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Abstract

 

The concept that androgens are atretogenic, derived from
murine ovary studies, is difficult to reconcile with the fact
that hyperandrogenic women have more developing folli-
cles than normal-cycling women. To evaluate androgen’s
effects on primate follicular growth and survival, normal-
cycling rhesus monkeys were treated with placebo-, tes-
tosterone-(T), or dihydrotestosterone-sustained release im-
plants, and ovaries were taken for histological analysis after
3–10 d of treatment. Growing preantral and small antral
follicles up to 1 mm in diameter were significantly and pro-
gressively increased in number and thecal layer thickness in
T-treated monkeys from 3–10 d. Granulosa and thecal cell
proliferation, as determined by immunodetection of the
Ki67 antigen, were significantly increased in these follicles.
Preovulatory follicles (

 

. 

 

1 mm), however, were not in-
creased in number in androgen-treated animals. Follicular
atresia was not increased and there were actually signifi-
cantly fewer apoptotic granulosa cells in the T-treated
groups. Dihydrotestosterone treatment had identical effects,
indicating that these growth-promoting actions are medi-
ated by the androgen receptor. These findings show that,
over the short term at least, androgens are not atretogenic
and actually enhance follicular growth and survival in the
primate. These new data provide a plausible explanation
for the pathogenesis of “polycystic” ovaries in hyperan-
drogenism. (

 

J. Clin. Invest.

 

 1998. 101:2622–2629.) Key words:
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Introduction

 

The regulation of early stages of follicular growth in the pri-
mate ovary is poorly understood (1). Estrogens stimulate follic-
ular growth and granulosa cell proliferation in rodents (2–4),
but they are inactive or even inhibitory towards follicular
growth in primates (5–7). Androgens, on the other hand, are
atretogenic in rodents (8–10), but some observations suggest
that they may stimulate ovarian growth in humans. Women

with polycystic ovarian syndrome (PCOS)

 

1

 

 typically have en-
larged ovaries with increased numbers of follicles and in-
creased stromal volume (11, 12). PCOS-like morphological
and functional changes occur in women as a result of exposure
to extraovarian androgens, as in congenital adrenal hyperpla-
sia or androgen-producing tumors (13–15) and in transsexual
women treated with testosterone (16–18). This latter group is
interesting because the high-dose androgen treatment causes
suppression of gonadotropins, and yet their ovaries are not
suppressed, but are enlarged with increased numbers of “cys-
tic” follicles and theca-interstitial hyperplasia, meeting the
morphological criteria for PCOS (16–18).

These observations suggest that androgens per se may in-
duce ovarian follicular and theca-interstitial growth. To eluci-
date the acute effects of androgen exposure on the primate
ovary, in the present study, normal cycling rhesus monkeys
were given subcutaneous implants containing vehicle, tes-
tosterone, or dihydrotestosterone, and ovaries were removed
after 3–10 d for histomorphometric analysis.

 

Methods

 

Experimental animals.

 

Female rhesus monkeys (

 

Macacca mulatta

 

),
6–13 yr of age, from the NIH Poolesville colony were used in accor-
dance with a protocol approved by the NICHD animal care and use
committee. Animals had pellets (Innovative Research of America,
Toledo, OH) inserted subcutaneously between their shoulder blades
under ketamine anesthesia. In the first set of experiments, groups
(

 

n

 

 5 

 

4–6) received pellets containing vehicle, high-dose testosterone
(4 mg/kg per day for 3 d), or testosterone (400 

 

m

 

g/kg per day for 10 d).
In a subsequent set of experiments, animals received pellets with pla-
cebo, low-dose testosterone (20 

 

m

 

g/kg per day for 5 d), or dihydrotes-
tosterone (DHT; 145 

 

m

 

g/kg per day for 5 d). At the end of the dosing
periods, ovariectomies were performed on the monkeys under keta-
mine anesthesia via a midventral laparotomy. Serum was collected
for hormone measurement at the time of pellet placement and at the
time of ovariectomy. Serum estradiol, testosterone, DHT, and
progesterone levels were measured by RIA at Hazleton Laboratories
(Vienna, VA). Ovaries were snap frozen on dry ice and stored at

 

2

 

70

 

8

 

C. Entire ovaries were cut into 10-

 

m

 

m-thick sections along the
longitudinal axis on a cryostat at 

 

2

 

15

 

8

 

C and thaw mounted onto poly-

 

L

 

-lysine-coated slides for morphological and immunocytochemical in-
vestigation.

