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Neuroendocrine Mechanisms for Reproductive Senescence

in the Female Rat

Gonadotropin-Releasing Hormone Neurons
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Reproductive aging in female rats is characterized by
profound alterations in the neuroendocrine axis. The
preovulatory luteinizing hormone (LH) surge is attenu-
ated, and preovulatory expression of the immediate
early gene fos in gonadotropin-releasing hormone
(GnRH) neurons is substantially reduced in middle-
aged compared with youngrats. We tested the hypothesis
that alterations in GnRH gene expression may be cor-
related with the attenuation of the LH surge and may
be a possible mechanism involved in neuroendocrine
senescent changes. Sprague-Dawley rats ages 4 to 5
mo (young), 12-14 mo (middle-aged), or 25 to 26 mo
(old) were killed at 10:00 am or 3:00 pm on proestrus,
the day of the LH surge, or diestrus l in cycling rats, and
on persistent estrus or persistent diestrus in acyclic
rats. RNase protection assays of GnRH mRNA and
GnRH primary transcript were performed. GnRH
mRNA levels increased significantly with age, whereas
GnRH primary transcript levels, an index of GnRH
gene transcription, decreased in old compared to
young and middle-aged rats. This latter result suggests
that an age-related change in GnRH mRNA levels oc-
curs independently of a change in gene transcription,
indicating a potential posttranscriptional mechanism.
On proestrus, GnRH mRNA levels increased signifi-
cantly from 10:00 am to 3:00 pm in young rats. This was
in contrast to proestrous middle-aged rats, in which
this afternoon increase in GnRH mRNA levels was not
observed. Thus, the normal afternoon increase in
GnRH mRNA levels on proestrus is disrupted by middle
age and may represent a substrate for the attenuation
of the preovulatory GnRH/LH surge that occurs in rats
of this age, prior to reproductive failure.
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Introduction

Although female rodents do not experience menopause,
they undergo a transition from regular ovulatory cycles to
irregular cycles to acyclicity (/,2). The mechanisms for
these changes are largely unknown, and the relative contri-
butions of the different levels of the reproductive axis (brain
[hypothalamus], pituitary, or gonad) have not been com-
pletely elucidated. In female rats, it is likely that repro-
ductive senescence is regulated to a large extent by
neuroendocrine, as opposed to ovarian events, based on the
following observations:

1. The ovary of an aged, acyclic rat is capable of ovulating in
response to various stimuli, and contains functional fol-
licles (3,4).

. Pulsatile gonadotropin-releasing hormone (GnRH)/lutein-
izing hormone (LH) release has been reported to change
during aging (5-8).

. The preovulatory GnRH/LH surge is significantly attenu-
ated by middle age, prior to reproductive failure (9-12).

. Theexpression of the immediate early gene c-fos, amarker
of gene activation, is significantly lower in GnRH neurons
during the preovulatory GnRH/LH surge in middle-aged
compared with young rats (/3—15).

. Temporally, these neuroendocrine changes precede ova-
rian changes (2).

GnRH neurons in the preoptic area-anterior hypothala-
mus (POA-AH) of rodents are the key cells regulating
reproductive function. Changes in GnRH release and gene
expression play a critical role in the control of the timing of
reproductive development and puberty, as well as in the
maintenance of adult ovarian cycles (/6—20). However, a
direct role for GnRH neurons in reproductive senescence
remains to be elucidated. Changes in the numbers of GnRH
neurons with aging are probably not responsible for neu-
roendocrine senescence, because whereas some laborato-
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Table 1
LH Levels (ng/mL) in Intact Rats®
Age group Cycle stage LH (10:00 am) LH (3:00 pm)
Young (4 to 5 mo) Proestrus 0.34 + 0.04 0.29 + 0.06
Diestrus I 0.52+0.10 0.27 + 0.06
Middle-aged (12 to 14 mo) Proestrus 0.55+0.13 0.59+0.14
Diestrus I 0.50 + 0.10 0.35+0.03
Persistent estrus 0.58 + 0.17° 0.69 + 0.15°
Persistent diestrus 0.45 + 0.04 0.28 + 0.07
Old (25 to 26 mo) Persistent estrus 0.81 + 0.22° 0.89 + 0.31°
Persistent diestrus 0.45 + 0.09 0.45 +0.20

“Data are expressed as mean + SEM.
bp < 0.05 vs persistent diestrous rats.

ries have reported small decreases in the number of GnRH
neurons with aging (21,22), others have reported no such
change (8,23,24). Studies on changes in GnRH release and
gene expression with aging are similarly controversial, with
some reporting increases (25), others decreases (26—-28), and
still others no change (5-8,29,30) in these parameters.

In the present study, we tested the hypothesis that alter-
ations in GnRH neurons, specifically GnRH gene expres-
sion, occur during reproductive senescence, concomitantly
with the attenuation of the preovulatory GnRH/LH surge in
middle-aged rats. We measured changes in GnRH mRNA
levels, and GnRH primary transcript levels, an index of
GnRH gene transcription (37), in intact female rats at
young, middle-age, and old age, and of differing reproduc-
tive cycling statuses.

