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ABSTRACT

The LH and FSH receptor content in thecal and granulosa cells of large antral follicles was

measured by in vitro binding assays and in vivo autoradiography during the rat estrous cycle.

Specific binding of l’25I]-hCG to granulosa cells increased from <1000 cpm/llg DNA on estrus,

metestrus and diestrus to 6000 CPM/Mg DNA on proestrus. Specific binding of l’2511-hFSH to

granulosa cells was consistently between 2000 and 3000 cpm/�g DNA throughout the cycle.

Specific hCG binding to thecal cells also increased between diestrus and proestrus, while specific

hFSH binding to thecal cells was essentially nondetectable.

The increase in LH receptors in large antral follicles from diestrus to proestrus could be corre-

lated with an increased ability of these follicles to produce cyclic AMP and estradiol during in vitro

incubations with increasing concentrations (0.06-60 pg/mI) of 0LH. Incubation of antral follicles

collected on metestrus, diestrus and proestrus with and without testosterone revealed a progressive

increase in both follicular aromatase activity and endogenous androgen production.

It is concluded that in the presence of low and unchanging LH and FSH concentrations from

metestrus to proestrus large antral follicles become more responsive to LH. This responsiveness is

associated with an increase in LH receptors both in thecal and granulosa cells and increased pro-

duction of estradiol. Although the hormonal stimulus for the increase in granulosa cell LH receptor

on proestrus is not known, it is suggested that increased follicular estradiol might play a pivotal

role.

INTRODUCTION

The growth of preovulatory follicles during

each estrous cycle in the rat appears to require

the periovulatory surge of gonadotropins

at the end of the previous cycle (Welschen,

1973; Schwartz, 1974). Antisera against follicle

stimulating hormone (FSH) injected into rats

on proestrus (Welschen and Dullaart, 1976) or

administration of pentobarbital (Hirschfield

and Midgley, 1978b) prevented the growth of

a new group of antral follicles normally seen on

estrus. These data have suggested that preovu-

latory follicles are selected from a pool of

growing follicles most of which become atretic.

However, once “selected” the continued
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growth and differentiation of preovulatory

follicles occurring from estrus to proestrus pro-

ceeds in the presence of low unchanging concen-

trations of gonadotropins (Gay et al., 1970; But-

cher et al., 1974; Smith et a!., 1975). Thus, final

differentiation might depend on a change in res-

ponse of follicular cells to the gonadotropins.

Granulosa cells from small and large antral

follicles bind specifically radioiodinated FSH to

the same extent, as demonstrated by autoradio-

graphy (Midgley, 1973; Zeleznik et al., 1974)

and by in vitro specific binding studies (Nimrod

et al., 1976) and contain FSH-responsive

adenylate cyclase which is not different in

preantral and antral follicles (Zeleznik et al.,

1977). Specific luteinizing hormone (LH)

binding has been demonstrated in thecal cells

from preantral and antral follicles (Midgley,

1973), in thecal and granulosa cells from large

preovulatory follicles derived from pigs (Chan-

ning and Kammerman, 1973; Lee, 1976) and

from hormonally primed rats (Zeleznik et al.,

1974; Richards et al., 1976). Further, the

increase in LH receptor in granulosa cells from

small to large antral follicles has been shown to

be associated with an increased ability of large
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follicles to produce cyclic AMP and proges-

terone in response to the gonadotropins (Lee,

1976; Zeleznik et al., 1977; Richards et al.,

1978, 1979; Hillier et al., 1978). The increase

in LH receptor has been shown to be dependent

on the combined effects of estradiol and

FSH (Richards et al., 1976).

It was the aim of the present study to

determine the LH and FSH receptor content

in granulosa and thecal cells of large antral

follicles during the rat estrous cycle and to

correlate possible changes in receptor content

with the ability of follicles to produce cyclic

AMP and estradiol in response to LH stimu-

lation.

Animals

MATERIALS AND METHODS

Adult female rats, 3-5 months of age, were

obtained from Holtzman Company, Madison, WI.

Although these animals show 4- or 5-day estrous

cycles as assessed by vaginal smearing, only those

exhibiting consistent 5-day estrous cycles were used in

this study.

In vitro hCG and hFSH Binding

Animals were killed on various days of the estrous

cycle: at 1400 h on estrus, metestrus and diestrus and

at 0900, 1400 and 1900 h on proestrus. The ovaries

were dissected out and the 10-15 largest follicles were

isolated with fine forceps under a dissecting micro-

scope.

