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Exploring stem cells in the mammalian ovary has unleashed a Pandora’s box of new insights and questions.
Recent evidence supports the existence of stem cells of a number of the different cell types within the ovary.
The evidence for a stem cell model producing mural granulosa cells and cumulus cells is strong, despite a limited
number of reports. The recent identification of a precursor granulosa cell, the gonadal ridge epithelial-like cell,
is exciting and novel. The identification of female germline (oogonial) stem cells is still very new and is currently
limited to just a few species. Their origins and physiological roles, if any, are unknown, and their potential to
produce oocytes and contribute to follicle formation in vivo lacks robust evidence. The precursor of thecal cells
remains elusive, and more compelling data are needed. Similarly, claims of very small embryonic-like cells are
also preliminary. Surface epithelial cells originating from gonadal ridge epithelial-like cells and from the meso-
nephric epithelium at the hilum of the ovary have also been proposed. Another important issue is the role of
the stroma in guiding the formation of the ovary, ovigerous cords, follicles, and surface epithelium. Immune cells
may also play key roles in developmental patterning, given their critical roles in corpora lutea formation and
regression. Thus, while the cellular biology of the ovary is extremely important for its major endocrine and
fertility roles, there is much still to be discovered. This review draws together the current evidence and per-
spectives on this topic. (Endocrine Reviews 36: 65–91, 2015)
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I. Introduction

The adult ovary acts primarily to support oocyte devel-
opment and to secrete hormones that control pu-

berty, the reproductive cycle, and pregnancy over the
course of the finite female reproductive lifespan. These
functions are associated with constant and extensive de-
velopment, remodeling, and regression of the ovarian fol-
licles and corpora lutea and involve major cellular and
biochemical changes and tissue reorganization (1). Re-
cently, many unique aspects of these processes have been
discovered, and some long-held dogmas have been chal-
lenged. These processes are important because diseases of

ISSN Print 0163-769X ISSN Online 1945-7189
Printed in U.S.A.
Copyright © 2015 by the Endocrine Society
Received September 22, 2014. Accepted December 15, 2014.
First Published Online December 26, 2014

Abbreviations: AMH, anti-Müllerian hormone, bFGF, basic FGF; BMP, bone morphogenetic
protein; E, embryonic day; EGF, epidermal growth factor; FACS, fluorescence-activated cell
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cific embryonic antigen; TCF, T-cell factor; VEGF, vascular endothelial growth factor; VSEL,
very small embryonic-like.
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the ovary including polycystic ovary syndrome (PCOS),
premature ovarian insufficiency or ovarian failure, and
ovarian cancer have all been linked with alterations in
these fundamental cellular processes. Additionally, at-
tempts to promote fertility, achieve contraception, or pre-
serve fertility by manipulating follicles are all critically
dependent upon our knowledge of ovarian cellular and
tissue remodeling processes. For these reasons, we review
this area and focus on the origins and regulation of each
cell type of the ovary during fetal development, folliculo-
genesis, and at ovulation and in the corpus luteum. Other
aspects of follicle growth and atresia have been extensively
reviewed (1–6) and are only discussed where relevant.

II. Ovarian Cell Types

To some extent, understanding the development of the
ovary can be informed by insights gained from other tis-
sues such as the adrenal gland (reviewed in Ref. 7) and the
testis (8). There is additional complexity for the ovary
because, unlike most of the tissues in the body, the ovary
undergoes further development starting at puberty when
repeated rounds of follicle expansion, ovulation, and cor-
pus luteum development and demise commence. In part,
these hormone-driven cycles of development, remodeling,

and regression reflect similar changes in other female re-
productive tissues, particularly the uterine endometrium
and mammary gland.

The fetal morphogenesis of the ovary is complex. In-
vestigating this is compounded by its early origins from the
mesonephros, which develops differently between males
and females, and a period of bipotentiality before the in-
different gonad commits to the development into the
ovary. Additionally, some ovarian cell types are derived
externally, such as the primordial germ cells from the yolk
sac and the immune cells, which are derived from the he-
matopoietic stem cells that originated from the dorsal
aorta in the aorta-gonad-mesonephros region (reviewed in
Ref. 9). Even the origins of some of the different somatic
cell types are uncertain and may vary between species. The
potential origins and lineages of ovarian cells are summa-
rized in Figure 1, and these will be discussed in detail in the
following sections.