Results

Serum LH Levels in Aging Intact Rats

Serum LH levels were measured by radioimmunoassay
(RIA) and were found to be low, but within the detectable
range of the RIA, in intact female Sprague-Dawley rats at
all ages and reproductive statuses (Table 1). An overall
effect of age on serum LH was found (p <0.05), with higher
LH levels in old than young rats. In cycling rats (proestrus
and diestrus I), no significant effects of age, cycle stage, or
time of day were observed. In acyclic rats (persistent estrus
and persistent diestrus), a significant effect of cycle stage
was detected (p <0.005), with significantly higher levels in
persistent estrous rats than in persistent diestrous rats. No
effects of time of day or age were found in persistent estrous
or persistent diestrous rats, and no significant interaction
among these variables was found. Comparisons of the
effects of reproductive status on LH levels in middle-aged
rats demonstrated no significant effects. These results con-
firm that proestrous animals were sacrificed before the preo-
vulatory LH surge, as we have reported previously (32).
Serum Estradiol Levels in Aging Intact Rats

Table 2 gives serum estradiol levels as measured by RIA
for intact female Sprague-Dawley rats. A significant effect

of age on serum estradiol levels was observed with signifi-
cantly higher levels in old than in middle-aged or young
rats (p < 0.05). In cycling (proestrus and diestrus I) rats, no
significant effect of age but a significant effect of cycling
status on serum estradiol levels was observed (p < 0.005).
Post-hoc analysis indicated that estradiol levels were sig-
nificantly higher in proestrous than in diestrous Irats (p <0.01).
There was no effect of time of day on estradiol levels in
these cycling animals (p =0.16), nor any interaction of time
of day with cycling status or age. In acyclic rats (persistent
estrus and persistent diestrus), although there was no effect
of age or cycling status on estradiol levels, a significant
effect of time of day was observed (p < 0.05), owing to
significantly lower estradiol levels at 3:00 pm than at 10:00
AM in old rats (p < 0.05). In middle-aged rats, no effect of
cycling stage or time of day was observed.

GnRH Cytoplasmic mRNA Levels

Figure 1 is an autoradiogram showing GnRH and
cyclophilin mRNA in representative POA-AH dissections
of individual rats. Results on GnRH mRNA levels were
identical whether expressed as absolute amounts of GnRH
mRNA, or when normalized to cyclophilin. Cyclophilin
mRNA levels did not vary by age, time of day, or reproduc-
tive status. Because the same amount of RNA was run in
each lane (20 ug), we chose to express our results as
femtograms of GnRH mRNA, in order to facilitate com-
parisons with GnRH primary transcript (below). A signifi-
cant effect of age on GnRH mRNA levels was found, with
higher levels in middle-aged and old compared with young
rats (Table 3; p < 0.05). In cycling (proestrus and diestrus
I) rats, a significant effect of age was seen (p < 0.05), with
significantly higher levels in middle-aged than young
cycling rats (Fig. 2). No effect of cycling stage on GnRH
mRNA was seen (p = 0.53), nor an interaction of age with
cycling stage (p = 0.49). For time of day, no overall effect
was observed; however, an interaction of time of day with
age and cycling stage was observed (p < 0.05). Post-hoc
analysis demonstrated that young proestrous rats had higher
GnRH mRNA levels at 3:00 pm than at 10:00 am (p < 0.05).
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Table 2

Estradiol Levels (pg/mL) in Intact Rats?

Age group Cycle stage Estradiol (10:00 am) Estradiol (3:00 pm)

Young (4 to 5 mo) Proestrus 18 + 7b 17 + 4b
Diestrus 1 8+0 8+1

Middle-aged (12 to 14 mo) Proestrus 14 + 6" 26 + 6"
Diestrus I T7+1 13+2
Persistent estrus 21+5 21+4
Persistent diestrus 18+2 15+5

0Old (25 to 26 mo) Persistent estrus 28+ 3 21+4
Persistent diestrus 30+ 3 15+3

“Data are expressed as mean + SEM.
bp < 0.01 vs diestrus 1.
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Fig. 1. Composite autoradiogram showing representative examples of GnRH mRNA (top) and cyclophilin mRNA (bottom) in cyto-
plasmic POA-AH RNA samples from individual rats at 10:00 am and 3:00 pm on different days of the estrous cycle and in acyclic rats.

Each lane contains RNA from a single animal. P, proestrus; DI, diestrus I; PE, persistent estrus; PD, persistent diestrus.

Table 3
GnRH mRNA and Primary Transcript Levels (fg) in Intact Rats®
Age group GnRH mRNA GnRH primary transcript
Young (4 to 5 mo) 176 + 10 28+ 3
Middle-aged (12 to 14 mo) 210 + 10b 30+2
Old (25 to 26 mo) 239 + 167 21 +1¢

“Data are expressed as mean + SEM.
hp < 0.05 vs corresponding young groups.

p < 0.05 vs corresponding young and middle-aged groups.

Additionally, middle-aged proestrous rats had higher
GnRH mRNA levels than young proestrous rats at 10:00
aM. This is probably responsible for the significant effect of
age on GnRH mRNA levels in cycling rats. For acyclic rats
(persistent estrus and persistent diestrus), no significant
effect of age was observed (p = 0.09). However, a signifi-
cant effect of cycle stage (p < 0.05) was determined, with
higher levels in persistent estrous than persistent diestrous
rats (p <0.05). No effect of time of day was found (p =0.52),
although there was a significant interaction of time of day
with age and cycling stage (p < 0.05), with post-hoc analy-
sis demonstrating that GnRH mRNA levels were signifi-
cantly lower at 3:00 pm compared to 10:00 am in old
persistent diestrous rats (p <0.05). In middle-aged rats, no

effects of cycle stage (p =0.39) or time of day (p = 0.69) or an
interaction of these variables (p =0.38) were observed (Fig. 2).

