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Abstract

The extracellular matrix (ECM) provides a three-dimensional structure that promotes and regulates cell adhesion and provides

signals that direct the cellular processes leading to tissue development. In this report, synthetic matrices that present defined ECM

components were employed to investigate these signaling effects on tissue formation using ovarian follicle maturation as a model

system. In vitro systems for follicle culture are being developed to preserve fertility for women, and cultures were performed to test

the hypothesis that the ECM regulates follicle maturation in a manner that is dependent on both the ECM identity and the stage of

follicle development. Immature mouse follicles were cultured within alginate-based matrices that were modified with specific ECM

components (e.g., laminin) or RGD peptides. The matrix maintains the in vivo like morphology of the follicle and provides an

environment that supports follicle development. The ECM components signal the somatic cells of the follicle, affecting their growth

and differentiation, and unexpectedly also affect the meiotic competence of the oocyte. These effects depend upon both the identity

of the ECM components and the initial stage of the follicle, indicating that the ECM is a dynamic regulator of follicle development.

The development of synthetic matrices that promote follicle maturation to produce meiotically competent oocytes may provide a

mechanism to preserve fertility, or more generally, provide design principles for scaffold-based approaches to tissue engineering.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The extracellular matrix (ECM) provides a three-
dimensional support to organize cellular architecture and
regulate tissue development. Cells attach to the ECM
through integrin receptors, and engagement of these
e front matter r 2005 Elsevier Ltd. All rights reserved.
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receptors initiates multiple intracellular signaling cas-
cades that regulate cell survival, proliferation, and
differentiation [1,2]. The composition of the ECM (e.g.,
fibronectin, laminin) determines which integrin receptors
are involved in binding, and impacts the signaling that
leads to tissue formation. The link between integrin
binding and tissue formation has been difficult to
characterize; however, the development of tissue engi-
neering matrices that provide a three-dimensional sup-
port and present defined ECM molecules can regulate
the receptors used for cell-matrix adhesion and impact
cell–cell cohesion [3]. The culture of one or more cell
types within these matrices can provide a model system
to investigate the signals that promote tissue formation.

www.elsevier.com/locate/biomaterials
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Tissue engineering matrices may be useful for the
development of systems for the in vitro maturation of
ovarian follicles, which are needed to preserve repro-
ductive potential for women faced with infertility
resulting from chemotherapy or other ovarian disorders
(e.g., premature ovarian failure). The ovarian follicle
consists of an oocyte surrounded by layers of granulosa
cells, a basement membrane composed of ECM, and an
outer layer of theca cells. In the mammalian female,
follicles undergo a developmental process where the
oocyte increases in size and prepares for ovulation, and
the granulosa and theca cells proliferate and differenti-
ate [4]. Primary follicles (consisting of an oocyte and a
single layer of granulosa cells) progress to the two-
layered secondary stage as granulosa cells proliferate
and the theca layer begins to form. With an increase in
oocyte size and granulosa/theca cell proliferation,
follicles progress to the multilayered secondary stage.
A fluid filled antral cavity forms during the antral stage,
resulting in the differentiation of granulosa cells.
Finally, the follicle ruptures in response to gonadotropin
signals, resulting in the ovulation of a mature oocyte
which reinitiates meiosis [5]. Each of the three cell types
of the follicle has distinct functions; however, the bi-
directional communication between the cells is critical
for follicle development and oocyte maturation [6].

Two-dimensional culture systems of immature mouse
follicles or granulosa cell-oocyte complexes have sup-
ported the production of mouse embryos with low
efficiency [7–9]; however, in these cultures, the granulosa
cells can attach to the culture substrate, and migrate
away from the oocyte [10]. This dissociation disrupts
communication and may limit application of these
cultures to the most immature follicles or to follicles
from other species, such as humans, which have a much
longer development period. For example, human
primary follicles fail to grow on two-dimensional
substrates, but do increase in size when cultured for
one day within a collagen I gel [11]. We have developed
a three-dimensional culture system for mouse granulosa-
oocyte complexes, which maintains cell–cell connections
and provides an environment that supports follicle
development [12].

