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ABSTRACT

The developmental requirements of ovarian follicles are de-
pendent on the maturation stage of the follicle; in particular,
elegant studies with genetic models have indicated that FSH is
required for antral, but not preantral, follicle growth and mat-
uration. To elucidate further the role of FSH and other regulatory
molecules in preantral follicle development, in vitro culture sys-
tems are needed. We employed a biomaterials-based approach
to follicle culture, in which follicles were encapsulated within
matrices that were tailored to the specific developmental needs
of the follicle. This three-dimensional system was used to ex-
amine the impact of increasing doses of FSH on follicle devel-
opment for two-layered secondary (100–130 mm; two layers of
granulosa cells surrounding the oocyte) and multilayered sec-
ondary (150–180 mm, several layers of granulosa cells surround-
ing the oocyte) follicles isolated from mice. Two-layered second-
ary follicles were FSH responsive when cultured in alginate-col-
lagen I matrices, exhibiting FSH dose-dependent increases in fol-
licle growth, lactate production, and steroid secretion.
Multilayered secondary follicles were FSH dependent, with fol-
licle survival, growth, steroid secretion, metabolism, and oocyte
maturation all regulated by FSH. However, doses greater than
25 mIU/ml of FSH negatively impacted multilayered secondary
follicle development (reduced follicle survival). The present re-
sults indicate that the hormonal and environmental needs of the
follicular complex change during the maturation process. The
culture system can be adapted to each stage of development,
which will be especially critical for translation to human folli-
cles that have a longer developmental period.

follicle, follicle-stimulating hormone, follicular development, oo-
cyte development, ovary

INTRODUCTION

Ovarian follicle maturation is a complex developmental
process involving the interaction of local regulatory factors
and endocrine signals. Follicle-stimulating hormone plays
a critical role in this process, regulating estradiol secretion
[1], development of antral follicles [2–4], and selection of
the dominant follicle [5]. Additionally, FSH is widely em-
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ployed in assisted reproduction technologies to recruit su-
pernumerary follicles for oocyte collection and for in vitro
maturation of immature oocytes [6]. In vivo treatment of
mice with FSH resulted in retraction of transzonal projec-
tions and improved oocyte meiotic competence [7]; how-
ever, altered hormone levels impacted gamete quality [8].
Many fundamental questions remain regarding the role of
FSH in follicle and oocyte development, including the pre-
cise role of FSH in early follicle development and the
mechanism of action at successive stages of development.
Although follicles are able to progress to the preantral stage
in the absence of FSHb [2] or the FSH receptor [4], FSH
levels are elevated during the first 10 days of life in female
mice [9], which corresponds to a period of rapid follicle
growth and development.

In vitro systems have been developed to better under-
stand the complex mechanisms that regulate follicle matu-
ration. These systems have been developed for a variety of
species, including bovine [10], rat [11], and nonhuman pri-
mates [12], with the majority of these efforts centered on
the development of systems for mouse follicle culture. Fol-
licle-stimulating hormone is a central component in such
systems, but interpretations conflict regarding the appropri-
ate dosage and timing of FSH presentation. It is difficult to
compare these different culture systems directly because of
differences in isolation and culture conditions. However,
the dependence of follicle development on FSH may de-
pend on the stage of the follicle in the culture system. Al-
though most studies have been restricted to examining a
particular stage and have not compared different stages,
FSH appears to be critical for continued development of
late preantral follicles [13] or early antral follicles [14]. The
exact role of FSH in earlier follicle development is less
clear: Two-layered secondary follicles (two layers of gran-
ulosa cells surrounding the oocyte) isolated from immature
mice did not respond to FSH alone, whereas two-layered
secondary follicles isolated from adult mice grew larger in
response to FSH [15, 16]. Additional studies demonstrated
that 8-bromo-cAMP or forskolin, but not FSH, could stim-
ulate two-layered secondary follicles isolated from imma-
ture mice to grow in serum-free culture [17]. However, in
serum-supplemented cultures of two-layered secondary fol-
licles isolated from immature mice, FSH was critical for
follicle survival, growth, and antrum formation [18]. In ad-
dition to the possible effect of FSH on different stages of
follicles, the dose of FSH may impact follicle maturation.
For example, in early studies of in vitro-cultured, two-lay-
ered secondary follicles, a dose of 100 mIU/ml of FSH was
used to promote follicle survival and oocyte maturation
[18], but a dose of 10 mIU/ml of FSH was later reported
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to be the minimal dose required for oocytes in these cul-
tured follicles to obtain meiotic competence [13]. In a study
of multilayered secondary follicles (follicles with several
layers of granulosa cells surrounding the oocyte), a dose of
100 mIU/ml of FSH produced the maximum rate of growth,
but estradiol secretion was significantly higher with in-
creased doses of FSH [19].