GnRH Nuclear Primary Transcript Levels

Figure 3 is an autoradiogram showing GnRH primary
transcript in individual POA-AH samples. A significant
effect of age was seen, with old rats having significantly
lower GnRH primary transcript levels than young and
middle-aged rats (p <0.05; Table 3). For cycling (proestrus
and diestrus I) rats, no significant differences in GnRH
primary transcript were seen (Fig. 4). For acyclic rats (per-
sistent estrus and persistent diestrus), a significant effect of
age (p <0.05), but no effect of cycle stage (p =0.32), or an
interaction of cycle stage with age (p = 0.15), was seen
(Fig. 4). Additionally, no effect of time of day, nor any
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Fig. 2. Changes in GnRH mRNA levels (fg/20 ug) in young, middle-aged, and old female rats of differing cycling statuses and times
of day. GnRH mRNA levels were significantly elevated at 3:00 pm compared with 10:00 AM in young proestrous rats, and lower at 3:00
pM compared with 10:00 aM in old persistent diestrous rats. Middle-aged proestrous rats had higher GnRH mRNA levels than young

proestrous rats at 10:00 am and middle-aged diestrous I rats at 10:00 am. a, p < 0.05 vs 10:00 am. b, p < 0.05 vs corresponding young

rats. P, proestrus; DI, diestrus I; PE, persistent estrus; PD, persistent diestrus.,
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Fig. 3. Composite autoradiogram showing representative examples of GnRH primary transcript in nuclear POA-AH RNA isolated from
individual rats killed at 10:00 am or 3:00 pm on different days of the estrous cycle, or in acyclic rats. Each lane contains RNA from a
single animal. P, proestrus; DI, diestrus I; PE, persistent estrus; PD, persistent diestrus.

interaction of time with any other parameter, was seen. For
middle-aged rats, no effect of cycling status (p =0.23), time
of day (p = 0.85), or an interaction of these parameters (p
=0.17) was found.

Discussion

The results of the present study indicate that GnRH gene
expression changes during reproductive senescence in
intact female Sprague-Dawley rats. Overall, GnRH mRNA
levels increase significantly with aging, with higher levels
in middle-aged and old than in young rats. With respect to
proestrus, the day of the preovulatory LH surge, the increase
in GnRH mRNA levels seen from 10:00 am to 3:00 pMm in
young rats does not occur in middle-aged rats. This latter
change suggests that there is a decreased drive on GnRH
neurons during reproductive aging that may be related to, or
evenresponsible for, the transition to acyclicity (13,15,33).
We also examined the mechanism for the changes in GnRH
mRNA levels and determined that activation of GnRH gene
transcription is unlikely to be responsible for these changes,
because GnRH primary transcript levels do not reflect

GnRH mRNA levels. Instead, we postulate that a post tran-
scriptional mechanism may underlie these age-related
changes in GnRH mRNA levels.

Our observation that GnRH mRNA levels increase with
aging in female Sprague-Dawley rats is consistent with one
made in humans in which GnRH mRNA levels, as deter-
mined by in situ hybridization (ISH), were reported to be
lower in premenopausal (ages 21-41) compared with post-
menopausal (ages 54-86) women (25). In the human, it is
speculated that an increase in GnRH gene expression may
be a result of the removal of ovarian negative feedback in
postmenopausal women. However, humans and rats differ
in that aging rats do not experience follicular atresia, and
estradiol levels do not decrease with aging in the rat. In-
deed, in the present study, we observed an overall increase
in circulating estradiol levels with aging (Table 2). Thus, it
is possible that rather than absolute estradiol levels exert-
ing an effect on GnRH gene expression, it is the cyclic
fluctuations in estradiol that occur during the cycle that
may have animpact on overall GnRH mRNA levels. Future
experiments are necessary to test this hypothesis, e.g., by
inducing cycles in aging rats (which can be accomplished
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Fig. 4. GnRH primary transcript levels at differing cycling statuses and times of day.

by neurotransmitter or behavioral manipulations) and com-
paring them to acyclic rats of the same age. Moreover, ani-
mals in the present study were examined only on proestrus
and diestrus I, and the age-related increase in GnRH mRNA
occurred only in proestrous rats. We do not know how
GnRH mRNA may change with aging on the other days of
the estrous cycle, namely, estrus and diestrus II. It is pos-
sible that the overall increase in GnRH mRNA from the
young to the middle-aged group, which is owing primarily
to the increase on proestrus, would be altered by the inclu-
sion of these additional groups.

The present finding of an increase in GnRH mRNA lev-
els in rats, using the RNase protection assay, differs from a
report demonstrating a significant decrease, as determined
by ISH (28), in overall GnRH mRNA levels in ovariecto-
mized, steroid-primed Sprague-Dawley rats. Another
group reported decreased GnRH mRNA Ievels between old
(18 mo) and young (~2 mo) Sprague-Dawley rats killed on
the morning of diestrus I (34), also as determined by ISH.
Differences among studies may be owing to differing ova-
rian or hormonal statuses, or to different techniques. An
example of the effects of differing hormonal status is dem-
onstrated by a report documenting age-related decreases in
GnRH mRNA levels in intact but not castrate male F344
rats (26). Preliminary data from our laboratory indicate that
GnRH mRNA levels do not differ among young, middle-
aged, and old ovariectomized rats (35), in contrast to the
present study done inintactrats of similar ages. Withrespect
to differences in techniques, our study provides data on
changes in GnRH mRNA levels in virtually the entire
GnRH neurosecretory population, because our dissection
contains most of these cells. By contrast, ISH hybridization
studies provide important data regarding the localization of
changes in GnRH gene expression in specific subpopula-
tions of these cells (28). Thus, it is quite possible that cer-
tain subsets of GnRH neurons may undergo age-related
decreases, or no changes, in GnRH gene expression,

whereas the total population of GnRH neurons may exhibit
an increase in gene expression.