Tissue engineering matrices that present defined ECM
molecules could help elucidate the role of ECM
signaling in the maturation of ovarian follicles. In
addition to maintaining the cell–cell connections, cells
within three-dimensional environments utilize different
integrins and form distinct adhesions with the ECM
compared to two-dimensional systems [13], which can
affect both cellular organization and tissue function [14].
During follicle development, ECM composition [15] and
integrin expression [16] change; however, whether these
changes are the result or cause of maturation has not
been identified [17]. ECM composition is known to
affect granulosa cell differentiation in vitro [18,19].
Specifically, a synthetic matrix composed of Arg–
Gly–Asp (RGD)-modified alginate supported granulosa
cell adhesion and spreading, and increased estradiol and
progesterone secretion [19].

This synthetic alginate matrix can also be modified
with intact ECM molecules and used for the three-
dimensional culture of individual immature ovarian
follicles. In this report, we test the hypothesis that the
ECM regulates follicle development in a manner that is
dependent on both the ECM identity and the stage of
follicle development. Alginate-based matrices, which are
modified with either ECM proteins or RGD peptides,
are employed as a synthetic matrix to reconstitute the
basement membrane and mimic the ovarian stroma for
the three-dimensional culture of ovarian follicles in
vitro. Alginate, a linear polysaccharide derived from
algae and composed of repeating units of b-D-mannuro-
nic acid and a-L-guluronic acid [20], gels by ionic cross-
linking of the guluronic residues [21]. This mild gelation
process maintains cell viability [22]. Alginate promotes
minimal non-specific protein adsorption and cell adhe-
sion [23], allowing for the examination of the specific
interactions of cells with the ECM. Immature follicles
were cultured within alginate-ECM matrices, and
maturation was characterized by follicle growth, gran-
ulosa cell differentiation, and the meiotic competence of
the oocyte.
2. Materials and methods

2.1. Animals and materials

C57BL/6 female mice and CBA male mice were purchased

(Harlan, Indianapolis, IN) and maintained as a breeder

colony. Protocols were approved by the IACUC at North-

western University and animals were treated in accordance

with the NIH Guide for the Care and Use of Laboratory

Animals. Unless otherwise noted, all chemicals were purchased

from Sigma-Aldrich (St. Louis, MO), stains and antibodies

fromMolecular Probes (Eugene, OR), and media formulations

from Invitrogen (Carlsbad, CA). Sodium alginate (55–65%

guluronic acid) was provided by FMC BioPolymers (Philadel-

phia, PA).

2.2. Alginate modification with ECM molecules or RGD

containing peptides

Collagen Type I isolated from rat tails (BD Biosciences,

Bedford, MA), fibronectin from bovine plasma, and laminin

and collagen Type IV purified from Engelbreth Holm Swarm

Sarcoma were purchased. Aliquots of charcoal-stripped and

sterilized sodium alginate were reconstituted with sterile 1X

PBS to a concentration of 3% (w/v), and diluted to either

1.5% in PBS, or 1.5% alginate, 0.2mg/mL ECM material, and

vortexed well to mix. Alternatively, sodium alginate was

covalently modified using carbodiimide chemistry to a

concentration of 11.8mmol/g alginate with GGGGRGDS
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peptide (CS Bio Co, San Carlos, CA) as previously described

[19,23] and used at a concentration of 1.5% (w/v) in PBS.

To examine incorporation and retention of ECM within

alginate beads, collagen I was iodinated using a Bolton–Hun-

ter iodination protocol [24]. Alginate-125I-Collagen I beads

were made as described above and incubated in aMEM

supplemented with 1% penicillin-streptomycin at 371C for 8

days. Every two days, half of the media was exchanged for

fresh media and both the beads and removed media were

analyzed on the gamma counter to determine the amount

of collagen present in the bead over time. Additionally,

alginate and alginate-collagen I beads were made as described

above, fixed with 4% paraformaldehyde for 1 h, embedded

in Tissue-Tek OCT (Fisher, Pittsburgh, PA), and sectioned on

a cryostat as 14mm sections and mounted on SuperFrost

Plus slides (Fisher). Sections were then stained with Sirius

Red (Sigma) to visualize ECM proteins as previously

described [25].

