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ABSTRACT

This study was undertaken to test the hypothesis that FSH
treatment of cultured oocyte-granulosa cell complexes promotes
acquisition of competence to complete preimplantation embryo
development. Oocyte-granulosa cell complexes were isolated
from the preantral follicles of 12-day-old mice and cultured for
10 days in serum-free medium, supplemented with insulin (5
mg/ml), transferrin (5 mg/ml), and selenium (5 ng/ml) and con-
taining a highly potent preparation of FSH (0–5 ng/ml). Oocytes
were matured and fertilized in vitro and embryos cultured to
determine the frequency of development to the blastocyst stage.
There was no effect of FSH on oocyte size, general morphology,
or competence to resume meiosis. However, addition of FSH to
medium containing insulin had a deleterious effect on the per-
centage of mature oocytes competent to develop to the blasto-
cyst stage. Deletion of insulin from the medium for culture of
oocyte-granulosa cell complexes prevented the deleterious ef-
fect of FSH, but FSH still did not promote acquisition of com-
petence to complete preimplantation development. Culture of
oocyte-granulosa cell complexes with FSH resulted in elevated
expression of LH receptor (LHR) mRNA by granulosa cells and
stimulated the production of functional LHRs, whether or not
insulin was present. However, FSH-induced expression of LHR
mRNA reached a maximum steady-state level by 4 days of cul-
ture in the presence of insulin, but this level was not reached
until 10 days of culture without insulin. Granulosa cells encom-
passing growing mouse oocytes in vivo do not express LHR
mRNA. Thus, expression of LHR mRNA by granulosa cells closely
associated with growing oocytes in vitro indicates inappropriate
or ambiguous development. In conclusion, conditions occurring
during oocyte growth can have profound detrimental effects on
oocyte developmental competence to complete preimplantation
development, even when oocyte growth, general morphology,
and competence to resume meiosis appear unaffected.

INTRODUCTION

Processes occurring during oocyte development establish
the foundation for embryogenesis. For example, transcripts
essential for early embryo development are produced and
stored in dormant form throughout oocyte growth and are
activated and translated during meiotic maturation and
preimplantation development. Oocyte growth and devel-
opment occur in an ovarian follicular environment charac-
terized by complex cell-to-cell interactions mediated by gap
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junctional communication, as well as autocrine, paracrine,
and endocrine signaling. These interactions drive continual
changes in the organization and differentiation of follicular
somatic cells. The dynamics of oocyte development are
normally coordinated with follicular differentiation. This
coordination, however, can be offset by accelerating follic-
ular development with exogenous gonadotropins, or other
factors driving follicular growth and differentiation. Pre-
cocious recruitment of small antral follicles into the pool
of preovulatory follicles results in the ovulation of oocytes
incapable of normal maturation, fertilization, or embryo-
genesis [1–3]. It is not clear how inappropriate follicular
development and granulosa cell differentiation might affect
the production of developmentally competent oocytes. One
way to explore these relationships is through the use of
systems that support oocyte development in vitro.

The system established in this laboratory to study oocyte
growth and development in vitro consists of oocyte-gran-
ulosa cell complexes isolated from the preantral follicles of
12-day-old mice by collagenase digestion. Most, but not
all, of the theca cells are removed, and the basal lamina
encompassing the granulosa cells and oocytes is degraded.
The oocytes at this stage are in mid-growth phase and in-
competent to resume meiosis without further development.
Between 200 and 300 oocyte-granulosa cell complexes are
cultured attached to a collagen-impregnated membrane for
10 days, a period that spans the time of antrum formation
and the acquisition of competence to resume meiosis and
undergo fertilization and preimplantation development by
oocytes in vivo. While initial studies were conducted using
a medium supplemented with 5% fetal bovine serum (FBS)
[4], it was found later that serum could be omitted if the
serum protein fetuin was added to prevent precocious hard-
ening of the zona pellucida during oocyte growth [5, 6].
Serum-free culture medium was supplemented with insulin,
transferrin, and selenium (ITS) to promote more robust de-
velopment of the complexes [5]. In this culture system, oo-
cytes grow and become competent to undergo maturation,
fertilization, and embryogenesis, but they are not equivalent
in size or developmental competence to oocytes grown in
vivo, particularly when the complexes are grown in serum-
free media [4, 5, 7–9].

In the previous studies, the oocyte-granulosa cell com-
plexes were cultured without gonadotrophic stimulation.
Thus, the acquisition of competence to resume meiosis and
undergo fertilization and embryogenesis in vitro does not
require FSH or LH, though these gonadotropins, alone or
together with other intrafollicular factors controlling growth
and differentiation, might optimize the acquisition of de-
velopmental competence. In this study, we tested the hy-
pothesis that FSH treatment of cultured oocyte-granulosa
cell complexes promotes acquisition of competence to com-
plete preimplantation embryo development. Oocyte-granu-
losa cell complexes were isolated from preantral follicles
of 12-day-old mice and cultured in serum-free media for
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10 days with or without FSH, and effects on oocyte growth,
maturation, and developmental competence were assessed.