One potential limitation of these systems is the disrup-
tion of follicle architecture that can occur when follicles are
cultured on a two-dimensional substrate [20]. The change
in follicle morphology may alter the paracrine signaling
that is critical to follicle maturation, because the altered
cell-cell orientation could result in diffusion of paracrine
signals away from the target cells. Additionally, in vivo,
the inner layers of granulosa cells are not directly exposed
to endocrine signals because of the exclusion of the vas-
cular system by the basal lamina [21], whereas in the dis-
rupted architecture of two-dimensional systems, few gran-
ulosa cell layers are between the oocyte and the media. As
an alternative, we have developed a novel, three-dimen-
sional culture system in which individual, immature mouse
granulosa-oocyte complexes [22] or intact follicles are en-
capsulated within alginate beads for culture. In this system,
the alginate matrix provides a mechanical support for the
follicle as it increases in size, allowing examination of the
role of various factors in follicle maturation while main-
taining an in vivo-like morphology. Additionally, encap-
sulating the follicle within a three-dimensional matrix al-
lows for studies of how interactions of the outer layers of
somatic cells and insoluble factors, such as the extracellular
matrix, direct follicle maturation.

We hypothesized that the level of FSH in a culture sys-
tem must be coordinated with the developmental stage of
the follicle for appropriate granulosa cell proliferation and
differentiation and for production of healthy oocytes. In this
study, we undertook a systematic study of FSH in our al-
ginate-based hydrogel culture system. Alginate, a linear
polysaccharide derived from algae and composed of re-
peating units of b-D-mannuronic acid and a-L-guluronic
acid [23], gels by ionic cross-linking of the guluronic res-
idues [24]. This mild gelation process maintains cell via-
bility [25]. Additionally, granulosa cells do not interact with
alginate [26], allowing intact follicles to be retrieved from
the matrix for in vitro maturation of the oocyte. Two-lay-
ered as well as multilayered secondary follicles were cul-
tured in alginate-based matrices with increasing doses of
recombinant human FSH to determine the effect of FSH
dose on follicle survival, growth, metabolism, steroid pro-
duction, and oocyte development.

MATERIALS AND METHODS

Animals and Materials

The C57BL/6 female mice and CBA male mice were purchased (Har-
lan, Indianapolis, IN) and maintained as a breeder colony at Northwestern
University (Evanston, IL). Animals were housed in a temperature- and
light-controlled environment on a 12L:12D photoperiod and were provided
with food and water ad libitum. Chow provided was Harlan Teklad Global
irradiated 2919, which does not contain soybean or alfalfa meal and, there-
fore, contains minimal phytoestrogens. Animals were treated in accordance
with the NIH Guide for the Care and Use of Laboratory Animals and the
established Institutional Animal Care and Use committee protocol at
Northwestern University.

Unless otherwise noted, all chemicals were purchased from Sigma-
Aldrich (St. Louis, MO), and media formulations were purchased from
Invitrogen (Carlsbad, CA). Sodium alginate (55–65% guluronic acid) was
provided by FMC BioPolymers (Philadelphia, PA).

Follicle Isolation, Encapsulation, and Culture

Two-layered secondary follicles (100–130 mm; oocyte, 53–63 mm) and
multilayered secondary follicles (150–180 mm; oocyte, 61–74 mm) were
mechanically isolated using insulin-gauge needles in L-15 media from
Day-12 and Day-16 C57BL/6 3 CBA F1 mice, respectively. Two-layered
secondary follicles are type 4 or 5a, and multilayered secondary follicles
are type 5b, according to the classification of Pedersen and Peters [27].
Efforts were made to maintain the follicles at 378C and pH 7 throughout
the isolation and encapsulation. Two-layered secondary follicles were en-
capsulated into sterile alginate-collagen I matrices composed of 1.5% (w/
v) alginate and 0.2 mg/ml of collagen I (BD Biosciences, Bedford, MA),
and multilayered secondary follicles were encapsulated into sterile alginate
matrices composed of 1.5% (w/v) alginate. These matrix formulations pro-
moted the maximum follicle growth (unpublished observations). Droplets
of alginate or alginate-collagen I solution (;2–3 ml) were suspended on
a polypropylene mesh (0.1-mm opening; McMaster-Carr, Atlanta, GA). A
single follicle was pipetted into each droplet in a minimal amount of me-
dia. After all droplets had been filled, the mesh was immersed in sterile,
50 mM CaCl2 for 2 min to cross-link the alginate and then rinsed in L-
15 media. Beads were plated (one follicle/well) in 96-well plates in 100
ml of culture media composed of a-minimum essential medium (MEM),
3 mg/ml of BSA, 5 mg/ml of insulin, 5 mg/ml of transferrin, and 5 ng/ml
of selenium [22] without androgen supplementation. Media were supple-
mented with FSH to final concentrations from 0 to 50 mIU/ml with re-
combinant human FSH (obtained through the National Hormone and Pep-
tide Program, National Institute of Diabetes and Digestive and Kidney
Diseases [Bethesda, MD], and Dr. A.F. Parlow [Harbor-UCLA Medical
Center, Torrance, CA]). Follicles were cultured at 378C in 5% CO2 for 8
days. Every 2 days, half the media volume was exchanged, and follicles
were examined for survival and size measurements using an inverted Leica
DM IRB microscope with transmitted light and phase objectives (Leica,
Bannockburn, IL). Follicles were designated as dead if the oocyte was no
longer contained within the granulosa cells or if the granulosa cells had
become dark and fragmented. Two diameters were measured for each fol-
licle, and collected media were frozen at 2808C until assayed.

