front. Neuroendocrinol. 19, 253-286.

Lu, JJK.H., 1983. Changes in ovarian function and go-
nadotropin and prolactin secretion in aging female rats. In:
Meites, J. (Ed.), Neuroendocrinology of Aging. Plenum
Press, New York, pp. 103—-122.

Markowska, A., 2000. Sex dimorphisms in the rate of age-re-
lated decline in spatial memory: relevance to alterations in
the estrous cycle. J. Neurosci. 19, 8122-8133.

Miller, M.A., Kolb, P.E., Planas, B., Raskind, M.A., 1994.
Estrogen receptor and neurotensin/neuromedin-N gene ex-
pression in the preoptic area are unaltered with age in
Fischer 344 female rats. Endocrinology 135, 1986—-1995.

Nilsen, J., Mor, G., Naftolin, F., 2000. Estrogen-regulated
developmental neuronal apoptosis is determined by estro-
gen receptor subtype and the fas/fas ligand system. J.
Neurobiol. 43, 64-78.

Patrone, C., Pollio, G., Vegeto, E., Enmark, E., de Curtis, 1.,
Gustafsson, J.-A., Maggi, A., 2000. Estradiol induces dif-
ferential neuronal phenotypes by activating estrogen recep-
tor o or . Endocrinology 141, 1839-1845.

Scarbrough, K., Wise, P.M., 1990. Age-related changes in the
pulsatile pattern of LH release precede the transition to
estrous acyclicity and depend upon estrous cycle history.
Endocrinology 126, 884-890.

Shughrue, P.J., Komm, B., Merchenthaler, 1., 1996. The distri-
bution of estrogen receptor-p mRNA in the rat hypothala-
mus. Steroids 61, 678—681.

Shughrue, P.J., Lane, M.V., Merchenthaler, 1., 1997. Compar-
ative distribution of estrogen receptor-o. and -p mRNA in
the rat central nervous system. J. Comp. Neurol. 388,
507-525.

Shughrue, P.J., Scrimo, P.J., Merchenthaler, 1., 1998. Evidence
for the colocalization of estrogen receptor-f mRNA and
estrogen receptor o-immunoreactivity in neurons of the rat
forebrain. Endocrinology 139, 5267-5270.

Warren, S.G., Juraska, J.M., 1997. The estrous cycle and
spatial learning: a dissociation between synapse density,
LTP and behavior. Behav. Neurosci. 111, 259-266.

Weiland, N.G., Wise, P.M., 1990. Aging progressively de-
creases the densities and alters the diurnal rhythm of
alpha-1-adrenergic receptors in selected hypothalamic re-
gions. Endocrinology 126, 2392-2397.

Wise, P.M., 1982. Alterations in proestrous LH, FSH, and
prolactin surges in middle-aged rats. Proc. Soc. Exp. Biol.
Med. 169, 348-354.

Wise, P.M., 1984. Estradiol-induced daily luteinizing hormone
and prolactin surges in young and middle-aged rats: corre-
lations with age-related changes in pituitary responsiveness
and catecholamine turnover rates in microdissected brain
areas. Endocrinology 115, 801-809.

Wise, P.M., Camp, P., 1984. Changes in concentrations of
estradiol nuclear receptors in the preoptic area, medial
basal hypothalamus, amygdala, and pituitary gland of
middle-aged and old cycling rats. Endocrinology 114, 92—
98.

Wise, P.M., Parsons, B., 1984. Nuclear estradiol and cytosol
progestin receptor concentrations in the brain and the
pituitary gland and sexual behavior in ovariectomized
estradiol-treated middle-aged rats. Endocrinology 115,
810-816.

Wise, P.M., Camp-Grossman, P., Barraclough, C.A., 1981.
Effects of estradiol and progesterone on plasma go-
nadotropins, prolactin, and LHRH in specific brain areas
of ovariectomized rats. Biol. Reprod. 24, 820-830.



M_.E. Wilson et al. / Mechanisms of Ageing and Development 123 (2002) 593-601 601

Wise, P.M., McEwen, B.S., Parsons, B., Rainbow, T.C., 1984.
Age-related changes in cytoplasmic estradiol receptor con-
centrations in microdissected brain nuclei: correlations with
changes in steroid-induced sexual behavior. Brain Res. 321,
119-126.

Wise, P.M., Kashon, M.L., Krajnak, K.M., Rosewell, K.L.,
Cai, A., Scarbrough, K., Harney, J.P., McShane, T., Lloyd,
J., Weiland, N.G., 1997. Aging of the female reproductive

system: a window into brain aging. Rec. Prog. Horm. Res.
52, 279-305.

Wise, P.M., Smith, M.J., Dubal, D.B., Wilson, M.E., Krajnak,
K.M., Rosewell, K.L., 1999. Neuroendocrine influences and
repercussions of the menopause. Endocr. Rev. 20, 243—-248.

Wise, P.M., Dubal, D.B., Wilson, M.E., Rau, SW., Liu, Y.,
2001. Estrogens: trophic and protective factors in the adult
brain. Front. Neuroendocrinol. 22, 33—-66.



	Age differentially influences estrogen receptor-alpha (ERalpha) and estrogen receptor-beta (ERbeta) gene expre
	Introduction
	Methods
	Animals
	In situ hybridization
	Quantification of mRNA expression and statistical analysis

	Results
	ERbeta mRNA levels in the cerebral cortex of intact female rats
	ERbeta mRNA levels in ovariectomized estradiol-treated rats
	ERalpha mRNA levels in ovariectomized estradiol-treated rats

	Discussion
	Acknowledgements
	References