MATERIALS AND METHODS

Reagents

FSH (ovine [o]FSH-20) and highly purified iodination
grade LH (rLH-I-9) were generously provided by the Na-
tional Hormone and Pituitary Program of the NIDDK
(Rockville, MD). It is important to note that the preparation
of FSH is highly potent. According to the specifications
provided by the NIDDK, it is 175-strength NIH-oFSH-S1,
or 4463 IU/mg, and without detectable LH contamination.
ITS (insulin, 5 mg/ml; transferrin, 5 mg/ml; selenium, 5 ng/
ml) was purchased from Collaborative Research (Bedford,
MA). In those cultures in which insulin was omitted, trans-
ferrin and selenium were always present. Fetuin (1 mg/ml)
was added to all media to prevent precocious hardening of
the zona pellucida in the absence of serum fetuin [10]. The
fetuin was purified, using the method of Spiro [11], by the
Microchemistry Service of the Jackson Laboratory using
FBS purchased from Sigma Chemical Co. (St. Louis, MO).
The final preparations of fetuin were dialyzed extensively
against embryo culture grade water before lyophilization.

Isolation and Culture of Oocyte-Granulosa
Cell Complexes

The oocyte-granulosa cell complexes of 12-day-old
B6SJLF1 mice were isolated and cultured as described in
detail previously [8]. Salient points to be reiterated are that
the complexes are derived from preantral follicles having
2–3 layers of granulosa cells. Removal of most theca cells
and degradation of the basal lamina by collagenase facili-
tate adherence of the complexes to collagen-impregnated
membranes (Costar Transwell-COL membrane inserts; Co-
star Corp., Cambridge, MA). The culture medium was
Waymouth medium MB752/1 supplemented with 0.23 mM
pyruvic acid, 50 mg/L streptomycin sulfate, 75 mg/L pen-
icillin G (Sigma), 3 mg/ml BSA (crystallized; ICN Bio-
chemicals, Aurora, OH), ITS (Collaborative Research), and
1 mg/ml fetuin [10]. The oocyte develops within a ball of
cells atop a stalk of granulosa cells that is attached to the
membrane. Between 200 and 300 complexes, derived from
2 mice, were grown on each membrane, and care was taken
to establish the cultures without contact between the com-
plexes. Approximately 90% of the complexes in all groups
survived through the 10-day culture period. Cultures were
incubated at 378C in modular incubation chambers (Billups
Rothenberg, Del Mar, CA) thoroughly infused with a gas
mixture composed of 5% O2:5% CO2:90% N2. Cultures
were fed every 2 days by replacement of approximately
half of the medium in the compartment below the mem-
brane. All control and experimental groups were isolated
and cultured simultaneously for each experiment.

Oocyte Maturation and Fertilization In Vitro

After oocyte growth and development in vitro, the oo-
cyte-granulosa complexes were dislodged from the mem-
brane by sharply jolting the membrane insert with a snap
of a finger against the side of the membrane. The com-
plexes were collected and washed three times in fresh me-
dium and allowed to mature for 17–18 h in 2.5 ml of me-
dium supplemented with FSH (100 ng/ml) regardless of
whether FSH was used for culture of the oocyte-granulosa
cell complexes.

After the incubation for oocyte maturation, the granulosa
cells were removed from oocytes by drawing the complexes
in and out of a Pasteur pipette. The granulosa cell-free oo-
cytes that had undergone germinal vesicle breakdown
(GVB), indicative of the resumption of meiosis, were col-
lected and washed three times in fertilization medium. The
oocytes that had not undergone GVB were cultured for an
additional 24 h in Minimum Essential Medium (MEM)
without FSH to assess whether further culture without gran-
ulosa cells would allow additional oocytes to undergo
GVB. The number of oocytes that underwent GVB with
granulosa cells plus the number that underwent GVB sub-
sequently without granulosa cells equaled the total number
of oocytes that had developed competence to undergo GVB
during the 10-day culture period. Ova were fertilized and
preimplantation embryos were cultured as described pre-
viously [12–14].

Measurement of cAMP Production

Oocyte-granulosa cell complexes were removed from the
membranes after 10 days culture and incubated in MEM
containing either FSH (100 ng/ml), LH (1 mg/ml), or con-
trol medium for 3 h; all media contained 3-isobutyl-1-meth-
ylxanthine (100 mM). Intracellular cAMP levels in samples
of 1–5 complexes was measured by 125I RIA exactly ac-
cording to the protocol provided by the manufacturer of the
assay kits (DuPont NEN, Boston, MA). The experiment
was repeated three times with triplicate samples in each
experiment.

Evaluation of Expansion (Mucification) of
Oocyte-Associated Granulosa Cells

Oocyte-granulosa cell complexes were removed from the
membranes after 10 days of culture and incubated in MEM
containing either 100 ng/ml FSH, 1 mg/ml LH, or control
medium for 15 h. Since a component of serum is required
for expansion [15, 16], media were supplemented with 5%
FBS (HyClone, Logan, UT). Expansion was scored subjec-
tively as described in detail previously [17]. Intermediate
stages of expansion were rarely seen, so complexes were
scored as either expanded or not. Data are presented as the
percentage of expanded complexes in three independent ex-
periments with at least 50 complexes scored in each ex-
periment.

Measurement of Oocyte Size

The size of cultured oocytes was measured without al-
lowing them to undergo maturation in vitro. The germinal
vesicle-stage oocytes were denuded of their companion
granulosa cells as described above and measured using the
Image Explorer analysis system from Signal Analytics
Corp. (Vienna, VA). The IP Lab Spectrum software of this
system was set to measure the long and short diameter of
the oocytes exclusive of the zona pellucida. The average
diameter and oocyte volume were then calculated using
Statview for Macintosh (Abacus Concepts, Berkeley, CA).
At least 100 oocytes were measured in each of three in-
dependent experiments.

