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Abstract The extracellular matrix (ECM) plays a
prominent role in ovarian function by participating in
processes such as cell migration, proliferation, growth,
and development. Although some of these signaling
processes have been characterized in the mouse, the
relative quantity and distribution of ECM proteins
within developing follicles of the ovary have not been
characterized. This study uses immunohistochemistry
and real-time PCR to characterize the ECM compo-
nents type I collagen, type IV collagen, Wbronectin, and
laminin in the mouse ovary according to follicle stage
and cellular compartment. Collagen I was present

throughout the ovary, with higher concentrations in
the ovarian surface epithelium and follicular compart-
ments. Collagen IV was abundant in the theca cell
compartment with low-level expression in the stroma
and granulosa cells. The distribution of collagen was
consistent throughout follicle maturation. Fibronectin
staining in the stroma and theca cell compartment
increased throughout follicle development, while stain-
ing in the granulosa cell compartment decreased.
Heavy staining was also observed in the follicular Xuid
of antral follicles. Laminin was localized primarily to
the theca cell compartment, with a deWned ring at the
exterior of the follicular granulosa cells marking the
basement membrane. Low levels of laminin were also
apparent in the stroma and granulosa cell compart-
ment. Taken together, the ECM content of the mouse
ovary changes during follicular development and
reveals a distinct spatial and temporal pattern. This
understanding of ECM composition and distribution
can be used in the basic studies of ECM function dur-
ing follicle development, and could aid in the develop-
ment of in vitro systems for follicle growth.
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Introduction

The functional unit of the female gonad is the ovarian
follicle, which contains three cell types: a centrally-
located oocyte, one or more layers of granulosa cells
and an outer layer of theca cells (Gomes et al. 1999).
The extracellular matrix (ECM) provides structural
support to the follicle, maintains cellular organization

C. B. Berkholtz
Interdepartmental Biological Sciences Program, 
Northwestern University, Evanston, IL 60208, USA

C. B. Berkholtz · T. K. WoodruV · L. D. Shea
Center for Reproductive Research, Northwestern University, 
Evanston, IL 60208, USA

B. E. Lai · L. D. Shea
Department of Biomedical Engineering, 
Northwestern University, Evanston, IL 60208, USA

T. K. WoodruV
Department of Neurobiology and Physiology, 
Northwestern University, Evanston, IL 60208, USA

T. K. WoodruV
Department of Medicine, Northwestern University, 
Evanston, IL 60208, USA

L. D. Shea (&)
Department of Chemical and Biological Engineering, 
Northwestern University, 2145 Sheridan Road/E156, 
Evanston, IL 60208-3120, USA
e-mail: l-shea@northwestern.edu
123



584 Histochem Cell Biol (2006) 126:583–592
and connectivity, and provides biochemical signals that
promote follicle development and maturation (Rod-
gers et al. 1999a, b). As in the other tissues, the ovarian
ECM functions as a reservoir for growth factors and
provides proliferation and diVerentiation signals to the
granulosa cells (Carnegie 1990; Aharoni et al. 1997;
Oktay et al. 2000). For example, the composition of the
ECM aVects steroid production by granulosa cells, a
marker of diVerentiation (Furman et al. 1986; Aharoni
et al. 1997). The ECM varies with follicle maturation
and follicle stage, and may function as a dynamic regu-
lator of follicle maturation. Folliculogenesis deWnes the
process of explosive follicle growth from primordial to
GraaWan follicles that involves a complex series of cel-
lular responses.

The follicular microenvironment changes substan-
tially during folliculogenesis due to follicle movement
through the ovary, growth of the follicle, and a varying
extracellular milieu. The ECM may regulate folliculo-
genesis through the composition that varies with both
follicle stage and cellular compartment. In the bovine,
ECM composition varies during growth (Rodgers et al.
1998; van Wezel et al. 1998) and changes during atresia
(Irving-Rodgers et al. 2002). The ECM in the ovary has
been characterized for several species, such as bovine
(Zhao and Luck 1995; Rodgers et al. 1998; McArthur
et al. 2000; Rodgers et al. 2001), human (Yamada et al.
1999; Iwahashi et al. 2000), rat (Rajah et al. 1994; Fro-
jdman et al. 1998), ovine (Huet et al. 2001; Le Bellego
et al. 2002), and equine (Gentry et al. 1996), with type I
collagen, type IV collagen, Wbronectin, and laminin the
most commonly examined ECM proteins (Bortolussi
et al. 1989; Rajah et al. 1994; Figueiredo et al. 1995;
Zhao and Luck 1995; Huet et al. 1997). The mouse has
been a widely used model to examine folliculogenesis
in vivo (Matzuk 2000) and in vitro (Cortvrindt and
Smith 1998; Spears et al. 1998; O’Brien et al. 2003;
Kreeger et al. 2005; Kreeger et al. 2006), yet the mouse
ovarian ECM has not been well described relative to
other species.

