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Abstract. Hypothyroidism in the human female is often associated with ovarian follic-
ular cysts and hyperandrogenism, two cardinal signs of polycystic ovary syndrome.
To explore the intraovarian changes that lead to follicular cyst formation in hypothy-
roidism, we have created a prepubertal hypothyroid rat model. These hypothyroid rats
are hyperandrogenic and develop transient ovarian follicular cysts. Hypothyroidism in
newborn rats was induced by providing the lactating dams with 0.04% propylthiouracil
(PTU)-containing water. Subsequently, female rats were weaned and kept on PTU-
containing water. On Day 25 of age, the rats were primed with 15 international units of
pregnant mare’s serum gonadotropin (PMSG) in 100 pl of phosphate buffered saline.
Two days later, to initiate pseudopregnancy, they were injected with five international
units of human chorionic gonadotropin (hCG). The animals were sacrificed at appro-
priate times, and blood and ovaries were collected for analyses. Control experiments
were done with euthyroid rats. Two days after PMSG injection, well-developed antral
follicles were observed in both the hypothyroid and euthyroid rats. Two days after
hCG injection, while the euthyroid rat ovaries, as expected, contained numerous cor-
pora lutea (CL), the hypothyroid rat ovaries still retained antral follicles. Some of these
follicles with degenerating oocytes showed signs of luteinization. By 3-4 days post-
hCG injection, the hypothyroid rat ovaries developed cystic follicles. By Day 6, how-
ever, the hypothyroid rat ovaries were indistinguishable from those of the euthyroid
rats. Although serum testosterone concentrations were significantly elevated in the
hypothyroid rats on Days 1-3, progesterone concentrations were not significantly
different from the euthyroid animals. However, by Days 8-14, the hypothyroid rats had
significantly higher serum progesterone concentrations. This model will be useful for
investigating the intraovarian biochemical changes that lead to follicular cyst devel-
opment in response to acute gonadotropin treatment. [P.S.E.B.M. 1998, Vol 219]

n 1935 Stein and Leventhal (1) described the polycystic
ovary syndrome (PCOS) as a disease associated with
hirsutism, amenorrhea, and infertility. Since then, a
number of other conditions, including elevated luteinizing
hormone (LH) concentrations, hyperinsulinemia, hyperan-
drogenism, and elevated 17a-hydroxyprogesterone have
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come to be associated with PCOS (Refs. 2, 3, and references
therein). Thus, at present, with the exception of ultrasono-
graphic criteria, no single accepted definition of PCOS ex-
ists. However, the recognition of multiple disorders in
PCOS has led to the establishment of many animal models
to study the underlying events in the development of the
polycystic ovary (4—10). These models have been extremely
useful to our present understanding of the complex nature of
the development of cystic follicles.

For several years, we have used the adult hypothyroid
rat model (10) to elucidate the hormonal changes associated
with the development of follicular cysts (11-13). Our inter-
est in this animal model stems from the fact that cystic
follicle—containing ovaries in humans are often associated
with hypothyroidism (14-26). Since the availability of ul-
trasonography, the association between hypothyroidism and
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ovarian cysts has become increasingly evident, and the pres-
ence of cysts now has been considered a diagnostic marker
for hypothyroidism (20-22). Further, the association be-
tween hypothyroidism and ovarian cyst development is
more than a correlation since thyroid hormone replacement
therapy results in the resolution of the cysts in both humans
(17-20, 26) and rats (10). Furthermore, elevated serum con-
centrations of luteinizing hormone (LH), androgen, estra-
diol, and prolactin observed in the hypothyroid rat model
(11-13, 27), are also observed in juvenile (17, 18, 26) and
adult hypothyroid patients (25, 28, 29).

It has been recognized for some time that the vascula-
ture must be the major source of fluid in the cysts (Ref. 30
and references therein). Thus, alterations in the ovarian vas-
culature probably precede fluid accumulation in the cysts.
Since the induction of cysts in the present hypothyroid
model requires chronic administration of hCG to the rats
(10), we wanted to develop an animal model where cysts
could be induced in response to an acute hormonal stimulus
so we could investigate the early intraovarian changes that
precede cyst development. Toward this goal, in this study,
we have combined the hypothyroid rat model (10) and im-
mature pseudopregnant rat model (31), to induce transient
follicular cysts in the immature rat ovary. In this model, a
single injection of PMSG followed 2 days later by a single
injection of hCG to hypothyroid immature rats causes de-
velopment of follicular cysts. We believe that this model
will be useful for studying changes in various intraovarian
biochemical parameters that are associated with the mor-
phogenesis of follicular cysts.

