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Abstract. Reproductive aging in the female rat is associated with the gradual loss of
regular ovulatory function, decreased fertility, and smaller litter sizes. In the present
study, we assessed ovarian ovulatory responsiveness to exogenous gonadotropin
stimulation in young and middle-aged cyclic females and in middle-aged acyclic per-
sistent-estrous (PE) rats.

The ovulatory response to human chorionic gonadotropin (hCG) was dose-
dependent in both young and middle-aged cyclic rats, with the percentages of rats
ovulating and the numbers of ova shed per rat increasing with the dose of hCG
administered. At the highest dose tested (10 mIU hCG/g bwy), the range in ovulation
rates among middle-aged cyclic rats (0-18 ova shed/rat) was greater than that in
young animals (12-18 ova/rat). However, there were no statistically significant differ-
ences in either the percentages of females ovulating or in the mean ovulation rates
between young and middle-aged cyclic groups. In contrast to the normal ovulatory
responses observed in most middle-aged cyclic animals, response to hCG was mark-
edly impaired in PE females of the same age. Middle-aged PE rats consistently failed
to ovulate in response to a dose of hCG (10 miU/g bw), which elicited high ovulation
rates in young rats. At an even higher dose (20 mIU/g bw), only minimal ovulatory
responses were observed (1.8 + 0.8 ova/rat; 80% of rats ovulating). Thus, most middle-
aged regularly cyclic females maintain a similar ovulatory responsiveness to hCG as
young rats, suggesting that decreased ovulation rates during aging may be related to
attenuated preovulatory LH surges. However, impaired ovulatory responses were ob-
served in middie-aged PE females, indicating altered ovarian function in acyclic ani-

mals, which may contribute to their anovulatory state.

[P.S.E.B.M. 1998, Vol 217]

Ithough advanced maternal age represents an im-
portant factor in human infertility (1-3), little is
known regarding the detailed mechanisms respon-
sible for reproductive senescence in premenopausal women.
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By the fourth decade of life, many women experience an
increased incidence of lengthened and/or anovulatory men-
strual cycles (4), as well as changes in gonadotropin, ovar-
ian steroid, and inhibin secretion (5-8). It is also reported
that there is a decrease in ovarian steroidogenic response to
administration of human menopausal gonadotropins (hMG)
with age (9), indicating decreased ovarian sensitivity to go-
nadotropin stimulation. However, potential age-related
changes in ovarian ovulatory responsiveness to LH and
hCG have not been examined. Since the preovulatory LH
surge provides important signals for follicular rupture and
luteinization, as well as oocyte maturation, changes in ovar-
ian responsiveness to LH with age may potentially play an
important role in decreased reproductive capacity during
aging. In this regard, we have used the middle-aged female
rat as a model to examine the effects of age and reproduc-
tive status on ovarian ovulatory responsiveness to gonado-
tropin stimulation.
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Similar age-related changes in endocrine and ovarian
function occur in perimenopausal women and the middle-
aged female rat. As in the human, middle-aged rats experi-
ence an increased incidence of reproductive dysfunction,
characterized by the onset of irregular and anovulatory
cycle patterns (10), changes in the levels of FSH, estradiol
(E2) and inhibin secretion (11-13), and diminished fertility
and fecundity (14-17). Middle-aged cyclic rats also display
a decreased magnitude of the preovulatory proestrous LH
surge (17-19), associated with decreased ovulation rates
(15, 20). In addition, similar age-related changes have been
observed in mice and hamsters (21-23). As in the human
(24-25), these age-related changes in endocrine and repro-
ductive function are associated with a decreased ovarian
follicular pool (26). Recent studies in mice indicate that
ovaries transplanted from cyclic middle-aged mice into
young hosts are less capable of maintaining cyclic increases
in ovarian steroidogenesis, suggesting an ovarian contribu-
tion to reproductive aging in rodents (27). Although fewer
small developing antral follicles are available for selection
on estrous morning (13, 28), the numbers of preovulatory
follicles present on proestrus and presumably available for
ovulation in middle-aged rats are reportedly similar to that
in young animals (28). However, large preovulatory-like
follicles persist on estrous morning in middle-aged females,
indicating the failure of some preovulatory follicles to ovu-
late in response to the LH surge (28). These findings suggest
that the numbers of ovulating follicles may be influenced by
the magnitude of the proestrous LH surge and/or a change in
ovarian follicular responsiveness to gonadotropin stimula-
tion in middle-aged cyclic females.