2.3. Follicle isolation, encapsulation, and culture

Two-layered secondary follicles (100–130 mm, oocyte

o63mm) and multilayered secondary follicles (150–180mm)

were mechanically isolated using insulin gauge needles in L-15

media from day 12 and day 16 C57BL/6 x 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 [26]. Efforts were

made to maintain the follicles at 371C and pH 7 throughout

the isolation and encapsulation. Follicles were encapsulated

into alginate or alginate–ECM matrices. Droplets of alginate

or alginate–ECM solution (�2–3mL) were suspended on a

polypropylene mesh (0.1mm opening). A single follicle was

pipetted into each droplet in a minimal amount of media. After

all droplets had been filled, the mesh was immersed in sterile 50

mM CaCl2 for 2minutes to cross-link the alginate, and then

rinsed in L-15 media. Individual beads were plated in 96 well

plates in 100 mL of culture media composed of aMEM, 3mg/

mL BSA, 5 mg/mL insulin, 5mg/mL transferrin, and 5 ng/mL

selenium [12]. Media used to culture multilayered secondary

follicles was supplemented to 10mIU/mL recombinant human

follicle stimulating hormone (FSH, obtained through NHPP,

NIDDK, and Dr. A. F. Parlow).

Follicles were cultured at 37 1C in 5% CO2 for 8 days. Every

two days, half of the media volume was exchanged and follicles

were examined for survival and size measurements. 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 follicle and selected images were captured. Collected

media was frozen at �801C until assayed. 17b-estradiol
and progesterone levels were determined by immunoassay

(Assay Designs, Ann Arbor, MI). Androstenedione was

assayed by RIA and inhibin A by immunoassay. Intra- and

inter-assay coefficients of variation were 3.1% and 8.2% for

17b-estradiol, 4.4% and 9.1% for progesterone, 4.9% and

11.9% for androstenedione, and 3.8% and 4.9% for inhibin A,

respectively.

At the conclusion of culture, follicles were removed from the

alginate beads by degrading the gel with 10 unit/mL alginate

lyase for 30min at 371C, 5% CO2. Released follicles were then
transferred to maturation media composed of aMEM, 1.5 IU/

mL human chorionic gonadotropin, and 5 ng/mL EGF [9].

Oocytes from two-layered secondary follicles were mechani-

cally denuded of granulosa cells, while oocytes from multi-

layered secondary follicles were maintained inside granulosa/

cumulus cells. The oocytes from both size classes were

incubated for an additional 14–16 h at 371C, 5% CO2 [9] and

classified morphologically based on the presence or absence of

a germinal vesicle and polar body. Oocytes were then fixed and

processed for immunofluorescence as previously described [27].

2.4. Characterization of follicle viability and morphology

Follicle viability one day after encapsulation was examined

using a Live/Dead stain (2 mM calcein AM, 5mM ethidium

homodimer-1) and a Leica DMRXE7 confocal microscope

equipped with a 40x immersion lens and Ar (488) and green

HeNe (543) lasers in the Biological Imaging Facility at

Northwestern University (Evanston, IL). An additional set

of two-layered secondary follicles were encapsulated in 1.5%

alginate gels and cultured for 4 days as described. The media

was supplemented for the final 15 h of culture to a concentra-

tion of 1mg/mL tetramethylrhodamine–Dextran, MW 3500.

Follicles were then fixed with 3.7% formaldehyde and

counterstained with 5 units/mL AlexaFluor 488 phalloidin.

For comparison, a two-dimensional culture of two-layered

secondary follicles was also examined, using the previously

described conditions [28]. Stained follicles were examined by

confocal microscopy for morphology.