Materials and Methods

Hypothyroid Animal Model. All of the experi-
ments described in this study conform to The Guide for the
Care and Use of Laboratory Animals published by the Na-
tional Research Council (Publications No. 0-309-05377-3,
1996) and were approved by the Kent State University Ani-
mal Care and Use Committee.

Male and cycling female Long Evans rats were main-
tained on a regulated photoperiod (12:12-light:dark cycle)
and temperature (24°C) and with standard rodent chow
(Prolabs, St. Louis, MO) and water available ad [libitum.
Immature female rats for experiments were produced by
breeding these rats as needed. Hypothyroidism in newborn
rats was induced by providing the lactating dams with
0.04% PTU (Sigma Chemical Company, St. Louis, MO)-
containing water. Subsequently, the female rats were
weaned after 21 days and kept on PTU-containing water
until termination of the experiment. On Day 25 of age, the
rats were weighed and primed with 15 international units
(IU) of PMSG (Sigma) in 100 pl of phosphate buffered
saline (PBS). Two days later, pseudopregnancy was initi-
ated by injecting the rats with 5 IU of hCG (Sigma) in 100
pl of PBS as described previously (32). Control euthyroid
rats were also treated as above without exposure to PTU
water. At appropriate times, the animals were weighed and
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sacrificed, and the blood and ovaries were collected for
analyses. At least three animals were used at each time
point.

Tissue Processing, Hormone Assays and Sta-
tistical Analysis. For histology, the ovaries were fixed
overnight in Bouin’s fixative and processed for paraffin
embedding. Sections were cut at 6 pm and stained with
hematoxylin and eosin. Serum progesterone and testoster-
one were measured directly with the ACS:180 automated
chemiluminescence system (Chiron Diagnostics, Walpole,
MA), and the values were analyzed by one-way analysis of
variance (ANOVA) followed by Scheffe’s F test. Signifi-
cance was determined at P < 0.05. Results are expressed as
mean = standard error of the mean (SEM).

Results

Effects of Hypothyroidism on Body and Ovari-
an Weights. The body weights of PTU-treated hypothy-
roid rats, as expected, were significantly lower than the
control euthyroid rats on the day of PMSG injection (hy-
pothyroid rats, 33.5 + 0.7 g; control rats, 66.7 £ 2.2 g).
Further, lower body weights were maintained throughout
pseudopregnancy in the hypothyroid rats (Fig. 1). The
marked rise in the weights of the euthyroid rats on Day 14
of pseudopregnancy presumably reflects the growth associ-
ated with pubertal maturation.

Although the ovarian weights of both the hypothyroid
and the euthyroid rats were essentially the same on the day
of PMSG injection (hypothyroid rats, 12.4 + 1.2 mg/pair;
control rats, 12.0 + 1.8 mg/pair), by the first day of pseu-
dopregnancy (one day after hCG injection) the ovarian
weights of the hypothyroid rats were significantly lower
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Figure 1. Body weights of euthyroid (control} and hypothyroid (PTU)
rats. Throughout the experimental period, as expected, the body
weights of the hypothyroid rats were significantly lower than those of
the euthyroid rats. The marked rise in the weights of the euthyroid
rats on Day 14 of pseudopregnancy likely reflects the growth asso-
ciated with pubertal maturation. Values are mean + SEM. The num-
ber of animals at each time point is shown in parentheses.



than those of the euthyroid rats (Fig. 2). However, by the
third and fourth days of pseudopregnancy, the hypothyroid
rat ovarian weights were significantly higher than those of
the euthyroids (Fig 2). By the middle of pseudopregnancy,
there were no significant weight differences between the
two groups (Fig 2).
Effects of PMSG alone on Ovarian Morphology.
Examination of the ovaries 2 days after PMSG injection
showed fully developed antral follicles in both the euthyroid
(Fig. 3A) and the hypothyroid rats (Fig. 3B). The ovarian
interstitium, however, appeared to be more compact in the
hypothyroid rats (Fig. 3B) whereas the interstitial tissue was
more dispersed in the stromal tissue. Further, a few col-
lapsed follicles were also observed in the hypothyroid rat
ovaries (Fig. 3B).