Progesterone, Estradiol, and L-Lactate Measurements

17b-Estradiol and progesterone levels were determined by immuno-
assay (Assay Designs, Ann Arbor, MI). Data generated by ELISA were
fit using a four-point logistic equation. Intra- and interassay coefficients
of variation were determined to be 3.1% and 8.2%, respectively, for 17b-
estradiol and 4.4% and 9.1%, respectively, for progesterone. The sensitiv-
ity limit for 17b-estradiol was 30 pg/ml, and the sensitivity limit for pro-
gesterone was 62.5 pg/ml. Collected media also were analyzed on a YSI
2700 Select Biochemistry Analyzer (YSI Incorporated, Yellow Springs,
OH) for L-lactate and glucose levels.

Oocyte Maturation

At the conclusion of the culture, follicles were removed from the al-
ginate beads by degrading the gel with 10 U/ml of alginate lyase for 30
min at 378C with 5% CO2. Released follicles were then transferred to
maturation media composed of a-MEM, 1.5 IU/ml of hCG, and 5 ng/ml
of epidermal growth factor [28]. After an incubation of 14–16 h at 378C
with 5% CO2, oocytes were classified morphologically based on the pres-
ence or absence of a germinal vesicle and polar body. Oocytes were clas-
sified as degenerated if the cytoplasm was fragmented or shrunken from
the zona pellucida. Oocytes were then fixed and processed for immuno-
fluorescence as described previously [8]. Oocytes were stained with a 1:
400 dilution of monoclonal anti-a-tubulin (Sigma), detected with a 1:500
dilution of AlexaFluor 488 Goat Anti-Mouse (Molecular Probes, Eugene,
OR), and mounted in VectaShield with 49,69-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA) to examine the meiotic spindles.
For control in vitro-maturation oocytes for two-layered secondary follicle
cultures, Day-18 mice were primed with 5 IU of eCG, and then denuded
oocytes were collected from large follicles on Day 20. For control in vitro-
maturation oocytes for multilayered secondary follicle cultures, Day-22
mice were primed with 5 IU of eCG, and then cumulus-oocyte complexes
were collected on Day 24. Control in vivo-matured oocytes for multilay-
ered secondary follicle cultures were obtained from ovulated cumulus-
oocyte complexes from Day-24 mice primed with 5 IU of eCG for 48 h
and 5 IU of hCG for 14 h before collection.
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TABLE 1. Follicle survival and size increase for two-layered secondary follicles cultured in alginate-collagen I matrices and multilayered secondary
follicles cultured in alginate matrices.

FSH dose
(mIU/mL)

Two-layered secondary folliclesa

nb Survival (%) Size increase (%)c
Multilayered secondary follicles

nb Survival (%) Size increase (%)c

0
5

10
25
50

102
99
96
98

NE

77.4d

75.8d

75.0d

66.3d

NE

6.0 6 1.6d

18.1 6 1.8e

28.5 6 2.2f

41.4 6 3.7g

NE

55
50

107
62
63

41.8d

72.0e

69.2e

56.5d

30.2d

19.0 6 1.8d

42.7 6 1.0e

62.2 6 2.9f

54.3 6 2.2e,f

86.6 6 6.6g

a NE 5 not examined.
b n 5 number of follicles examined.
c Values are the averages 6 SEM.
d–g Values without common superscripts differ significantly between treatments, P , 0.05.

FIG. 1. Two-layered secondary follicle growth and metabolism in algi-
nate-collagen I gels. A) Two-layered secondary follicles cultured with in-
creased levels of FSH grew significantly larger. B) The increase in FSH
dosage resulted in a significant increase in lactate accumulation on Day
8 of culture. Data represented as average 6 SEM, the number examined
for each condition is given in Table 1. Points or bars without common
superscripts differ significantly between treatments for isolated time points
(P , 0.05).

Histology

Follicles cultured in alginate beads were fixed with 4% paraformal-
dehyde for 1 h at the completion of the culture period, dehydrated through
an ethanol series, and then embedded in LR White (Electron Microscopy
Sciences, Hatfield, PA). The embedded beads were then sectioned (thick-
ness, 1 mm; Cell Imaging Facility, Northwestern University, Chicago, IL)
and stained with hematoxylin for 5 min to examine granulosa cell mor-
phology.

[3H]Thymidine Incorporation
Follicles were cultured as described above for the first 2 days of cul-

ture. Media were then exchanged and replaced by media supplemented
with 0.2 mCi [methyl-3H]thymidine per follicle (Amersham Biosciences,
Piscataway, NJ). After 24 h, five beads were collected for each replicate,
washed twice with 13 PBS, and then dissolved in 10 mM EDTA. Next,
[3H]thymidine incorporation was assayed as described previously [29, 30].
Nonspecific incorporation was determined using empty alginate gels.