By puncturing the follicles and applying gentle

pressure, we released granulosa cells leaving a thecal

shell. Granulosa cells were transferred by a Pasteur

pipette to a separate tube and collected by centrif-

ugation at 800 X g at 4#{176}Cfor 10 mm. The thecal shell

was homogenized in 0.01 M phosphate buffered 0.14

M NaCI, pH 7.0, containing 0.1% gelatin (PBS-gel) and

a membrane fraction was obtained by centrifugation

at 30,000 X g at 4#{176}Cfor 10 mm. Granulosa cells and

thecal membranes were resuspended in 1 ml PBS-gel.

LH and FSH receptors were determined in these

preparations by measuring specific l’25I1-hCG and

l’25l1-hFSH binding as described elsewhere (Richards

et al., 1976). Data have been expressed as cpm radio-

iodinated hormone bound/pg DNA. DNA was mea-

sured by the method described by Burton (1956).

In vivo Autoradiography

At 1400 h on various days of the estrous cycle,

animals were injected i.v. (tail vein) with 0.2 ml PBS

containing 0.2 pg [‘251l-hCG or 0.04 pg l’251l-hFSH

(specific activity 13 pCi/pg and 23 pCi/pg. respec-

tively). Two h later, the animals were killed. The
ovaries were dissected out, fixed in Bourn’s fluid and

embedded in paraffin. Tissue sections (8 pm) were

heavily stained with hematoxylin and eosin, dipped in

Kodak NTB-2 emulsion (Eastman Kodak, Rochester,

NY), stored at -20#{176}Cfor 2-4 weeks and developed.

In vitro Incubation Studies

Individual whole follicles isolated on metestrus,

diestrus I and proestrus were incubated in 500 pl

Medium-199 (GIBCO) containing 10 mM HEPES

(N-2 hydroxyethylpiperazine-N’-2-ethanesulphonic acid

Sigma Chemicals) and 0.5 mM MIX (1-methyl-3-

isobutylxanthine) with and without various amounts

of ovine LH (LER 1733-3, LH activity 1.64 X NIH-

LH-S1; FSH activity <0.04 X NIH-FSH-S1). Incu-

bations were carried out in glass culture tubes in 95%

02 :5% CO2 at 37#{176}Cin a shaking water bath.

After 15 mm of incubation 500 p1 of distilled

water were added and the incubates immediately

placed in a boiling water bath for 20 mm. Each boiled

follicle and its medium were homogenized together

and a supernatant was prepared by centrifugation at

30,000 X g at 4#{176}Cfor 20 mm. The supernatant was

stored at -20#{176}C for measurement of cyclic AMP.

To measure the estradiol production of whole

follicles, diestrous I and proestrous follicles were

incubated as described above. After 4 h of incubation

the follicle was removed and the medium was frozen

and stored at -20#{176}Cfor measurement of estradiol.

To assess the ability of whole follicles to convert

testosterone to estrogen, individual follicles collected

on metestrus, diestrus I and proestrus were incubated

in Medium-199 + HEPES with and without testos-

terone in a final concentration of 50 ng/ml or 200

ng/ml. After 4 h of incubation at 37#{176}Cthe follicle

was removed and the medium was frozen and stored at

-20#{176}C for measurement of estradiol.

Radioimmun oassays

Cyclic AMP concentrations were measured by
double antibody radioimmunoassay using 2’-O’-

mono-succinyl-adenosine-3’, 5’-monophosphate-tyrosine-

methyl-ester (Sigma Chemicals) for iodination and an

antiserum generated against a succinyl-cyclic AMP-

hemocyanmn conjugate, provided by Dr. J. L. Vaitu-

katis. Procedures and validation of this assay are

described elsewhere (Vaitukaitis et al., 1975; Richards

et al., 1979). Briefly, samples and standards were

acetylated by the procedures of Harper and Brooker

(1975). At a final tube dilution of this antiserum at

1:100,000, the 50% inhibition point was 50 femto-

moles and the sensitivity 2 femtomoles.

Estradiol concentrations were measured by radio-

immunoassay as described by England et al. (1974).

Statistical analysis of data was performed by

analysis of variance and Student’s t test. A difference

was considered as significant if the double tail proba-

bility was <0.05.

RESULTS

In vitro hCG and hFSH Binding

Specific binding of hCG to expressed gran-

ulosa cells shows a steep increase between

diestrus II and proestrus (Fig. 1). Specific hFSH

binding remained constant on all days of the

estrous cycle. Thecal tissue also showed an

increase in hCG binding between diestrus II and

proestrus. Although this binding might reflect
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FIG. 1. Specific hCG and hFSH binding to granu-

losa and thecal cells of the 10-15 largest follicles

collected on each day of the estrous cycle. Each point

represents the mean ± SEM of 4-6 rats.

contamination of the thecal preparation with

granulosa cells, this seems unlikely, because

specific hFSH binding to this preparation was

nearly nondetectable.