This report characterizes expression patterns of the
primary ovarian ECM components based on follicle
stages and cellular compartment in the mouse. As the
ovary is continuously remodeled with follicle growth,
development, and atresia, we characterize the distribu-
tion of type I collagen, type IV collagen, Wbronectin,
and laminin within the various follicles stages. Immu-
nohistochemistry is used to determine the spatial and
temporal distribution of ECM molecules within ovaries
extracted from mice of diVerent ages. The ages exam-
ined (8-, 10-, 12-, 16-, 23-, and 43-day-old mice) corre-
late to milestones used in systems for in vitro
maturation of follicles. Additionally, mRNA levels for

these ECM molecules are quantiWed using real-time
PCR. This understanding of the ECM composition
during follicular development contributes simulta-
neously to both basic research and translational appli-
cations, such as the design of culture systems that
promote follicle development and oocyte maturation.

Materials and methods

Subject and sample preparation

C57B1/6 female and CBA male mice (Harlan, India-
napolis, IN, USA) were maintained in breeding colo-
nies at Northwestern University (Evanston, IL, USA).
The mice were housed in a temperature- and light-con-
trolled environment of 12 h light/12 h dark photope-
riod. Phyto-estrogen free food and water were
provided ad libitum. All animals were treated in accor-
dance with the National Institute of Health’s (NIH,
Bethesda, MD, USA) Guide for the Care and Use of
Laboratory Animals and the established IACUC pro-
tocol at Northwestern University.

Ovaries were dissected from 8-, 10-, 12-, 16-, 23-, and
43-day-old mice. A total of 12 ovaries per developmen-
tal stage were analyzed throughout this study. Ovaries
from younger mice were kept in the bursa sac to keep
surface epithelial cells intact. The samples were then
Wxed in 4% paraformaldehyde for 8–12 h and washed
three times in 50% ethanol and three times in 70% eth-
anol at 4°C. The tissues were stored in 70% ethanol at
4°C for up to 1 week before processing. Samples were
processed overnight and embedded in paraYn by the
Pathology Core Laboratory (Northwestern University,
Chicago, IL, USA). Sections (4 �m) were cut on a
microtome and placed on Superfrost-Plus glass slides.
Slides were allowed to dry overnight and stored at 4°C
until used for immunohistochemistry. For each anti-
body, 10–15 sections from at least four ovaries, all from
diVerent mice, were examined. At least three follicles
per developmental stage per ovary were examined at
each time point.

Antibodies

Primary antibodies were rabbit polyclonal antibodies
raised against mouse type I collagen (Research Diag-
nostics, Inc., Flanders, NJ, USA), rabbit polyclonal
antibodies raised against mouse type IV collagen
(Chemicon, Temecula, CA, USA), rabbit polyclonal
antibodies raised against laminin from Englebreth
Holm-Swarm mouse sarcoma (Sigma, St. Louis, MO,
USA), and rabbit polyclonal antibodies raised against
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human Wbronectin (Sigma) and were used at Wnal con-
centrations of 25, 5, 6, and 7 �g/ml, respectively. Pri-
mary antibodies were diluted in 10% normal goat
serum (Vector Laboratories, Burlingame, CA, USA)
in 3% bovine serum albumin (BSA; Serologicals Cor-
poration, Norcross, GA, USA) in tris-buVered saline
(TBS). The secondary antibody used was biotinylated
anti-rabbit IgG (H + L), made in goat (Vector Labora-
tories). Secondary antibodies were diluted 1:200 in 3%
BSA–TBS. Antibody concentrations were optimized
using tissue sections from 23-day-old mice using diVer-
ent combinations of primary and secondary antibody
dilutions. Negative controls included primary antibod-
ies pre-adsorbed with their corresponding antigen and
incubation with serum instead of the primary antibody.
Antigens and blocking peptides used included type I
collagen (Sigma), type IV collagen from EHS (Sigma),
laminin from EHS (Sigma), Wbronectin from EHS
(Sigma) at Wnal concentration of 3,500, 1,990, 1,200,
and 990 �g/ml, respectively.