Ovarian Morphology During Pseudopreg-
nancy. When the euthyroid rat ovaries were examined 2
days after hCG injection (Day 2 of pseudopregnancy), as
anticipated, many CL were observed (Fig. 4A). On the other
hand, the hypothyroid rat ovaries were devoid of CL and
contained many antral follicles (Fig. 4B). In addition, the
oocytes in many of these follicles were fragmented, and the
follicles showed signs of luteinization (Figs. 4C & D),
which could potentially give rise to corpora atretica. Occa-
sionally, polyovular follicles (follicles with more than one
oocyte) were also observed in the hypothyroid rat ovaries
(not shown). By the third and fourth days of pseudopreg-
nancy, the ovaries in many of the hypothyroid rats contained
mostly cystic follicles with a few layers of granulosa cells
(Fig. 5A). The size of the cysts ranged from about 1 to 1.2
mm in diameter (data not shown). Note that the term pseu-
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Figure 2. Ovarian weights of euthyroid (control) and hypothyroid
(PTU) rats. One day after hCG injection (Day 1 of pseudopreg-
nancy), the ovarian weights of the hypothyroid rats were significantly
lower than those of the euthyroid rats. On Days 3 and 4, however,
the hypothyroid ovarian weights were higher than those of the eu-
thyroid ovaries. By the middle of pseudopregnancy, there were no
significant weight differences between the two groups. Values are
mean + SEM. The number of animals at each time point is shown in
parentheses.

Figure 3. Photomicrographs of (A) PMSG primed euthyroid and (B)
hypothyroid rat ovaries. Note the presence of large antral follicles, F,
in both groups. The interstitial glands, |, appear to be more compact
in the hypothyroid ovary (B) than in the euthyroid ovary (A) where the
interstitial tissue is dispersed in the prominent stroma, S. Arrow-
heads indicate two collapsed follicles. Scale bar = 500 pm.

dopregnancy in the hypothyroid rats here refers not so much
to the classical definition of postovulatory pseudopregnancy
but rather to the period following hCG injection.

Where luteinization occurred (Fig. 5B), prominent neo-
vascularization zones were observed (Figs. 5C & D). By the
eighth day of pseudopregnancy, however, no morphological
distinctions could be made between the euthyroid and the
hypothyroid rat ovaries. Both contained what appeared to be
normal healthy CL. The average size of the CL in both
groups was about 1 mm in diameter (not shown). By the
fourteenth day of pseudopregnancy, as expected, the CL of
the euthyroid rats had involuted, and their luteal cell nuclei
were pyknotic (Fig. 6A). Remarkably, the luteal cells of the
hypothyroid rat ovaries appeared healthy with a large cyto-
plasmic to nuclear ratio and euchromatic nuclei (Fig. 6B).

Testosterone and Progesterone Concentra-
tions During Pseudopregnancy. Two days after
PMSG injection, serum testosterone concentrations were
not different between the hypothyroid and the euthyroid
rats. However, in response to hCG injection, serum testos-
terone concentrations significantly decreased in the euthy-
roid rats (Fig. 7). The decrease in serum testosterone in
these animals may reflect the differentiation of thecal cells
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Figure 4. Photomicrographs of ovaries from Day 2 pseudopregnant rats. Nearly fully developed corpora lutea, CL, are seen in the euthyroid
ovary (A). In contrast, the hypothyroid ovary (B) is filled with many antral follicles, F. Degenerating oocytes (arrowheads) are present in the
hypothyroid ovaries (C and D). Figs. A and B: Bar = 500 um. Figs. C and D: Scale bar = 200 pm.