One area of potential confusion is the terminology of
progenitors and stem cells and the distinction between
them. Stem cells have a number of distinct properties and
express specific genes. Pluripotency is an important fea-
ture, but there are also committed stem cells that have
limited potential to develop into different cell types. Tissue
or adult stem cells often have restricted potential for form-
ing different cell types. Stem cells are generally capable of
dividing without the need for anchorage and are often not

Figure 1.

Figure 1. Schematic diagram illustrating the potential and known cell lineages of the ovary.
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contact-inhibited. Non-stem cells that are not trans-
formed need anchorage to divide, and division is inhibited
when in contact with neighboring cells (10, 11). When
labeled with tritiated thymidine or 5-bromodeoxyuridine,
stem cells retain DNA label over many cell divisions, in-
dicating either minimal proliferation or asymmetric use of
the DNA template during replication (12, 13). Their tran-
sit-amplifying daughter cells often express telomerase
(14). Because stem cells are in a unique hierarchical posi-
tion, they “act as self-renewing guardians of the genome”
(15) and have responses to damaging radiation that are
different from other cell types (16, 17). In the ovary, both
somatic and germline stem cells have been identified, and
these are discussed in detail below. Although the term
“germline stem cell” is used herein, this is not to indicate
pluripotency such as a fertilized oocyte might exhibit, but
rather the ability of the cell to undergo mitosis and con-
sequently differentiate into oocytes.

III. Fetal Development

A. Ovarian germ cells

1. Primordial germ cells (PGCs)
Much is known about the ontogeny of oocytes (18–20).

PGCs, the carriers of genetic information for the next gen-
eration, are established very early in embryonic life. In
mice, precursors of PGCs have been identified as early as
embryonic day (E) 6–6.5 (for review of germ cell forma-
tion in mice, see Refs. 21–25). PGC precursors are formed
under the control of signals from neighboring cells, such as
bone morphogenetic protein (BMP) 2, 4, and 8, and are
characterized by the expression of PR domain containing
1 (PRDM1 or BLIMP1), PRDM14, and up-regulation of
Fragilis (also known as IFITM3 or interferon-induced
transmembrane protein 3). At approximately E7, small
clusters of PGCs, which are stabilized by E-cadherin, have
been located posterior to the primitive streak in the ex-
traembryonic mesoderm. At this stage PGCs express
TNAP (nonspecific alkaline phosphatase) and DPPA3 (de-
velopmental pluripotency associated 3, also known as
Stella). By E9.5, PGCs migrate to the hindgut and, directly
or later via the dorsal mesentery, into the developing gen-
ital ridges. During the migration process, PGCs still
express TNAP, but also OCT3/4 (octamer-binding tran-
scription factor 3/4; also known as POU5F1), the proto-
oncogene cKIT, and SSEA (stage-specific embryonic an-
tigen) 1 and 3. At E11.5, most PGCs have arrived at the
genital ridges. Human PGCs are first identified at gesta-
tional week 3 in the dorsal wall of the yolk sac in the region
of the developing allantois (reviewed in Ref. 25). At ges-
tational week 5, when the genital ridges develop, the PGCs

have migrated from the hindgut to the dorsal mesentery
and further laterally to colonize the two genital ridges. The
colonization of the developing genital ridges by PGCs in
both species is followed by sex determination (for review,
see Ref. 26) and subsequent differentiation into oogonia
or spermatogonia (reviewed in Ref. 25).

In addition to oogonia associating with somatic cells to
form follicles, some germ cells have been identified on the
surface of the ovary (27–30). These become isolated at the
surface of the ovary as the penetrating stroma expands
laterally below the surface of the ovary, thereby closing the
once “open” ovigerous cords from the surface, leaving
precursor cells of surface epithelial cells and some germ
cells on the surface of the ovary (31). The fate of these germ
cells is not known; however, some are lost from the surface
of the ovary into the periovarian space as reported previ-
ously in humans and mice (27–30), or they could subse-
quently undergo cell death. It is possible that germ cells
remaining at the surface become the source of the germline
stem cells isolated from the surface or the outer cortex of
mouse and human ovaries (32, 33), but there is no direct
evidence for this.

