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Abstract.
In adult rats, removal of one ovary leads to an acute albeit transient rise in
serum follicle stimulating hormone and an increase in the weight of the remaining ovary.
In an attempt to correlate the high titre of endogenous follicle stimulating hormone with
the changes taking place at the macromolecular level, the phenomenon of compensatory
ovarian hypertrophy was studied for one cycle after hemiovariectomy at metoestrus in the
adult, cycling female rats derived from the Holtzman strain. The significant finding with
respect to hormonal changes was an acute follicle stimulating hormone surge commencing
6h post-unilateral ovariectomy, reaching a maximum at 12 h and declining thereafter,
hitherto not reported in the Holtzman strain. Serum luteinizing hormone, prolactin,
oestradiol-17ß and testosterone remained unaltered while progesterone showed a decline at
6 h after surgery. There was an increase in the number of healthy class III (> 350 μm)
follicles with a concomitant drop in atretic class III follicles 24 h post-unilateral
ovariectomy. Analysis for DNA, RNA and protein content showed that all three
constituents registered a continuous rise in the hypertrophying ovary up to 120h after
surgery. When expressed as µg/mg ovarian weight, the increase in DNA reached a
maximum at 24 h and declined thereafter. The kinetics of DNA synthesis was followed by
pulse labelling with [3H] thymidine at 18, 24, 36 and 48 h after unilateral ovariectomy.
Maximum incorporation occurred at 36 h. Autoradiographic studies showed that the
granulosa cells of healthy follicles preferentially incorporated the label. In an extension of
this study, it was found that labelling index registered a significant increase following
ovariectomy, the maximum being reached at 24 h especially in class III follicles.
The results clearly point out the crucial role of hyperplasia in the response of the
contralateral ovary to the surgery and implicate the rise in follicle stimulating hormone as
the primary signal for initiation of such a response. This raises the question whether in
compensatory ovarian hypertrophy follicle stimulating hormone has a mitogenic role.
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Introduction

The sequence of events following removal of one ovary and of the significance of
these events in relation to Lipschutz's "law of follicular constancy" (Lipschutz 1928)
have not been understood clearly inspite of considerable literature on what has
come to be known as 'compensatory ovarian hypertrophy' (COH) in mammals—
particularly the rodents. Theories propounding the notion of increased 'consumption' (McLaren 1963; Peppier 1972; Peters and Braathen 1973) or change in the
molecular form (Ramirez and Sawyer 1974) of secreted gonadotrophins following
unilateral ovariectomy (ULO) still persist although the importance of enhanced
secretion of gonadotrophins via a feedback mechanism has been strongly advocated
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(Butcher 1977; Welschen et al 1978; Ackland et al 1990). The relative contributions
of a de novo increase in the number of immature follicles going up to full maturity
and of the 'rescue' of atretic follicles are also still being debated (Peppler and
Greenwald 1970; Welschen et al 1978; Hirshfield 1983, 1989).
A perusal of the literature shows that while ULO evokes an acute surge in follicle
stimulating hormone (FSH) within 24 h of surgery in several strains of rat
(Howland and Skinner 1973; Butcher 1977; Welschen et al 1978; Otani and
Sasamoto 1982), to our knowledge such acute changes have not been reported for
the Holtzman rat. Peppier (1972) failed to observe any change in plasma FSH
following ULO on oestrus in Holtzman rat possibly because the first sampling time
in his study was 24 h after surgery, by which time levels come back to normal in
other strains. Accordingly, the phenomenon of COH, following ULO was studied,
in detail, in the 5-day cycling adult Holtzman rat, taking into account the acute and
short-term sequelae. Further, an attempt has been made to correlate the high titre
of endogenous FSH not only with gross changes in weight, nucleic acid and protein
content, but also cellular proliferative activity (hyperplasia) in the hypertrophying
ovary.
2.
2.1

Materials and methods
Maintenance of animals

Colony bred female albino rats originally derived from the Holtzman strain were
used. They were maintained under standard laboratory conditions (temperature
24 ±1o C, 14 h light-10h dark schedule) and were provided a commercial pelleted
diet and water ad libitum. From 45 days of age onwards, the oestrous cycles of these
animals were monitored by daily vaginal smears taken between 0900 and 1100 h.
Only females exhibiting 3 or more consistent 5-day cycles immediately prior to the
experiment were used.
2.2