Measurement of LH Receptor (LHR) mRNA
Steady State Expression

The steady-state expression of LHR mRNA in approxi-
mately 200 cultured complexes was determined by RNase
protection assay exactly as described previously [18]. Pro-
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tected RNA-RNA hybrids were analyzed by electrophoresis
using 6% urea-polyacrylamide gels that were dried and ex-
posed to Fuji phosphor imaging plates and quantified using
the Fuji imaging system (Fuji Medical Systems USA, Stam-
ford, CT). The background that was subtracted was the val-
ue of an area just below the protected target band and equal
in area. The steady-state level of LHR mRNA expression
was normalized to the expression of ribosomal protein L19
(Rpl-19) mRNA [19]. All groups within an experiment
were cultured and assessed by RNase protection assay at
the same time.

Presentation of Data and Statistical Analysis

Percentages, such as the percentage of 2-cell-stage em-
bryos that developed to the blastocyst stage, or normalized
levels of LHR mRNA, are presented as the mean percent-
age of at least three independent experimental replicates;
variation between experiments is illustrated using the stan-
dard error of the mean. For evaluation of the differences
between groups, data were subjected to arcsin transforma-
tion and ANOVA. When a significant F-ratio was defined
by ANOVA, groups were compared through use of the
Fisher’s Protected Least-Significant-Difference post hoc test
using StatView software; when p # 0.05, the difference
was considered significant.

Experiments to measure cAMP levels were repeated
three times with triplicate samples in each experiment. The
average of the triplicate samples within an experiment was
used in the calculation of the mean of the three independent
experiments. Data are expressed as the mean cAMP level
per complex, and variation between the three experiments
is illustrated using the standard error of the mean. For eval-
uation of the differences between groups, data were sub-
jected to ANOVA. When a significant F-ratio was defined
by ANOVA, groups were compared using the Student-
Newman-Keuls post hoc test; when p # 0.05, the difference
was considered significant.

RESULTS

Effect of FSH on the Developmental Competence of
Oocytes Grown In Vitro in Serum-Free Medium

As described above, the standard serum-free medium
used in this laboratory for the culture of oocyte-granulosa
cell complexes from preantral follicles is supplemented
with ITS, because complexes cultured in serum-free me-
dium without ITS are very fragile and difficult to maintain
throughout the 10-day culture period. Therefore, in the first
set of experiments, oocyte-granulosa cell complexes were
cultured for 10 days in ITS-supplemented medium, with or
without FSH, at concentrations ranging from 0.1 to 5 ng/
ml. No consistent effect of FSH treatment was observed on
oocyte growth; the final median oocyte diameter, excluding
the zona pellucida, was 70–74 mm in all groups. Likewise,
80–90% of oocytes acquired competence to undergo GVB
regardless of FSH concentration. Moreover, the morpholo-
gy of oocytes was similar in all groups when they were
examined by Nomarski interference optics (Fig. 1). In con-
trast, increasing concentrations of FSH during oocyte de-
velopment in vitro had surprising deleterious effects on oo-
cyte developmental competence. While FSH treatment of
developing oocyte-granulosa cell complexes significantly
reduced the percentage of oocytes competent to undergo
fertilization and cleavage to the 2-cell stage (Fig. 2A), the
most profound, and unexpected, effects were seen in the

oocytes’ competence to develop from the 2-cell stage to
blastocyst stage (Fig. 2B). When oocyte-granulosa cell
complexes were cultured in control medium (no FSH), 63%
of the 2-cell stage derived from control oocytes developed
to the blastocyst stage. This percentage was reduced to ap-
proximately 20% when the complexes were cultured with
0.5–5 ng/ml FSH (Fig. 2B).

Since the concentration of insulin in commercial ITS
preparations is 5 mg/ml—approximately 103 times that
measured in mouse plasma—and since insulin acts syner-
gistically with FSH in promoting granulosa cell differenti-
ation and function [20–22], the effect of FSH on the ac-
quisition of oocyte developmental competence was as-
sessed when oocyte-granulosa cell complexes were cultured
in the absence of insulin. In this case, addition of FSH plus
insulin to cultures of oocyte-granulosa cell complexes had
slight, though significant (p , 0.05), deleterious effects on
the acquisition of competence to undergo fertilization and
cleavage to the 2-cell stage (Fig. 3A). However, FSH in the
absence of insulin did not have a deleterious effect on the
acquisition of competence to undergo the transition from
2-cell stage to blastocyst (Fig. 3B). Despite the fragility of
the complexes, a higher percentage of oocytes grown in
medium without either insulin or FSH were competent to
undergo fertilization and cleavage to the 2-cell stage than
was the case for oocytes grown in medium with insulin
(Fig. 3A).

To investigate the relationship between FSH and insulin
with respect to the acquisition of oocyte developmental
competence in more detail, oocyte-granulosa cell complex-
es from preantral follicles were cultured for 10 days in con-
trol medium (no FSH or insulin), FSH (5 ng/ml) without
insulin, insulin (5 mg/ml) without FSH, or 5 ng/ml FSH
plus 0.05–5 mg/ml insulin. There was no difference in the
acquisition of competence to undergo either fertilization
and cleavage to the 2-cell stage or the transition from 2-
cell stage to blastocyst when complexes were cultured in
medium without either FSH or insulin, or with FSH alone
(Fig. 4). However, consistent with the observation de-
scribed above as seen in Figure 3A, a higher percentage of
the oocytes cultured without either FSH or insulin cleaved
to the 2-cell stage than when the complexes were cultured
in medium with insulin alone (not shown). In contrast, com-
petence to undergo both fertilization and cleavage to the 2-
cell stage, as well as the transition from the 2-cell stage to
blastocyst, was reduced in a dose-dependent manner when
insulin was added in increasing amounts to medium con-
taining 5 ng/ml FSH (Fig. 4).