2. The debate about follicle formation later in life
For the past 60 years, a central dogma of ovarian bi-

ology has been that the entire germ cell (oocyte) pool is
endowed at birth or soon after birth in some species
(mouse, pig and marmoset). After this time, ovaries lose
the capacity for oocyte renewal (oogenesis) (34). In 2004,
studies in mice challenged the idea of a fixed ovarian re-
serve of oocytes and follicles, and the controversy over
whether oogenesis occurs in mammals later in life was
reignited (35). In the last decade, researchers identified
putative germline stem cells or oogonial stem cells in post-
natal ovaries of humans (33, 35), mice (32, 36), and rats
(37), and many controversies arose and have polarized
debates, which will be discussed further here. We separate
the issues into two major topics. First, we discuss the de-
bate about oogenesis and follicle formation in adult life.
Second, we discuss the evidence that ovarian cells exist
with mitotic potential and ability to be differentiated into
oocytes in vitro. These two issues are separate in our
minds, but clearly the first issue has clouded rational de-
bate about the second.

Johnson et al (35) were the first to suggest “the renewal
of germ cells in postnatal mice ovaries” after examining
changes in follicle numbers from birth to adulthood. In a
subsequent publication, Johnson et al (38) showed the
expression of germline markers in bone marrow-derived
cells. Furthermore, bone marrow and peripheral blood
transplantations restored the oocyte production in wild-
type mice sterilized by chemotherapy and ataxia telangi-
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ectasia-mutated mice. The authors concluded that bone
marrow and peripheral blood might be a potential source
of female germ cells that could sustain oocyte production
in adulthood. However, this suggestion (38) was not sup-
ported by a parabiosis experiment (39) in which the vas-
culature of wild-type mice was surgically connected to that
of transgenic mice expressing green fluorescent protein
(GFP) under the control of the �-actin promoter. Despite
observing high levels of blood cell chimerism, no GFP-
positive germ cells were ovulated in the nontransgenic
mice. GFP-positive cells detected in the cumulus mass as-
sociated with ovulated oocytes in the wild-type mice were
identified as hematopoietic cells by staining for CD45.

Subsequently, another study examined the effects of
bone marrow transplantation from TgOG2 transgenic
mice with germline-specific expression of GFP (Oct4-
GFP) into recipient mice depleted of their follicles by
busulfan and cyclophosphamide treatment (40). Bone
marrow-derived germ cells were observed in primordial
and immature growing follicles, which did not mature to
the ovulatory stage. Furthermore, it was shown that the
bone marrow-derived germ cells were not CD45-positive
monocytes as suggested by Eggan et al (39), and Oct4-GFP
is not entirely germ cell-specific, with expression also de-
tected in other adult stem cell populations and tumors
(41). In addition, there is still the possibility that GFP-
positive cells observed in the recipientmicebyLee et al (40)
were macrophages because they did not have the typical
morphology of oocytes, and Oct4-positive macrophages
have been observed before in atherosclerotic plaques in the
rabbit (42).

These discordant observations and conclusions may be
reconciled by suggestions that transplanted bone marrow-
derived or blood-borne leukocytes do not replace germ
cells, but instead nurture and support their development
and recovery from irradiation or chemotherapy and/or
protect against autoimmunity (41). A number of obser-
vations implicate immune cells in germ cell support and
follicle development. A key population of T cells in rodent
(43) and human (44, 45) ovaries protects the oocyte from
autoimmune destruction. The protection-conferring pop-
ulation is CD4�CD25�FOXP3� Treg cells. Cells from
females are intrinsically more potent suppressors than
cells from males (46). The gender-specific effect can be
reversed if males are grafted with ovaries before recovery
and transfer of Treg cells (47). This shows the antigen-
specific nature of the Treg suppressive activity and the
necessity for the persistent presence of the cognate tissue
antigen in generating the ovary antigen-specific Treg cells.
Operational failure of the normal immune regulatory
mechanisms in the ovary and its draining lymph nodes,
particularly loss of immune suppressive regulatory T cells

(Treg cells), may be instrumental in causing premature
ovarian insufficiency in some women (48), demonstrating
the key role of Treg cells in sustaining normal follicle
function.