Surgery

Surgery was performed under ether anaesthesia on the morning of metoestrus
(1100 h). In the case of the ULO groups, the left ovary was removed via a dorsolateral incision, cleared of adhering fat and weighed to the nearest tenth of a mg on
a torsion balance. Sham operations included all the surgical procedures except for
ligation of the blood supply to and removal of the ovary. At the designated time,
4–5 rats of the ULO as well as the sham-operated group were killed by decapitation
and trunk blood was collected. Clotted blood was stored overnight at 4°C and the
serum separated next morning. Sera were stored frozen at -20°C until assayed for
hormones The remaining ovaries were excised, weighed and stored frozen until
processed further for estimation of tissue constituents or fixed immediately for
histology.
The amount of compensatory ovarian hypertrophy was calculated by the
formula:
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where R is the weight of the right ovary remaining in situ and L is the weight of the
left ovary removed at the time of surgery.

2.3 Follicle classification and counts
To determine the total number of healthy and atretic follicles in an ovary, the
ovaries excised at the designated time were processed for histology. They were fixed
in Bouin's fluid for at least 24 h, dehydrated through grades of alcohol, embedded
in paraffin and serially sectioned at 6 μm. The sections were stained with Harris'
haematoxylin and eosin.
All sections were examined under a light microscope. Follicles were rated as
healthy or atretic according to the criteria described by Hirshfield (1982). A follicle
was considered atretic if more than 2 pycnotic granulosa cells were visible in the
same section. Healthy and atretic follicles were divided into the following three size
classes:
Class I (50-200 μm), Class II (200-350 μm) and Class III (> 3 5 0μ m) . These size
classes are roughly equivalent to types 4 and 5a, types 5b and 6, and types 7 and 8
follicles, respectively, of the classification of Pedersen and Peters (1968). Using a
calibrated ocular micrometer, the mean diameter of a follicle was calculated by
measuring two diameters at right angles to each other in the largest section of the
follicle containing the oocyte (basement membrane of the granulosum serving as the
boundary of the follicle). The number of follicles in each class was recorded.
2.4 Radioimmunoassay of hormones
Radioimmunoassays for gonadotrophins were performed by the double antibody
method (Midgley 1966), using NIDDK rat RIA kits. The results are expressed with
reference to NIDDK-rFSH-RP-1 (sensitivity, 3·9 ng/tube), NIDDK-rLH-RP-2
(sensitivity, 2·0 ng/tube) and NIDDK-rPRL-RP-2 (sensitivity, 3·9 ng/tube). Intraand interassay variations were respectively, FSH: 4–5% and 6–8%; LH 4–6% and
8–9% and PRL 6–7% and 10–14%.
Radioimmunoassays for steroids were performed by the method of Abraham
(1974). The radiochemicals [2,4,6,7,3H]-17ß oestradiol (sp. activity, 99 Ci/mmol),
[1,26,7,3H]-testosterone (sp. activity, 80 Ci/mmol) and [1,2,6,7,3H]-progesterone
(sp. activity, 104 Ci/mmol) were obtained from Amersham International,
Amersham, UK. Antisera raised against oestradiol-3-(o-carboxymethyl) ether BSA,
testosterone-19-(o-carboxymethyl) ether BSA and progesterone-3-(o-carboxymethyl)
ether BSA were used. The antiserum against testosterone showed 33% crossreaction with dihydrotestosterone, while progesterone antiserum showed 33% crossreaction with testosterone. The sensitivities of the assays were: oestradiol 17β (2·5
pg/tube), testosterone (10 pg/tube) and progesterone (10 pg/tube).
2.5

Processing of ovaries for DNA, RNA and protein estimation

Each ovary was homogenized in 1 ml of normal saline and the macromolecular
fraction precipitated by the addition of cold trichloroacetic acid (10%). DNA, RNA
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and protein were partitioned according to Schmidt and Thannhauser (Schmidt
1957). RNA was estimated by the orcinol reaction (Schneider 1957). DNA and
protein were quantitated by Burton's (1956) diphenylamine method and the
procedure of Lowry et al (1951) respectively. DNA, RNA and protein content were
expressed both as amount per organ (µg/ovary) and as concentration (µg/mg
ovarian tissue). The latter values were used to calculate their per cent increase in the
remaining ovary in the same way as per cent C O H .
2.6