The effects of insulin plus FSH could have been medi-
ated by either insulin or insulin-like growth factor-1 (IGF-
1) receptors or both [23, 24]. However, growing oocytes in
FSH plus IGF-1 (10 ng/ml) did not have either deleterious
or beneficial effects on oocyte developmental competence
(data not shown). Moreover, culture of complexes with FSH
and both IGF-1 and insulin together had the same delete-
rious effect on oocyte developmental competence as culture
with FSH plus insulin (data not shown). Thus the delete-
rious effects of insulin, in combination with FSH, may be
mediated via insulin receptors and not by IGF-1 receptors.

Effect of FSH on the Differentiation of Granulosa Cells
Associated with Oocytes in Culture

In preovulatory follicles, cumulus cells, which are the
granulosa cells closely associated with oocytes, express
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1448 EPPIG ET AL.

FIG. 1. General morphological appearance of oocytes grown in vitro as seen by Nomarski interference optics. Oocytes were grown in vitro for 10
days in medium containing A) insulin (5 mg/ml), B) insulin plus FSH (5 ng/ml), C) neither insulin nor FSH, D) FSH alone. Although oocytes grown in
medium supplemented with both insulin and FSH (B) had significantly less competence to develop to the blastocyst stage after fertilization, they did
not display morphological characteristics distinct from those of the other groups. Bar 5 100 mm.
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FIG. 2. Effect of FSH treatment of cultured oocyte-granulosa cell com-
plexes on oocyte developmental competence. Oocyte-granulosa cell
complexes isolated from preantral follicles of 12-day-old mice were cul-
tured for 10 days in medium containing 0-5 ng/ml FSH, then matured
and fertilized in vitro. All groups contained 5 mg/ml insulin during the
10-day culture. A Shows the percentage of mature oocytes that cleaved
to the 2-cell stage, and B shows the percentage of 2-cell-stage embryos
that developed to the blastocyst stage. Data are the mean 6 SEM of four
independent experiments. Where there are no common letters over the
points, the groups are different at least at the 95% confidence level.

FIG. 3. Effect of FSH treatment without insulin on oocyte developmental
competence. Oocyte-granulosa cell complexes isolated from preantral
follicles of 12-day-old mice were cultured for 10 days in medium with 5
mg/ml insulin (histogram bar) or without insulin (line graph). Media with-
out insulin contained 0-1 ng/ml FSH. After 10 days of oocyte growth and
development in vitro, the oocytes were matured and fertilized in vitro. A
Shows the percentage of matured oocytes that cleaved to the 2-cell stage,
and B shows the percentage of 2-cell-stage embryos that developed to
the blastocyst stage. Data are the mean 6 SEM of four independent ex-
periments. Where there are no common letters over the bars or points,
the groups are different at least at the 95% confidence level.

several phenotypic differences from mural granulosa cells,
which are associated with the follicle wall (reviewed in
[18]). The functional reasons for the phenotypic differences
between cumulus cells and mural granulosa cells are not
known, though the oocyte clearly plays a role in establish-
ing these differences [18, 25]. We hypothesized that some
aspects of mural granulosa cell function may be antagonis-
tic to oocyte development and that oocytes therefore pre-
vent expression of the mural granulosa cell phenotype by
their companion cumulus cells to avoid these deleterious
effects [26]. Since FSH and insulin are known to act syn-
ergistically to promote granulosa cell differentiation [20–
22], the possibility was tested that these agonists may act
inappropriately in our culture system by driving mural
granulosa cell-like development by cumulus cells. One
marker differentiating mouse mural granulosa cells from
cumulus cells is the expression of LHRs and LHR mRNA
by mural granulosa cells in preovulatory follicles. Oocyte-
cumulus cell complexes isolated from mouse preovulatory

follicles do not undergo cumulus expansion or produce
cAMP in response to highly purified LH [27, 28]. There-
fore, the presence of functional LHRs was assessed by
treating complexes after 10 days of culture with either high-
ly purified LH (1 mg/ml), FSH (1 mg/ml), or control me-
dium and 1) measuring cAMP production by RIA and 2)
subjectively evaluating expansion (mucification) of the oo-
cyte-associated granulosa cells. Neither cAMP production
nor expansion was observed when oocyte-granulosa cell
complexes were grown in medium without FSH for 10 days
and then treated with either FSH or LH (Fig. 5). Increased
cAMP production and expansion occurred in response to
FSH when complexes were grown for 10 days in medium
with 0.1 ng/ml or more FSH. More importantly, increased
cAMP production and expansion occurred in response to
highly purified LH when complexes were grown for 10
days in medium with 0.5 ng/ml or more FSH (Fig. 5). Thus,
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FIG. 4. Effect of insulin on oocyte developmental competence. Oocyte-
granulosa cell complexes isolated from preantral follicles of 12-day-old
mice were cultured for 10 days in medium with neither FSH nor insulin
(C), FSH alone (5 ng/ml; F), insulin alone (5 mg/ml; I), or FSH (5 ng/ml)
plus 0.05 to 5 mg/ml insulin (line graph). Data are the mean percentage
of blastocysts that developed from 2-cell-stage embryos, 6 SEM, in four
independent experiments. Where there are no common letters over the
bars or points, the groups are different at least at the 95% confidence
level.