2.5. Statistical analysis

Follicle size and steroid levels were analyzed using a two-

way ANOVA with repeated measures, or one-way ANOVA

followed by Tukey-HSD for isolated time points. Categorical

data was analyzed by X2 analysis. All statistical calculations

were done with the software package JMP 4.0.4 (SAS Institute,

Cary, NC).
3. Results

3.1. Follicle morphology in alginate matrices

Two-layered secondary and multilayered secondary
follicles were encapsulated and cultured in alginate-
based matrices. Follicles were intact after isolation and
encapsulation, with a central oocyte and surrounding
layers of granulosa and theca cells (Fig. 1a). Follicles
were examined 24 h after isolation and encapsulation
with a Live/Dead stain, and the majority of cells
fluoresced green, indicating viability (Fig. 1b). The cells
that appeared dead were detached from the follicle,
likely a result of the mechanical isolation pro-
cedure. Follicles cultured within alginate matrices
maintained their spherical architecture, with a centrally
placed oocyte and layers of granulosa cells (Fig. 1c).
Alternatively, mouse ovarian follicles cultured on a
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Fig. 1. (a) A two-layered secondary follicle encapsulated in an alginate

bead (edge of bead indicated by two solid arrows). (b) Follicles stained

for viability 24 hours after encapsulation appear healthy. Follicles are

labeled with calcein AM (live cells, green) and ethidium homodimer-1

(dead cells, red). (c,d) Follicles cultured in alginate beads (c) maintain

their morphology and active uptake of dextran from media at day 4 of

culture, while follicles cultured on 2D substrates (d) have a disrupted

architecture. Follicles are labeled with dextran to indicate cells that are

actively internalizing compounds from the media (red) and phalloidin

for the actin cytoskeleton (green). Ooc ¼ oocyte, GC ¼ granulosa cell

layers, and TC ¼ theca cell layer. Scale bar ¼ 30 mm.

Fig. 2. (a) Alginate-ECM beads formed with I125-labeled collagen I

show a linear increase in counts with increasing number of beads

(R2
¼ 0.998), indicating uniform distribution of the collagen I within

the alginate gel. (b) The incorporated ECM slowly diffuses from the

alginate gels such that 83.571.6% of the ECM is maintained over the

8 day culture period. (c,d) Collagen I-alginate gels have a uniform

distribution of collagen I throughout the alginate matrix (c). Staining

for collagen I is negative in the alginate gels (d). Data presented as

average7SD (n ¼ 3-5), scale bar ¼ 25mm.
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two-dimensional substrate (tissue culture plastic) had a
distorted morphology, with granulosa cells detaching
from the follicle and migrating away from the oocyte
(Fig. 1d, [7–9]). To investigate ECM effects on follicle
development, alginate matrices were modified by phy-
sical blending with collagen I (CI), fibronectin (FN),
collagen IV (CIV), and laminin (LN) and by covalent
modification with RGD-containing peptides (RGD).

3.2. Characterization of alginate– ECM matrices

Collagen I was iodinated using the Bolton–Hunter
method [24], and CI matrices were formed to character-
ize the alginate–ECM blends. Matrices formed with
I125-CI showed that the blending process results in
uniform distribution of the ECM, with each bead
containing a similar amount of collagen I (Fig. 2a,
R2

¼ 0.998). Although the ECM is not covalently
bound, the alginate gel physically entrapped 83.57
1.6% of the ECM during the 8 day culture period
(Fig. 2b). In addition to beads containing quantitatively
similar amounts of ECM, sections stained with Sirius
Red indicated that the collagen I was evenly distributed
throughout the alginate matrix (Fig. 2c,d).
3.3. Follicle growth regulation by ECM

Two-layered secondary follicles (100–130 mm, oocy-
teo63 mm) were cultured in unmodified alginate (ALG),
CI, FN, RGD, CIV, or LN matrices without follicle
stimulating hormone (FSH) and their survival percen-
tage and size compared. Survival rates ranged from 62.5
to 72.0%, with no significant difference between the
different matrices (Table 1). ECM matrix significantly
affected two-layered secondary follicle growth, with
results dependent on ECM identity. Follicles cultured in
CI and RGD grew significantly larger than follicles
cultured in ALG by day 6 of culture (Fig. 3a). At the
end of the 8 day culture, follicles cultured in ALG did
not increase in size (�0.671.2%, Fig. 3b), while those
cultured in CI and RGD increased significantly
(15.471.6% and 8.872.3%, respectively). Follicles
cultured in FN, CIV, or LN did not grow significantly
larger than those cultured in ALG. Follicles cultured
in these ECM-modified matrices maintained their
architecture for the entire culture period, with an
oocyte surrounded by layers of granulosa and theca
cells (Fig. 3c–e).