In vivo incorporation of [3H] thymidine

2.6a Tissue uptake of label: Rats were unilaterally ovariectomized or shamoperated on metoestrus as described earlier. At 16, 22, 34 and 46 h after the surgery,
the animals in each group were injected intraperitoneally with 120 μCi of
[3H] thymidine (Bhabha Atomic Research Centre, Bombay, specific activity,
l8Ci/mmol) in 1 ml of 0·9% saline. Two hours later, animals were killed with an
overdose of ether. The ovaries were excised and weighed. Each ovary was then
homogenized in saline. DNA was isolated from the ovarian tissue by cold TCA
precipitation followed by acid hydrolysis at 90° C for 20 min. Aliquots of the
supernatant were then applied to discs of Whatman 3 MM chromatography paper,
air-dried and put in scintillation vials containing Bray's scintillation cocktail. The
radioactivity was then measured in a Beckman LS 1801 spectrometer (counting
efficiency for 3H ranging from 52–58%). The results are expressed as dpm/ovary
and dpm/mg ovarian tissue.
2.6b
Autoradiography: Animals were unilaterally ovariectomized or shamoperated. At 22, 46 and 70 h after the operation, they were injected intraperitoneally
with 120μCi of [3H] thymidine and killed 2h later. The ovaries were removed,
fixed in Bouin's fluid for at least 24 h, dehydrated through ethanol, embedded in
paraffin, and serially sectioned at 6 μm. The sections were mounted on "subbed"
slides (Rogers 1979), dewaxed and hydrated.
Autoradiography was performed according to the dipping method of Kopriwa
and Leblond (1962) as modified by Kumari and Duraiswami (1986).

2.6c Labelling index: The labelling index, i.e. the percentage of labeled
granulosa cells in a follicle, was determined for healthy follicles in the three size
classes described earlier. A follicle was considered labelled if it has 5 or more
labelled granulosa cells; a granulosa cell was labelled if it had 4 or more grains over
its nucleus. Five to ten follicles in each class per ovary were selected randomly for
determining the labelling index.
2.7

Statistical analysis

Statistical analysis of the data was done by the Student's t-test. For the
incorporation studies, two-way analysis of variance (ANOVA) with unequal but
proportionate subclass numbers (Sokal and Rohlf 1981) was performed.

Hyperplasia in compensatory ovarian hypertrophy

3.
3.1

63

Results
Ovarian weight, DNA, RNA and protein

Following ULO, the remaining ovary increased in size and weight. The increase in
weight was discernible only 48 h later. Thereafter, it increased steadily till 120 h
(table 1).
Total DNA content (µg/ovary) of the hypertrophying ovary increased
significantly as compared to its excised counterpart, 18 h after surgery. It registered
a further dramatic increase at 24 h, after which the increment was gradual.
However, when expressed in terms of µg/mg ovarian tissue, DNA content showed a
significant increase 18 h after ULO, reached a maximum at 24 h and then gradually
declined to reach control values by 120 h (table 1).
Total RNA and protein (µg/ovary) of the remaining ovary also showed a
significant increment 24 h and 48 h post-ULO respectively and increased steadily
till 120 h. The rise in RNA and protein content (μg/mg ovarian tissue) of the
hypertrophying ovary became evident 24 h after surgery (table 1). Differences
between different time periods after that were not statistically significant.
3.2 Hormone levels
Serum FSH showed an acute rise 6 h after ULO (P < 0·01, t-test, figure 1), peaked at
12 h and returned to control values by 18 h. LH, on the other hand, did not show
any significant change in response to ULO (data not shown). A peak of prolactin
occurred 12 h after surgery in both sham-operated and ULO groups, but was much
more acute in the latter (figure 2). After 18 h, the levels of these hormones in the
hemicastrate rat were similar to those of the sham-operated animal (Bhagat 1991).
Serum oestradiol levels did not show any statistically significant variation
consequent upon hemiovariectomy (results not shown). Serum progesterone showed
a dramatic fall within 6 h of ULO, remained low at 12 h (Ρ <0·05, t-test) and then
returned to control levels by 18 h (figure 3). Serum testosterone also showed
considerable variation but these were not statistically significant (data not shown).