Although hypothalamic GnRH content was not mea-
sured in the present study, it has been measured by other
laboratories in the context of aging. This area is also con-
troversial. One laboratory did not observe any differences
in GnRH content in the medial basal and anterior hypo-
thalamus between young (3 to 4 mo) and old (18-20 mo)
ovariectomized female Wistar rats (29). Another group
found a decrease in GnRH peptide concentrations in the
median eminence of middle-aged compared with young
rats at the beginning of the LH surge on proestrus (36).
However, another laboratory reported slightly or signifi-
cantly higher GnRH peptide levels, depending on the endo-
crine condition, in middle-aged (9—16 mo) compared with
young (3 to 4 mo) rats, in the anterior hypothalamus or
medial basal hypothalamus, but not the POA-AH (30,37).
Nevertheless, the observation that GnRH peptide levels can
be elevated in the anterior hypothalamus and median emi-
nence in middle-aged rats corresponds to our present obser-
vation of increased GnRH mRNA levels in middle-aged
compared with young rats.

In the present study, we also investigated the effects of
time of day on GnRH gene expression by measuring levels
of GnRH mRNA at a morning (10:00 am) and an afternoon
(3:00 pm) time point. These time points were chosen based
on previous observations of our laboratory that GnRH
mRNA levels are significantly elevated at 3:00 pm on
proestrous compared to earlier (11:00 am) and later (6:00
AM) time points (32), and a similar finding was made by
another group (38). Unfortunately, the large number of
groups of animals for comparisons prevented us from look-
ing at additional time points, which may have been enlight-
ening. We observed a significant increase in GnRH mRNA
levels from 10:00 am to 3:00 pMm in young proestrous rats,
which was not presentin middle-aged proestrous rats. These
data are consistent with those of Rubin et al. (28), who
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demonstrated alterations in GnRH mRNA levels with time
of day in young but not middle-aged ovariectomized rats,
similar to our finding in intact rats. Our laboratory and
others have also reported afternoon increases in GnRH gene
expression in young female rats on proestrus ([32,38—41];
reviewed in refs. 42 and 43). The abolition of this rhythm
in middle-aged rats may be related to the attenuated preo-
vulatory LH surge (73,15,33), as well as the diminution of
Fos expressionin GnRH neurons in middle-aged rats (13—15).

A significant effect of time of day was also observed in
old persistent diestrous rats, which, in contrast to young
proestrous rats, exhibited an afternoon decrease in GnRH
mRNA levels. We do not know the physiologic signifi-
cance of this morning-afternoon difference; however, it is
interesting that this same group of rats also exhibited an
afternoon decrease in estradiol levels, which was not seen
in any other age group. It is unknown whether there is a
relationship between the parallel afternoon decrease in
GnRH mRNA and in serum estradiol levels in old persistent
diestrous rats, and this merits future investigation.

The mechanism for the regulation of GnRH mRNA lev-
els in vivo appears to be primarily posttranscriptional
(reviewed in ref. 42), as indicated by a lack of change in
GnRH primary transcriptlevels. There is currently no direct
evidence that GnRH primary transcript levels are reflective
of GnRH gene transcription. Nevertheless, studies in the
immortalized GT1-7 cells comparing changes in GnRH pri-
mary transcript to GnRH gene transcription as measured by
nuclear run-on assays indicate virtually identical regula-
tion by factors such as phorbol ester or calcium secreta-
gogues (31,44-46). Because nuclear run-on assays are
extremely difficult to perform in animal tissue, we have
extrapolated from the data on the GT1 cells that GnRH
primary transcript levels are an accurate reflection of
GnRH gene transcription. Under many circumstances,
GnRH mRNA levels change independently of changes in
GnRH primary transcript levels (32,45,47-49). We have
also explored whether the processing of GnRH primary
transcript to the mature GnRH mRNA is affected by those
factors that regulate GnRH mRNA levels, and this does not
appear to be the case (47). We have reported in the GT1-7
cell line that GnRH poly (A) tail length, an indicator of
mRNA stability (50,51),is altered by various secretagogues
(45,52). Preliminary data suggest that GnRH poly (A) tail
length in the rat changes under circumstances in which
GnRH mRNA levels, but not GnRH primary transcript lev-
els, change (53). Taken together, these studies provide evi-
dence for GnRH primary transcriptlevels being areflection
of GnRH gene transcription, and a possible posttranscrip-
tional mechanism for the alteration of GnRH mRNA levels,
i.e., poly (A) tail length.