In vivo Autoradiography

Binding of the injected [‘251]-labeled hCG

was observed in thecal cells of all healthy antral

follicles both at diestrus (400-5 00 pm in

diameter) and proestrus (>500 pm in diam-

eter), but the amount (relative number of silver

grains) was greater in large antral follicles

present on proestrus (Fig. 2a, b). In these large

antral follicles the binding of hCG to granulosa

cells was observed only in the mural layer

adjacent to the basement membrane. The

number of silver grains over granulosa cells of

small follicles could not be distinguished from

background level. Neither theca nor granulosa

of atretic follicles bound hCG. Binding of hFSH

to granulosa cells was present in small and

large antral follicles, but hFSH binding to the

thecal cells was absent in all types of follicles

(Fig. 2c, d).

Follicular Responsiveness to LH

This experiment was designed to correlate

the amount of LH receptor in antral follicles

with the ability of these follicles to produce

cyclic AMP and estradiol in response to LU

stimulation. Single metestrous, diestrous and

proestrous follicles were incubated with oLH

at concentrations ranging from 0.06-60 pg/ml.

Cyclic AMP content in the follicle plus medium

was measured after 15 mm incubation. The

results are shown in Fig. 3. Cyclic AMP content

after incubation in the absence of LH was

higher in diestrous follicles compared with

metestrous follicles (2.53 ± 0.15 vs 1.23 ± 0.24,

respectively, mean ± SEM expressed as pmole/

15mm/follicle; P<0.01) and higher in proes-

trous follicles compared with diestrous follicles

(3.61 ± 0.21 vs 2.53 ±0.15;P<0.O1), Addition

of oLl-I increased cyclic AMP accumulation in

the 3 types of follicles, but with a dose of 0LH

higher than 0.6 pg/ml the response was much

greater in proestrous follicles than in diestrous

and metestrous follicles. With a dose of 60

pg/mi the difference between the cyclic AMP

content between diestrous and metestrous

follicles was no longer significant.

Estradiol accumulation in the medium after

4 h of incubation showed a marked difference

between diestrous and proestrous follicles

(Fig. 4). In the absence of LH, estradiol pro-

duction was 4-fold higher in the proestrous

follicles than in the diestrous follicles. After

addition of increasing amounts of oLH, estra-

diol production remained consistently low in

the diestrous follicles. In contrast, estradiol

production by proestrous follicles was already

maximal with the lowest dose (0.06 jig) of

oLH.

Follicular Aromatase Activity

To assess the ability of small and large antral

follicles to convert testosterone to estrogen,

individual follicles collected at metestrus,

diestrus I and proestrus were incubated in the

absence or presence of 50 ng testosterone/ml.

Metestrous follicles incubated with or without

substrate produced little estradiol (Fig. 5).

After addition of testosterone to diestrous

follicles, estradiol accumulation in the incu-

bation medium was increased. These results

suggest that aromatase activity is low in metes-

trous follicles, but present in diestrous follicles.

Proestrous follicles produced a substantial

amount of estradiol without addition of sub-
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FIG. 2. Autoradiographic localization of l125ll-hCG (upper panels) and l’25I1-hFSH (lower panels) over

thecal cells and granulosa cells of an antral follicle at diestrus (400-500 pm in diameter: Fig. 2a, c) and a pre-

ovulatory follicle at proestrus (>500 pm in diameter; Fig. 2b, d). I 12511 -hCG and [‘� II -hFSH were administered

iv. 2 h earlier. X 534.
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strate; supplementation of 50 ng testosterone/

ml did not cause a greater accumulation.

However, in an additional experiment using a

much higher dose of testosterone (200 ng/ml),

estradiol production by proestrous follicles was

also increased (4.1 ± 0.4 ng/follicle to 6.6 ± 0.2

ng/follicle, 0.01<P<0.02). These data suggest

that in proestrous follicles aromatase activity

and endogenous substrate production are

increased.

DISCUSSION

The data presented demonstrate that the

increase in LH receptors both in granulosa and

thecal cells during the 5 day rat estrous cycle

is coincident with the growth of preovulatory

follicles. The presence of LU receptors in

granulosa cells of large antral follicles has been

reported earlier in the pig (Channing and

Kammerman, 1973; Lee, 1976) and in hor-

monally-primed immature rats (Zeleznik et al.,

1974; Richards et al., 1976). In a recent report

Nimrod et al. (1977) demonstrated in 4 day

cycling rats an increase in the number of LH

receptors in granulosa cells prior to the LU

surge. The increase in hCG binding to thecal

cells, although questionable in the in vitro

binding studies is supported by the autoradio-

graphic studies, demonstrating a greater binding

to the thecal cells of large antral follicles. The

changes in LU receptors in the granulosa cells

occur without corresponding changes in FSH

receptors. Accordingly, in hormonally-primed

immature rats and proestrous adult rats only a

slight increase was found in the number of FSH

binding sites from medium to large antral

follicles (Nimrod et al., 1976). The in vivo

autoradiographic data support the relative

distribution of LH and FSH specific binding

sites as revealed by the in vitro binding assays.