 

Morphometry.

 

Fresh frozen tissue sections were fixed in 4% for-
malin for 10 min, and then stained with hematoxylin and eosin. The
largest longitudinal diameter sections from the right and left ovaries
of each animal were chosen for morphometric analysis. Ovarian sec-
tions were digitized using a SonyXC (Cypress, CA) solid state video
camera attached to a Macintosh PowerPC using NIH Image 6.1 im-
age analysis software. Whole ovarian sections were outlined by cursor
control and areas registered. The areas of the largest section from the
left and right ovaries were meaned for each animal and these means
were pooled to determine group means. Ovarian capsule thickness
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was measured at the ab-hilar surface also using image analysis captur-
ing images from a microscope at 100

 

3 

 

(Laborlux; Leica Inc., Deer-
field, IL). Follicle size was determined by measurement of the largest
cross-sectional diameter at a magnification of 200

 

3 

 

for primary folli-
cles and 100 and 50

 

3

 

 for larger follicles. Theca thickness was mea-
sured at 100

 

3

 

. All measurements were made independently for right
and left ovaries from each animal and the data meaned to obtain final
values for each animal. These means were then pooled to obtain
group means.

 

Immunocytochemistry.

 

Immunocytochemistry for Ki67 was per-
formed by the avidin-biotin-immunoperoxidase technique. The
mouse anti–human Ki67 serum (Boehringer Mannheim Biochemi-
cals, Indianapolis, IN) was used at a dilution of 1:50. Fresh-frozen tis-
sue sections were fixed in 4% formalin-PBS for 30 min. After block-
ing in 1% hydrogen peroxide-10% methanol-PBS, avidin-biotin
blocking reagent, and 10% normal sheep serum, tissue sections were
incubated overnight at 4

 

8

 

C with mouse anti–human Ki67 antibody or
with 1% PBS as the control. Thereafter, tissue sections were treated
with biotinylated sheep anti–mouse IgG (1:40) for 30 min at room
temperature, followed by a 45-min incubation with the avidin-biotin-
peroxidase complex (Vectastain ABC Elite Peroxidase Kit; Vector
Laboratories, Inc., Burlingame, CA). The antigen–antibody complex
was visualized by incubation with freshly prepared 3,3

 

9

 

-diaminoben-
zidine (3,3

 

9

 

-diaminobenzidine Substrate Kit; Vector Laboratories,
Inc.), and the tissue was counterstained with methyl green.

In addition, the ApopTag

 

®

 

 method for in situ apoptosis detection
of programmed cell death was performed. This TUNEL (termi-
nal-deoxynucleotidyl-transferase-mediated, dUTP, nick-end-labeling)
method uses the terminal deoxynucleotidyl transferase (TdT) en-
zyme to catalyze the attachment of digoxigenin-dUTP onto the free
3

 

9

 

-OH ends of apoptotic DNA fragments (Oncor Inc., Gaithersburg,
MD). Fresh-frozen tissue sections were fixed in cold acetone and cold
2:1 ethanol:acetate at 

 

2

 

20

 

8

 

C for 10 and 5 min, respectively. After
blocking with 1% bovine serum albumin–PBS, tissue sections were
incubated for 1 h at 37

 

8

 

C with digoxigenin-dUTP and TdT or with 1%
PBS as the control. Tissue sections were then incubated in antidigoxi-
genin peroxidase for 30 min at room temperature. The antigen–anti-
body complex was visualized with 3,3

 

9

 

-diaminobenzidine and stained
with methyl green as described above.

 

Quantitative analysis.

 

Ki67 and ApopTag

 

®

 

-positive granulosa cells
and Ki67-positive theca cells in each group of follicles were counted
under direct visualization at 400

 

3

 

 magnification using a Laborlux mi-
croscope (Leitz, Rockleigh, NJ). Approximately 100 cells were scored
for each follicle and data was expressed as a percentage representing
the ratio of positive-staining nuclei to total number of counted nuclei.
Mean values for each group were compared by analysis of variance,
followed by Fisher’s least significant difference test.

 

Results

 

Morphometry.