GnRH primary transcript levels were quantified in the
same aging rats in which GnRH mRNA levels were mea-
sured. We found that GnRH primary transcript levels

decrease with aging, with lower levels in old than in young
or middle-aged rats. This is in contrast to the increase in
GnRH mRNA levels that occurs during aging in the same
rats of the present study. Thus, the alterations in GnRH
mRNA levels, occurring independently of a change in
GnRH gene transcription, are most likely due to a change
in GnRH mRNA stability. Such a posttranscriptional
mechanism has also been postulated to occur during early
development and puberty in rats and mice (49,54,55) and in
response to N-methyl-p-aspartate (NMDA) receptor acti-
vation (47). In a previous study, we observed that GnRH
primary transcript levels increased significantly between
11:00 am and 3:00 pMm (32), and a similar result was found
by another laboratory using ISH (40). Nevertheless, in the
present study, although a trend toward an increase in GnRH
primary transcript levels from 10:00 am to 3:00 pm was
observed, it did not attain significance. This may be be-
cause overall no effects of reproductive status nor time of
day on GnRH primary transcript levels were observed,
possibly owing to large variabilities among groups, and,
thus, small but consistent differences within groups could not
be detected statistically.

Regarding effects of aging on posttranscriptional regu-
lation of mRNA, it has been reported by Colman et al. (56)
that total poly (A) mRNA stability and complexity does not
change with aging in brains of Sprague-Dawley and Fischer
344 male rats (56). They conclude that age-related changes
in gene expression are not expressed throughout the brain,
and this latter result suggests that alterations in mRNA sta-
bility, as seen for the GnRH system, may be restricted to
specific populations of neurons or nonneuronal cells in the
brain. Other genes, such as vasopressin and prolactin, are
also regulated at a posttranscriptional level (57,58), and
proenkephalin can be regulated at a posttranslational level
(59). Again, these latter results suggest that an increase in
GnRH mRNA stability with aging may be specific to these
neurons. Another article reported that poly (A) mRNA size
decreases with aging in quail oviduct and other non-neu-
ronal tissues (60). However, itremains to be proven whether
GnRH mRNA in aging rats undergoes any changes in poly
(A) tail size.

Changes in neuroendocrine function during aging could
be owing to changes intrinsic to GnRH neurons such as
alterations in GnRH gene expression and/or release, as well
as to changing inputs to GnRH neurons from other neu-
rotransmitters, neuropeptides, growth factors, and steroid
hormones. Alterations in neuropeptide Y (NPY) gene
expression in the medial basal hypothalamus (MBH) have
been reported in middle-aged compared with young
Sprague-Dawley rats, and, indeed, the diurnal rhythm of
NPY mRNA is abolished in middle-aged rats on proestrus
(33). Because NPY is believed to play an important role in
the regulation of GnRH neurons (6/-63), this change in
NPY neurons may be involved in the change in GnRH
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mRNA levels and release that occurs during reproductive
aging. Additionally, age-related alterations in catechola-
mine turnover (/0) and changes in morphologic interac-
tions between GnRH and catecholaminergic neurons (64)
have been reported. Similarly, several laboratories have
been investigating the role of the NMDA receptor and have
seen age-related decreases in the responsiveness of GnRH
neurons to NMDA receptor activation (5,7,65,66). We are
actively pursuing the role of changing NMDA receptor
input to GnRH neurons in aging rats (67).

Inputs from the suprachiasmatic nucleus (SCN)), the cir-
cadian pacemaker, to GnRH neurons may underlie the
rhythmic changes in GnRH mRNA levels observed in the
present study. Thus, the attenuation of the afternoon
increase in GnRH mRNA that is observed in young but not
middle-aged proestrous rats may be due to decrements in
SCN function. Indeed, it is well established that the SCN
undergoes age-related decreases in rhythmic function
(reviewed in ref. 68). SCN neurons have been reported to
make direct synaptic contacts on GnRH neurons (69,70),
and this is a possible anatomical substrate for this diurnal
change in GnRH neuronal function. Alterations in GnRH
mRNA levels, Fos expression in GnRH neurons (/3-15),
and the preovulatory LH surge (9-/2) in middle-aged rats
on proestrus are consistent with a diminution of circadian
drive from the SCN.

In summary, the present study has demonstrated that
GnRH mRNA levels increase during reproductive aging in
ovarian-intact female rats. GnRH gene transcription
decreases at this time, suggesting a possible posttranscrip-
tional mechanism for the increase in GnRH mRNA levels.
On proestrus, young animals experience an increase in
GnRH mRNA levels shortly before the preovulatory LH
surge, which is not seen in middle-aged animals on
proestrus. This age-related change in GnRH gene expres-
sionis consistent with other alterations that occur in middle-
aged rats such as a diminished preovulatory LH surge and
decreased fos expression in GnRH neurons (9,11-15,71).
Taken together, these findings suggest achange in the drive
from the GnRH system that precedes the transition to
acyclicity.

Materials and Methods

Animals

Female Sprague-Dawley rats were purchased at 3 to 4
mo (young), 10-12 mo (middle-aged), or 24 mo (old) of age
from Harlan Sprague-Dawley (Indianapolis, IN). Rats were
housed two per cage in a room with a controlled tempera-
ture and light cycle (12 h light: 12 h dark, lights on at 7:00
AaM), and provided food and water ad libitum. Six to 8 ani-
mals were used for each group. Animals were monitored
for estrous cyclicity or acyclicity by daily vaginal smear for
at least 3 wk before experimentation, and this monitoring

was continued throughout the duration of experimentation.
Youngrats withregular 4-d and middle-aged rats with regu-
lar 4- or 5-d estrous cycles were used in cycling groups.
Approximately half the cycling middle-aged animals
exhibited 4- or 5-d cycles, and there was no difference in
GnRH gene expression between these groups. All young
and middle-aged rats were virgins, and some old rats were
virgins and others retired breeders. However, no differ-
ences in GnRH gene expression were observed based on
previous breeding status, and, thus, old rats were pooled for
analyses.

