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ABSTRACT

Atresia of Craafian follicles was induced by hypophysectomy on the morning of the day of

proestrus. As early as 6 h after hypophysectomy, follicles showed a reduced ability to respond with

ovulation to administration of hCC, and 12 h after hypophysectomy all the follicles failed to

ovulate. At 24 h after hypophysectomy, the follicles exhibited morphological changes characteris-

tic of early atresia followed by advanced atresia at 48 h after the operation. Steroidogenesis in vitro

of follicles from hypophysectomized rats was compared with that of sham-operated controls. The

mean ± SEM rate of accumulation (ng/follicle/24 h) of progesterone, testosterone, and estradiol-

17$3 was 5.1 ± 0.9, 6.3 ± 0.5, and 20.2 ± 3.7, respectively, in control follicles; 12 h after hypo-

physectomy progesterone accumulation was 22.7 ± 4.9, testosterone 4.5 ± 0.4, and estradiol-1 7j1

11.7 ± 0.9; and 48 h after the operation accumulation was 59.3 ± 8.3, 1.0 ± 0.3, and 0.10 ± 0.02,

respectively. Thus atretic follicles from hypophysectomized rats are characterized by increased

progesterone and decreased androgen and estradiol-17�3 production. Addition of LH to the culture

medium stimulated progesterone accumulation in follicles from rats up to 24 h after hypophysec-

tomy but not 48 h after the operation. It appears, therefore, that follicles gradually lose their

responsiveness to LH during the atretic process.

INTRODUCTION

In a previous report (Braw and Tsafriri,

1980a), the effect of repeated treatment with

pentobarbitone on preovulatory follicles of

rats has been described. These atretic follicles

exhibited a progressive decrease in their ovula-

tory response to hCG in vivo and a change in

their pattern of steroidogenesis in vitro. Similar

atretic changes resulting from pentobarbitone

treatment of rats (Uilenbroek et al., 1980) and

hamsters (Terranova, 1980) have been de-

scribed. Pentobarbitone treatment prevents the

preovulatory surge of gonadotropins but does

not affect their tonic release (Daane and Par-

low, 1971; Ashiru and Blake, 1978). The pres-

ent study was undertaken to examine the effect

of total gonadotropin deprivation by hypophy-

sectomy on the preovulatory follicles and to
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compare the atretogenic action of this opera-

tion with that of pentobarbitone treatment.

Animals

MATERIALS AND METHODS

Rats of Wistar origin from the departmental colony

were housed in air-conditioned quarters with lights on
between 0500 and 1900 h. Pelleted food and water

were offered ad libitum. The animals used were 4

months old and showed at least two normal 4-day

estrous cycles immediately before the experiment,

as determined by vaginal smears obtained daily. Ani-

mals were hypophysectomized under ether anesthesia,

between 0800 and 1200 h on the day of proestrus,

utilizing an intra-aural approach (Zarrow et al., 1964).

Following sacrifice of the rats, each sella turcica was

examined and only those rats having no traces of the

hypophysis were included in the experiments. Con-

trol rats were unoperated or sham-operated by insert-

ing a needle into the external auricular opening and

puncturing the eardrum.

induction of Ovulation by hCG

Human chorionic gonadotropin (hCG; Pregnyl,

Organon, 4 IU) was injected i.p. 6, 12, and 24 h after

hypophysectomy or 6 h after sham-operation (5-14

rats in each group). Ovulation was checked by expres-

sing and counting tubal ova on the day following hCG

administration.
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creased progesterone production in all types of

Culture of Follicles

Animals were killed by cervical dislocation 6, 12,

24, and 48 h after hypophysectomy or 6 h after sham-

operation. Craafian follicles were explanted from the

ovaries and cultured as described previously (Tsafriri

et al., 1972). Three follicles were cultured in each

dish. The follicles were randomly chosen from a pool

of follicles explanted from 5-10 rats. Those experi-

ments in which substrates of steroidogenesis were

added were performed twice, whereas all other experi-

ments were repeated at least three times. Ovine LH

(NIH-LH-S-18; 5 �tg/ml), testosterone, or 17a-hydro-

xyprogesterone (Ikapharm; I pg/mI) was added to the

medium as indicated. The gonadotropins were dis-

solved in 0.9% NaCI, and the steroid hormones in

absolute ethanol. The final concentration of ethanol

(0.1%) had no effect on steroid accumulation.