 

Ovaries of testosterone-treated animals were
enlarged with increased antral follicle numbers compared with
controls at the macroscopic level (Fig. 1). Figs. 1 and 2 

 

A

 

 show
that testosterone (T) treatment increased maximal ovarian
cross-sectional area at both 3 and 10 d (

 

P

 

 5 

 

0.002 and

 

 

 

0.034,
respectively). Following this trend, testosterone also induced
more than a twofold increase in capsular thickness: control
group was 78

 

6

 

8.6 

 

m

 

m; T 3 Day was 160

 

6

 

27.8 

 

m

 

m (

 

P

 

 5 

 

0.005),
and T 10 Day was 164

 

6

 

15.2 

 

m

 

m (

 

P

 

 5 

 

0.004).
Total follicle number was increased by 2.5-fold in the 3-d

treatment group and 4.5-fold in the 10-d group (Fig. 2 

 

B

 

). To
determine whether specific stages of follicular development
were selectively affected by testosterone, follicles were divided
into five different classes based on diameter (Table I). Tes-
tosterone significantly increased the numbers of all small folli-
cle groups (Fig. 2, 

 

A–D

 

) up to 1 mm in diameter (Fig. 2, 

 

C

 

 and

 

D

 

). This includes a 2.7-fold increase in the number of primary
or “A” follicles after 3 d (

 

P

 

 5 

 

0.042) and a 4.6-fold (

 

P

 

 5

 

0.0005) increase after 10 d of testosterone exposure. Fig. 3 il-
lustrates the remarkable abundance of primary follicles in the
testosterone-treated ovarian cortex. There was also a very
large increase in small antral (“D”) follicles. Testosterone,
however, did not increase the abundance of large antral (pre-
ovulatory) follicles (“E”, Fig. 2 

 

D

 

).

Figure 1. Testosterone treatment increases ovarian size and follicular 
number. This figure shows representative hematoxylin and eosin–
stained ovarian sections from placebo (A), 3-d testosterone-treated 
(T3, B), and 10-d testosterone-treated (T10, C) groups. Typical exam-
ples of B–E-sized follicles are indicated by the corresponding small 
case letters. Bar 5 1.25 mm.
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Granulosa and thecal cell proliferation and apoptosis.

 

Ovar-
ian cell proliferation was assessed by immunodetection of the
Ki67 antigen, which is a nonhistone nuclear matrix protein ex-
pressed in actively dividing cells (19). Testosterone treatment
increased granulosa cell proliferation in B–E follicles (Figs. 4
and 5 

 

A

 

). No significant Ki67 immunostaining was detected in
primary (A) follicles in any group. Programmed granulosa cell
death was assessed by the in situ detection of DNA fragmenta-
tion using the TUNEL system (20). Testosterone treatment
was not associated with increased granulosa cell apoptosis and
actually prevented the increase in apoptosis typical of small

antral (class D) follicles in controls (Fig. 4 and 5 

 

B

 

).
Both the thickness of the thecal layer and thecal cell prolif-

eration (Ki67 index) were increased in testosterone-treated
animals (Fig. 6 and 7 

 

A

 

). Apoptotic cells were not appreciable
in the thecal layers of control or testosterone-treated animals.

 

Comparison of testosterone and DHT effects on follicular
growth characteristics.

 

Testosterone levels were similar to nor-
mal-cycling women in control animals and were greatly ele-
vated in the high dose, 3-d group, and less elevated but still
pharmacological in the 10-d testosterone group (Table II). To
determine the effects of less extreme androgen levels on follic-
ular growth, and to compare testosterone and DHT with re-
spect to growth-stimulating potency, we treated two new
groups of monkeys with testosterone and DHT. With compa-
rable systemic levels in the 400–600 ng/dl range, DHT and tes-
tosterone effects were equal (Table II). Both androgens signif-
icantly increased numbers of A- and D-sized follicles, although
to a lesser extent than the previous higher dose or longer dura-
tion experiments, and both stimulated granulosa cell prolifera-
tion and suppressed apoptosis to a similar degree (Table II).
This data shows that testosterone’s anabolic effects on the
ovary are androgen receptor mediated and not due to aromati-
zation of testosterone to estradiol. Furthermore, estradiol lev-
els were profoundly reduced in testosterone-treated monkeys
(Table II), suggesting that there was little aromatization occur-
ring either peripherally or in the ovary, probably due to sup-
pression of follicle-stimulating hormone by high androgen levels.