Statistical Analysis
For two-layered secondary follicle cultures, two or three independent

cultures of 30–50 follicles each were performed for each FSH dose. For
multilayered secondary follicles, two to four independent cultures of 10–
30 follicles each were performed for each FSH dose. Follicle size, steroid,
and lactate data were analyzed using a two-way ANOVA with repeated
measures or a one-way ANOVA followed by the Tukey honestly signifi-
cant difference test for isolated time points with a Bonferroni correction
for multiple comparisons. Categorical data were analyzed by chi-square
analysis. A P value of less than 0.05 was considered to be statistically
significant. All statistical calculations were done with the JMP 4.0.4 soft-
ware package (SAS Institute, Cary, NC).

RESULTS

FSH Regulation of Two-Layered Secondary Follicles

Two-layered secondary follicles (type 4 or 5a, 100–130
mm) were cultured in alginate-collagen I gels with 0, 5, 10,
or 25 mIU/ml of recombinant human FSH for 8 days. Al-
ginate-collagen I matrices promoted growth of two-layered
secondary follicles in the absence of FSH. Survival of two-
layered secondary follicles was not significantly affected by
FSH dose, but two-layered secondary follicles grew signif-
icantly larger with FSH treatment (Table 1). Follicles were
designated as dead if the oocyte was no longer contained
within the granulosa cells or if the granulosa cells had be-
come dark and fragmented. The effect of FSH on two-lay-
ered secondary follicle growth was apparent by the second
day of culture, with follicles cultured in 10 and 25 mIU/ml
of FSH being significantly larger than those cultured in 0
or 5 mIU/ml of FSH (Fig. 1A). Increased dosages of FSH
also resulted in a significant increase in the accumulation
of lactate in the media at the end of culture (Fig. 1B). Lac-
tate production did not correspond linearly with follicle
size, indicating that granulosa cells of two-layered second-
ary follicles cultured with higher doses of FSH had an in-
creased metabolism.

Progesterone and estradiol were not detected at any time
for two-layered secondary follicles cultured without FSH.
Progesterone levels increased significantly between Day 2
and Day 8 of the culture for follicles cultured with 10 or
25 mIU/ml of FSH, but no significant difference was found
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FIG. 2. Two-layered secondary follicle steroid secretion in alginate-col-
lagen I gels. A) Two-layered secondary follicles cultured with 10 or 25
mIU/ml of FSH secreted significantly more progesterone at the end of
culture compared to Day 2 (P , 0.05); progesterone levels were not sig-
nificantly different in response to increased doses of FSH. B) Two-layered
secondary follicles cultured with 5, 10, or 25 mIU/ml of FSH secreted
significantly more 17b-estradiol at the end of culture compared to Day 2
(P , 0.05). Increased levels of FSH also resulted in a significant increase
in 17b-estradiol at the end of the culture. Data are presented as the av-
erage 6 SEM (n 5 3). Points without common superscripts differ signifi-
cantly between treatments for isolated time points (P , 0.05). Follicles
cultured without FSH did not secrete detectable levels of 17b-estradiol or
progesterone.

FIG. 3. Oocytes isolated from two-layered secondary follicles cultured
in alginate-collagen I gels. A) Oocyte arrested in prophase I from two-
layered secondary follicle cultured with 0 mIU/ml of FSH. B) Spindle from
a metaphase I-arrested oocyte from two-layered secondary follicle cul-
tured with 25 mIU/ml of FSH. Oocytes were stained with anti-a-tubulin
(green) and 49,69-diamidino-2-phenylindole (blue). Bar 5 10 mm.

TABLE 2. Oocyte meiotic competence for two-layered secondary follicles cultured in alginate-collagen I matrices and multilayered secondary follicles
cultured in alginate matrices.

FSH dosea

(mIU/mL)

Two-layered secondary folliclesb

nc DG (%) GV (%) GVBD (%)

Multilayered secondary folliclesb

nc DG (%) GV (%) GVBD (%) PB (%)

0
5

10
25

21
28
44
39

23.8d

17.9d

36.4d

33.3d

61.9
60.7
36.4
43.6

14.3d

21.4d

27.3d

23.1d

13
32
40
30

84.6d

12.5e

15.0e

10.0e

0.0
0.0
7.5
0.0

15.4
9.4

37.5
26.7

0.0
78.1d

40.0e

63.3d,e

50
IVM
IVO

NE
72
NE

NE
0.0

NE

NE
0.0
NE

NE
100.0
NE

14
129
207

14.3e

0.0
2.9

0.0
0.0
0.0

42.9
6.2

39.1

42.9d,e

93.8
58.0

a IVM, in vitro matured control; IVO, in vivo ovulated control.
b DG, degenerated; GV, germinal vesicle stage; GVBD, germinal vesicle breakdown; PB, polar body; NE, not examined.
c n 5 number of oocytes examined.
d,e Values without common superscripts differ significantly between treatments, P , 0.05.

between FSH doses at the individual time points (Fig. 2A).
Estradiol levels also were significantly higher at the end of
the culture period, even though culture media were not sup-
plemented with exogenous androgen. Additionally, culture
with either 10 or 25 mIU/ml of FSH resulted in signifi-
cantly higher estradiol levels on Day 8 of culture compared
to those of culture with 5 mIU/ml of FSH (Fig. 2B). The
dose of FSH did not significantly affect the percentage of
oocytes that were competent to resume meiosis at the con-
clusion of culture (Table 2). The majority of the oocytes
examined were arrested at prophase I, with an intact ger-
minal vesicle (Fig. 3A). Oocytes that had resumed meiosis
were arrested in metaphase I (Fig. 3B).