Medium was collected after 6 h, replaced by fresh

medium, and collected again after an additional 18 h

of incubation. The pattern of follicular steroidogenesis

was similar during the first 6 and 24 h of culture (the

data for 24 h were obtained by combining the

amounts of steroids obtained after 6 and 18 h of cul-

ture), and therefore only the latter results are pre-

sented. In experiments where testosterone or 17o-

hydroxyprogesterone were added, medium was col-

lected only after 6 h, and results were expressed as

nanograms per follicle per 6 h.

RIA of Steroid Hormones

The amounts of progesterone, androstenedione,

testosterone, and estradiol-1 7� in the medium were
determined by RIA of unfractionated lipid extracts as

described earlier (Lieberman et al., 1975). Well charac-

terized and specific antisera prepared against proges-

terone, androstenedione, testosterone, and estradiol-

17� were used (Bauminger et al., 1974). The minimum

sensitivities and intraassay and interassay coefficients

of variation were as follows: progesterone, 15 pg/mI,

2% and 20%; androstenedione, 30 pg/mI, 3% and 16%;

testosterone, 30 pg/mI, 4% and 18%; and estradiol, 20

pg/mI, 3% and 20%, respectively. Steroid concentra-

tions are expressed as nanograms per follicle. Statis-

tical differences between groups were calculated using

Student’s t test or one-way analysis of variance.

Histological Procedures

Ovaries used for morphological examination were

fixed in Bouin’s solution, dehydrated, embedded in

paraffin, and cut serially at 7 pm. Sections were

stained with hematoxylin-eosin.

RESULTS

Morphology of Graafian

Follicles Following Hypophysectomy

Preovulatory follicles from intact or sham-

operated rats contained an oocyte at the

dictyate stage, a few dividing granulosa cells,

and no pyknotic granulosa cell nuclei. Follicles

from rats killed 6 and 12 h after hypophysec-

tomy were similar in their morphological

appearance to the preovulatory follicles though

pyknotic granulosa cell nuclei were occasionally

seen (Fig. 1A). At 24 h after hypophysectomy,

“.�10% of the granulosa cells were pyknotic but

mitotic figures could also still be seen. At 48 h

after hypophysectomy, most oocytes showed

meiosis-like changes. In the granulosa layer,

�20-30% of the nuclei were pyknotic and

follicle fluid contained much cell debris and

atretic bodies (Fig. 1B). Thus, according to our

classification (Braw and Tsafriri, 1980b), pre-

ovulatory follicles had reached stage I of atresia

at 24 h after hypophysectomy and stage II at

48 h.

Induction of Ovulation by hCG

Administration of hCG 6 h after hypophy-

sectomy induced ovulation in 91% of animals

but the number of ova shed was reduced to

7.4 ± 0.9 (mean ± SEM) as compared with 10.2

± 0.9 in sham-operated controls (P<0.05;

Table 1). When hCG was administered 12 h or

24 h after hypophysectomy, no ovulation was

observed.

Follicular Stero idogenesis

Preovulatory follicles from sham-operated

controls incubated in LH-free medium accumu-

lated predominantly estradiol-1713 (20.2 ± 3.7

ng/follicle/24 h, mean ± SEM), while produc-

tion of progesterone (5.1 ± 0.9), androstene-

dione (4.3 ± 0.4), and testosterone (6.3 ± 0.5)

was low (Fig. 2). Follicles explanted from

hypophysectomized rats accumulated more

progesterone, as compared with sham-operated

controls (P<0.05), while production of andro-

stenedione (P<0.01) and estradiol-17#{216} de-

creased (P<0.01). When the follicles were cx-

planted 6 h after hypophysectomy, the rate of

progesterone production increased to 15.9 ±

1.8 ng/follicle/24 h. Further increases in pro-

gesterone accumulation occurred when the

follicles were isolated 12 to 48 h after hypo-

physectomy, and this was accompanied by a

gradual decrease in androstenedione, testos-

terone, and estradiol-1713 production (Fig. 2).

At 48 h following hypophysectomy, proges-

terone secretion was 59.3 ± 8.9 ng/follicle/24

h, i.e., 12-fold greater than that of preovulatory

follicles, while production of androstenedione,

testosterone, and estradiol-1 7�3 was negligible

(<1.0 ng/follicle/24 h).

Addition of LH to the culture medium in-
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HYPOPHYSECTOMY AND ATRESIA OF PREOVULATORY FOLLICLES 991

FIG. 1. A) Nonatretic antral follicle 12 h after hypophysectomy. Note germinal vesicle (arrow) in the oocyte

and normal appearing granulosa cells.