Immunohistochemistry

Extracellular matrix proteins were immunolocalized
using an immunoperoxidase method. First, slides were
deparaVinized and rehydrated. To unmask antigenic
sites, slides were heated in a 0.01 M solution of sodium
citrate in a microwave oven (Panasonic NN-S666BA
household microwave oven) for 2 min on the high
power setting, followed by 7 min on the low power set-
ting. After two washes in tris-buVered saline with
tween (TBS-T) (15 min each), slides were incubated in
3% hydrogen peroxide in TBS to inhibit endogenous
peroxidases (15 min). Endogenous biotins and biotin-
binding substances were blocked using the Vectastain
Avidin/Biotin Blocking Kit (Vector Laboratories). Tis-
sue sections were then incubated with 10% serum in
3% BSA–TBS for 1 h at room temperature. Slides
were then incubated with the appropriate primary anti-
body diluent overnight at 4°C. After three washes in
TBS-T (5 min each), tissue sections were incubated in
the corresponding secondary antibody diluent for
30 min at room temperature. Slides were washed three
times in TBS-T and incubated with the Avidin-Biotin
reagent from the Vectastain ABC Kit for 30 min (Vec-
tor Laboratories). Sections were washed Wve times
with TBS-T (5 min each) and incubated with a working
solution of 3,3�-diaminobenzidine from the Vector
DAB Substrate Kit for Peroxidase (Burlingame, CA,
USA) for 1.5 min. The reaction was stopped with H2O
for 5 min. Slides were then counterstained with
hematoxylin and dehydrated before being mounted in
Cytoseal XYL Mounting Medium (Richard-Allan

ScientiWc, Kalamazoo, MI, USA) and covered with
glass cover slips.

Microscopy and photography

Slides were viewed and photographed using a Nikon
Eclipse E600 microscope with a Diagnostic Instru-
ments, Inc. 11.2 Color Mosaic camera and Spot
Advanced 4.0.2 Software (Diagnostic Instruments,
Inc.). Slides were also viewed using a Nikon Eclipse
E200 microscope.

Staining intensity grading

Staining intensity was graded in a semi-quantitative
fashion; 0, none; 1, weak; 2, moderately intense; 3, very
intense. Measurement of staining intensity was per-
formed by two investigators throughout all experi-
ments.

Follicle classiWcation

Follicles were classiWed according to commonly
applied terms for the mouse. Primordial follicles con-
sisted of a small oocyte surrounded by a layer of Xat-
tened (squamous) pregranulosa cells. Primary follicles
contained a larger oocyte surrounded by a single layer
of cuboidal granulosa cells. Preantral follicles con-
tained an oocyte and were classiWed as two-layered sec-
ondary or multi-layered secondary depending on the
number of granulosa cell layers present. These follicles
were surrounded by theca cells. Antral follicles con-
sisted of a large oocyte surrounded by cumulus cells, a
Xuid-Wlled antrum, granulosa cells, and theca cell lay-
ers. The ovarian surface epithelium (OSE) was identi-
Wed as the Xattened to cuboidal elongated cells lining
the perimeter of the ovary.

RNA analysis

Total RNA from the extracted ovaries of all the ages
was isolated using TRIzol reagent (Life Technologies
Inc., Rockville, MD, USA). RNA concentration was
determined by absorption at 260 nm on a spectropho-
tometer. RNA samples (5 �g) were then primed with
random hexamers and reverse transcribed with
Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI, USA) according to manufac-
turer’s instructions.

Real-time PCR analysis was performed using The
ABI 7300 (Applied Biosystems, Foster City, CA,
USA) on all ECM components. Real time PCR quanti-
Wes the PCR product on a cycle-by-cycle basis (Wang
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and Brown 1999; Bustin 2000). SpeciWc primer/probe
sets for the alpha I chain of type I collagen, alpha I
chain of type IV collagen, Wbronectin 1, alpha I chain
of laminin, and the internal control human 18S ribo-
somal RNA were obtained from Applied Biosystems
(Table 1). Final volume of the reaction was 25 �l.
AmpliWcation was performed using a 2 min 50°C
decontamination stage and a 10 min 95°C enzyme acti-
vation stage followed by 40 cycles of 15 s 90°C melting
stages and 1 min 60°C annealing stages.