3.3 Follicle counts
In rats, the total complement of follicles present in the ovary does not change in
response to ULO. However, there is a progressive shift in the follicles from one
class to another. Figure 4 shows the distribution of healthy and atretic follicles in
the sham and ULO groups at different hours after surgery. Surgery appeared to
have no effect on the status of healthy and atretic follicles in the class I (50–200 μm)
category. The most striking changes were observed 24 h post-ULO in the class III
(>350μm) follicles. There was a significant increase in the number of healthy
follicles with a concomitant drop in the number of atretic follicles belonging to class
III (P < 0·0 5, t test). By 72 h, the number of healthy class II follicles was reduced
significantly. Simultaneously, there was a two-fold increase in the number of healthy
follicles (class III) in the hypertrophying ovary as compared to the follicles present
in a single ovary of a sham-operated animal.
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Table 2. Incorporation of radioactive
following ULO as a function of time.

thymidine

into

DNA

65
in

the

contralateral

ovary

The data are expressed in terms of mean dpm/ovary and mean dpm/mg ovarian tissue.
*Indicates P<·0·05 (two way ANOVA).

The hemicastrate rat had very few healthy class III follicles 96 h after surgery, i. e.
day 1 (oestrus) of the next cycle. By metoestrus (120 h), the number had again
increased significantly. These follicles presumably are those which are destined to
ovulate in response to the pro-oestrous surge of LH. Clearly, the hypertrophied

Figure 1
test).

Effect of ULO on circulating FSH. Values are mean ± SEM, (n = 5). *P < 0·01 (t-
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Figure
2. Effect of ULO on circulating PRL. There is a sharp rise in serum PRL level
12 h after surgery in both ULO and sham-operated groups. Other details as in figure 1.
*P<0·05 (t-test).

Figure 3. Acute and short term effects of ULO on serum progesterone levels. Values are
mean ± SEM (n=5), *P <0·05 (t-test). Since there were no differences between the intact
control and the sham-operated groups at any of the designated time periods, the shamoperated animal is considered as the control.
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Figure 4. Fate of follicles as a function of time following sham operation ( ) or ULO
( ). (Α) Distribution of healthy follicles and (B) atretic follicles in the three classes. Values
are mean ± SEM (n = 5). *P <0·05 (t-test). See text for details.

ovary at 120 h has increased its complement of class III follicles two-fold so that the
ULO rat now sheds the same number of ova as an intact animal.
When expressed as a percentage of the total population, the number of healthy
and atretic follicles (of all classes) is reduced and increased, respectively, at 48 and
120 h after surgery. At all other time periods studied, their percentage remained the
same.
3.4

In vivo incorporation of [3H] thymidine into ovarian DNA

Since DNA content (µg/mg tissue) was significantly increased 18 h after ULO and
started declining by 48 h, this time interval was chosen for the study of in vivo
incorporation of precursor. From table 2, it is clear that following ULO, there was
a significant increase in the uptake of [3H] thymidine by the remaining ovary
(P < 0·05), the maximum incorporation in terms of dpm/mg ovarian tissue occurring
36 h after ULO. The differences between different time intervals were also
statistically significant (P< 0·001, F-test, two way ANOVA).
3.5

Autoradiographic analysis and labelling index

Figure 5 depicts the labelling index (LI) in the 3 classes of follicles 24, 48 and 72 h
post-surgery. LI increased in all the classes 24 h after ULO, the maximum
percentage of granulosa cells being labelled in class III follicles (> 350 µm). By 48 h,
LI declined but was still significantly different from the control (P < 0·05, t-test). LI
in class I and class III follicles was similar in both ULO and sham groups 72 h postULO (P>0·75, t-test).
The labelling intensity (number of grains per nucleus) was also maximum in the
24 h ULO group. Besides the granulosa cells, theca cells and a few cells in the
interstitium (near the capillaries) also picked up the label. Corpora lutea did not
incorporate thymidine in the three groups studied (figure 6).
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Figure 5. Labelling index (LI) in granulosa cells belonging to all three classes of healthy
follicles as a function of time following surgery. Five to ten follicles in each class per ovary
Were examined. Values are mean ± SEM (n. no. of ovaries = 4) for sham (□) and ULO ( )
groups. *P<0·05 (t-test).

4.