Following the loss of ovulatory function, aging rats
enter a persistent-estrous (PE) state, characterized by
chronic anovulation, continued follicular development, and
moderately elevated plasma E2 levels (29-32). The anovu-
latory state of PE rats is attributed to a lack of positive
feedback response of LH to ovarian steroids (30), resulting
in the absence of spontaneous preovulatory gonadotropin
surges (29-33). However, caging/mating of PE females
with fertile males often results in an LH surge comparable
to that seen in cyclic proestrous females, although there are
decreased ovulation rates in these animals (33, 34). It is not
known whether the decline in numbers of ova shed in re-
sponse to mating in PE rats is due to fewer preovulatory
follicles available for rupture, and/or decreased follicular
responsiveness to gonadotropin stimulation.

The present study was designed to elucidate whether a
reduced ovarian sensitivity to ovulatory gonadotropin
stimulation contributes to decreased ovulatory function in
middle-aged cyclic and PE females. In order to assess ovar-
ian sensitivity and ovulatory response to gonadotropin
stimulation, young and middle-aged proestrous rats and
middle-aged PE females received sodium pentobarbital to
block endogenous preovulatory gonadotropin surges (35—
37), followed by treatment with various doses of hCG to
induce ovulation. Our findings demonstrate that whereas
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most middle-aged cyclic rats maintain an appropriate ovu-
latory response to hCG, some middle-aged cyclic and all PE
females exhibit significantly decreased sensitivity to ovula-
tory stimuli.

Materials and Methods

Animals. Young (90-100-day-old) virgin and
middle-aged (8—9-month-old) retired breeder female Long-
Evans rats (Charles River Laboratories, Portage, MI) were
housed five per cage in standard vivarium facilities with
controlled temperature (24°-25°C) and photoperiod (lights
on from 0500 hr to 1900 hr daily). Food and drinking water
were available ad libitum. Use of animals was approved by
the institutional animal care and use committee at UCLA.

Daily vaginal smears were obtained from these rats to
monitor their estrous cycle patterns, and only those animals
that had shown at least three consecutive 4-day cycles were
considered to be regularly cyclic. Middle-aged females that
had displayed at least 15 consecutive days of vaginal cor-
nification were considered to be in the anovulatory PE state.
In the present study, young and middle-aged regularly cy-
clic rats and middle-aged PE females were studied.

Experimental Procedures. Young and middle-
aged cyclic rats on diestrous Day 2 and PE females were
lightly anesthetized with ether and received intrajugular
catheters at 1700-1800 hr (19, 38). At 1330 hr the next day,
proestrous rats were given a subcutaneous (sc) injection of
sodium pentobarbital (Nembutal; 4.0 mg/100g bw) to block
their endogenous preovulatory gonadotropin surges (35—
37). For comparison, PE females were similarly treated with
sodium pentobarbital. At 1600 hr a baseline blood sample
(0.3 ml) was taken via the catheter into a heparinized sy-
ringe, followed by the iv administration of human chorionic
gonadotropin (hCG; 2.5 to 20 mIU/g bw). Subsequently,
blood samples (0.3 ml each) were obtained at 5, 15, 30, and
60 min after hCG injection, and then at every 90 min until
2300 hr to monitor plasma hCG and LH levels. Each blood
sample was immediately centrifuged to separate plasma,
which was stored at —20°C until LH and hCG RIAs. LH
levels were measured by a rat LH double antibody RIA
using reagents from the National Hormone and Pituitary
Program, NIDDK, NIH, and the values were expressed in
terms of the reference standard RP-1 as previously de-
scribed (19). Due to minor cross-reactivity of the anti-rat
LH antiserum with hCG, administration of the highest hCG
dose (20 mIU/g bw) resulted in a small, transient increase in
LH immunoreactivity (between 100-160 ng/ml). However,
this did not affect our ability to confirm blockage of the
endogenous proestrous LH surge (typically greater than
1000 ng/ml). Plasma hCG values were determined by a
commercial hCG kit (Coat-a-Count, DPC, Los Angeles,
CA).