Multilayered secondary follicles (150–180 mm) were
cultured in ALG, CI, FN, RGD, CIV, or LN matrices
with the addition of FSH and examined for effects on
survival and follicle growth. FSH was necessary for
survival for this follicle stage in the various matrices
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Table 1

Survival and follicle size measurements for two-layered secondary and multilayered secondary follicles

Two-layered secondary follicles Multilayered follicles

Matrix N Survival(%) Size increase (Avg7SEM)(%) n Survival(%) Size increase (Avg7SEM)(%)

ALG 108 63.9a �0.671.2a 107 69.2a 62.272.9a

CI 125 64.8a 15.471.6b 46 67.4a 61.274.2a,b

FN 118 69.5a 2.971.5a,c 39 71.8a 42.372.1c

RGD 46 71.7a 8.872.3b,c 71 62.0a 55.773.4a,c

CIV 50 72.0a 1.372.2a,c 54 48.1a 46.472.8b,c

LN 64 62.5a 1.771.8a,c 64 60.9a 44.372.8c

a–cValues without common superscripts differ significantly between matrices, po0.05. Data represented is from two or more independent

experiments for each matrix.

Fig. 3. (a) Two-layered secondary follicle size increased when cultured in CI or RGD matrices compared to ALG. (b) Only CI and RGD result in a

significant increase compared to ALG. (c–e). A representative two-layered secondary follicle on day 0 of culture (c) and on day 8 after culture in ALG

(d) or CI (e). Ooc ¼ oocyte, scale bar ¼ 25 mm. Significant differences between treatments are indicated by different letters, po0.05. Data represented

as average7SEM, from two or more independent experiments for each matrix.
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examined (data not shown). Follicle survival with FSH
ranged from 48.1 to 71.8%, but was not significantly
affected by matrix identity (Table 1). In contrast to the
cultures of two-layered secondary follicles, ECM mod-
ification did not result in a significant increase in follicle
growth. Rather, FN, CIV, and LN significantly
decreased follicle growth compared to ALG (Fig. 4a),
while CI and RGD did not significantly affect follicle
growth (Fig. 4b). Although follicles did not grow as
large in these modified matrices, they appeared healthy
(Fig. 4c–e). In vivo, the granulosa cells in direct contact
with the basement membrane have a lower degree of
proliferation and higher degree of differentiation [29].
Therefore, subsequent studies examined somatic cell
differentiation and oocyte development.
3.4. Somatic cell differentiation

As follicle development progresses the somatic cells
begin to perform differentiated functions, including
production of steroids and inhibins [4]. The alginate
culture system provided the opportunity to directly
examine whether ECM affected these processes. Proges-
terone and estradiol were not detected in the media
collected from two-layered secondary follicle cultures,
except for follicles cultured in FN, which produced low
amounts of estradiol (52.175.1 pg/mL). Multilayered
secondary follicles cultured in ECM modified gels
secreted significantly more progesterone (Fig. 5a) and
significantly less estradiol (Fig. 5b) than follicles
cultured in ALG, po0.05. The reduction in estradiol
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Fig. 4. (a) Multilayered secondary follicles cultured in FN or LN matrices grow significantly less than follicles cultured in either ALG or CI matrices.

(b) FN, CIV, and LN all result in a significant decrease compared to ALG. (c–e) A representative multilayered secondary follicle on day 0 of culture

(c) and on day 8 after culture in ALG (d) or LN (e). Ooc ¼ oocyte, scale bar ¼ 40 mm. Significant differences between treatments are indicated by

different letters, po0.05. Data represented as average7SEM, from two or more independent experiments for each matrix.
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did not appear to result from a lack of substrate for
aromatase, as androgen levels were not significantly
affected by matrix composition (Fig. 5c). Additionally,
inhibin A secretion was significantly higher for follicles
in ALG than ECM (Fig. 5d). Estradiol levels signifi-
cantly increased from day 2 to 8 for all conditions
(po0.05), while progesterone levels did not significantly
increase in any of the six matrices over the culture
period.