Discussion

Although the phenomenon of COH has been extensively studied, the mechanism
involved still remains a conundrum. Evidence, however, points up the importance
of FSH as the "signal" which informs the remaining ovary about its missing partner
and initiates a chain of events ultimately leading to compensatory ovulation. The
cue to the hypothalamo -pituitary axis, on the other hand, may be a steroid/nonsteroidal factor (inhibin) although neural involvement cannot be discounted
(Butcher 1977; Welschen et al 1978; Nance et al 1983; Curry et al 1984; Ackland et
al 1990). The mechanism whereby the FSH level returns to normal following its
acute rise has still not been elucidated. However, it appears plausible that the FSH
induced increase in inhibin mRNA after ULO would result in increased serum
inhibin levels. This, in turn, may be expected to inhibit FSH secretion (Ackland et al
1990).
Our results show that following ULO in the adult Holtzman rat. there is an acute
rise in FSH (peak at 12 h; figure 1). Concomitantly there is a drop in progesterone
(figure 3) which is rather surprising in light of the fact that LH levels remained
unaltered. The fall in progesterone is in concordance with the data reported by
Butcher (1977), Welschen et al (1978) and Ackland et al (1990).
In terms of histological alterations, the present study shows that there is an
increase in the number of healthy follicles (> 350 μm) and a simultaneous reduction
in the number of atretic follicles of this size 24 h post-ULO (figure 4). Welschen et al
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Figure 6. Incorporation of labelled thymidine into DNA of granulosa cells in healthy
follicles of categories I, II and III (A, B and C) 24 h post-ULO as revealed by
autoradiography. Part of a corpus luteum is seen in D. Note that in contrast to the theca
lutein cells of the corpus luteum in D, the granulosa cells in A, B and C show distinct label.
The cumulus oophorus together with the corona radiata of a class III follicle is seen in C.
Photomicrographs were taken with the reduced silver grains in focus. Consequently
cellular details may not be clearly visible. All magnifications equal × 480
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(1978) and Otani and Sasamoto (1982) have reported similar findings in the adult,
cycling rat. However, increased proliferation of follicles must reflect a prior
enhancement of DNA— and, in turn, RNA and protein — synthesis, an aspect that
has, so far, received little attention. The data summarized in table 1 demonstrates
that removal of one ovary leads to a significant increment in total nucleic acid andprotein content of the remaining ovary. The in vivo incorporation of [3H] thymidine
into ovarian DNA also increased significantly (table 2), the radioactive label being
localized predominantly in the granulosa ceils of healthy follicles (figure 6A–C).
That the increased incorporation of labelled precursor into DNA is truly a
reflection of de novo synthesis (not repair), is evident from the observation that the
labellingindex of granulosa cells in all three classes of healthy follicles is
considerably enhanced 24 h post-hemiovariectomy (figure 5). Alvarez et al (1989),
however, did not observe any change in the temporal pattern of protooncogene
expression or in the rate of DNA synthesis in the hypertrophying ovary, following
ULO.
Although there are no other reports on the effects of ULO on macromolecular
components of the hypertrophying ovary, supportive evidence comes from studies
in the male rodent. The DNA content of the remaining testis of "Sertoli-cell
enriched rats" was reported to be increased when unilateral castration was
performed at 5 days of age (Cunningham et al 1978). Further, Orth et al (1984)
showed increased incorporation of [3H] thymidine into Sertoli-cell nuclei within
8 h, when unilateral orchidectomy was performed on 3-day-old rat pups. This
increase in the per cent of cells labelled preceded the appearance of a statistically
significant gain in testis weight in hemicastrates, an observation which is very
similar to our findings in the female rat (increased thymidine incorporation 18 h
after ULO, while weight gain apparent at 48 h).
All these changes occur within a short span of time so that at the start of the next
oestrous cycle, a new physiological balance is already established. Moreover, the
sequel of proliferative events correlates well with the transiently elevated titres of
FSH. The question therefore arises if FSH is indeed mitogenic. In the immature,
hypophysectomized rat model, FSH and pregnant mare serum gonadotrophin have
been shown to increase total DNA and RNA, enhance thymidine uptake
(Callantine et al 1965; Peluso and Steger 1978; Rao et al 1978; Sheela Rani and
Moudgal 1978) and increase the number of follicle cells (Ryle 1971). Eshkol and
Pariente (1984) have further confirmed that FSH, but not human chorionic
gonadotrophin, stimulates [3H] thymidine incorporation in rat granulosa cells in
culture.
Two related parameters, namely the increase in DNA content in the hours
following ULO and the increase in the labelling index of the granulosa cells, are
clearly reliable measures of proliferative activity in the contralateral ovary. This
proliferative activity has been localized to the granulosa cells of the healthy follicles.
The question therefore-arises as to the appropriateness of the term 'compensatory
ovarian hypertrophy' in describing what happens to the contralateral ovary since in
reality, what one is witnessing is hyperplasia. The secondary consequence of such
hyperplasia could well be hypertrophy. The results thus clearly implicate FSH as
the factor responsible not only for preventing atresia of follicles but also for the
hyperplasia of granulosa cells in the 'hypertrophying' ovary and the ensuing
ovarian compensation.
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