FIG. 5. Effect of FSH on the response of cultured oocyte-granulosa cell
complexes to treatment with LH. Oocyte-granulosa cell complexes iso-
lated from preantral follicles of 12-day-old mice were cultured for 10 days
in medium containing 0-5 ng/ml FSH (x-axis) plus 5 mg/ml insulin. Com-
plexes were then removed from the collagen-impregnated membranes
and assessed in two ways for response to control medium or to highly
purified LH or FSH: A) production of cAMP and B) expansion, or muci-
fication. * Indicates a significant difference (p # 0.05) from the control.

unlike cumuli oophori isolated from preovulatory follicles,
the oocyte-associated granulosa cells (cumulus cells) grown
in vitro with FSH produced functional LHRs, suggesting
an inappropriate differentiation.

To determine whether the state of differentiation of oo-
cyte-associated granulosa cells could be correlated with del-
eterious effects on oocyte developmental competence, com-
plexes were cultured in control medium (no FSH or insu-
lin), FSH (5 ng/ml) without insulin, insulin (5 mg/ml) with-
out FSH, or 5 ng/ml FSH plus 0.05–5 mg/ml insulin for 10
days, and the steady-state level of LHR mRNA expression
was then measured. Comparing results on LHR mRNA ex-
pression, shown in Figure 6, with data on oocyte devel-
opmental competence, shown in Figure 4, did not indicate
a correlation. For example, in the absence of insulin, there
was high steady-state expression of LHR mRNA and high
developmental competence when complexes were cultured
with FSH alone; but this level of LHR mRNA expression
was the same as in the FSH plus 5 mg/ml insulin group
wherein developmental competence was low. However,
these data on granulosa cell expression of LHR mRNA
were obtained after 10 days of culture, after much of the
oocyte development in vitro had been completed. It seemed
possible that, if inappropriate oocyte-associated granulosa
cell differentiation or function is related to deficient oocyte-
developmental competence, the stage of oocyte develop-
ment sensitive to aberrant granulosa cell-oocyte commu-
nication might be earlier in the oocyte culture period.
Therefore, the steady-state level of LHR mRNA expression
was measured on Days 4, 6, 8, and 10 of culture in medium
with 5 ng/ml FSH plus or minus 5 mg/ml insulin since, as
shown in Figure 4, addition of insulin to medium contain-
ing FSH results in a dramatic decrease in the developmental
competence of the oocytes. The steady-state level of LHR
mRNA expression was low in complexes cultured for 6
days in medium containing FSH but not insulin (Fig. 7). In
sharp contrast, there was the same high level of LHR

mRNA expression at all the times measured from 4 to 10
days when complexes were cultured in medium containing
insulin in addition to FSH (Fig. 7). Thus, insulin acceler-
ated the time of onset of granulosa cell expression of LHR
mRNA in response to FSH. Oocyte-associated granulosa
cells did not, therefore, express an appropriate dynamics of
differentiation coincident with oocyte growth and devel-
opment in the presence of FSH and insulin.

DISCUSSION

This study was undertaken to test the hypothesis that
FSH treatment of cultured oocyte-granulosa cell complexes
isolated from preantral follicles will improve the quality of
oocytes by promoting growth and a higher frequency of
embryonic developmental competence. The results did not
support this hypothesis. FSH treatment of cultured com-
plexes did not significantly affect oocyte growth, the per-
centage of oocytes acquiring competence to resume meio-
sis, or the percentage of oocytes competent to undergo fer-
tilization and preimplantation development. FSH or insulin
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FIG. 6. Effect of FSH and insulin on the steady-state level of LHR mRNA
expression by cultured oocyte-granulosa cell complexes. Complexes were
cultured for 10 days in control medium without either FSH or insulin (C),
medium containing 5 ng/ml FSH (F) or 5 mg/ml insulin (I), or medium
containing 5 ng/ml FSH plus 0.05-5 mg/ml insulin (line graph). Data are
the mean 6 SEM of three independent experiments in which the level of
LHR mRNA was normalized to that of Rpl-19. Data are presented as a
percentage of the expression measured in the FSH plus 5 mg/ml insulin
group. No common letters over the bars or points indicate a difference
$ 95% confidence level from FSH plus 5 mg/ml insulin group.

FIG. 7. Effect of insulin on FSH-induced expression of LHR mRNA by
cultured oocyte-granulosa cell complexes. Complexes were cultured for
4, 6, 8, or 10 days in medium containing 5 ng/ml FSH in the presence
or absence of 5 mg/ml insulin. Data are the mean 6 SEM of three inde-
pendent experiments in which the level of LHR mRNA was normalized
to that of Rpl-19. Data are presented as a percentage of the expression
measured in the FSH plus 5 mg/ml insulin group. No common letters near
the points indicate a difference $ 95% confidence level from the 10-day
FSH plus insulin group.

alone did not significantly affect competence to complete
preimplantation development. However, treatment of com-
plexes with both FSH and insulin produced an unexpected,
highly deleterious effect on competence to undergo devel-
opment from the 2-cell stage to the blastocyst.