Further evidence opposing a hematopoietic stem cell
source of oocytes came from a study using “a molecular
clock” approach to estimate the number of mitotic divi-
sions a cell had undergone since arising from the zygote
(49). This approach used the genetic information encoded
in somatic mutations to reconstruct cell lineage trees. It is
based on the idea that the spontaneous mutations in DNA
can be used as a molecular clock, effectively counting the
number of mitotic divisions a cell has undergone since the
zygote (denoted as “depth”). The pattern of somatic mu-
tations in multiple loci can reveal the lineage relations
among individual cells. Using this approach, the authors
found evidence to support the “production-line hypothe-
sis” of oocyte activation where the first oocytes to be ovu-
lated during life are those that entered meiosis first (50).
Importantly, they found that the “depth” of oocytes was
different from both mesenchymal and hematopoietic bone
marrow stem cells (49). Hence, they found no evidence
that oocytes were derived from bone marrow cells.

Thus, by way of summary and based on the current
evidence, most researchers of this area are not convinced
by any of the current data or claims that oogenesis or
follicle formation occurs later in life. They believe that
oocytes develop from PGCs prenatally or early postnatally
in some species. Thus, the original dogma that the entire
germ cell (oocyte) pool is endowed at birth or soon after
birth in some species still holds true.

3. Isolation of ovarian cells demonstrating germline poten-
tial after in vitro manipulation

A major turning point in this new field came in 2009
when a population of cells that were mitotically active in
vitro and could be manipulated to demonstrate germline
characteristics was isolated from both immature and adult
mouse ovaries (32). The isolation of these cells, however,
did not demonstrate in any way that they are involved in
oogenesis or follicle formation in later life. We treat the
discussion of the biology of these cells separately from
issues surrounding whether or not they can develop into
oocytes in vivo.

The ovarian-sourced cells were distinct from bone mar-
row-derived cells, and these cells showed stable expression
of germline markers (Oct4, Mvh, Dazl, Blimp1, Fragilis,
Stella, and Rex1) (32). It was shown that these cells could
be putative ovarian germline stem cells using transplan-
tation models to repopulate the oocyte pool in chemo-
therapy-damaged mouse ovaries. New oocytes were
formed and were capable of fertilization leading to the
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birth of live offspring carrying a traceable genetic marker
(GFP) introduced into the cells before transplantation.
Mating of this F1 generation with wild-type mice pro-
duced transgenic F2 offspring, which inherited the GFP
transgene transmitted through the germline (32).

It has been suggested that the ovarian surface epithelial
layer might be a source of germline stem cells because
immunohistochemistry revealed cells that were double-
positive for both mouse vasa homolog (MVH) and 5- bro-
modeoxyuridine, a proliferation marker (32, 35). Pacchi-
arotti et al (51) used a female transgenic mouse model that
expressed GFP under the control of the Oct4 promoter,
and they located GFP-positive cells on the ovarian surface
epithelium in postnatal mice. Isolated GFP-positive cells
were stable in culture for up to 1 year, expressing germ
cell-specific markers (GCNA [germ cell nuclear antigen],
cKIT, MVH) and maintaining telomerase activity. The
culture of these germline stem cells with granulosa cells of
neonatal mice in hanging drops resulted in the formation
of follicle-like structures, but their functionality has not
been investigated further. Subsequently, Zhang et al (36)
transfected short-term cultured germline stem cells from
neonatal and adult mice expressing GFP and transferred
these into chemotherapy-pretreated recipient mice, which
produced transgenic F1 and F2 offspring. Furthermore,
transfection of cultured germline stem cells with recom-
binant viruses carrying Oocyte-G1, a protein with poten-
tial involvement in ovarian follicular development (52), or
Dnaic2 (mouse dynein axonemal intermediate chain 2), or
liposome-mediated transfection with an Oocyte-G1
knockdown vector resulted in the production of heterozy-
gous offspring after transplantation into chemotherapy-
pretreated mice, allowing the study of the role of these
proteins. As a control in these experiments (36), no trans-
genic offspring were observed after transplantation of
short-term cultured and GFP-transfected oocytes, provid-
ing proof that the transgenic offspring observed after
transplantation of GFP-positive germline stem cells were
not from oocytes.