Results

mRNA expression

Real-time PCR was used to quantify mRNA levels for
the various ECM proteins for whole ovaries isolated
from mice at diVerent ages. As mice age, the distribu-
tion of follicles varies as the follicles are recruited and
undergo atresia. The results for each experimental day
were determined relative to the level of expression
observed at the earliest time-point studied for each
ECM molecule individually (Table 2). The level of

mRNA for Wbronectin increased about fourfold from
day 10 to day 12, before returning to baseline. For the
remaining ECM molecules examined, message levels
varied by less than a factor of 1 throughout the period
examined.

Type I collagen

Type I collagen was immunolocalized to the stroma,
follicular compartment, and OSE (outer cellular layer
of the ovary). Homogeneous staining for type I colla-
gen was found throughout the stroma for ovaries
obtained at all ages. Primary, secondary, and prean-
tral stage follicles had type I collagen in the granulosa
and theca cell compartment of the follicle (Fig. 1a).
Additionally, large antral follicles had staining in the
antral Xuid (Fig. 1b). No staining was observed in the
granulosa cells of the primordial follicle. There was
intense staining for type I collagen in the area sur-
rounding the oocyte (Fig. 1b). Prior to day 16, stain-
ing was homogeneous between the follicle and
stromal compartment; however, in ovaries of 16-, 23-,
and 43-day old mice, the follicular compartments
were more darkly stained than the stroma (Fig. 1a).
High levels of type I collagen were observed in the
OSE (Fig. 1c).

Type IV collagen

Type IV collagen immunolocalized to the theca cell
compartment and stroma for all follicle stages and
ovaries from diVerent aged animals. Consistent low
level staining was observed in the stroma for ovaries
isolated at diVerent ages. Primordial follicles did not
react with type IV collagen. Staining occurred most
intensely around the theca compartment, initially
appearing in primary follicles and increasing in inten-
sity with more mature follicle stages (Fig. 2a). The
staining formed a dark region outlining the basement
membrane and deWned the barrier between the folli-
cle and the stroma (Fig. 2b). Type IV collagen abun-
dance was greater in ovaries collected from older
animals (16-, 23- and 43-day old) (Fig. 2a, b) than in
the younger ovaries (8-, 10-, and 12-day old)
(Fig. 2c), which is expected as mature follicles have
greater collagen IV content and ovaries from older
animals have more mature follicles. Granulosa cells
stained positive for type IV collagen to a much lesser
degree than the theca. Interestingly, the pubertal
ovary (day 43) showed more immunoreactivity in the
granulosa cells than all prepubertal ovaries (Fig. 2d).
Inconsistent immunoreactivity was observed in the
OSE (Fig. 2d).

Table 1 Primer and probe sets purchased from Applied Biosys-
tems

a Part number

Locuslink 
gene name

Species Assay ID Symbol

Procollagen, 
type I, alpha 1

Mus musculus Mm00801666_g1 Col1a1

Procollagen, 
type IV, alpha 1

Mus musculus Mm00802372_m1 Col4a1

Fibronectin 1 Mus musculus Mm01256734_m1 Fn1
Laminin, alpha 1 Mus musculus Mm00439445_m1 Lama1
Human 18S rRNA Homo sapiens 4310893Ea 18S RNA

Table 2 Analysis of mRNA levels by real-time PCR for type I
collagen, type IV collagen, Wbronectin, and laminin from ovaries
isolated on selected days

The mean values of two separate RT-PCR runs are shown at each
selected time point relative to the earliest time-point studied (8-
day-old ovary). 2^-��Ct represents folds of increments
a Values are the averages § SEM

Day 2^-��Ct

Type I 
collagena

Type IV 
collagena

Fibronectina Laminina

10 1.26 § 0.13 1.41 § 0.70 0.63 § 0.68 0.99 § 0.46
12 2.84 § 0.65 1.75 § 0.97 5.33 § 0.29 1.31 § 0.46
16 2.15 § 0.70 2.02 § 1.16 3.51 § 5.47 0.23 § 0.07
23 0.80 § 0.71 0.54 § 0.62 0.72 § 0.38 0.51 § 0.87
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Fibronectin

Fibronectin immunolocalized to the stroma, follicles,
and OSE, though the consistency and intensity of stain-
ing was less than with other ECM components. The
stroma of younger ovaries (8-, 10-, and 12-day old) did
not stain as intensely as the older ovaries (16-, 23-, and
43-day old) (Fig. 3a, b). Additionally, staining was
inconsistent with irregular patches in the stroma and
the granulosa cells in primary and secondary follicles
(Fig. 3a, b) of younger ovaries; however, this pattern in
the granulosa cells was also seen in young follicles of

older ovaries (Fig. 3c). In tissue samples from 16-, 23-,
and 43-day-old mice, Wbronectin became more uniform
throughout the ovary with slightly darker staining out-
side the granulosa cell compartment in the basement
membrane of later stage secondary and antral follicles
(Fig. 3b). Fibronectin darkly stained the follicular Xuid
(Fig. 3d) and was detected in OSE cells (Fig 3e).