The ovulation rate in each animal was determined by
examining the oviductal contents at 0900 hr the morning
after hCG administration (15). Female rats were euthanized,



and the oviducts were removed and flushed with saline to
count the number of ova shed.

Data Analysis. Statistical analyses of potential dif-
ferences in plasma hormone levels and ovulation rates were
performed using two-way analysis of variance, followed by
the Student-Newman-Keuls test to determine differences
among groups. Correlations between hCG levels and ovu-
lation rates in individual animals were revealed by linear
regression analysis using Pearson’s Product Moment test. A
confidence level of P < 0.05 was considered statistically
significant.

Results

Patterns of Circulating hCG and LH in Young
and Middle-Aged Rats Following Administration of
Nembutal and hCG on Proestrus. Young and middle-
aged regularly cyclic female rats received Nembutal at 1330
hr on proestrus to block the endogenous preovulatory go-
nadotropin surges, followed by an injection of hCG at 1600
hr to assess ovulatory responsiveness to gonadotropin
stimulation. The proestrous LH surges were blocked by
Nembutal treatment in 92% of rats studied, and only those
females with blocked LH surges were included in the data
analyses. In all animals, plasma hCG increased from unde-
tectable levels at 1600 hr to maximal values 5 min after
hCG injection (Fig. 1). Subsequently, plasma hCG de-
creased steadily over the next 7 hr, approaching basal levels.
As anticipated, there were dose-dependent increases in
plasma hCG levels, with peak levels doubling as the dose of

120
B . O 10 mIU hCG/g bw
100 ¥ . V 5 mlIU hCG/g bw
® . O 2.5 mIU hCG/g bw
N
o 80 D\{I\\)
o — T
< g
8
g2 60 .
He
T~

0 80 160 240 320

400 min

Time after hCG Administration (min)

Figure 1. Levels of circulating hCG in young and middle-aged Nem-
butal-blocked rats treated at 1600 hr proestrus with 2.5 (circles), 5.0
(triangles), or 10 (squares) mlU hCG/g body weight. Samples were
obtained before (Time 0) and at 5, 15, 30, 60, 150, 240, 330, and 420
min after hormone treatment. At each hCG dose tested, there was no
significant difference in circulating hCG levels between young
(closed symbols) and middle-aged (open symbols) rats.