 

Analysis of ovarian cycle stage effects.

 

Since high dose tes-
tosterone treatment suppresses gonadotropins (19), it is not
clear that testosterone-treated animals can be classified into
valid cycle stages for comparison with controls. Notably, the
original studies comparing ovaries from testosterone-treated
women to age-matched controls did not attempt to control for
cycle stage (17–19). The composition of treatment groups at
the start of the study in terms of follicular and luteal phase ani-
mals (defined as P4 

 

, 

 

1.5 ng/ml for follicular and P4 

 

$ 

 

1.5 ng/
ml for luteal) is shown in Table II. The fact that large, statisti-
cally significant treatment effects were obtained despite the
admixture of cycle stages in these groups argues that gonado-
tropins or cycle stage are not critical variables in androgen’s
effects on small follicle growth. To attempt to control for
possible cycle variation, we compared follicular stage controls
(

 

n

 

 

 

5 

 

6) to follicular T-treated animals (pooling 3- and 10-d
treated,

 

 n 

 

5 

 

5). Treatment effects were of the same magnitude
and statistical significance in this analysis; e.g., A follicle num-
ber, Con-F 

 

5 

 

25.6

 

6

 

1.81 vs. T-F 

 

5 

 

126.4

 

6

 

23.67 (

 

P

 

 

 

5 

 

0.0028);

Figure 2. Morphometric changes in ovaries from testosterone-treated 
animals. (A) Ovarian cross-sectional area is significantly increased af-
ter just 3 d and remains elevated after 10 d of testosterone treatment. 
(B) Total follicle number progressively increases with duration of tes-
tosterone treatment and is significantly increased after both 3 and 10 d 
compared with controls. (C and D) The effect of testosterone on spe-
cific-size follicle classes. Data is presented as means6SEM for n 5
4–6 monkeys in each group. *P , 0.05, **P , 0.005, ***P , 0.0005 
compared with control values.

 

Table I. Follicle Classification

 

Follicle class Name Diameter Description

 

m

 

m

 

A Primary 50–100 Less than two layers of cuboidal GC with no thecal layer.
B Preantral 101–380 Three to six layers of cuboidal GC; definitive thecal layers emerges.
C Periantral 381–620 More than six layers of cuboidal GC; definitive thecal layer; antral cavities began to form.
D Small antral 621–1000 More than six layers of cuboidal GC with columnar appearing GC at border of basement membrane;

definitive thecal layer; all follicles have antral cavities.
E Large antral

 

.

 

 1000 Mature graffian follicles with well developed granulosa, thecal, and antral elements.

Follicle size was measured as described in 

 

Methods

 

. The largest diameter measured from basement membrane to basement membrane (not including
the thecal layer) was used to categorize each follicle. GC, granulosa cells.
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D follicle number, Con-F 

 

5 

 

3.75

 

6

 

0.854 vs. T-F 

 

5 

 

13.4

 

6

 

0.872
(

 

P

 

 , 

 

0.0001); Ki67 index in D follicles, Con-F

 

 5 

 

21.0

 

6

 

2.74 vs.
T-F 

 

5 

 

46.6

 

6

 

3.26 (

 

P

 

 

 

5 

 

0.0007); apoptotic index in D follicles,
Con-F 

 

5 

 

57.5

 

6

 

3.86 vs. 21.4

 

6

 

1.6 (

 

P

 

 , 

 

0.0001).

 

Discussion

 

This study has shown that short-term androgen treatment
stimulates early stages of primate ovarian follicular growth,
apparently independently of cycle stage or gonadotropin ef-
fect. Androgen treatment resulted in significant increases in
the number of small growing preantral and antral follicles and
increased granulosa and theca cell proliferation in testoster-
one- and DHT-treated groups. There was no indication of
increased follicular atresia; in fact to the contrary, granulosa-

programmed cell death was significantly reduced in the andro-
gen-treated monkeys. These findings show that, over the short
term at least, androgens are not atretogenic and actually stim-
ulate the growth and survival of small follicles. The concept
that androgens are atretogenic has been difficult to reconcile
with the fact that hyperandrogenic women have increased
numbers of healthy-appearing follicles in all stages of develop-
ment (11), with normal proliferative and steroidogenic capaci-
ties (21, 22) and ability to respond to follicle-stimulating hor-
mone (23–25). The present study provides a new explanation
for the pathogenesis of PCOS-type ovaries by showing that an-
drogens stimulate early, presumably gonadotropin-indepen-
dent, stages of follicular development.