FSH binding was observed only to granulosa
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FIG. 4. Estradiol accumulation in the medium

after 4 h of incubation of diestrous and proestrous

follicles with 0LH. Each point represents the mean ±

SEM of 4 follicles.
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0.6

pg oLH

FIG. 3. Cyclic AMP content in follicles + media

after 15 mm of incubation of single metestrous,

diestrous and proestrous follicles with 0LH. Each

point represents the mean ± SEM of 4 follicles.

cells and not to the thecal cells; only granulosa

cells of large antral follicles showed hCG

binding. However, the hCG binding to gran-

ulosa cells was restricted to the layer adjacent

to the basement membrane. Similar obser-

30

:/�

C TEST. C TEST.

M D1 Pr

FIG. 5. Estradiol accumulation in the medium

after 4 h of incubation of single metestrous, diestrous

and proestrous follicles with and without testosterone

(50 ng/ml). Each point represents the mean ± SEM of

4-8 follicles.

vations were made by Midgley (1973) with

topically applied radioiodinated hCG and by

Amsterdam et al. (1975) after hCG injection.

Whether this is due to uneven distribution of

LU receptors in the granulosa cells is not

known.

The increase in LH receptors in the Graafian

follicles was associated with an increased

responsiveness of these follicles to LU as

demonstrated by an increased ability to pro-

duce cyclic AMP and estradiol after LH stimu-

lation. An increase in the responsiveness of

follicular adenyl cyclase activity to LH prior to

ovulation has also been reported by Hunzicker-

Dunn and Birnbaumer (1976) using broken

membrane preparations. Thus it appears that

the LU binding sites are effectively coupled to

an adenyl cyclase system to provide cyclic

AMP for intracellular processes.

Even more marked than the ability of

follicles to produce cyclic AMP is the ability of

developing follicles to produce estradiol. It has

been well documented that the theca under the

influence of LH produces androgen (Fortune

and Armstrong, 1977). Androgen can then be
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converted to estradiol by the granulosa cells

(Fortune and Armstrong, 1978) provided that

their aromatizating system has been induced by

FSU (Moon et al., 1975; Erickson and Hsueh,

1978). Our experiments suggest that developing

follicles gain an increased ability to produce

androgen as well as an increased ability to

aromatize androgen to estradiol. According to

the above mentioned theory, the increased

estradiol production after LU stimulation is the

result of an increased androgen production by

the thecal cells. Although supplementation

of 50 ng testosterone/ml to proestrous follicles

did not increase estradiol production, a dose of

200 ng testosterone/mI resulted in a 60%

increase.

The interpretation of the data is based on

the assumption that the 10-15 largest follicles

which are isolated on each day of the estrous

cycle are the follicles destined to ovulate during

the next estrus. This assumption is justified by

the observation that on estrus, metestrus

and diestrus I all antral follicles are smaller than

500 pm in diameter (Welschen, 1973; Hirsch-

field and Midgley, 1978a). On proestrus,

8-12 large antral follicles (500 pm) are

present, which correspond with the number of

ova in the oviduct on estrus, while follicles of

the 400-500 pm size range are absent. On the

basis of these observations it has been suggested

that in the rat the small antral follicles present

on estrus and metestrus either become atretic

or continue to grow to preovulatory size and

ovulate. Because early atretic follicles cannot be

distinguished macroscopically from healthy

follicles, it is possible that atretic follicles are

included in the present study, which may

account for some of the variation in cyclic AMP

and estradiol production seen after follicle

incubation.

It is likely that the following sequence of

events occurs in the developing preovulatory

follicles. The high FSH concentrations during

proestrus-estrus stimulate the growth of a

number of small antral follicles. During the

following days from estrus to proestrus, these

follicles acquire an increased ability to produce

estrogen in response to basal concentrations of

LU and FSH. The progressive changes involve

an enhanced ability of LH to act on thecal cells

to stimulate androgen production and an

enhanced ability of FSH to act on granulosa

cells to stimulate aromatase activity. The

enhanced responsiveness of the theca cells to

LH appears to be related, in part, to an in-

creased number of LH receptors. As thecal

androgen production increases, follicular estro-

gen production and aromatase activity also

increase. Because estradiol has been shown to

play a key role in the induction of LU receptors

(Richards et al., 1976), it is likely that the

increased follicular production of estradiol

together with basal concentrations of FSH

stimulate the appearance of LH receptors in

granulosa cells of preovulatory follicles. Thus,

once selected, developing preovulatory follicles

can become more responsive to LH by an

increase in LH receptors in the theca and

granulosa cells without major changes in the

gonadotropin concentrations.
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