FSH did not promote any positive or beneficial effects
on oocyte growth in vitro, or on acquisition of competence
to undergo maturation, fertilization, or preimplantation de-
velopment. These results raise the question whether FSH
plays any specific role in mammalian oocyte development.
Oocytes isolated from early antral follicles of hypogonadal
mice, which have undetectable levels of circulating gonad-
otropins [29], are fully grown and competent to undergo
maturation, fertilization, and preimplantation development
in vitro, albeit at frequencies lower than for oocytes from
the larger antral follicles of littermate controls [30, 31].
Treatment of hypogonadal mice with eCG in vivo increases
the percentage of oocytes that undergo maturation, fertil-
ization, and development in vitro to levels equivalent to
those for oocytes from littermate control mice [30]. It is
well established that antral follicles undergo atretic degen-
eration in the absence of gonadotropic support. Thus, the
only healthy antral follicles found in hypogonadal mice are
small, since they only recently formed from secondary fol-
licles [29]. Oocytes from small antral follicles of normal
mice are less competent to complete maturation and preim-
plantation development than oocytes from large antral fol-
licles [2, 4, 32]. Therefore, a probable explanation for the
low frequency of competence of oocytes from hypogonadal
mice to undergo preimplantation development is that the
isolated oocytes were derived 1) from small healthy folli-
cles that had only recently undergone antrum formation and
2) from degenerating follicles. In both cases, the oocytes
would be expected to have poor potential for preimplanta-
tion development. The facts that oocytes in hypogonadal
mice grow to normal size and that some of them become
competent to undergo maturation and preimplantation de-

velopment show that gonadotropins are not necessary for
oocyte growth and acquisition of preimplantation devel-
opmental competence. This conclusion is supported by the
in vitro studies reported here.

The absence of a beneficial effect of FSH was puzzling
and unexpected. Indeed, in experiments not shown, we test-
ed several different regimens of FSH treatments, such as
different concentrations at different times during the 10-day
culture period, and combinations of treatment with FSH and
estrogen. Among these conditions we never observed a
beneficial effect of FSH on the acquisition of developmen-
tal competence. Nevertheless, further testing of potential
competence-promoting effects of FSH in combination with
other hormones and growth factors is continuing. Supple-
mentation of the culture medium with FBS did not prevent
the deleterious effects of FSH on oocyte developmental
competence [9], although the suppression was not as dra-
matic as that observed using serum-free medium. Perhaps
no conclusion should be drawn from these negative results.
Conditions of culture might preclude the possibility of FSH
having a beneficial effect, or oocyte developmental pro-
cesses might be able to compensate for the absence of FSH,
or we may simply have not tested the appropriate combi-
nation or concentration of factors to demonstrate the ability
of FSH to promote competence to complete preimplantation
development. Alternatively, we must weigh the concept that
FSH is not a factor that drives development and function
of the peri-oocytic granulosa cell in a specific way that is
beneficial to oocyte growth and acquisition of developmen-
tal competence. Rather, FSH may play only a general role
in sustaining these processes in oocytes, i.e., by supporting
overall follicular development and endocrine function and
by preventing follicular degeneration.

By what mechanism(s) might the combination of FSH
and insulin affect the acquisition of oocyte developmental
competence in this culture system? Evidence on whether
oocytes express FSH receptors is conflicting [33, 34],
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though most studies do not detect FSH binding or expres-
sion of FSH receptor mRNA by oocytes [35, 36]. In con-
trast, there is general acceptance that the oocyte’s compan-
ion granulosa cells express FSH receptors even in early
stages of follicular development (see [35] for review). Thus,
if FSH affects oocyte development, this action would prob-
ably be indirect and mediated via granulosa cells. Neither
FSH nor insulin alone had a harmful effect on develop-
mental competence; it was the combination of these two
agents that was deleterious to subsequent embryogenesis.
Since insulin acts synergistically with FSH in promoting
granulosa cell differentiation and function [20–22], it
seemed possible that this synergism might promote an in-
appropriate differentiation or function of oocyte-associated
granulosa cells that was deleterious to oocyte development.
Indeed, FSH plus insulin promoted a precocious and in-
appropriate differentiation of granulosa cells in cultures,
and this was correlated with production of oocytes having
low competence to complete preimplantation development.
It is not likely that expression of LHR mRNA by granulosa
cells directly affects oocyte development; but this expres-
sion probably occurs coordinately with, or affects, some
other function of differentiated granulosa cells in a way that
is deleterious to oocyte development.

Both gap junctions and paracrine signaling mediate bi-
directional communication between oocytes and companion
granulosa cells. Paracrine factors secreted by oocytes sup-
press FSH-induced elevation of the steady-state level of
LHR mRNA expression by granulosa cells [18]. This prob-
ably explains, at least in part, the lack of expression of LHR
and LHR mRNA by cumulus cells in preovulatory follicles.
It was therefore unanticipated that oocytes grown in vitro
were unable to suppress expression of LHR mRNA induced
by FSH plus insulin in the cultured complexes. In experi-
ments not shown, isolated oocytes grown in vitro were
equivalent to oocytes grown in vivo in their ability to sup-
press FSH-induced elevation of LHR mRNA by mural
granulosa cells in monolayer cultures. It is not known, how-
ever, whether this suppressing factor is produced and se-
creted by oocytes associated with granulosa cells during
oocyte growth and development in vitro. In the assay sys-
tem used to detect the LHR mRNA-suppressing factor, de-
nuded oocytes were cocultured with monolayer cultures of
granulosa cells at a concentration of 1–2 oocytes per mi-
croliter [18]. In the system for oocyte-growth and devel-
opment in vitro used here, 200–300 complexes were grown
in 4 ml of medium, a concentration of less than 0.1 oocyte
per microliter. It is, therefore, possible that the LHR
mRNA-suppressing factor(s) became diluted to ineffective
concentrations in this culture system even if they were pro-
duced and secreted by the oocytes.