hCG given (2.5, 5.0, and 10 mIU/g bw) was doubled. There
were no significant differences in the circulating concentra-
tions of hCG between young and middle-aged rats at each
dose of hCG administered, indicating that both groups re-
ceived similar exposure to hCG stimulation (Fig. 1).
Dose-Dependent Ovulatory Responses to
hCG in Young and Middle-Aged Regularly Cyclic
Rats. To assess ovulatory responsiveness to gonadotropin
stimulation, ovulation rates (numbers of ova shed/rat) were
determined in these same groups of young and middle-aged
regularly cyclic females after hCG injection. In both age
groups, the ovulatory responses to hCG were dose-
dependent, with increasing doses of hCG resulting in higher
numbers of ova shed (Fig. 2). This dose-dependent effect of
hCG on ovulation rates is consistent with previous reports
(36, 39). Furthermore, ovulatory responses to hCG were
similar between young and middle-aged groups. The lowest
dose of hCG (2.5 mIU/g bw) did not induce ovulation in
either the young or middle-ages rats (n = 5/group). At a
dose of 5.0 mIU hCG/g bw, there was no significant differ-
ence in the percentage of animals ovulating between young
(6/6 = 100%) and middle-aged (6/8 = 75%) groups, and
their ovulation rates were comparable (9.2 + 1.9 ova shed/
rat vs. 8.1 £ 2.4 ova shed/rat, respectively). Administration
of 10 mIU hCG/g bw resulted in ovulation rates similar to
that of spontaneously ovulating young cyclic rats (15), with
no statistically significant difference between the young
(15.4 = 0.9 ova/rat) and middle-aged (11.0 = 2.0 ova/rat)
groups. There was a wider range in ovulation rates found in
middle-aged (0-18 ova/rat) than young animals (12-18 ova/
rat) at this high dose, with two middle-aged females failing
to ovulate. However, the range in ovulation rates of middle-
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Figure 2. Dose-dependent effects of hCG on ovulation rates (ova
shed/rat) in young (solid bars) and middle-aged (open bars) cyclic
females. The number of animals ovulating per group at each dose is
indicated above each bar. Neither ovulation rate nor the incidence of
ovulation was significantly different between young and middle-aged
animals at each hCG dose.
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aged rats that did ovulate (11-18 ova/rat) at this dose was
very similar to that of young animals.

Relationships Between Ovulation Rates and
Plasma hCG Levels in Young and Middie-Aged
Rats Treated with Nembutal and hCG on Proes-
trus. To reveal the relationship between the circulating
levels of gonadotropin and ovulatory responses in indi-
vidual animals, we compared the mean plasma hCG levels
after hCG injection to ovulation rates in individual female
rats (Fig. 3). Linear regression analysis revealed a signifi-
cant correlation between mean circulating hCG levels and
the numbers of ovulated oocytes in both young and middle-
aged cyclic females (r = 0.718, P < 0.001). There was no
significant difference in the slopes of the regression lines
between young and middle-aged rats. However, two
middle-aged cyclic females displayed markedly impaired
hCG responsiveness, failing to ovulate despite mean hCG
levels that were sufficient to induce high ovulation rates
(>10 ova/rat) in young animals.

Ovulatory Response to hCG in Middle-Aged,
Acyclic Persistent Estrous Rats. Previous reports
have demonstrated neuroendocrine impairments that con-
tribute to the acyclic, PE state in middle-aged rats (30, 33).
However, ovulation rates are decreased even in PE females
exhibiting mating-induced preovulatory LH surges (33, 34).
In the present study, we assessed whether changes in ovar-
ian ovulatory responsiveness to gonadotropin stimulation
may also contribute to the acyclic PE state. As shown in
Figure 4, administration of 10 mIU hCG/g bw to PE females
resulted in the same levels of circulating hCG as seen in
similarly treated young cyclic rats. However, this dose of
hCG consistently failed to induced ovulation in PE females
(Fig. 5; n = 6), compared with the high ovulation rates
observed in young (15.4 + 0.9 ova/rat) and middle-aged
cyclic (11.0 £ 2.0 ova/rats) rats (Fig. 2). The absence of an
ovulatory response in PE rats was further evidenced by the
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Figure 3. Relationship between mean levels of circulating hCG and
ovulation rates among young (open circle) and middle-aged (closed
square) cyclic rats after exogenous hormone treatment. There was
no significant difference between the slopes of the regression lines of
young (—) and middle-aged (----) animals.
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Figure 4. Levels of circulating hCG in middle-aged PE (open tri-
angles) and young cyclic rats (closed circles) after administration of
10 mlU hCG/g bw, and in PE females after treatment with 20 miU/g
bw (closed triangles). Circulating hCG levels were similar between
young cyclic and PE animals that received 10 miU/g bw.

consistent absence of ovarian corpora lutea following hCG
stimulation, compared with the high numbers of corpora
lutea (15.8 + 0.8 corpora lutea/rat) observed by histological
examination of ovaries of young animals displaying high
ovulation rates. Treatment with an even higher dose of hCG
(20 mIU/g bw) resulted in a doubling of circulating hCG
levels (Fig. 4), and four of six PE rats ovulated. However,
the mean ovulation rate at this dose was low (1.8 + 0.8
ova/rat), with a range of 0-5 ova/rat (Fig. 5).