B) Follicle at stage II atresia 48 h after hypophysectomy. Note meiosis-like changes in the oocyte (arrow-

head) and numerous pyknotic cells scattered throughout granulosa layer (arrows). Hematoxylin and eosin. X 350.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/2
5
/5

/9
8
9
/2

7
6
7
2
2
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



- 6 2 24 48 - 6 12 2448 - 6 2 2448

ANOROSTENEDIONE TESTOSTERONE ESTRADIOL- 7/3

992 BRAW ET AL.

#{149}P<O01 compared with untreated control.

E

a
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a 0�

0
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Hrs after - 6 2 24 48
flypophyseCt PROGESTERONE

FIG. 2. Accumulation of steroids by follicles from sham-operated (-) or hypophysectomized rats during 24

h of culture in hormone-free medium. Each bar represents the mean ± SEM of 5-10 determinations.

follicles, except those explanted 48 h after

hypophysectomy (Fig. 3). In the presence of

LU, follicles explanted from hypophysecto-

mized rats accumulated more progesterone than

did follicles from sham-operated controls

(P<0.01). Follicles from sham-operated con-

trols accumulated 89.1 ± 5.0 ng progesterone!

follicle/24 h in the presence of LH, while

follicles obtained 6, 12, and 24 h after hypo-

physectomy secreted 111.5 ± 7.7, 108.2 ±

10.9, and 81.4 ± 5.4, respectively. Follicles

explanted from hypophysectomized rats secre-

ted much less androstenedione (P<0.O01),

testosterone (P<O.001), and estradiol-17S3 (P<

0.001) in the presence of LH than did control

follicles. A significant increase (P<0.01) in

androstenedione accumulation, following addi-

tion of LH, occurred in the culture of follicles

from controls and from rats killed 6 h and 12 h

after hypophysectomy, whereas no stimulatory

effect of LH was seen 24 and 48 h after the

operation. Addition of Li-I to the culture me-

dium had no effect on accumulation of estra-

diol-1 713 by follicles from hypophysectomized

rats, but increased the production of estradiol-

1 713 by follicles from sham-operated controls

(P<0.01).

Effect of Substrate Supplementation

on Steroidogenesis of Atretic Follicles

Addition of 17�-hydroxyprogesterone (1

�tg/ml) to follicles from intact rats increased

testosterone accumulation (P<0.01). Follicles

explanted 6 h after hypophysectomy secreted

as much testosterone as control follicles, but

addition of substrate did not further increase

testosterone accumulation. Addition of 17cr-

hydroxyprogesterone resulted in an approxi-

mately twofold increase in accumulation of

testosterone (Fig. 4, lower panel) by follicles

from rats killed 12 h (P<0.01) and 24 h (P<

0.02) after hypophysectomy. Nevertheless, the

addition of 1 7cr-hydroxyprogesterone restored

testosterone accumulation to the amount ob-

served in control follicles only 12 h after hypo-

TABLE 1. Induction of ovulation by hCG (4 lU/rat) in hypophysectomized rats.

Time

between Rats

operation ovulating! Ova shed! Ova shed/

and hCG rats treated rat ovulating rat

(h) treated (%) (mean ± SEM) (mean ± SEM)

Untreated control . . . 12/12 (100) 11.0 ± 0.6 11.0 ± 0.6

Sham-operated 6 13/14 (93) 9.5 ± 1.1 10.2 ± 0.9

Hypophysectomized 6

12

24

10/11 (91)

0/11 (0)

0/5 (0)

6.7 ± 1.1�

0

0

7.4 ± 0.9

0

0
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FIG. 3. Accumulation of steroids by follicles from sham-operated (-) or hypophysectomized rats during 24 h

of culture in medium supplemented with LH (5 pg/mI). Each bar represents the mean ± SEM of 5-10 determina-

tions.

physectomy and not after 24 h. When 17cr-

hydroxyprogesterone was added in the presence

of LU (5 pg/ml), accumulation of testosterone

increased in follicles explanted 6 and 12 h after

hypophysectomy to levels not significantly

different from those in control follicles cul-

tured without the substrate (Fig. 4, upper

panel).

The addition of testosterone (1 �.tg/mI), an

aromatase substrate, increased the basal (P<

0.01) production of estradiol-17I3 in all types of

follicles (Fig. 5; lower panel). However,-only in

follicles explanted 6 and 12 h after hypophy-

sectomy did additional testosterone restore

estradiol production to control levels accumu-

lated by follicles cultured without the sub-

strate. When testosterone was added in the

presence of LH, it increased estradiol-1713 to

the control level only in follicles explanted 6

h after hypophysectomy.