Animals were killed rapidly by decapitation on proestrus,
diestrus I, persistent estrus, or persistent diestrus at 10:00
aMm or 3:00 pm. These time points were chosen based on
previous observations in our laboratory of a significant
increase in GnRH mRNA from 11:00 am to 3:00 pm in
young proestrous rats (32). The brain was removed, and the
POA-AH was dissected using a stainless steel brain slicer
(model RBM-4000, Activational Systems, Warren, MI),
snap-frozen on dry ice, and stored at —70° C until use. The
POA-AH was dissected as described previously (49,72)
and as follows: The caudal border was made by a coronal
cut just posterior to the entry point of the optic chiasm. The
rostral border was exactly 4 mm anterior, made by a coronal
cut at the posterior third of the olfactory tubercle. This
coronal section (4 mm thick) was laid rostral side up on a
chilled glass plate. An isosceles triangle—shaped cut was
made with the apex of the triangle just under the midline of
the corpus callosum, and the two legs of the triangle passing
through the anterior commissure. Trunk bloods were col-
lected, allowed to clot, centrifuged, and serum stored at—70° C.

RNA Extraction and RNase Protection Assay

RNA from frozen POA-AH dissections was extracted
exactly as described previously using a double-detergent
lysis buffer system (47,73). A similar amount of RNA was
recovered from POA-AH dissections of animals of differ-
ent ages, with 37.9 +2.2 ug, 33.7+ 1.5 ug, and 31.5 + 3.8
ug of RNA in young, middle-aged, and old POA-AH dis-
sections, respectively (no significant difference among
groups). Cytoplasmic and nuclear RNA from individual
POA-AH dissections were suspended in 20 uL of hybrid-
ization solution (0.1 M EDTA, pH 8.0, and 4 M guanidine
thiocyanate; final pH 7.5) for RNase protection assay. The
following DNA clones were used to make riboprobes:

1. GnRH complementary DNA (cGnRH), 362 bp in length,
spanning the Hindlll site in exon 1 to the BamHI site in exon
4, and subcloned into a pBS(+) vector (Stratagene, La Jolla,
CA) to measure GnRH mRNA in the cytoplasm (72);

2. A proGnRH (B3C) genomic fragment spanning 506 bp of
the intron B-exon 3-intron C junction and subcloned in the
EcoRI and HindlIlI sites of a pBS(+) vector to measure
GnRH primary transcript in the nucleus (47), an index of
GnRH gene transcription (31);
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3. Cyclophilin (1B15) measured usinga 111-bpcDNA clone,
spanning from the PsfI and Xmnl restriction sites and
subcloned in a Bluescript KS(+) vector (72).

Solution hybridization/RNase protection assay was per-
formed as described previously (47,73). Briefly, GnRH
cDNA and B3C probes were labeled with [a-*?P]JUTP to
high specific activity (~1,300,000 cpm/ng) and cyclophilin
tolow specific activity (~60,000 cpm/ng). The probes were
brought to a final volume of 5 uLL and added to samples and
standards for a final volume of 25 uL (20 uL of RNA and
5 uL of probe). Twenty micrograms of each cytoplasmic
sample were incubated with GnRH and cyclophilin probes
in the same tubes, and all cytoplasmic samples were assayed
in a single assay. Measurements of GnRH primary tran-
script were accomplished in a single assay, utilizing the
entire nuclear fraction of an individual POA-AH dissection
dissolved in 20 uL of hybridization buffer, to which 5 uL
of probe was added. For standard curves, probes were mixed
with increasing known amounts of reference RNAs.
Samples and standards were allowed to hybridize for 16-18
hat30° C; the remainder of the assay was conducted exactly
as described previously (47,73). Gels were exposed to X-ray
film for 18—48 h to produce an autoradiogram, and to a
phosphor imaging screen (Molecular Dynamics, Sunny-
vale, CA) for 18 h for quantitation. The amount of radioac-
tivity in each sample was determined by comparison with
the amount of reference RNA in standard curves as calcu-
lated by regression analysis.

RIA of LH

LH levels in serum samples were determined in a single
RIA in duplicate samples by double-antibody RIA (74)
using the rat LH RP-3 standard from the National Hormone
and Pituitary Program of the National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK) kindly pro-
vided by Dr. A. Parlow. The intraassay coefficient of varia-
tion was 6.9%.

RIA of Estradiol

Estradiol levels in serum samples were determined by
RIA of duplicate samples using the DSL ultrasensitive
estradiol RTA kit (DSL-4800) according to the instructions.
Assay sensitivity was 5 pg/mL, interassay variation was
4.6% and intraassay variation ranged from 1 to 3%.

Statistical Analyses

Differences in GnRH mRNA, GnRH primary transcript
RNA, LH, and estradiol levels were analyzed. In all cases,
an F-test on equality of variances was performed for the
relevant variable. If this assumption was met, then the sta-
tistic was performed. First, an overall effect of age on each
parameter was determined by one-way analysis of variance
(ANOVA). Then, comparisons were made between ani-
mals of similar cycling status, firstusing two-way ANOVA.

Thus, effects were compared in young and middle-aged
cycling animals (proestrus or diestrus I), or in acyclic
middle-aged and old animals (persistent estrus or persistent
diestrus). Additionally, comparisons were made between
middle-aged cycling and acyclic groups in order to exam-
ine the effects of reproductive status in animals of a similar
age. In the case of GnRH primary transcript, significant
differences in variance were determined, and, therefore,
paired data were analyzed using a t-test for independent
samples with unequal variances. Post-hoc comparisons
were performed using Fisher’s Protected Least Significant
Difference analysis. Significance was set at p < 0.05.