Discussion

Reproductive aging is associated with functional
changes occurring at several levels of the neuroendocrine-
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Figure 5. Ovulation rates of young cyclic and middle-aged PE rats
in response to hCG treatment. The number of animals ovulating per
group is indicated above each bar. Statistically significant (#< 0.005)
differences in mean ovulation rate between groups are indicated by
differing letters above each bar.



ovarian axis. Clear alterations in the neuroendocrine regu-
lation of gonadotropin secretion take place in middle-aged
rats, manifested in an attenuation of the preovulatory LH
surge (17-19) and the transition from regular estrous cy-
clicity to irregular cycles, ultimately resulting in an anovu-
latory PE state (19). In addition, changes in ovarian func-
tion, such as decreased ovulation rates and altered patterns
of steroidogenesis and of follicular development (13, 15, 28,
31) have also been demonstrated, and may contribute to the
decline in reproductive capacity. To date, the potential ovar-
ian contribution to impaired ovulatory function in middle-
aged regularly cyclic and PE rats has not been tested di-
rectly. The current study revealed a decline in ovarian ovu-
latory responsiveness to gonadotropin stimulation in aging
PE females, whereas most middle-aged cyclic rats displayed
an ovulatory response similar to that seen in young animals.
During the PE state, aging females display chronic an-
ovulation and a lack of spontaneous preovulatory LH surges
(29). Interestingly, some of these animals experience sig-
nificant gonadotropin surges in response to mating with
fertile male rats although ovulation rates in these females
are reduced when compared to those of young animals (33,
34). Although it is known that follicular development con-
tinues during the acyclic PE state (31), the functional ca-
pacity of these follicles in terms of their ovulatory response
to gonadotropins was not known. Granulosa cells of PE rats
have been shown to bind gonadotropins indicating the pres-
ence of gonadotropin receptors (40). However, it is not
known whether these receptors are effective in transducing
normal ovulatory responses. Despite the presence of pre-
ovulatory-like follicles in PE rats (31), none of the PE ani-
mals tested ovulated in response to 10 mIU hCG/g bw, a
dose that resulted in high ovulation rates among young (15.4
= 0.9 ova/rat) and middle-aged (11.0 = 2.0 ova/rat) cyclic
rats. Increasing the dose of hCG administered to 20 mIU
hCG/g bw did elicit an ovulatory response in PE females,
although the number of ova shed was low (1.8 + 0.8 ova/
rat). These findings indicate that cycle status strongly influ-
ences ovarian response to ovulatory stimulation, such that
middle-aged acyclic animals show a significantly impaired
ability to ovulate in response to high gonadotropin levels,
compared with most cyclic rats of the same age. Whereas
our data indicate that PE animals show a marked decline in
ovulatory responsiveness to hCG, it is not clear whether
such ovarian impairments contribute to the onset of the
acyclic state, or are the result of chronic, persistent estrus.
Thus, alterations in the pattern of follicular development
resulting from altered basal gonadotropin levels during the
PE state may result in follicles with decreased ovulatory
responsiveness to gonadotropin stimulation. Further studies
are required to determine whether other endpoints of go-
nadotropin action, such as LH-induced progesterone pro-
duction, are also impaired in aging PE rats, suggesting defi-
cits in LH receptor expression and/or signal transduction.
Middle-aged cyclic rats display decreased spontaneous
ovulation rats (15), associated with alterations in neuroen-