The deleterious effects of FSH plus insulin on oocyte
developmental competence observed in this study cannot
directly reflect the physiological function of FSH during
normal follicular development, since developmentally com-
petent oocytes are produced in vivo even in the environ-
ment of high FSH concentrations in neonatal mice [29, 37].
Compared to the environment of the simple culture system
used here, the milieu in which FSH functions in vivo is
one of complex interactions with many other regulatory
factors. Nevertheless, the deleterious effects of FSH plus
insulin on oocyte development obtained here, using an ex-
perimental culture system involving the minimum follicular
and culture components needed to support oocyte devel-
opment, may help unravel the complex interactions be-
tween cells essential for normal oocyte development. For

example, this study shows that conditions occurring during
oocyte growth can have profound effects on oocyte com-
petence to complete preimplantation development. Interest-
ingly, this deleterious effect occurs despite apparently un-
affected oocyte morphology, growth, and competence to
undergo GVB. In spite of these similarities, the oocytes
must have important differences in molecules essential for
later preimplantation development. Identification and char-
acterization of these differences may provide information
on the maternal molecules critical for completion of preim-
plantation development and perhaps an assay for oocyte
quality useful in clinical or agricultural settings. Finally, the
deleterious effects of combined FSH and insulin on oocyte
developmental competence should discourage the imple-
mentation of clinical protocols that could result in inappro-
priate differentiation or function of granulosa cells during
oocyte growth. Although these protocols might produce oo-
cytes that appear morphologically normal and competent
for meiotic maturation, fertilization, and even first cleavage,
competence to continue preimplantation development could
be jeopardized.

ACKNOWLEDGMENTS

The FSH used in this study was generously provided by the National
Hormone and Pituitary Program, the NIDDK, the NICHD, and the US
Department of Agriculture. The fetuin used in this study was purified by
Mr. Robert Wilpan of the Jackson Laboratory Microchemistry Service,
which is supported in part by a Cancer Center Core Grant (CA34196)
from the National Cancer Institute. We are also grateful to Drs. Wes Bea-
mer, Dottie Boatman, Billy Day, Robert Evans, Joanne Fortune, Rabin De
La Fuente, Mary Ann Handel, Randy Prather, Osamu Suzuki, and Re-
viewer 1 for their helpful suggestions in the preparation of this paper.

REFERENCES

1. Hunter RHF, Cook B, Baker TG. Dissociation of response to injected
gonadotropin between the Graafian follicle and oocyte in pigs. Nature
(Lond) 1976; 260:156–157.

2. Eppig JJ, Schroeder AC, O’Brien MJ. Developmental capacity of
mouse oocytes matured in vitro: effects of gonadotropic stimulation,
follicular origin, and oocyte size. J Reprod Fertil 1992; 95:119–127.

3. Erickson GF, Kokka S, Rivier C. Activin causes premature super-
ovulation. Endocrinology 1995; 136:4804–4813.

4. Eppig JJ, Schroeder AC. Capacity of mouse oocytes from preantral
follicles to undergo embryogenesis and development to live young
after growth, maturation and fertilization in vitro. Biol Reprod 1989;
41:268–276.

5. Eppig JJ, Wigglesworth K, O’Brien MJ. Comparison of embryonic
developmental competence of mouse oocytes grown with and without
serum. Mol Reprod Dev 1992; 32:33–40.

6. Eppig JJ, O’Brien M, Wigglesworth K. Mammalian oocyte growth
and development in vitro. Mol Reprod Dev 1996; 44:260–273.

7. Eppig JJ. Mouse oocyte development in vitro with various culture
systems. Dev Biol 1977; 60:371–388.

8. Eppig JJ, O’Brien MJ. Development in vitro of mouse oocytes from
primordial follicles. Biol Reprod 1996; 54:197–207.

9. Eppig JJ, O’Brien MJ. Comparison of preimplantation developmental
competence after mouse oocyte growth and development in vitro and
in vivo. Theriogenology 1998; 49:415–422.

10. Schroeder AC, Schultz RM, Kopf GS, Taylor FR, Becker RB, Eppig
JJ. Fetuin inhibits zona pellucida hardening and conversion of ZP2 to
ZP2f during spontaneous mouse oocyte maturation in vitro in the ab-
sence of serum. Biol Reprod 1990; 43:891–897.

11. Spiro RG. Studies on fetuin, a glycoprotein of fetal serum I. Isolation,
chemical composition, and physicochemical properties. J Biol Chem
1960; 235:2860–2869.

12. Eppig JJ, Schroeder AC, van de Sandt JJM, Ziomek CA, Bavister
BD. Developmental capacity of mouse oocytes that grow and mature
in culture: the effect of modification of the protocol. Theriogenology
1990; 33:89–100.

13. Eppig JJ, Wigglesworth K. Atypical maturation of oocytes of strain
I/LnJ mice. Hum Reprod 1994; 9:1136–1142.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/59/6/1445/2741042 by guest on 20 August 2022



1453EFFECT OF FSH AND INSULIN ON OOCYTE DEVELOPMENT

14. Ho Y, Wigglesworth K, Eppig JJ, Schultz RM. Preimplantation de-
velopment of mouse embryos in KSOM: augmentation by amino acids
and analysis of gene expression. Mol Reprod Dev 1995; 41:232–238.