3.5. Oocyte quality

Properly regulated follicle development is critical for
the production of oocytes that are competent to resume
meiosis in preparation for fertilization [27]. The effect of
ECM signaling through theca and granulosa cells on
oocyte maturation was determined by characterizing the
ability of the oocyte to resume meiosis. As an oocyte
progresses through meiosis, the nuclear envelope (or
germinal vesicle) breaks down and half of the chromo-
somes are physically separated from the egg into the
polar body [30]. Oocytes that have sufficiently matured
will spontaneously resume meiosis when denuded of
granulosa cells [31]. ECM did not significantly affect the
meiotic competency for two-layered secondary follicle
cultures, with 11.5–29.4% of oocytes resuming meiosis,
as evidenced by germinal vesicle breakdown (Table 2).

Although the resumption of meiosis can be examined
by denuding the oocyte, in vivo it is under hormonal
regulation mediated by the granulosa cells. Therefore,
for multilayered secondary follicles, oocytes were
examined after maturation within granulosa cells in
hormone supplemented media. Culture in FN, RGD,
and LN resulted in a significant increase in rate of polar
body formation compared to ALG (Fig. 6a, Table 2).
Oocytes were further examined to characterize the
quality of the meiotic spindle by staining for tubulin
and chromatin. These experiments revealed that cul-
tured oocytes were undergoing the normal stages of
meiotic progression. Oocytes from ALG, CI, and CIV
were primarily observed in prometaphase I with the
chromatin condensed and tubulin forming a spindle
(Fig. 6b) or in metaphase I, with a characteristic
barrel shaped spindle (Fig. 6c) [27]. Oocytes from FN,
RGD, and LN had a more compact metaphase II
spindle (Fig. 6d,e) and a polar body. Importantly, both
metaphase I and II spindles had chromosomes aligned
at the equator of the spindle, an indicator that normal
chromosome division necessary to avoid aneuploidy is
occurring [27]. No significant differences in the percen-
tage of aligned spindles were measured between matrix
conditions (data not shown).
4. Discussion

In vitro systems for ovarian follicle maturation will
provide an important link for clinicians to help women
and young girls preserve their fertility, which may be
compromised due to cancer, age, or other disorders.
Cryopreservation of ovaries, and thus the follicles which
contain the egg, has been proposed for the preservation



ARTICLE IN PRESS

Fig. 5. Multilayered secondary follicle secretion profiles in different

matrices. (a,b) Culture in ECM matrices significantly increases

secretion of progesterone (a) and decreases secretion of 17b-estradiol
(b) compared to culture in ALG on day 8 in culture. (c)

Androstenedione levels are not significantly affected by ECM

condition. (d) Culture in ECM matrices significantly increases

production of inhibin A. Data represented as average7SEM, n ¼ 3.
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of fertility for women or young girls; however, a critical
limitation is the insufficient supply of meiotically
competent oocytes that can be obtained [10]. The
follicles that are best able to survive freezing and
thawing are the immature follicles which will require
further development to be utilized for embryo produc-
tion [32]. Importantly, the cryopreserved tissue can not
be reintroduced into the patient for in vivo follicle
development without potential risks for reinitiation of
cancer. Therefore, systems must be developed to allow
these follicles to mature entirely in vitro.

By merging principles from tissue engineering with
those from follicle biology, we have developed synthetic
matrices that promote follicle maturation to produce
meiotically competent oocytes, which may provide a
mechanism to preserve fertility. Ovarian follicles were
encapsulated and cultured within alginate scaffolds,
resulting in follicle maturation and the development of
meiotically competent oocytes, an important step in
developing egg banks. Encapsulation within the matrix
maintained the follicular architecture (Fig. 1a,b), which
will be critical as these techniques are extended to larger
species, such as humans. Follicles cultured within
alginate matrices maintained their spherical architec-
ture, with a centrally placed oocyte and layers of
granulosa cells, while the somatic cells of follicles
cultured on tissue culture plastic migrated away from
the oocyte (Fig. 1c,d, [9]), resulting in a breakdown of
the in vivo architecture and subsequent loss of cell–cell
communication. Additionally, maintaining the three-
dimensional in vivo architecture of the follicle may
preserve signals that set up asymmetries in the oocyte
and resulting embryo [33].