Comparisons of gene expression profiles between em-
bryonic stem cells, PGCs, freshly isolated germline stem
cells, and cultured germline stem cells from adult mice
showed that the profile of PGCs had great similarity to
embryonic stem cells, whereas fresh germline stem cells
lacked the expression of the pluripotency-associated genes
Zfp296 (encoding zinc finger protein 296), Nr0b1 (nu-
clear receptor subfamily 0 group B member 1), Utf1 (un-
differentiated embryonic cell transcript factor-1), Nanog,
and Sox2 (SRY box 2) (53). Cultured germline stem cells
(23rd passage) resembled PGCs as Zfp296, Utf1, Nanog,
and Sox2 were expressed. Interestingly, these cultured
germline stem cells also weakly expressed Stra8 (stimu-

lated by retinoic acid 8), a marker of meiotic entry. Park
et al (54) observed that less than 1% of approximately
2.5 � 104 seeded germline stem cells spontaneously dif-
ferentiated into oocyte-like cells that expressed the meiotic
marker Stra8. The addition of BMP4, which plays a role
in the generation of PGCs in mouse embryos (55), to the
germline stem cell cultures increased the total number of
oocytes 2-fold and significantly increased the expression
of Stra8 and Msx1 (muscle segment homeobox 1) and
Msx2 (54), which are BMP-responsive genes in human
and mouse fetal ovaries (56, 57).

Criticisms of the study by Zou et al emerged (32), ques-
tioning the isolation protocol and the purity of the cells (58).
Toaddress these concerns, in2012White et al (33)described
an improved fluorescence-activated cell sorting (FACS)-
based protocol for the isolation and purification of germline
stem cells from adult mouse ovaries and confirmed prior
work that the primitive germ cells obtained can generate fer-
tilizable oocytes and embryos. In the same study, germline
stem cells were purified from adult human ovaries, propa-
gated in vitro, and shown after injection into human ovarian
cortical pieces to generate what appeared by morphology
andgeneticmarkers tobe immatureoocytes thathadbecome
enclosed by granulosa cells to form follicles.

The approach of using DDX4/MVH for the isolation
and purification of germline stem cells has been criticized
because DDX4, a RNA helicase, is usually expressed in the
cytoplasm of germ cells (59). However, the use of two
DDX4 antibodies, one against the C terminus and the
other against the N terminus, by White et al (33) resulted
in the isolation of DDX4-positive cells by FACS only with
the antibody against the C terminus, whereas a previous
cell permeabilization step led to DDX4-positive cells with
both antibodies. Cells isolated without permeabilization
expressed additional germline markers such as Prdm1,
Dppa3, Dazl, Tert (telomerase reverse transcriptase), and
Ifitm3 (Fragilis), but not oocyte-specific markers such as
Zp3 (zona pellucida sperm binding protein 3), Nobox
(newborn ovary homeobox protein), or Gdf9 (growth dif-
ferentiation factor 9). This suggests the existence of “im-
mature” germline cells in the ovary that express DDX4 or
domains of DDX4 on the cell surface. It has been proposed
that DDX4 is silenced in undifferentiated germline stem
cells by insertion into the cell membrane, and after com-
mitment to the oocyte fate, DDX4 is no longer externally
expressed (53). An isolation method for mouse germline
stem cells using antibodies to Fragilis, which is a known
transmembrane protein (60), for antibody-assisted mag-
netic-bead sorting has been established (61) and may offer
greater efficiency of isolation.

The existence of female germline stem cells as contrib-
utors to follicle formation remains to be further studied.
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Using multiple fluorescent Rosa26rbw/�;Ddx4-Cre germ-
line reporter mice, Zhang et al (62) reported that DDX4-
positive cells isolated from adult ovaries were not mitot-
ically active, whereas they were when isolated from testes.
It has to be noted that there was no distinction between
germline progenitors and oocytes using this genetic ap-
proach, and it appears that most experiments concen-
trated on cells of the size of meiotic oocytes. These results
could indicate that the isolated cells were oocytes. A key
difference is that Zhang et al (62) did not follow the pro-
tocol from Zou et al (32) and White et al (33). These and
related issues have been raised again (63) with claims that
there are mitotically active germline stem cells in the ovary.
Lei and Spradling (64) reported that the neonatal pool of
primordial follicles was stable enough to sustain adult oo-
genesis without renewal of the pool. However, they did
not trace individual germline cell development.

Recently it has been shown that female germline stem
cells isolated from neonatal and prepubertal mice can be
converted into pluripotent embryonic stem-like cells when
cultured under certain conditions (65). Furthermore, fe-
male germline stem cells show morphological and molec-
ular characteristics, as shown by gene expression profile,
similar to male germline stem cells/spermatogonial stem
cells (66).