docrine and ovarian function (13, 19, 20, 28, 42, 43). How-
ever, it was not clear whether decreased ovulation rates
were due to an attenuated magnitude of the proestrus LH
surge (17-19), and/or a decreased ovarian response to go-
nadotropin stimulation. A recent report from our laboratory
demonstrated a significant correlation between LH surge
magnitude and ovulation rate in aging females; rats with
low LH surges had fewer ovulations (20). Although it has
been reported that middle-aged and young cyclic females
have similar numbers of preovulatory follicles on proestrus
(28), the relative responsiveness of these follicles to gonad-
otropin stimulation is not known. A recent report indicated
a decreased capacity of ovaries from middle-aged mice to
support cyclic increases in estrogen production when trans-
planted into young animals (27), but did not address the
question of ovulatory responsiveness to hCG/LH stimula-
tion. The current study found that most middle-aged cyclic
females demonstrate an equal ovulatory responsiveness to
hCG as young rats, indicating that decreased ovulation rates
during aging do not reflect a decline in ovarian ovulatory
capacity. Since ovulation rates are lower in middle-aged rats
that display attenuated LH surges (20), whereas ovulatory
responsiveness remains unchanged (present findings), it is
likely that such age-related declines in ovulatory function
are in large part the result of decreased LH surge magni-
tudes. Thus, age-related changes in neuroendocrine control
of LH secretion appear to have an immediate impact on
ovarian ovulatory function. Whether attenuated LH surges
may also impact the induction of oocyte maturation and/
or luteinization of preovulatory follicles requires further
investigation.

The applicability of these findings to reproductive ag-
ing in women is unknown. Some women experience an
increased incidence of anovulatory cycle with age, and the
onset of the LH surge may be delayed, resulting in a longer
follicular phase (4-6, 44). Some reports suggest that the
mean diameter of preovulatory follicles decreases with age
in women (44), follicular responsiveness to hMG stimula-
tion declines (9), and estrogen synthesis may increase, de-
crease, or remain the same as in younger women (5-8, 44,
45). Little data are available regarding the effects of repro-
ductive aging on the responsiveness of the preovulatory
follicle to hCG/LH stimulation in women under natural or
hormone-stimulated cycles, or the potential effects of such
changes on ovulation, oocyte maturation, and/or luteal func-
tion. Our data may suggest that while ovulatory responsive-
ness to gonadotropin stimulation is largely unaffected by
age per se, altered patterns of follicular development occur-
ring during anovulatory or lengthened cycles in aging indi-
viduals may have a deleterious impact upon the efficacy of
ovulation induction paradigms. Further clinical investiga-
tion is required to explore this possibility.
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NIDDK, NIH, for the gift of reagents used in the rat LH radioimmunoassay.

EFFECTS OF AGING ON OVULATORY RESPONSE 459



20.

21.

22.

23.

460

. Schwartz D, Mayaux MG, Federation CECOS. Female fecundity as a

function of age: Results of artificial insemination of 2193 multiparous
women with azospermic husbands. N Engl J Med 306:404—406, 1982.

. Navot D, Bergh PA, Williams MA, Garrisi GJ, Guzman 1, Sandler B,

Grunfield L. Poor oocyte quality rate than implantation failure as a
cause of age-related decline in female infertility. Lancet 337:1375-
1377, 1991.

. Meldrum DR. Female reproductive aging: Ovarian and uterine factors.

Fert Steril §9:1-5, 1993.

. Treloar AE, Boynton RE, Borghild GB, Brown BW. Variation of the

human menstrual cycle through reproductive life. Int J Fertil 12:77—
126, 1967.

. Sherman BM, Korenman SG. Hormonal characteristics of the human

menstrual cycle throughout reproductive life. J Clin Invest 55:669—
706, 1975.

. Sherman BM. Endocrinologic and menstrual alterations. In: DR

Mishell, Ed. Menopause: Physiology and Pharmacology. Chicago:
Year Book Medical Publishers, pp41-51, 1987.