Follicle development is a multi-stage process which
takes approximately 16 days to complete in the mouse
[34] and has distinct hormonal and growth factor
requirements for each stage. For example, FSH is a
selection and survival signal for multilayered secondary
follicles [35], but is not necessary for the initial stages of
follicle development [36]. The process of follicle devel-
opment and oocyte maturation has been widely studied
in vivo [37] and in vitro [10]. Although a role for ECM
in this process has been suggested [17], few studies have
directly examined this hypothesis. Mouse multilayered
secondary follicles cultured for 6 days in collagen I gels
increased in size but had a high proportion of unhealthy
follicles [38]. These studies illustrate the potential of
three-dimensional culture; however, the specific effects
of other ECM components cannot be examined in this
system due to the intrinsic signaling from the collagen
matrix. Mammalian cells do not adhere to alginate [19],
thus, the alginate matrix provides only a mechanical
support and does not directly signal the follicle.

To test our hypothesis that ECM differentially
regulates maturation, follicles at different stages of
development were isolated from the mouse ovary and
cultured in vitro in matrices composed of ALG, CI, FN,
RGD, CIV, or LN. We and others have previously
shown that RGD containing peptides can be covalently
attached to the carboxylic acid side chains of alginate
using carbodiimide chemistry [19,23]. Here, we devel-
oped blended matrices composed of alginate and ECM
proteins. The ECM proteins were incorporated at
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Table 2

Meiotic competence for two-layered secondary and multilayered secondary follicles

Two-layered secondary follicles Multilayered secondary follicles

Matrix N DG (%) GV (%) GVBD (%) n DG (%) GV (%) GVBD (%) PB (%)

ALG 35 31.4a 57.1 11.5 40 15.0a 7.5 37.5 40.0a

CI 28 46.4a 35.7 17.9 16 25.0a 6.2 25.0 43.8a

FN 31 48.4a 29.0 22.6 24 8.3a 4.2 16.7 70.8b

RGD 15 33.3a 53.3 13.3 31 0.0a 0.0 35.5 64.5b

CIV 25 32.0a 48.0 20.0 22 9.1a 4.5 36.4 50.0a

LN 17 41.2a 29.4 29.4 35 17.1 0.0 11.4 71.4b

a,bValues without common superscripts differ significantly between matrices, po0.05. DG ¼ degenerated, GV ¼ germinal vesicle stage,

GVBD ¼ germinal vesicle breakdown, and PB ¼ polar body stage. Data represented is from two or more independent experiments for each matrix.

Fig. 6. (a) Multilayered secondary follicles cultured in different

matrices have different meiotic competency rates. (b) Prometaphase I

spindle from an ALG culture. (c) Metaphase I spindle from a CI

culture. (d,e) Metaphase II spindles from RGD cultures (d) and LN

cultures. * indicates significantly different than ALG, po0.05. Scale

bar ¼ 5 mm.
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concentrations (0.2mg/mL) that are too low to form a
uniform gel of the ECM protein itself. Collagen I was
used as a model ECM protein to characterize the
blended matrices (Fig. 2). In the alginate-ECM matrices,
collagen I was uniformly distributed throughout the
alginate matrix, and greater than 80% of the matrix was
retained during the culture period.

The emerging picture of follicle development from
these studies is that as the follicle progresses through
different stages of development, it has distinct responses
to the ECM. For example, the transition from two-
layered secondary to multilayered secondary follicle was
promoted by collagen I and RGD peptide (Fig. 3).
Importantly, FSH was required for two-layered second-
ary follicle growth in two-dimensional in vitro culture
systems [39,40], but was not required in this culture
system when follicles were cultured in CI or RGD
matrices. As two-layered secondary follicle growth is not
dependent on FSH in vivo [36], this indicates that the
three-dimensional alginate culture system is consistent
with the in vivo environment.