Acknowledgments

We wish to thank Frederick Wegner for excellent tech-
nical assistance with the LHRIA, Dr. W. Y. Wendy Lou for
statistical expertise, and Dr. John H. Morrison for numer-
ous helpful discussions and critical reading of the manu-
script. This work was made possible by funds granted from
the Brookdale Foundation and the National Institutes of
Health (1 POl AG16765-01). All experiments were con-
ducted in accordance with Guidelines for the Care and Use
of Experimental Animals, using protocols approved by the
Institutional Animal Care and Use Committee at Mount
Sinai School of Medicine (grant #96-816NA). Preliminary
versions of this work were presented at the 80th Annual
Meeting of the Endocrine Society (abstract #P3-275, 1998)
and the 28th Annual Meeting of the Society for Neuro-
science (abstract #110.11, 1998).

References

1. Mobbs, C. V., Gee, D. M., and Finch, C. E. (1984). Endocri-
nology 115, 1653-1662.

2. Wise, P. M., Scarbrough, K., Larson, G. H., Lloyd, J. M.,
Weiland, N. G., and Chiu, S. (1991). Front. Neuroendocrinol.
12, 323-356.

3. Huang, H. H. and Meites, J. (1975). Neuroendocrinology 17,
289-295.

4. Lu,K.H.,Huang,H.H., Chen,H.T.,Kurcz, M., Mioduszewski,
R., and Meites, J. (1977). Proc. Soc. Exp. Biol. Med. 154, 82—
85.

5. Sortino, M. A., Aleppo, G., Scapagnini, U., and Canonico, P.
L. (1996). Brain Res. Bull. 41, 359-362.

6. Hwang, C., Pu, H.-F., Hwang, C.-Y., Liu, J.-Y., Yao, H.-C.,
Tung, Y.-F.,and Wang, P. S. (1990). Neuroendocrinology 52,
127-132.

7. Zuo, Z., Mahesh, V. B., Zamorano, P. L., and Brann, D. W.
(1996). Endocrinology 137, 2334-2338.

8. Rubin, B. S. and Bridges, R. S. (1989). Neuroendocrinology
49, 225-232.

9. Steger, R. W., Huang, H. H., Chamberlain, D. S., and Meites,
J. (1980). Biol. Reprod. 22, 595-603.

10. Wise, P. M. (1984). Endocrinology 115, 801-809.
11. Nelson, J. F., Felicio, L. S., Osterburg, H. H., and Finch, C. E.
(1992). Endocrinology 130, 805-810.



Vol. 13, No.3 Neuroendocrine Aging and GnRH Neurons/Gore et al. 323
12. Rubin, B. S. and King, J. C. (1994). Endocrinology 134,467-474. 45. Gore, A. C., Yeo, T. T., Ho, A., and Roberts, J. L. (1997). J
13. Lloyd, J. M., Hoffman, G. E., and Wise, P. M. (1994). Endo- Neuroendocrinol. 9, 271-2717.