FSH Regulation of Multilayered Secondary Follicles

Multilayered secondary follicles (Type 5b, 150–180 mm)
were cultured in alginate hydrogels for 8 days with 0, 5,
10, 25, or 50 mIU/ml of FSH. Multilayered secondary fol-
licle survival was significantly affected by FSH dose, with
a maximum survival of 72.0% and 69.2% at 5 and 10 mIU/
ml of FSH, respectively (Table 1). Sections of follicles cul-
tured with 0, 10, or 50 mIU/ml of FSH were examined to
characterize better the health of the granulosa cells. Culture
without FSH resulted in a large number of pyknotic nuclei
throughout the follicle (Fig. 4A). This morphology was not
observed in sections of follicles cultured with 10 mIU/ml
of FSH (Fig. 4B). With the further increase in dose to 50
mIU/ml of FSH, a large number of pyknotic nuclei were
again observed (Fig. 4C). Unlike the follicles cultured with-
out FSH, however, pyknotic cells from FSH-treated cultures
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FIG. 4. Cross-sections of follicles on Day 8 of culture stained with he-
matoxylin. Follicles cultured with 0 mIU/ml of FSH (A) or 50 mIU/ml of
FSH (C) showed a large number of pyknotic nuclei; this was not observed
in follicles cultured with 10 mIU/ml of FSH (B). Arrows indicate pyknotic
nuclei. Ooc, Oocyte. Bar 5 10 mm.

were found primarily around the oocyte rather than the pe-
riphery of the follicle.

Multilayered secondary follicle growth was dependent
on FSH dose (Table 1). The difference in follicle size was
first detected on Day 2 of the culture, with follicles cultured
using 25 and 50 mIU/ml of FSH being significantly larger
than those cultured without FSH (Fig. 5A). At the comple-
tion of the culture period, follicle size showed a dose-de-
pendent response. In addition, multilayered secondary fol-
licles had an increased production of lactate with increased
doses of FSH (Fig. 5B). A corresponding decrease in glu-
cose was observed in the conditioned media (data not
shown). Somatic cell proliferation also was assessed using
a [3H]thymidine incorporation assay for culture with 0, 10,
and 50 mIU/ml of FSH. For the culture period from Day 2
to Day 3, follicles in all media conditions incorporated
[3H]thymidine, indicating that DNA replication and, there-
fore, cellular proliferation had occurred. Follicles cultured
with 50 mIU/ml of FSH incorporated significantly more
[3H]thymidine compared to follicles cultured without FSH
(Fig. 5C), which was in agreement with the observed in-
crease in follicle size on Day 2 for follicles treated with 50
mIU/ml of FSH (Fig. 5A).

Progesterone and estradiol secretion by multilayered sec-
ondary follicles was regulated by FSH in a dose-dependent
manner. Progesterone was not detected from follicles cul-
tured without FSH (data not shown) but was significantly
increased on Day 6 from cultures with 50 mIU/ml of FSH
relative to cultures with 5 or 10 mIU/ml of FSH (Fig. 6A).
However, this difference was no longer significant on Day
8 of culture. Estradiol levels also were dependent on FSH
dose, with levels being significantly higher at the conclu-
sion of the culture for all FSH doses but not for follicles
cultured without FSH. Follicle-stimulating hormone in-
duced a dose-dependent increase in estradiol secretion for
multilayered secondary follicles cultured with 5, 10, and 25
mIU/ml of FSH (Fig. 6B). Further increases in the FSH
dose to 50 mIU/ml resulted in a small, nonsignificant de-
crease in estradiol compared to that with 25 mIU/ml.

Oocyte meiotic competence was affected by FSH dose
as well, with 84.6% of oocytes from cultures without FSH
appearing to be degenerated, which was significantly higher
than any FSH-treated culture (Table 2). Follicles cultured
with 5 mIU/ml of FSH had the highest rate of progression
to metaphase II, as evidenced by a polar body (Table 2).
Oocytes cultured with 50 mIU/ml of FSH were the largest
in size, however, and were not significantly different than
in vitro- and in vivo-matured controls (P . 0.05) (Fig. 7A).
Oocyte metaphase II spindles were a characteristic barrel
shape, with chromatin aligned at the spindle equator (Fig.

7, B and C). No significant difference was found in the
percentage of aligned spindles among the FSH treatments
(data not shown).