Laminin

Laminin immunolocalized to the stroma, follicular
compartment and was observed adjacent to the OSE.

Fig. 1 Immunolocalization of 
type I collagen in ovaries iso-
lated at a Day 23 and b–d Day 
43. a Photomicrograph stain-
ing of collagen type I in prima-
ry, secondary, and antral 
follicles (Original magniWca-
tion: 40£). Photomicrograph 
of type I staining in and 
around b follicular Xuid, oo-
cytes, granulosa cells and stro-
ma, (40£) c ovarian surface 
epithelium (OSE, 100£), and 
d control ovary (10£). Black 
asterisk follicular Xuid, white 
arrowhead oocyte and sur-
rounding area, black arrow-
head stroma compartment, 
white arrow granulosa cell 
compartment, red arrow OSE, 
size bar 20 �m

Fig. 2 Immunolocalization of type IV collagen in ovaries. a An-
tral, secondary, and primary follicles in a Day 16 ovary (40£). b
Thecal layer and granulosa cell compartments around antral fol-
licles (40£). c Primary and secondary follicles of Day 10 ovary

(40£). Note that the oocyte in lower right corner is atretic. d OSE
and secondary follicles in Day 43 ovary (40£). e Control ovary
(10£). Black arrow theca compartment, black arrowhead stroma
compartment staining, red arrow OSE staining, size bar 20 �m
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The stroma of older ovaries (12-, 16-, 23-, and 43-day
old) was darker (Fig. 4a) compared to younger ovaries
(8-, 10-day old) (Fig. 4b). Laminin was immunoreac-
tive in the granulosa cells and theca cells of primary,
secondary and antral follicles with darker staining in
the antral follicles (Fig. 4a–d). There was staining
throughout the theca cells with linear staining encir-
cling each follicle, dividing the granulosa cell compart-
ment from theca cells in larger follicles (Fig. 4a–d).
This pattern was also apparent in primordial follicles
dividing the granulosa cell compartment from the

stroma (Fig. 4b). This staining appeared to outline the
follicular basement membrane. The OSE, itself, was
not immunoreactive but a basal lamina-like barrier
between the OSE and stroma was stained positive by
laminin (Fig. 4d).

Discussion

This report characterizes the mouse ovarian ECM
protein expression, composition, abundance, and

Fig. 3 Immunolocalization of Wbronectin in the ovary. a Primary
and secondary follicles within surrounding stroma of Day 16 ova-
ry. b Stroma surrounding primary and secondary follicles of Day
16 ovary (40£). c Secondary and antral follicles of Day 43 ovary
(40£). d Antral follicle with follicular Xuid of Day 43 ovary (40£).

e OSE of Day 23 ovary. f Control ovary (10£). White arrow gran-
ulosa cell compartment staining, black arrowhead stroma com-
partment staining, black asterisk follicular Xuid staining, red
arrow OSE staining, size bar 20 �m

Fig. 4 Immunolocalization of EHS laminin. a Antral follicle
from Day 16 ovary (40£). b Primordial and primary follicles of
Day 8 ovary (40£). c Secondary and antral follicles of Day 23 ova-
ry (40£). d OSE cells and stroma of Day 23 ovary (40£). e Con-

trol ovary (10£). Black arrow theca cell compartment staining,
white arrow granulosa cell compartment staining, white arrow-
head ring-like staining, red arrow OSE staining, size bar 20 �m
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distribution, with a particular emphasis on the distribu-
tion within the various follicles stages of development
(summarized in Fig. 5; Table 3). The expression of
mRNA for the selected ECM molecules is consistent
throughout the ovaries during development, with the
exception of Wbronectin, which shows an increase at
day 10 of development.