In contrast, the transition from multilayered second-
ary to antral follicle was FSH dependent and appears to
be delayed by laminin or fibronectin (Fig. 4). These
results are consistent with in vivo studies that blocked
the interaction of laminin and its a6b1 integrin, resulting
in an enhanced response of immature mouse ovaries to
gonadotropins [41]. Additionally, the presence of
ovarian stroma-like ECM components inhibits markers
of somatic cell differentiation, namely estradiol and
inhibin secretion (Fig. 5). Oocytes from follicles cultured
in FN, RGD, and LN had significantly improved rates
of meiotic competence, indicating that these oocytes
were more mature (Fig. 6). This increase in meiotic
competence did not correlate with the hormonal milieu
(i.e., steroids, inhibin). For example, follicles cultured in
CI and CIV experienced a similar hormonal milieu, but
did not have improved meiotic competency, suggesting
that the matrix may be affecting other components of
the somatic cell differentiation process. It is intriguing to
speculate that the apparent delay in follicle development
seen with culture of multilayered secondary follicles in
LN or FN matrices is slowing the proliferation and
differentiation of the granulosa cells, allowing the
oocyte and somatic cell compartments of the follicle to
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develop together, which ultimately improves oocyte
meiotic competence. This interpretation would suggest
that follicles cultured in unmodified alginate are devel-
oping precociously, while those in alginate-ECM ma-
trices are developing on a more appropriate time scale.

The mechanisms by which different ECM proteins
impact follicle development is only just beginning to be
understood. For example, the RGD adhesion sequence is
found in collagen I and fibronectin [42], yet fibronectin
did not result in the same promotion of the two-layered
secondary to multilayered secondary transition as RGD
or collagen I matrices (Fig. 3). Additionally, granulosa
cells responded differently to RGD-modified alginate in
isolated two-dimensional cultures versus in intact folli-
cular cultures. In isolated granulosa cells, RGD-modified
alginate stimulated greater progesterone and estradiol
secretion relative to unmodified alginate [19]. In contrast,
intact multilayered secondary follicles cultured in RGD-
modified alginate secreted more progesterone, but less
estradiol, than follicles cultured in unmodified alginate
(Fig. 5). This could result from two important differ-
ences: (1) in two-dimensional culture an artificial polarity
is imposed on the granulosa cells and (2) in intact follicle
culture the oocyte and theca cells are present providing
additional stimuli to the granulosa cells. Further studies
of these differences will help to establish the relative
importance of cell–cell communication in somatic cell
differentiation.

The regulation of follicle maturation has been
proposed to be primarily controlled by the oocyte [43],
with oocyte derived factors impacting granulosa cell
function and follicle maturation. These studies indicate
that the extra-follicular ECM milieu also directs this
developmental process—providing a new and exciting
method to regulate in vitro follicle development. In this
system, the ECM interacts with the granulosa and theca
cells, resulting in direct effects on their proliferation and
steroid secretion. These interactions ultimately affect the
development of the oocyte, impacting its ability to
resume meiosis. Studies of the bi-directional commu-
nication between oocyte and somatic cells will aid in the
development of culture systems for the in vitro matura-
tion of ovarian follicles and may provide clinical options
to preserve female fertility [10]. These results are also
interesting in respect to tissue engineering studies, as the
ECM components signal the somatic cells of the follicle,
directly affecting their growth and differentiation, which
then affects another cell type, the oocyte.
5. Conclusions

We have demonstrated that ECM regulates follicle
development in a manner that is dependent on both the
ECM identity and the stage of follicle development by
utilizing a three-dimensional culture system for ovarian
follicles which maintains cell–cell communication and
allows for cell–matrix interactions to be manipulated.
Collagen I and the RGD adhesion sequence promoted
two-layered secondary follicle growth in the absence of
FSH, but had no effect on multilayered secondary
follicle growth. Fibronectin and laminin suppressed
multilayered secondary follicle growth and estradiol
production relative to unmodified alginate yet oocyte
meiotic competence was significantly improved in these
two conditions. These results indicate that ECM
regulation of follicle maturation is dependent upon the
interaction of the ECM component and developmental
stage of the follicle and reveal important new evidence
that the growth and function of the somatic cells must
be finely balanced to permit oocyte maturation leading
to good quality eggs. The alginate culture system serves
as a tool for fundamental studies that correlate the
composition of the cellular microenvironment to the
properties of the developing tissue, which may ulti-
mately provide design principles for scaffold based
approaches to tissue engineering.
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