DISCUSSION

We examined the stage-dependent regulation of follicle
development by FSH and the impact of FSH dose on fol-
licle and oocyte maturation using a three-dimensional cul-
ture system for murine ovarian follicles. The alginate cul-
ture system maintains an in vivo-like morphology, with a
centrally located oocyte and surrounding layers of granu-
losa and theca cells, and it supports cell-cell connections
[22], which may provide a more physiological environment
than two-dimensional culture systems. Small molecules
with molecular weights of less than 20 kDa diffuse through
alginate gels with the same diffusivity as in water [31],
whereas larger molecules diffuse through the pores, which
have diameters ranging from 5 to 200 nm, in a molecular
weight-dependent manner [24]. The high porosity of the
alginate gels allowed FSH in the culture media to diffuse
into the matrix within 15 min and to reach a steady level
within 4 h (data not shown). The alginate matrix helps to
maintain paracrine signaling and can be modified to mimic
the ovarian stroma [26]; therefore, incorporating endocrine
signals, such as FSH, will further mimic the ovarian envi-
ronment.

Two-layered as well as multilayered secondary follicles
were encapsulated in alginate-based hydrogels and cultured
in media supplemented with various doses of FSH for 8
days. The effects of FSH on follicle survival, growth, ste-
roid production, and oocyte meiotic competence were ex-
amined. In this system, two-layered secondary follicles
were FSH responsive, with increased follicle growth and
steroid secretion; however, FSH did not affect survival and
oocyte development. In contrast, multilayered secondary
follicles were FSH dependent, with increased survival, fol-
licle growth, steroid secretion, and improved oocyte devel-
opment. However, these results were not strictly dose de-
pendent, indicating a critical balance of FSH to ensure ap-
propriate follicle development.

FSH in Two-Layered Secondary Follicle Development

Studies regarding the role of FSH in early follicle de-
velopment, both in vivo and in vitro, have been inconclu-
sive. The earliest stages of follicle development appear to
be independent of FSH regulation, because ovaries from
mice with null mutations for either FSHb [2] or FSH re-
ceptor [4] contained follicles that progressed beyond the
primordial stage but were blocked before antrum formation.
However, full-length transcripts for FSH receptor were seen
as early as Day 5 in immature mice [32], and high circu-
lating levels of FSH have been measured in juvenile mice
[9]. A study of intact newborn mouse ovaries cultured with
and without FSH indicated that primary and two-layered
secondary follicles had increased granulosa cell prolifera-
tion and follicle development with FSH [33].

In the three-dimensional system, two-layered secondary
follicles cultured in alginate-collagen I gels were FSH re-
sponsive, with increased follicle growth and lactate pro-
duction (Fig. 1) and increased estradiol secretion relative to
follicles cultured without FSH (Fig. 2). An increase in lac-
tate production has been shown previously to coincide with
rapid growth and the onset of estradiol secretion in cul-
tured, intact follicles [34], indicating that the two-layered
secondary follicles cultured in alginate-collagen I gels dif-
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FIG. 5. Multilayered secondary follicle growth and metabolism in algi-
nate gels. A) Multilayered secondary follicles cultured with increased lev-
els of FSH grew significantly larger. Data represented as average 6 SEM,
the number examined for each condition is given in Table 1. B) The in-
crease in FSH dosage resulted in a significant increase in lactate accu-
mulation on day 8 of culture. Data are presented as the average 6 SEM
(n 5 3). C) Multilayered secondary follicles cultured with 50 mIU/ml of
FSH incorporated more [3H]thymidine from the second to third day of
culture. Data are presented as the average 6 SEM (n 5 5). Points or bars
without common superscripts differ significantly between treatments for
isolated time points (P , 0.05).

FIG. 6. Multilayered secondary follicle steroid secretion in alginate gels
A) Progesterone was increased significantly at the highest dose of FSH
examined. Follicles cultured without FSH did not secrete detectable levels
of progesterone. B) 17b-Estradiol increased significantly with time for
multilayered secondary follicles cultured with FSH supplemented media.
Increased levels of FSH also resulted in significant differences in 17b-
estradiol levels. Data are presented as the average 6 SEM (n 5 3). Points
without common superscripts differ significantly between treatments for
isolated time points (P , 0.05).

ferentiated in response to the increased doses of FSH. This
result was in contrast to those of previous studies involving
two-layered secondary follicles isolated from immature
mice and cultured in serum-free conditions, which did not
respond to FSH without additional supplementation with

activin [15] or treatment with diethylstilbestrol [35]. Folli-
cle-stimulating hormone has been shown to promote
growth and differentiation in serum-supplemented culture
of two-layered secondary follicles on two-dimensional sub-
strates in a manner similar to the results of the present
serum-free studies in alginate-collagen I gels (Figs. 1 and
2). Without FSH, estradiol and progesterone were not de-
tected [36], and little granulosa cell proliferation occurred
[18]. However, FSH was not necessary for survival of two-
layered secondary follicles in the alginate-collagen I ma-
trices (Table 1), and limited growth occurred without FSH
(Fig. 1), indicating that this stage of follicle was not FSH
dependent in this system. In contrast, follicles of the same
size class cultured on two-dimensional substrates with se-
rum required FSH for survival and development [18]. Thus,
the three-dimensional alginate culture system provided a
more in vivo-like dynamic for follicle progression.