The fact that androgen receptors are present in primate
ovary granulosa and thecal cells (26, 27) supports the view that

Figure 3. Effects of testosterone on the recruitment of follicles into development. Representative samples from control (Con, A and C) and tes-
tosterone-treated (T, B and D) animals. Testosterone induces an increase in the number of class A or primary follicles. Bar 5 100 mm for A and 
B and 50 mm for C and D.
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androgens have direct effects on follicular development.
Moreover, we have recently shown that androgen receptor
gene expression is positively correlated with follicular growth
and granulosa cell proliferation and negatively correlated with
follicular atresia and granulosa cell apoptosis in the primate
ovary (28), providing additional evidence that the androgen
receptor is involved with follicular growth. It is unlikely that
testosterone’s effects were mediated by estradiol derived from
ovarian or peripheral aromatization, since estradiol levels are
profoundly reduced in the androgen-treated animals. Further-
more, estrogens do not have growth-promoting effects and
may actually inhibit the growth of primate ovary follicles

 

 (5–7).
Finally, and most definitively, the nonaromatizable androgen
DHT has growth-promoting effects equal to those of testoster-
one, strongly suggesting that these are androgen receptor-
mediated effects.

The supression of estradiol synthesis in androgen-treated
monkeys is likely due to the suppression of follicle-stimulating
hormone by high circulating androgen levels, as seen in
women with elevated testosterone levels (14, 18). Despite the
suppression of gonadotropins, testosterone-treated women
(16–18) and monkeys (shown in the present study) have in-
creased numbers of developing follicles, suggesting that andro-
gens stimulate gonadotropin-independent follicular growth in
the primate ovary. A number of observations suggest that
early stages of follicular growth are gonadotropin independent
(reviewed in reference 1). For example, small antral follicles
develop in hypophysectomized fetal monkeys, in girls , 6 yr,
and in women with panhypopituitarism or Kallman’s syndrome.
Follicles normally grow at a very slow basal rate through early
stages of development and accelerate the growth rate dramati-
cally, under gonadotropin stimulus, at the time of selection (1).

Figure 4. Effects of testosterone on proliferation (A and B) and programmed cell death (C and D) in the primate follicle. Representative photo-
micrographs of ovary sections from control (Con, A and C) and testosterone-treated (T, B and D) animals. The immunostaining for both Ki67 
and digoxigenin nucleotides appears as a nuclear brown stain. Many of the nuclei in the apoptosis stain look pyknotic or fragmented (arrow-
heads). The percentage of Ki67-positive granulosa cells (GC) is significantly greater in the testosterone-treated group, while apoptotic GC are 
significantly less abundant in the testosterone-treated tissue. Bar 5 25 mm.
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From the results of the present study, we infer that androgens
accelerate the basal growth rate of early, gonadotropin-inde-
pendent stages of follicle development. Interestingly, the
present study also shows that androgens suppress granulosa
cell apoptosis, at least in the short term. This finding is consis-
tent with serial ultrasound observations in women with PCOS
(29), showing prolonged survival of small antral follicles, which
in normal-cycling women either grow rapidly to become domi-
nant follicles or collapse in atresia. If the exposure to androgen
excess continued for a prolonged period, these follicles with

hyperplastic thecal-interstitial components eventually must
collapse back into the ovarian stroma, leading to the stromal
hypertrophy typical of PCOS and chronic testosterone treat-
ment (11, 12, 17–19).