In summary, germline stem cells appear to exist in ova-
ries, and they can be isolated and manipulated in vitro and
give rise to offspring upon transplantation. They have
been isolated independently by at least two research
groups and from a number of species (human, mouse, rat).
However, the physiological relevance of these cells to
adult ovarian function and fertility, if any, remains to be
determined. There are claims and counterclaims that these
cells are mitotically active in the ovary, but there is no
evidence that they contribute to oogenesis or follicle for-
mation in vivo. Their location is either on or near the
surface of the ovary, and it has been suggested previously
that they could have been derived from oogonia trapped
on the surface of the ovary during development (31). Thus,
although at present there remains controversy over the
biological significance of these cells, their identification
and isolation clearly represents a significant advance with
the future potential to change infertility treatments, and
possibly even to alleviate nonreproductive consequences
of the loss of ovarian function, as well as being a valuable
model for understanding germ cell development.

4. Other reports of germline stem cells
There are other reports on germline stem cells; these

reports appear to be targeting cells different from those
discussed in Section III.A.3, and we summarize them
briefly here. Recent publications have reported that 2- to

4-�m small round cells, isolated from ovarian surface ep-
ithelium scrapings of postmenopausal women and women
with primary premature ovarian insufficiency, spontane-
ously differentiate into oocyte-like cells in the presence of
follicular fluid or estrogenic stimuli (67–71). The
oocyte-like cells expressed pluripotency (OCT4, SOX2,
NANOG, NANOS) and germ cell markers (cKIT, VASA,
STELLA, SCP1–3 [synaptonemal complex protein 1–3]).
The authors compared the small cells originally isolated
from the surface epithelium to very small embryonic like
(VSEL) stem cells (70). VSEL cells have been proposed to
be present in the ovarian surface epithelium of species such
as human, mouse, sheep, rabbit, monkey, and marmoset
(72–75), based on detection of germ cell markers (cKIT)
and pluripotency markers (OCT4, NANOG, SOX2,
SSEA4) by immunohistochemistry and RT-PCR in ovar-
ian tissue biopsies or cultures of scraped ovarian surface.
It was hypothesized that germline stem cells are descen-
dants of VSEL cells and would differentiate into the ob-
served oocyte-like cells in culture. However, these studies
have not used any antibody-related isolation methods to
obtain pure VSEL cells or tracing methods to show that
VSEL cells from the ovary are germline stem cells. Many
of the attributes of the proposed ovarian VSEL cells re-
main unclear.

In contrast to other theories on the origins of germline
stem cells, Bukovsky and colleagues hypothesized that pu-
tative germ cells can originate by differentiation from
ovarian surface epithelial cells in adult rodent (76), mon-
key (77), and human (77–79) ovaries. The proposed mech-
anisms by which epithelial cells do this and how they as-
sociate with newly developing granulosa cells involved a
proposed complex set of cell relocations within the ovary
and alterations in cell phenotypes (reviewed in Ref. 80).
Part of these theories is based on immunohistochemical
staining for the meiotic marker synaptonemal complex
protein 3 (SYCP3), zona pellucida proteins, or PS1, a car-
bohydrate antigen of the zona pellucida, in ovarian tissue
sections or cultures derived from scraped ovarian surface
cells. Neither the ovarian tissue sections nor the isolated
surface cells with an oocyte phenotype have been charac-
terized for germ cell markers such as OCT4, MVH,
DAZL, or SSEA4, nor is there proof of functionality of
these cells as proposed.

In summary, these reports of germline stem cells in
the ovary discussed in this section lack the proof that the
cells being examined have any germline stem cell
characteristics.

B. Roles of stroma
It is becoming apparent that the stroma plays a number

of pivotal roles in the ovary. The extent of stroma and its
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marker (COUP-TFII/NR2F2) and extracellular matrices
(fibrillins and decorin) is illustrated in Figure 2. During the
formation of the ovary, the stroma penetrates from the
mesonephros into the gonadal ridge/ovarian primordium,
then composed of gonadal ridge epithelial-like (GREL)
cells (58, 81) and PGCs. During penetration, the stroma
branches, and this process creates areas of stroma alter-
nating with areas of GREL cells/germ cells and hence pro-
duces the ovigerous cords, which are composed of GREL
cells and germ cells. These cords are therefore initially
“open” to the surface. The penetrating stroma has been

observed previously and described as
“cell streams” (82). At all times,
there is continuous basal lamina be-
tween the stroma and the ovigerous
cords, between the stroma and folli-
cles, and between the stroma and the
surface epithelium. The composition
of the basal laminas in these loca-
tions is identical. They contain com-
ponents of laminin 111, collagens
type IV and XVIII, perlecan, and ni-
dogens 1 and 2. This supports the
notion that cords, follicles, and sur-
face epithelium are formed or com-
partmentalized by the penetrating
stroma, and this highlights an un-
derappreciated role of the stroma in
the ovary.