15. Eppig JJ. Role of serum in FSH stimulated cumulus expansion by
mouse oocyte-cumulus cell complexes in vitro. Biol Reprod 1980; 22:
629–633.

16. Chen L, Mao SJT, Larsen WJ. Identification of a factor in fetal bovine
serum that stabilizes the cumulus extracellular matrix. A role for a
member of the inter-a-trypsin inhibitor family. J Biol Chem 1992;
267:12380–12386.

17. Vanderhyden BC, Caron PJ, Buccione R, Eppig JJ. Developmental
pattern of the secretion of cumulus-expansion enabling factor by
mouse oocytes and the role of oocytes in promoting granulosa cell
differentiation. Dev Biol 1990; 140:307–317.

18. Eppig JJ, Wigglesworth K, Pendola FL, Hirao Y. Murine oocytes sup-
press expression of luteinizing hormone receptor messenger ribonu-
cleic acid by granulosa cells. Biol Reprod 1997; 56:976–984.

19. Nakamura T, Onno M, Mariage-Samson R, Hillova J, Hill M. Nucle-
otide sequence of mouse L19 ribosomal protein cDNA isolated in
screening with tre oncogene probes. DNA Cell Biol 1990; 9:697–703.

20. Amsterdam A, May JV, Schomberg DW. Synergistic effect of insulin
and follicle-stimulating hormone on biochemical and morphological
differentiation of porcine granulosa cells in vitro. Biol Reprod 1988;
39:379–390.

21. May JV, Schomberg DW. Granulosa cell differentiation in vitro: effect
of insulin on growth and functional integrity. Biol Reprod 1981; 25:
421–431.

22. Gutierrez CG, Campbell BK, Webb R. Development of a long-term
bovine granulosa cell culture system: induction and maintenance of
estradiol production, response to follicle-stimulating hormone, and
morphological characteristics. Biol Reprod 1997; 56:608–616.

23. Kahn CR, Baird KL, Flier JS, Grunfeld C, Harmon JT, Harrison LC,
Karlsson FA, Kasuga M, King GL, Lang UC, Podskalny JM, Van
Obberghen E. Insulin receptors, receptor antibodies, and the mecha-
nism of insulin action. Recent Prog Horm Res 1981; 37:477–538.

24. Poretsky L, Kalin MF. The gonadotropic function of insulin. Endocr
Rev 1987; 8:132–141.

25. Eppig JJ, Wigglesworth K, Pendola FL. Mouse oocytes suppress

cAMP-induced expression of LH receptor messenger RNA by gran-
ulosa cells in vitro. Mol Reprod Dev 1998; 49:327–332.

26. Eppig JJ, Chesnel F, Hirao Y, O’Brien MJ, Pendola FL, Watanabe S,
Wigglesworth K. Oocyte control of granulosa cell development: how
and why. Hum Reprod, 12 Natl Suppl JBFS 1997; 2:127–132.

27. Eppig JJ. Gonadotropin stimulation of the expansion of cumuli oophori
isolated from mice: general conditions for expansion in vitro. J Exp
Zool 1979; 208:345–353.

28. Eppig JJ. FSH stimulates hyaluronic acid synthesis by oocyte-cumulus
cell complexes from mouse preovulatory follicles. Nature 1979; 281:
483–484.

29. Halpin DMG, Jones A, Fink G, Charlton HM. Postnatal ovarian fol-
licle development in hypogonadal (hpg) and normal mice and asso-
ciated changes in the hypothalamic-pituitary ovarian axis. J Reprod
Fertil 1986; 77:287–296.

30. Schroeder AC, Eppig JJ. Developmental capacity of mouse oocytes
that undergo maturation in vitro: effect of the hormonal state of the
oocyte donor. Gamete Res 1989; 24:81–92.

31. Eppig JJ, Wigglesworth K, Chesnel F. Secretion of cumulus expansion
enabling factor by mouse oocytes: relationship to oocyte growth and
competence to resume meiosis. Dev Biol 1993; 158:400–409.

32. Sorensen RA, Wassarman PM. Relationship between growth and mei-
otic maturation of the mouse oocyte. Dev Biol 1976; 50:531–536.

33. Oxberry BA, Greenwald GS. An autoradiographic study of the bind-
ing of 125I-labeled follicle-stimulating hormone, human chorionic go-
nadotropin and prolactin to the hamster ovary throughout the estrous
cycle. Biol Reprod 1982; 27:505–516.

34. Wang X-N, Greenwald GS. Hypophysectomy of the cyclic mouse. II.
Effects of follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) on folliculogenesis, FSH and human chorionic gonadotropin re-
ceptors, and steroidogenesis. Biol Reprod 1993; 48:595–605.

35. Richards JS. Hormonal control of gene expression in the ovary. En-
docr Rev 1994; 15:725–751.

36. Camp TA, Rahal JO, Mayo KE. Cellular localization and hormonal
regulation of follicle-stimulating hormone and luteinizing hormone re-
ceptor messenger RNAs in the rat ovary. Mol Endocrinol 1991; 5:
1405–1417.

37. Dullaart J, Kent J, Ryle M. Serum gonadotropin concentrations in
infantile female mice. J Reprod Fertil 1975; 43:189–192.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/59/6/1445/2741042 by guest on 20 August 2022