DISCUSSION

Hypophysectomy of rats on the morning of

the day of proestrus resulted in an early mor-

phological stage of follicular atresia within 24 h

of hypophysectomy and in an advanced stage

of atresia within 48 h. These atretic changes

were similar to those described for intact mice

(Byskov, 1974) and rats (Braw and Tsafriri,

1980b). When challenged with hCG at 12 h

after hypophysectomy, all the follicles failed to

ovulate. These results are in agreement with

those of Talbert et al. (1951) who found that

only one of eight rats ovulated 12 h after hypo-

physectomy. Similarly, follicles in hamsters did

not ovulate in response to exogenous LH 8 h

after hypophysectomy (Greenwald, 1978). Our

results show that 48 h of total gonadotropin

deprivation are adequate for preovulatory

follicles to reach advanced stages of atresia in

rats. On the other hand, it has been shown pre-

viously that 3 to 4 days of pentobarbitone

treatment are needed for preovulatory follicles

to become atretic. About 30% of the latter

follicles remained capable of ovulating in re-

sponse to hCG even on Day 4 of pentobarbi-

tone treatment (Braw and Tsafriri, 1980a). This

difference can be explained by the fact that, in

contrast to hypophysectomy, pentobarbitone

blocks only the preovulatory surge of gonado-

tropins, while basal levels of serum gonadotro-

pins remain unaffected (Daane and Parlow,

1971; Ashiru and Blake, 1978). This continuing

availability of gonadotropins may delay atresia

of preovulatory follicles in pentobarbitone-

treated rats. The action of PMSG in preventing

atresia of rat and mouse follicles has been

demonstrated by Peters (1979) and Braw and

Tsafriri (1980b).

The present study shows that the steroido-

genic activity of follicles induced to undergo

atresia by hypophysectomy is markedly differ-

ent from that of preovulatory ones. Follicles

explanted 6 h and 48 h after hypophysectomy

secreted 3- and 12-fold more progesterone, res-

pectively, as compared with follicles from

sham-operated controls. By contrast, accumula-
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causes changes in synthesis of follicular steroids

which are similar to those that follow the

blockage of the preovulatory surge of gonado-

tropins by repeated injections of pentobarbi-

tone. Regardless of the similarity of results, it

appears that the kinetics of changes in enzy-

matic activity differ somewhat in these two

experimental circumstances. In atresia induced

by pentobarbitone treatment, the enzymes

involved in the conversion of progesterone to

androgen appear to be affected earlier than are

aromatizing enzymes, as the addition of testos-

terone to the medium restored estradiol-17j3

production (Braw and Tsafriri, 1980a; Uilen-

broek et al., 1980) whereas the addition of 17cr-

hydroxyprogesterone failed to restore testos-

terone accumulation (our unpublished data).

By contrast, the present results indicate that in

atretic follicles induced by hypophysectomy,

994 BRAW ET AL.

tion of androgen and estradiol was reduced 12

h or later after hypophysectomy, and both of

these steroids reached their minima at 48 h.

Similarly, Taya and Greenwald (1980) showed

that ovaries from hamsters, cultured in vitro

1-8 days following hypophysectomy, are cap-

able of producing large amounts of progester-

one but only small amounts of estradiol and

testosterone. Similar changes in follicular

steroidogenesis resulted after repeated treat-

ment of proestrous rats with pentobarbitone

(Braw and Tsafriri, 1980� Uilenbroek et al.,

1980). Thus, atresia induced by hypophysec-

tomy, i.e., total gonadotropin deprivation,

0

Lii

z
0
a::
Lii

I-
(I)

0
H
U)
Lii

H

FIG. 4. Accumulation of testosterone in the

medium during 6 h culture of the follicles from

intact or hypophysectomized rats. Follicles were

cultured without (open columns) or with (hatched

columns) addition of 1 7a-hydroxyprogesterone (1

pg/mi) to the medium. Lower panel: no added LH;

upper panel: LH (5 pg/mI) added to medium. Each bar

represents the mean ± SEM of 4-8 determinations.
#{149}p<o01 #{149}ep<000� vs follicles from intact rats.

0P<0.05, �P<0.01, ��P<0.001 vs follicles from in-

tact rats cultured in the presence of the substrate.

L I-I( 5p.g /m I)

1�
T� �

‘�

**

T...

I -

�
Gonadotropin- free medium

8
�*#{174}

Intact 6 12 24

Hrs after hypophysectomy

FIG. 5. Accumulation of estradiol-17p in the

medium during 6 h culture of the follicles from

intact or hypophysectomized rats. Follicles were
cultured without (open columns) or with (hatched

columns) addition of testosterone (1 pg/mI) to the

medium. Lower panel: no added LH; upper panel:

LH (5 pg/mI) added to medium. Each bar represents

the mean ± SEM of 4-8 determinations. P’(005
s*P<0.01, �P<O.001 vs follicles from intact rats.