. Dorgan JF, Reichman ME, Judd JT, Brown C, Longcope C, Schatzkin

A, Campbell WS, Franz C, Kahle L, Taylor PR. Relationships of age
and reproductive characteristics with plasma estrogens and androgens
in premenopausal women. Cancer Epidemiology, Biomarkers and Pre-
vention 4:381-386, 1995.

. MacNaughton J, Banah M, McCloud P, Hee J, Burger H. Age-related

changes in follicle stimulating hormone, luteinizing hormone, oestra-
diol and immunoreactive inhibin in women of reproductive age. Clin
Endocrinol 36:339-345, 1992.

. Jacobs SL, Metzger DA, Dodson WC, Haney AF. Effect of age on

response to human menopausal gonadotropin stimulation. J Clin En-
docrinol Metab 71:1525-1530, 1990.

. Ingram DK. The vaginal smear of senile laboratory rats. J Endocrinol

19:182-18, 1959.

. DePaolo LV, Chappel SC. Alterations in the secretion and production

of follicle-stimulating hormone precede age-related lengthening of es-
trous cycles in rats. Endocrinology 118:1127-1133, 1986.

. DePaolo LV. Age-associated increases in serum follicle-stimulating

hormone levels on estrus are accompanied by a reduction in the ovar-
ian secretion of inhibin. Exp Aging Res 13:3-7, 1987.

. Lerner SP, Meredith S, Thayne WV, Butcher RL. Age-related alter-

ations in follicular development and hormonal profiles in rats with
4-day estrous cycles. Biol Reprod 42:633-638, 1990.

. Matt DW, Sarver PL, Judd HL, Lu JKH. Chronological changes in

fertility, fecundity, and steroid hormone secretion during consecutive
pregnancies in aging rats. Biol Reprod 34:478-487, 1986.

. Matt DW, Sarver PL, Lu JKH. Relation of parity and estrous cyclicity

to the biology of pregnancy in aging female rats. Biol Reprod 37:421-
430, 1987.

. Ingram DL, Mandl AM, Zuckerman S. The influence of age on liter

size. J Endocrinol 17:280-285, 1958.

. Cooper RL, Conn PM, Walker RF. Characterization of the LH surge in

middle-aged female rats. Biol Reprod 23:611-615, 1980.

. Wise PM. Alterations in proestrous LH, FSH, and prolactin surges in

middle-aged rats. Proc Soc Exp Biol Med 169:348-354, 1982.

. Nass TE, LaPolt PS, Judd HL, Lu JKH. Alterations in ovarian steroid

and gonadotrophin secretion preceeding the cessation of regular oes-
trous cycles in aging female rats. J Endocrinol 100:43-50, 1984.
LaPolt PS, Lu JKH, Pu SF. Relation of proestrous LH surge magnitude
to ovulation rate and ovarian tissue-type plasminogen activator mRNA
in aging female rats. In: Program of the 75™ Annual Meeting of the
Endocrine Society, Las Vegas, NV, Abstract 1273, 1993.

Jones EC, Krohn PL. The relationships between age, numbers of oo-
cytes, and fertility in virgin and multiparous mice. J Endocrinol
21:469-494, 1961.

Blaha GC. Reproductive senescence in the female golden hamster.
Anat Rec 150:405-412, 1964.

Thorneycroft TH, Soderwall AL. The nature of the litter size loss in
senescent hamsters. Anat Rec 165:343-348, 1969.

EFFECTS OF AGING ON OVULATORY RESPONSE

24.

25.

26.

27.

28.

29.

30.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Block E. Quantitative morphological investigations of the follicular
system in women, variations at different ages. Acta Anat 14:108-123,
1968.

Richardson SJ, Nelson JF. Follicular depletion during the menopausal
transition. Ann N Y Acad Sci 592:13-20, 1990.