The oocytes from two-layered secondary follicles in the
alginate cultures were immature in comparison to age-
matched, in vitro-matured controls (Table 2). The apparent
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FIG. 7. In vitro-matured oocytes isolated from multilayered secondary follicles cultured in alginate gels. A) Oocytes from follicles cultured in 50 mIU/
ml of FSH were not significantly different in size compared to in vitro or in vivo controls. Data represented as average 6 SEM, the number examined
for each condition is given in Table 2. Points without common superscripts differ significantly between treatments (P , 0.05). B and C) Representative
metaphase II spindles from follicles cultured with 5 mIU/ml of FSH (B) or 50 mIU/ml of FSH (C). Oocytes were stained with anti-a-tubulin (green) and
49,69-diamidino-2-phenylindole (blue). Bar 5 5 mm.

slower development of the oocytes cultured in vitro has
been reported previously for two-dimensional culture sys-
tems [37]. Because FSH is not a constant presence in the
ovary [38], an intermittent-dosing schedule may be more
physiological and improve oocyte development. Indeed, for
culture of immature granulosa-oocyte complexes, constant
exposure to FSH may contribute to reduced oocyte quality
[39]. However, the lower rate of meiotic competence for
oocytes from two-layered secondary follicle cultures rela-
tive to that of in vitro controls also may have been a result
of different classes of follicles being compared. For ex-
ample, oocytes used for the in vitro controls were isolated
from eCG-primed ovaries, which include follicles of larger
size than cultured two-layered secondary follicles. Immu-
nostaining for tubulin and chromatin of oocytes from two-
layered secondary follicles cultured in alginate-collagen I
gels without FSH indicated that most of the oocytes were
in the early stages of meiosis (Fig. 3), with some oocytes
arrested at metaphase I. Germinal vesicle-stage oocytes dis-
played an array of cytoplasmic microtubules and several
tubulin foci, which are characteristic of oocytes isolated
from multilayered preantral follicles [40] and consistent
with the observed increase in follicle size (Fig. 1).

FSH in Multilayered Secondary Follicle Development

Multilayered secondary follicles cultured in alginate ma-
trices were FSH dependent, which is consistent with pre-
vious in vivo studies [2]. Follicle-stimulating hormone was
determined to be a major survival factor for early antral rat
follicles in vitro [41]. The multilayered secondary follicles
cultured in the present study had improved survival at low,
but not at the highest, doses of FSH (Table 1). Examination
of morphologically normal follicles indicated that granulosa
cell viability was also regulated by FSH dose, with follicles
cultured without FSH containing many pyknotic nuclei
(Fig. 4A), which is an early sign of atresia [42]. However,
increased doses of FSH resulted in an eventual decline in
multilayered secondary follicle survival, which was accom-
panied by the appearance of granulosa cells with pyknotic
nuclei surrounding the oocyte (Table 1 and Fig. 4C). The
observed pyknotic nuclei may have indicated that the inner
layers of granulosa cells were damaged by an accumulation
of metabolic by-products, such as lactate, which accom-
panied the rapid proliferation and increase in cell number
seen with 50 mIU/ml of FSH (Fig. 5, B and C). Follicle
metabolism for the multilayered secondary to preovulatory
stages has been shown previously to occur primarily
through the glycolytic pathway [43]. The increased levels

of lactate were not solely accounted for by the increased
follicle size with increased FSH doses in our system (data
not shown) or in two-dimensional cultures [34], indicating
that FSH increased metabolic activity of the granulosa cells.
Neither class of follicle regularly formed antra in the algi-
nate culture system, which likely would improve nutrient
and waste transport [44]; however, the precise role of the
antrum is unclear in both in vivo and in vitro follicle de-
velopment. For instance, some mammalian species do not
develop an antrum (e.g., tenrecs [45]). Modifications to the
soluble factors in the culture media or to the mechanical
properties of the matrix may allow for the regulation of
antrum formation, making the alginate culture system an
ideal model to examine the role of antrum development in
follicle and oocyte maturation.

Multilayered secondary follicle growth in the alginate
matrix was a result of granulosa cell proliferation, the rate
of which depended on the FSH dose (Fig. 5C). Multilayered
secondary follicles grew without FSH. Follicle growth
slowed after Day 2, however, and follicles actually de-
creased slightly in size from Day 6 to Day 8 (Fig. 5A). A
similar trend was seen for early antral follicles cultured
without FSH on a two-dimensional substrate [14, 19]. Fol-
licles grew significantly larger with increased doses of FSH,
indicating that the three-dimensional support of the alginate
matrix did not restrict follicle growth. The increased rate
of granulosa cell proliferation may have uncoupled granu-
losa cell-granulosa cell interactions or granulosa cell-oocyte
communication, affecting follicle survival. Alternatively,
the continual exposure to FSH may have led to FSH-re-
ceptor desensitization [46], resulting in lowered follicle sur-
vival and flattened follicle growth curves, as observed for
multilayered secondary follicles cultured with 5 or 25 mIU/
ml of FSH.