crinology 134, 1800-1805. 46. Bruder, J. M., Krebs, W. D., Nett, T. M., and Wierman, M. E.
14. Lee, W.-S., Smith, M. S., and Hoffman, G. E. (1990). Proc. (1992). Endocrinology 131, 2552-2558.
Natl. Acad. Sci. USA 87,5163-5167. 47. Gore, A. C. and Roberts, J. L. (1994). Endocrinology 134,
15. Rubin, B. S., Lee, C. E., and King, J. C. (1994). Biol. Reprod. 2026-2031.
51, 1264-1272. 48. Gore, A. C. (1998). Neuroendocrinology 197, 257-263.
16. Schally, A. V., Redding, T. W., Matsuo, H., and Arimura, A. 49. Gore, A.C.,Roberts, J. L., and Gibson, M. J. (1999). Endocri-
(1972). Endocrinology 90, 1561-1568. nology 140, 2280-2287.
17. Tobet, S. A., Sower, S. A., and Schwarting, G. A. (1997). 50. Wilson, T. and Treisman, R. (1988). Nature 336, 396-399.
Brain Res. Bull. 44, 479-486. 51. Bernstein, P. and Ross, J. (1989). TIBS 14, 373-3717.
18. Sarkar, D. and Fink, G. (1979). J. Endocrinol. 80, 303-313. 52. Sun,Y.,Gore, A.C.,and Roberts, J. L. (1998). Endocrinology
19. Watanabe, G. and Terasawa, E. (1989). Endocrinology 125, 139, 2685-2691.
92-99. 53. Sun, Y., Gore, A. C. and Roberts, J. L. (1996). Endocrine
20. Gore, A. C. and Terasawa, E. (1991). Endocrinology 129, Society Abstract P1-390.
3009-3017. 54. Adams, M. M., Flagg,R. A., and Gore, A. C. (1999). Endocri-
21. Funabashi, T.and Kimura, F. (1995). Neurosci. Lett. 189, 85-88. nology 140, 2288-2296.
22. Miller, M. M., Joshi, D., Billiar,R. B., and Nelson, J. F. (1990). 55. Gore,A.C.,Wu, T.,Rosenberg,J.J.,and Roberts, J. L. (1996).
Neurobiol. Aging 11, 217-221. J. Neurosci. 16, 5281-5289.
23. Hoffman, G. E. and Finch, C. E. (1986). Neurobiol. Aging 7, 56. Colman, P. D., Kaplan, B. B., Osterburg, H. H. and Finch, C.
45-48. E. (1980). J. Neurochem. 34, 335-345.
24. Witkin, J. W. (1986). Neurobiol. Aging 7, 259-263. 57. Murphy, D. and Carter, D. (1990). Mol. Endocrinol. 4,1051-
25. Rance, N. E. and Uswandi, S. V. (1996). J. Clin. Endocrinol. 1059.
Metab. 81, 3540-3546. 58. Zingg,H.H. and Lefebvre, D. L. (1989). Mol. Cell Endocrinol.
26. Gruenewald, D. A. and Matsumoto, A. M. (1991). Endocri- 65, 59-62.
nology 129, 2442-2450. 59. Kew, D.,Jin, D. F., Kim, F., Laddis, T., and Kilpatrick, D. L.
27. Li, S., Givalois, L., and Pelletier, G. (1997). Peptides 18, (1989). Mol. Endocrinol. 3, 1191-1196.
1023-1028. 60. Mueller, W.E. G., Wenger, R., Bachmann, M., Ugarkovic, D.,
28. Rubin, B. S., Lee, C. E., Ohtomo, M., and King, J. C. (1997). Courtis, N. C., and Schroeder, H. C. (1989). Arch. Gerontol.
Brain Res. 770, 267-276. Geriatr. 9, 231-250.
29. Steger, R. W., Sonntag, W. E., Peluso, J. J., and Meites, J. 61. Crowley, W.R. and Kalra, S. P. (1987). Neuroendocrinology
(1983). Neurobiol. Aging 4, 53-57. 46, 97-103.
30. Rubin, B. S. (1992). Biol. Reprod. 47, 254-261. 62. Woller, M. J. and Terasawa, E. (1991). Endocrinology 128,
31. Yeo, T.T.S., Gore, A. C., Jakubowski, M., Dong, K., Blum, 1144-1150.
M., and Roberts, J. L. (1996). Mol. Brain Res. 42,255-262. 63. Kalra, S. P., Fuentes, M., Fournier, A., Parker, S. L. and
32. Gore, A. C. and Roberts, J. L. (1995). Endocrinology 136, Crowley, W. R. (1992). Endocrinology 130, 3323-3330.
889-896. 64. Miller, M. M. and Zhu, L. (1995). Neurobiol. Aging 16, 613-625.
33. Sahu, A. and Kalra, S. P. (1998). Endocrinology 139, 696— 65. Arias, P.,Carbone, S., Szwarcfarb, B., Feleder, C., Rodriguez,
702. M., Scacchi, P., and Moguilevsky, J. A. (1996). Brain Res.
34. Li, S., Givalois, L., and Pelletier, G. (1997). Endocrine 6, 740, 234-238.
265-270. 66. Bonavera, J. J., Swerdloff, R. S., Hikim, A. P. S., Lue, Y. H.,
35. Oung, T., Yung, S., Morrison, J. and Gore, A. (1999). Soc. and Wang, C. (1998). J. Neuroendocrinol. 10, 93-99.
Neurosci. Abst. 777.11 67. Gore, A.C., Yeung, G., Morrison, J. H., and Oung, T. (2000).
36. Wise, P. M. (1982). Life Sci. 12, 165-173. Endocrinology 141 (in press).
37. Rubin, B. S., Elkind-Hirsch, K., and Bridges, R. S. (1985). 68. Gore, A.C. (1998) In: The Endocrinology of Aging (Hof P.R.
Neurobiol. Aging 6,309-315. and Mobbs, C. V. (eds.). Karger Press, Basel, pp. 127-165.
38. Porkka-Heiskanen, T., Urban, J. H., Turek, F. W. and Levine, 69. Vander Beek, E. M., Horvath, T. L., Wiegant, V. M., Vanden
J. E. (1994). J. Neurosci. 14, 5548-5558. Hurk, R., and Buijs, R. M. (1997). J. Comp. Neurol. 384, 569—
39. Park, O.-K., Gugneja, S., and Mayo, K. E. (1990). Endocri- 579.
nology 127, 365-372. 70. Vander Beek, E. M., Wiegant, V. M., Van Oudheusden, H.J.,
40. Petersen, S. L., Gardner, E., Adelman, J., and McCrone, S. Van der Donk, H. A., Van den Hurk, R., and Buijs, R. M.
(1996). Endocrinology 137, 234-239. (1997). Brain Res. 755, 101-111.
41. Zoeller, R. T. and Young, W. S., III (1988). Endocrinology 71. Wise, P. M. and Parsons, B. (1984). Endocrinology 115,810-816.
123, 1688-1689. 72. Jakubowski, M., Blum, M., and Roberts, J. L. (1991). Endo-
42. Gore, A.C.andRoberts, J. L. (1997). Front. Neuroendocrinol. crinology 128, 2702-2708.
18, 209-245. 73. Jakubowski, M. and Roberts, J. L. (1992).J. Neuroendocrinol.
43. Sagrillo, C. A., Grattan, D.R., McCarthy, M. M., and Selmanoff, 4, 79-89.
M. (1996). Behav. Genet. 26, 241-277. 74. Niswender, G. D., Midgley, A. R. J., Monroe, S. E., and
44. Yeo, T.T., Gore, A. C., Blum, M., and Roberts, J. L. (1997). Reicher, L. E. J. (1968). Proc. Soc. Exp. Biol. Med. 128,

Brain Res. 752, 294-300.

807-811.