Additionally, the stroma is impor-
tant because it penetrates what will
become the cortex of the ovary. The
penetrating stroma contains a vascu-
lar capillary bed, and it thereby pro-
vides a blood supply to the cortex.
Hummitzsch et al (31) reported that
“when the stroma penetrates into the
gonadal ridge/ovarian primordium,
it contains endothelial cells assem-
bled into mature capillaries sur-
rounded by a subendothelial basal
lamina. Thus this capillary network
of the ovarian cortex is not likely
formed by the vascularization pro-
cess but rather by sprouting or split-
ting forms of angiogenesis (83) al-
lowing expansion of the existing
capillary network derived directly
from vasculature in the mesone-
phros.” Thus, once penetration of
stroma into the ovary primordium
has commenced, the growth and ex-

pansion of a capillary network within the stroma would
occur within the ovary by angiogenesis. This appears to
happen in mouse where “few endothelial cells crossed the
border between the mesonephros and the XX gonad” (84)
and “the XX gonad recruits vasculature by a typical an-
giogenic process” (85). It has been suggested that vascu-
logenesis also occurs (84, 86); however, this is likely to be
an early event, and to what degree it contributes to overall
vascular development is unclear. Vascularization of the
presumptive ovary happens significantly later than in the
presumptive testis and is less pronounced, making the vas-

Figure 2.

Figure 2. Localization of extracellular matrix components in the stroma of fetal and adult bovine
ovaries. A and B, Localization of fibrillin 3 (green) with the stromal cell marker COUP-TFII/NR2F2
(red) in fetal ovaries at gestational days 96 (A) and 182 (B). C, Fibrillin 1 expression (red) and
components of laminin 111 (green) in fetal ovary at gestational day 79. D, Fibrillin 1 (green)
localization in adult ovary. E, Localization of decorin fibers (green) and components of laminin
111 (red) in fetal ovary at gestational day 79. F, Localization of decorin fibers (green) in adult
ovary. Nuclei are counterstained with DAPI (4’,6-diamidino-2-phenylindole; blue). Scale bars, A
and D, 25 �m; B, C, E, and F, 50 �m. [Panels A and B were reproduced from K. Hummitzsch et
al: A new model of development of the mammalian ovary and follicles. PloS One. 2013;8:e55578
(31), with permission, and staining in panels C, E, and F was conducted as reported previously in
the same article. Panel D was reproduced from M. J. Prodoehl et al: Fibrillins and latent TGF�
binding proteins in bovine ovaries of offspring following high or low protein diets during
pregnancy of dams. Mol Cell Endocrinol. 2009;307:133–141 (98), with permission. Elsevier.]
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cular structure one of the first distinguishing morpholog-
ical features of the two genders (85). Lymphatics do not
enter the developing ovary until much later. In the mouse,
lymphatic vessels in the ovary are absent until around
postnatal day 10, the time when the first wave of growing
follicles becomes estrogenic (87). As the follicles continue
to grow, highly branched lymphatic vessels are recruited
to the theca and stromal layers around each follicle, and as
a result of this process, the ovarian lymphatic network is
established (88, 89). It is subsequently remodeled to ac-
commodate the growth of each new follicle wave through-
out the reproductive lifespan (88, 89). Blockade of
VEGF-R3 (vascular endothelial growth factor [VEGF] re-
ceptor 3) signaling prevents neolymphangiogenesis
around developing follicles, reducing follicle viability and
hormone secretion and leading to poor embryonic devel-
opmental competence (90).