Granulosa cells from mature follicles secrete large
amounts of steroids, particularly in response to gonadotro-
pin signaling as the dominant follicle matures [47]. In the
alginate culture system, granulosa cells secreted progester-
one in response to increased FSH, but when cultured in the
absence of FSH, progesterone was not detected (Fig. 6A).
A significant increase was found on Day 6 for cultures
treated with 50 mIU/ml of FSH, indicating a possible pre-
mature luteinization of the granulosa cells. The production
of estradiol by the cultured multilayered secondary follicles
indicated a functioning theca layer, because the cultures
were not supplemented with androgen. Additionally, FSH
regulated estradiol secretion, as expected from the two cell-
two gonadotropin model [48] and cultures of multilayered
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secondary follicles on two-dimensional substrates [19]. Un-
like follicle growth and lactate production, this was not a
strictly dose-dependent response, because the maximum
amount of estradiol was achieved with 25 mIU/ml, not 50
mIU/ml, of FSH (Fig. 6B). This result may correspond to
follicle growth, because 25 mIU/ml of FSH did not signif-
icantly increase the follicle growth relative to that with 10
or 50 mIU/ml of FSH. Therefore, granulosa cells at this
dose of FSH may be proliferating less, resulting in in-
creased differentiation [49].

Multilayered secondary follicles also produced oocytes
that were competent to resume meiosis and progress to
metaphase II, an important functional end point of the cul-
ture system. Oocytes from follicles cultured without FSH
were not healthy, appearing dark and with a fragmented
cytoplasm. The poor morphology of oocytes from cultures
without FSH was not unexpected based on the reduced fol-
licle survival (Table 1) and extensive granulosa cell apo-
ptosis (Fig. 4A) seen in these follicles in the present study
as well as previous reports of poor oocyte quality from
follicles cultured without FSH [36]. Culture with even the
lowest dose of FSH significantly improved oocyte health
compared to that with no FSH. In vivo treatment with FSH
induced withdrawal of transzonal projections, which cor-
responded to changes in oocyte transcriptional activity and
increased rates of oocyte meiotic competence [7].

The improved morphology of granulosa cells that was
observed with the addition of 10 mIU/ml of FSH (Fig. 4B)
also may have resulted in improved support of the oocyte,
enhancing its development [50]. Follicle-stimulating hor-
mone has been shown previously to increase expression of
connexin 43, a gap junction protein, in cultured granulosa
cells [51]. Connexin 43 was found between granulosa cells
in increased amounts as the follicle matures and in de-
creased amounts in atretic follicles [52]. Oocytes from ova-
ries of mice deficient in connexin 43 were meiotically in-
competent [53], indicating that regulating communication
between granulosa cells can impact oocyte quality. The
doses of FSH examined in the present study were not found
to impact the percentage of oocytes with aligned chromatin
in meiotic spindles (data not shown). It recently was shown
that increased dosages of FSH can negatively impact mei-
otic spindle formation [54]; however, the dosages examined
in the present study were similar to those that did not im-
pact spindle formation.

Several studies have indicated that FSH regulates oocyte
growth through the kit ligand (KL1 and KL2) system. In
vitro cultures of granulosa-oocyte complexes treated with
low doses of FSH had upregulated expression of KL2 and
increased oocyte growth compared to cultures with high
doses of FSH, which had an increased ratio of KL1 to KL2
and no oocyte growth [55]. The promotion of oocyte
growth by low doses of FSH was inhibited by treatment
either with a KL inhibitor or with exogenous KL1. Addi-
tionally, mice with a null mutation for growth differentia-
tion factor-9 (Gdf9) had increased KL expression [56] and
precocious oocyte growth, with oocytes that grew larger
than those of heterozygous littermates [57]. Our results in-
dicated that increased doses of FSH resulted in larger oo-
cytes (Fig. 7). It will be interesting to examine how FSH
regulates KL and growth differentiation factor-9 in a three-
dimensional, intact-follicle, in vitro culture system.

The three-dimensional nature of this culture system al-
lows for examination of many fundamental questions re-
garding follicle development. We have shown previously
that the culture maintains cell-cell connections [22]. In the

present study, we incorporated endocrine signals by sup-
plementing the culture with varying doses of FSH, and we
observed that two-layered secondary follicles were FSH re-
sponsive and that multilayered secondary follicles were
FSH dependent, which is consistent with in vivo observa-
tions [58]. The culture system described is flexible; signals
can be examined either in isolation or in combination. Fol-
licles of different developmental stages were used, and our
results indicate that the culture system will need to be
adapted to the developmental needs of the follicle. Culture
systems such as this three-dimensional one that can be tai-
lored to the developmental stage of the follicle will be es-
pecially critical for translation to human follicles, which
require several months to produce mature oocytes.
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