#{174}P<0.05, #{174}�P<0.O1, �4P<0.OOl vs follicles from

intact rats cultured in the presence of the substrate.
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HYPOPHYSECTOMY AND ATRESIA OF PREOVULATORY FOLLICLES 995

aromatizing enzymes, as well as enzymes in-

volved in androgen production, were affected

within 12 to 24 h after the operation.

These two approaches, namely pentobarbi-

tone-treatment and hypophysectomy, may

allow the detailed study of biochemical changes

associated with atresia before morphological

changes can be detected. It should be empha-

sized, however, that atretic changes in only

mature Graafian follicles have been examined

thus far in these model systems. Atresia at

earlier stages of follicular differentiation does

not necessarily progress through the same bio-

chemical changes. By using immature PMSG-

treated rats, which ovulate only after adminis-

tration of exogenous hCG, Peluso et al. (1980a)

studied atretic changes resulting when such

follicles were not exposed to hCG. In these

follicles, the appearance of early atretic changes

coincided with a decrease in ovarian estradiol

and testosterone concentrations. In other spe-

cies, studies with follicles from mare (Kenney

et a!., 1979) and sheep (Moor et al., 1978) also

revealed that reduced estrogen formation was a

consequence of atresia. In sheep, however, the

reduction in estrogen secretion by atretic folli-

cles was accompanied by enhanced androgen

secretion, It was concluded that in ovine folli-

cles aromatizing enzymes were affected by

atresia (Moor et al., 1978). Whether this differ-

ence in enzymatic steps associated with atresia

is due to species difference or to the stage of

follicular development at which atresia was

studied remains to be determined.

Follicles explanted from rats up to 24 h

after hypophysectomy responded to LH with

increased progesterone production. Similarly

atretic follicles explanted after 4 days of pento-

barbital treatment showed marked stimulation

of progesterone accumulation by LH, suggest-

ing that these follicles had not lost their respon-

siveness to LH (Braw and Tsafriri, 1980a).

However, follicles explanted 48 h after hypo-

physectomy did not show an increase in

steroidogenesis when LH was added to the

medium. It appears therefore that follicles lose

their responsiveness to gonadotropins at only

later stages of atresia. Uilenbroek et al. (1980)

examined the changes in LH and FSH binding

to granulosa cells of atretic follicles resulting

from repeated administration of pentobarbi-

tone, and found that gonadotropin binding

remained high during the first 2 days of treat-

ment. By contrast, production of estrogen and

androgen was significantly reduced after only 1

day of treatment. Similarly, Carson et al.

(1979) reported decreased gonadotropin bind-

ing by ovine granulosa cells expressed from

follicles at advanced stage of atresia but not

from follicles in early atresia. These direct

measurements of gonadotropin binding to

granulosa cells appear to support the notion

that loss of gonadotropin binding is the result,

rather than the cause of follicular atresia.

Androgens supplied exogenously (Hillier and

Ross, 1979), or induced locally by LH (or hCG)

in thecal or interstitial cells (Louvet et al.,

1975) may act on the follicle to bring about

atresia. The finding that androgen synergizes

with FSH to stimulate progesterone formation

in granulosa cells (Armstrong and Dorrington,

1976; Nimrod and Lindner, 1976; Hillier et al.,

1980b) is somewhat surprising in view of the

proposed atretogenic action of androgens.

Furthermore, a role of androgen in the main-

tenance of preovulatory follicles was demon-

strated by Peluso et al. (1979, 1980b). Hillier

et al. (1980a) speculated that prior exposure of

granulosa cells to FSH may be the major factor

which determines follicular response to andro-

gen. Thus, when exposure to FSH has been

inadequate, androgen may provoke an atretic

response while appropriate stimulation with

FS H may facilitate androgen-responsive steroid-

ogenesis. Data demonstrating that progester-

one synthesis is augmented in atretic follicles

(Terranova, 1980; Braw and Tsafriri, 1980a;

present results) indicate that enhanced steroid-

ogenesis and atresia should not be considered

mutually exclusive, It is possible that a similar

mechanism(s) underlies these apparently

disparate actions of androgens. Androgens may

promote atresia by inducing premature differ-

entiation and quasiluteinization of granulosa

cells while abrogating the estrogen-mediated

proliferative response to FSH. If this is true,

the ultimate result of exposure to androgen

(i.e., atresia or further development and ovula-

tion) may very well depend upon previous ex-

posure of granulosa cells to FSH.
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