into luteal cells in the euthyroid ovaries. In contrast, serum
testosterone concentrations were maintained at pre-hCG in-
jection values through the fourth day after the injection of
hCG in the hypothyroid rats (Fig. 7). During the first three
days of pseudopregnancy, serum testosterone concentra-
tions were significantly higher in the hypothyroid rats than
in the euthyroid rats (Fig. 7). By Day 4, no significant
difference was observed between the two groups. By Day 8,
testosterone concentrations had reached the basal level in
both groups. Serum progesterone concentrations were simi-
lar in both the euthyroid and the hypothyroid rats until Day
4 of pseudopregnancy (Fig. 8). However, after Day 4, serum
progesterone was significantly higher in the hypothyroid
rats than in the euthyroid rats. By Day 14, as expected (31),
serum progesterone declined close to its basal value in the
euthyroid rats. To the contrary, serum progesterone concen-
tration remained significantly elevated in the hypothyroid
rats.

Discussion

We have established an immature hypothyroid model in
which PMSG-primed rats developed ovarian cystic follicles
in response to a single injection of hCG. Although we did
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not measure the serum concentrations of thyroid hormones
and TSH in our model, it is clear that treatment of male
neonatal rats with PTU from birth to Day 25 post partum
severely decreases the serum thyroid hormone levels (33)
while elevating TSH levels (34). Also in the adult hypothy-
roid rat model thyroid hormones are decreased, and TSH
levels are elevated in response to PTU treatment (35).

In this model, transient cystic follicles (Fig. 5A) and
high serum androgen levels (Fig. 7) were observed in re-
sponse to a single injection of hCG to PMSG-primed rats.
These cysts (<1.5 mm) are similar to the small cysts we
have observed in the adult hypothyroid rats after three in-
jections of hCG (13) but are smaller than the 1.8 mm cysts
observed after 10 days of hCG treatment (10). Unlike the
euthyroid rats, where prompt luteinization was observed in
response to hCG, the hypothyroid rat ovaries showed many
cystic follicles as late as 4 days after hCG injection (Fig.
5A). However, by Day 8 (figure not shown), no cystic fol-
licles were observed in these ovaries. Instead, the ovaries
were full of CL. It is not clear if any of these were true CL
from ovulated follicles although a developing CL observed
on Day 4 of pseudopregnancy (Fig. 5B) appears to be from
an ovulated follicle. However, it is difficult to rule out the
possibility that CL could also arise from unovulated fol-



Figure 5. Photomicrographs of ovaries from Day 4 pseudopregnant hypothyroid rats. Many cystic follicles, CF, are seen in a hypothyroid ovary
(A). Some ovaries also contain developing corpus luteum, CL (B). Luteinization is associated with prominent neovascularization (C and D)
zones (arrowheads). Fig. A: Bar = 500 pm; Fig. B: Bar = 200 pym. Figs. C and D: Scale bar = 50 pym.

licles since luteinization was present in follicles with de-
generating oocytes (Fig. 4D). Moreover, hypothyroidism
appears to be an important contributing factor in inhibiting
ovulation since clomiphene does not induce ovulation in
hypothyroid women (36). This may result from impaired
follicular development in the hypothyroid ovary. It is inter-
esting to note that in neonatal hypothyroid male rats, tes-
ticular maturation of both germ cells (37) and Sertoli cells
(38) was delayed. Thyroid hormone normally inhibits neo-
natal Sertoli cell proliferation and stimulates their differen-
tiation (39). Thus, in the absence of thyroid hormones, the
Sertoli cells, counterparts of granulosa cells, may continue
to proliferate rather than differentiate. Further, it has been
proposed that the increased Sertoli cell proliferation in the
neonatal hypothyroid rats might be due to the rising serum
TSH concentration (34). Since TSH is able to bind to and
activate both FSH (40) and hCG receptors (41), a simulta-
neous decrease in serum thyroid hormones and rise in TSH
in the hypothyroid female rats (35) may also lead to poten-
tial defects in follicular maturation.

An ovulatory defect is observed even in euthyroid ani-
mals with cystic (42, 43) and noncystic ovaries (44). Fur-
ther, in the anovulatory transgenic mice with elevated serum
LH, luteinized cystic follicles and true CL-like structures

have been observed (45). In addition, in the rat, luteal tissue
derived from cystic or atretic follicles is difficult to distin-
guish from that derived from the normal CL (46). Therefore,
the assignment of the origin of CL in the hypothyroid rat
ovary requires future experiments involving thecal- and
granulosa cell-specific lectins or immunological markers.