Mandl AM, Shelton M. A quantitative study of oocytes in young and
old nulliparous laboratory rats. J Endocrinol 18:444-450, 1959.
Nelson JF, Felicio LS, Osterburg HH, Finch CE. Differential contri-
butions of ovarian and extraovarian factors to age-related reductions in
plasma estradiol and progresterone during the estrous cycle of C57BL/
6J mice. Endocrinology 130:805-810, 1992.

Peluso JJ, Steger RW, Huang H, Meites J. Pattern of follicular growth
and steroidogenesis in the ovary of aging cycling rats. Exp Aging Res
5:319-333, 1979.

Lu JKH, Hopper BR, Vargo TM, Yen SSC. Chronological changes in
sex steroid, gonadotropin, and prolactin secretion in aging female rats
displaying different reproductive states. Biol Reprod 21:193-203, 1979.
Lu JKH, Gillman DP, Meldrum DR, Judd HL, Sawyer CH. Relation-
ship between circulating estrogens and the central mechanisms by
which ovarian steroids stimulate luteinizing hormone secretion in aged
and young female rats. Endocrinology 108:836-841, 1981.

. LaPolt PS, Matt DW, Shryne JE, Lu JKH. Analysis of follicular dy-

namics in aged and young female rats using continuous [3H] thymi-
dine infusions. In: Program of the 67th annual meeting of the Endo-
crine Society. Baltimore, MD, Abstract 924, 1985.

. Huang HH, Steger RW, Bruni JF, Meites J. Patterns of sex steroid and

gonadotropin secretion in aging female rats. Endocrinology 103:1855-
1859, 1978.

Matt DW, Coquelin AW, Lu JKH. Neuroendocrine control of lutein-
izing hormone secretion and reproductive function in spontaneously
persistent-estrous, aging rats. Biol Reprod 37:1198-1206, 1987.

Day JR, Morales TH, Lu JKH. Male stimulation of luteinizing hor-
mone surge, progesterone secretion, and ovulation in spontaneously
persistent-estrous, aging rats. Biol Reprod 38:1019-1026, 1988.
Barraclough CA, Collu R, Massa R, Martini L. Temporal interrela-
tionships between plasma LH, ovarian secretion rates, and peripheral
plasma progestin concentrations in the rat: Effects of Nembutal and
exogenous gonadotropins. Endocrinology 88:1437-1447, 1971.
Ishikawa J. Luteinizing hormone requirements for ovulation in the rat.
Biol Reprod 46:1144-1150, 1992.

Everett JW, Sawyer CH. A 24-hour periodicity in the ‘‘LH release
apparatus’’ of female rats, disclosed by barbiturate sedation. Endocri-
nology 47:198-218, 1950.

Harms PG, Ojeda SR. A rapid and simple procedure for chronic can-
nulation of the rat jugular vein. J Appl Physiol 36:391-392, 1974.
Matzuk MM, Hsueh AJW, LaPolt P, Tsafrifi A, Keene JL, Boime I.
The biological role of the carboxyl-terminal extension of human cho-
rionic gonadotropin B-subunit. Endocrinology 126:376-383, 1990.
Erickson GF, Hsueh AJ, Lu KH. Gonadotropin binding and aromatase
activity in granulosa cells of young proestrous and old constant estrous
rats. Biol Reprod 20:182-190, 1979.

Peng MT, Huang HH. Aging of the hypothalamic-pituitary-ovarian
function in the rat. Fertil Steril 23:535-542, 1972.

Smith WA, Cooper RL, Conn PM. Altered pituitary responsiveness to
gonadotropin-releasing hormone in middle-aged rats with four-day
estrous cycles. Endocrinology 111:1843-1848, 1982.

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

. Fitzgerald CT, Seif MW, Killick SR, Elstein M. Age-related changes

in the female reproductive cycle. Br J Obstet Gynaecol 101:229-233,
1994.

Batista MC, Cartledge TP, Zellmer AW, Merino MJ, Axiotis C, Brem-
ner WJ, Nieman LK. Effects of aging on menstrual cycle hormones
and endometrial maturation. Fert Steril 64:492-49, 1995.