The ECM composition (type I collagen, type IV col-
lagen, Wbronectin, and laminin) is dynamic during the
early stages of folliculogenesis. Oocyte morphology in
younger ovaries diVered from those oocytes found in
older ovaries, tending to be less round and uniform in
shape. Type I collagen was detected in all compart-
ments of all follicles, whereas type IV collagen, Wbro-

nectin, and laminin were localized to speciWc areas.
The primordial follicle has a ring of laminin deWning
the basement membrane, and no other ECM compo-
nent investigated was found in these follicles. Primary
follicles acquire type I collagen in the granulosa cell
compartment and maintain the laminin-composed
basement membrane. As the follicles develop to two-
layered and multi-layered secondary follicles, type IV
collagen and Wbronectin are expressed. In the two-lay-
ered secondary follicles, type I collagen was localized
to the granulosa and theca cells while Wbronectin
stained the granulosa cells in an irregular pattern, and
both laminin and type IV collagen localized to the
basement membrane and theca cell layers. In the

Fig. 5 Schematic of individual ECM distribution for various fol-
licle classes. Each follicle is drawn in relative proportions. In the
mouse ovary, primordial follicles are approximately 20 �m in
diameter, and antral follicles range from 350–450 �m in diameter.

Each ECM is depicted individually within the diVerent follicle
classes. a Type I collagen, b Type IV collagen, c Fibronectin and
d Laminin

Table 3 Measurement of type I collagen, type IV collagen, Wbronectin and laminin staining intensity by follicle stage and cellular com-
partment

Intensity of staining: 0 none, 1 weak, 2 moderately intense, 3 very intense

Type I 
collagen

Type IV 
collagen

Fibronectin Laminin

Primordial 0 0 0 0
Primary Oocyte 0 0 0 0

Granulosa 2 1 1 1
Two-layer 

secondary
Oocyte 2 0 0 0
Granulosa 2 1 2 1
Theca 2 3 1 2

Multi-layer 
secondary

Oocyte 2 0 0 0
Granulosa 2 1 2 1
Theca 2 3 1 2

Antral Oocyte 2 0 0 0
Granulosa 2 1 1 1
Theca 1 3 2 2
Follicular Xuid 2 0 3 0

Stroma 1 2 2 1
Ovarian surface 

epithelium (OSE)
3 1 1 0
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multi-layered secondary follicles, Wbronectin staining
was detected in the granulosa cells, stroma and the
theca cells. In antral follicles, Wbronectin was found in
the follicular Xuid and lightly stained the theca cells,
while type IV collagen and laminin stained the base-
ment membrane and theca layers. These staining pat-
terns observed in each ECM molecule may correlate to
their function in follicle development.

Type I collagen was the most ubiquitously expressed
ECM molecule within the mouse ovary, localized in all
compartments, and most noticeably darkly staining the
OSE. Reports with other animal models have not indi-
cated type I collagen localization to the OSE, yet
freshly isolated rat OSE and an immortal OSE line was
shown to produce Type I collagen (Auersperg et al.
1991). Type I collagen has been widely used with in
vitro cultures of granulosa cells and follicles (Carnegie
et al. 1988; Bussenot et al. 1993; Huet et al. 2001). Type
I collagen gels aVect the shape and steroidogenesis of
granulosa cells. Ovine granulosa cells cultured on type
I collagen had low proliferation and maintained estra-
diol secretion (Huet et al. 2001). In a three-dimen-
sional model that employs alginate hydrogels to
structurally support the follicle and maintain cell–cell
connections, mouse two-layer secondary follicles
increased in size when type I collagen was blended with
alginate relative to gels without collagen (Kreeger
et al. 2006). However, culture of multi-layered second-
ary follicles in alginate hydrogels produced no signiW-
cant eVect on follicle growth, yet increased
progesterone production and decreased both inhibin A
and estradiol levels.

Fibronectin staining varied signiWcantly between
early and late stage follicles, consistent with reports for
other species. In the mouse, primary and secondary fol-
licles had irregular patches among the granulosa cells
closest to the oocyte, whereas later stage follicles had
intense Wbronectin staining in the stroma, the exterior
of the granulosa cell compartment, and follicular Xuid,
and slight staining in the theca cells. The pattern of
Wbronectin staining in the earlier stage follicles of the
mouse is similar to that of early stage follicles of the
rat, both with immunoreactivity in the granulosa cells
(Akkoyunlu et al. 2003). In equine, Wbronectin staining
correlated with the size of the follicle and estradiol lev-
els, whereas in the human this pattern correlated with
follicle size and progesterone levels. Fibronectin could
be acting diVerently during the early and late stages of
folliculogenesis. Interestingly, the follicular Xuid was
intensely immunoreactive for Wbronectin, consistent
with observations from rat (Akkoyunlu et al. 2003),
equine (Gentry et al. 1996) and human (Tsuiki et al.
1988). This observation suggests that Wbronectin may

be soluble or loosely associated with the ECM, thus
likely serving a signaling function rather than a struc-
tural role.