Most women with PCOS do not have extraovarian hyper-
androgenism as a cause of the ovarian syndrome. These
women presumably have local ovarian hyperandrogenism due
to genetic or insulin-induced androgenic enzyme overactivity
leading to excessive follicular growth and PCOS (reviewed in
reference 30). Support for the concept that androgens per se
cause the ovarian pathology of PCOS is provided by a recent
study showing that treatment of young women with PCOS
with androgen receptor blockade (flutamide) results in nor-
malization of ovarian morphology by ultrasound and restora-
tion of normal cyclic ovarian function (31). Thus, it seems
likely that in PCOS, enhanced thecal-interstitial androgen pro-
duction stimulates an abnormally large cohort of developing
follicles, which continuously produce androgens but fail to
show the normal progression to estradiol production and ovu-
lation. This arrest of follicular development in PCOS is likely
due to disruption of the hypothalamic pituitary–ovary axis
caused by elevated systemic androgen levels from the exces-
sive number of developing follicles. Support for this view is
provided by the fact that surgical reduction of cohort size by
wedge resection often restores cyclic ovarian function and fer-
tility (32). These follicles are fully able to respond to gonado-
tropins, as shown by the observation that women with PCOS
frequently “hyperrespond” to gonadotropin stimulation dur-
ing in vitro fertilization cycles, probably because of the in-
creased numbers of “selectable” follicles present in their ova-
ries (23–25).

A previous study tried to establish a model for PCOS in the
rhesus monkey by treating the animals with testosterone to
achieve systemic levels in the typical PCOS range (80–115 ng/
dl) and found no obvious effects on ovarian morphology (33).
However, the circulating testosterone levels seen in PCOS rep-
resent the effect, not the cause, of the ovarian pathology, and
the intraovarian androgen concentrations stimulating excess
follicular growth in PCOS are certainly much higher. We used
higher androgen doses to model the situation of testosterone-
treated transsexuals and, in so doing, have probably come
much closer to simulating the androgen levels occurring in the
follicular microenvironment.

In summary, this study has shown that androgens, in addi-
tion to serving as essential precursors to estrogen biosynthesis,
have dramatic, androgen receptor–mediated trophic effects
upon follicle development in the rhesus monkey ovary. These
findings help explain the pathogenesis of follicular hyperplasia
in PCOS and may provide new insights as to mechanisms gov-
erning normal follicle development.
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T 3/1 76.8620.7 8.761.9 44.562.5 16.365.0 443.8696.0 ND 19.563.3
20 mg/kg, 5 d
P 0.021 0.018 0.0001 0.0001 0.001 0.001

T 2/3 142.3625 15.562.3 40.061.4 19.861.7 13456233 ND 18.163.1
400 mg/kg, 10 d
P 0.0001 0.0001 0.0001 0.0001 0.0001 0.003

T 3/1 83.5620.7 14.060.8 51.060.91 21.062.3 31706682 ND 25.367.3
4 mg/kg, 3 d
P 0.017 0.0001 0.0001 0.0001 0.0001 0.003

This table compares the effects of similar DHT and testosterone levels in a 5-d experiment (rows 2 and 3) on selected aspects of follicle growth. These
include the numbers of A- and D-size follicles, Ki67 (proliferation), and apoptosis indices (expressed as percent positive granulosa cells in D folli-
cles). Data from earlier experiments using higher dose testosterone are shown in rows 4 and 5. Also shown are the number of animals in each group,
each group’s composition in terms of follicular (F) vs. luteal (L) stages, and hormone levels for each group at the time of ovariectomy. Androgen
doses and duration of treatment are indicated in the left-most column. Group means were compared by analysis of variance and P values are shown
for each group compared with control. There were no statistically significant differences in outcome parameters between DHT and T 5-d experi-
ments. Direct comparisons between other groups were not made due to the differing durations of the experiments. ND, not done.

Figure 6. Comparison of thecal 
layer thickness (A and B) and thecal 
cell proliferation (C and D) in con-
trol (Con, A and C) and testoster-
one-treated (T, B and D) ovaries. A 
and B are photomicrographs of he-
matoxylin and eosin–stained ovar-
ian sections showing the thecal layer 
marked by double-headed arrows.
C and D are photomicrographs of 
Ki67 immunostained sections, show-
ing Ki67-positive nuclei in the thecal 
cells (TC). Bar 5 50 mm for A and B 
and 25 mm for C and D.
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Figure 7. Testosterone stimulates thecal-layer growth. (A) Compar-
ing thecal thickness in control and testosterone-treated groups. (B) 
Ki67, or proliferation index of thecal cells in control and testosterone-
treated groups. Data is presented as means6SEM for n 5 4–6 mon-
keys in each group. *P , 0.05; **P , 0.005; ***P , 0.0005 compared 
with control.