The increased ovarian sensitivity to gonadotropins, as
discerned by the increased ovarian weight (Fig. 2) and se-
rum sex steroids (Fig. 7, 8), has been observed previously
(10-13, 47), and this increased sensitivity is diminished in
response to thyroxine replacement (48). An increase in the
number of hCG (49) and FSH (50) receptors in the hypo-
thyroid ovary may account in part for this ovarian hyper-
sensitivity. Additionally, the increased thyrotropin (TSH) in
the hypothyroid rats may synergize with the actions of go-
nadotropins through their receptors (41). TSH also has been
shown to increase progesterone production by rat luteal
cells from both hypothyroid and euthyroid rats in vitro (51).
Thus, the maintained concentrations of serum testosterone
and progesterone (Fig. 8) may well reflect the combined
responsiveness of the ovaries to both endogenous gonado-
tropins and TSH.

The high serum concentration of progesterone on Day
14 in the hypothyroid rats could result from the apparent
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Figure 6. Photomicrographs of corpora lutea, CL, from Day 14
pseudopregnant euthyroid (A) and hypothyroid (B) rats. It can be
clearly observed that the luteal cells of the euthyroid CL (A) have a
small cytoplasmic to nuclear ratio in comparison to that of the hypo-
thyroid CL (B). The euthyroid luteal cell nuclei also appear to be
pyknotic. Scale bar = 50 pm.

extended life span of the luteal tissue if the cells continue to
show increased sensitivity to gonadotropins for the reasons
we have discussed above. In this context it is interesting to
note that prolonging the half-life of luteinizing hormone in
transgenic mice not only leads to the development of cystic
follicles but also prolongs the length of pseudopregnancy
(52). Alternatively, delayed luteinization of the unruptured
follicles in the hypothyroid ovary could also account for the
elevated serum progesterone in late pseudopregnancy.
Whether one or both of these above possibilities takes place
in our model remains to be determined.

The intraovarian mechanisms that lead to the develop-
ment of cystic follicles have not been studied extensively.
Recently, however, it has been shown (53) that polycystic
ovarian follicles stained strongly for vascular permeability
factor/vascular endothelial growth factor (VPF/VEGF).
VPF/VEGF causes both fluid accumulation (54) and angio-
genesis (55). Hypoxia is a potent inducer of VPF/VEGF
(56). It has been observed that polycystic condition is as-
sociated with increased lactate accumulation (57), an indi-
cator of anaerobic tissue metabolism. Thus, fluid accumu-
lation in the cystic follicles could be mediated by VPF/
VEGF. However, the regulation of VPF/VEGF or other
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Figure 7. Serum testosterone in euthyroid (control) and hypothyroid
(PTU) rats. Serum testosterone concentrations were not different
between the hypothyroid and euthyroid rats 2 days after PMSG in-
jection (PMSG = Day 0 of pseudopregnancy). However, in response
to hCG injection, the serum testosterone concentrations were sig-
nificantly decreased in the euthyroid rats than in the hypothyroid rats
during the first 3 days of pseudopregnancy. By Day 4, no significant
difference was observed between the two groups. By Day 8, testos-
terone concentrations had reached the basal levels in both groups.
Values are mean + SEM. The number of animals at each time point
is shown in parentheses.
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Figure 8. Serum progesterone in euthyroid (control) and hypothy-
roid (PTU) rats. Serum progesterone concentrations were also not
different between the hypothyroid and euthyroid rats 2 days after
PMSG injection (PMSG = Day 0 of pseudopregnancy). During the
first 4 days of pseudopregnancy, no significant differences were ob-
served between the two groups. Subsequently, however, serum pro-
gesterone concentrations were significantly higher in the hypothyroid
rats than in the euthyroid rats. Values are mean + SEM. The number
of animals at each time point is shown in parentheses.

factors that contribute to cyst development remains to be
explored. The model developed in this study will be espe-
cially useful for exploring the changes in the ovarian vas-
culature associated with cyst development since the neona-
tal ovaries contain neither ovulatory follicles nor corpora
lutea prior to exogenous hormone treatment.
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