Laminin and type IV collagen consistently stained
the theca compartment, with laminin localizing to a
ring-like structure immediately surrounding the granu-
losa cell in all stage follicles and type IV collagen reac-
tive in the theca compartment as it developed.
Collagen IV presented in the theca layer of the follicle,
with more intense staining detected in later stage folli-
cles and older ovaries. These observations are consis-
tent with staining in the rat (Bortolussi et al. 1989;
Frojdman et al. 1998) and bovine (Zhao and Luck
1995; Rodgers et al. 1998; Irving-Rodgers et al. 2002).
Laminin also stains the basal lamina in the pig and rab-
bit (Lee et al. 1996) and type IV collagen was found in
the theca of human ovaries (Iwahashi et al. 2000). The
ring-like band of laminin observed around the base-
ment membrane of the follicle was also observed
between the OSE and the stroma. A basement mem-
brane separating the OSE and the ovarian stroma has
been known to exist, with little characterization of the
ECM composition (Auersperg et al. 1991, 2001). Lami-
nin clearly deWned the barrier between the OSE and
stroma, whereas type I collagen stained the OSE cell
compartment for all age ovaries.

Knowledge of this dynamic ECM composition com-
bined with studies of ECM function may aid the devel-
opment of in vitro culture systems for the maturation
of ovarian follicles. In vitro culture systems are being
developed to enable egg banking by ovary cryoprese-
vation, which could preserve fertility when traditional
in vitro fertilization is not possible, such as in cases of
reproductive disorders (e.g., PCOS) or chemotherapy-
induced infertility. A study incorporating various ECM
components into a three-dimensional follicle culture
system demonstrated that follicle size, steroidogenesis,
and oocyte maturity was dependent upon the ECM
composition (Kreeger et al. 2006). Additionally, the
functions of the ECM were dependent upon the stage
at which the follicles were placed into the in vitro sys-
tem. Incorporating whole collagen or laminin into
whole ovarian cultures increased follicle densities
(Oktay et al. 2000), with collagen and laminin having
opposite eVects on the growth of multi-layered second-
ary follicles in the presence of activin A. Finally, matri-
gel, which contains a mixture of ECM proteins derived
from mouse tumor cells, increased the follicle survival
by 10–15 days in ovarian culture tissue that had been
cryopreserved (Hovatta et al. 1997). These culture sys-
tems have demonstrated a role for ECM in follicle
growth and oocyte maturation, though studies have
been limited, in part, due to incomplete knowledge of
123
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the ECM composition. Characterization of the ECM in
larger follicles has been more common than with
smaller follicles. However, characterization of these
smaller, more immature follicles is necessary, as these
follicles are the most abundant in younger ovaries and
are most appropriate for cryopreservation (Smitz and
Cortvrindt 2002). This study suggests that the composi-
tion of ECM molecules subtly varies with stage of folli-
cle development as well as with age of the animal from
which the follicle was derived. Thus, conditions for in
vitro culture systems may require specialized ECM
environments that vary based on the stage of both fol-
licular and ovarian development.

The ECM is a dynamic regulator of follicle develop-
ment whose expression varies with follicle stage and
cellular compartment. It has been shown to aVect
follicle growth, survival, steroidogenesis, basement
membrane formation, and oocyte maturation, and
interactions between speciWc ECM components and
cellular compartments can aVect cell lineage decisions
and, subsequently, its function (Rodgers et al. 1999).
This report characterized the distribution of four ECM
components (Type I and Type IV collagen, Wbronectin,
laminin) that are widely used for studies in ovarian
function and follicle development. Knowledge of the
ECM composition and distribution during folliculogen-
esis could be used to create the appropriate signaling
environment for folliculogenesis, act as a marker for
standard development, and aid in the development of
stage-speciWc in vitro culture conditions, which may
ultimately be translated into systems to facilitate pres-
ervation of fertility by ovary cryopreservation.
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