Aberrant stromal activity may also be important in
human conditions such as PCOS. It is well known that
PCOS ovaries have increased numbers of antral folli-
cles, but it is less well appreciated that they also have
substantially more tunica albuginea containing more
collagen, and they also have increased thicknesses of
cortical and subcortical stroma (91). This fact has been
known since the early reports of PCOS (92, 93); how-
ever, these features of PCOS ovaries had not received
much attention until recently when it was discovered
that the fibrillin 3 gene, located in a genomic region
associated with PCOS (94), is expressed in the pene-
trating stroma in human and bovine ovaries in the first
trimester (95). Fibrillins regulate TGF� activity in tis-
sues (96, 97), and in turn, TGF� stimulates stromal
fibroblast replication and collagen deposition, which
are increased in the PCOS ovary. Thus, the regulation
and role(s) of ovarian stoma clearly warrant further
investigation.

The tunica albuginea is not as thick in the ovary as in the
testis. It is variable in thickness from one location to an-
other in the ovary and appears to have some degree of
zonation (98). It is not vascularized (99) and contains
much structural collagen and other extracellular compo-
nents and in differing amounts to the cortical stroma be-
low it (31, 95, 98). The tunica albuginea is derived from
the stroma that penetrated the ovary in the cell streams to
just below the surface of the ovary as described previously
(31). What initiated the changes in the stroma to form the
tunica albuginea is not known. Additionally, the tunica
albuginea also undergoes a cycle of cell death and tissue
repair at the apex of ovulating follicles (100).

C. Follicle formation and the origin of granulosa cells
The origins of somatic granulosa cells attract consid-

erable conjecture. Granulosa cells were originally consid-
ered to be derived from the mesonephric tubules and more
recently from the ovarian surface epithelium (reviewed in
Refs. 19 and 20). The mesonephros is a complex structure
with many different cell types, including stromal cells, en-
dothelial cells, and the different epithelia associated with
its nephrons. In mammals, the mesonephros is a transient
organ during fetal development, and it develops differ-
ently between males and females (101–107) (for reviews
see Refs. 108 and 109). In females, it contributes tubules
to the hilum and medulla of the ovary, and these persist
into adulthood, referred to as the rete ovarii. The evidence
that these structures give rise to granulosa cells came from
early observations that rete ovarii can have a close asso-
ciation with oocytes (110, 111). This was further strength-
ened by demonstration that the presence of rete ovarii
correlated with the onset of meiosis (112) and follicle for-
mation (113). Subsequently it was suggested that cells de-
rived from the ovarian surface epithelium give rise to the
granulosa cells during follicle formation (82, 114). Part of
the confusion about the origins of granulosa cells from
surface epithelial cells could be clarified by the use of cor-
rect terminology. A simple classic epithelium, such as the
mature ovarian surface epithelium, consists of a single
layer of epithelial cells with an underlying basal lamina at
the interface with stroma. If granulosa cells are derived
from classic ovarian surface epithelial cells, as opposed to
cells located at the surface (no underlying basal lamina and
no epithelial-stroma interface), then presumably the sur-
face epithelial cells would need to undergo an epithelial-
mesenchymal transition followed by a mesenchymal-epi-
thelial transition, as illustrated in Figure 3—a process for
which no evidence exists. With the model of GREL cells as
proposed in the bovine (31), the gonadal ridge/ovarian
primordium is initially not covered by a classic surface
epithelium; instead it is covered by GREL cells that are
located at the surface. Thus, we suggest that a way forward
is to interpret existing publications to mean that granulosa
cells are derived from cells on the surface of the ovary
rather than specifically from a classic surface epithelium.

A more recent examination of bovine ovarian develop-
ment suggests that granulosa cells are not derived from
differentiated ovarian surface epithelial cells. Instead,
both the apical ovarian surface epithelium and the gran-
ulosa cells arise from a precursor population of GREL cells
(31) (Figure 4). GREL cells are postulated to be derived
from cells of the surface of the mesonephros (31), which
replicate to form the genital ridge/ovarian primordium
into which the PGCs migrate. Soon afterward, cords of
stromal cells referred to as “cell streams” penetrate the
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primordium from the underlying mesonephros, partition-
ing the developing ovary into irregularly shaped ovigerous
cords composed of GREL cells and PGCs/oogonia. A basal
lamina is formed and separates the stromal cells from the
ovigerous cords, which at this stage contain GREL cells
and oogonial “nests” or small syncytial groups of germ
cells that have not completed cytokinesis (31). As devel-
opment progresses, apoptosis of oogonia occurs, and the
oogonial nests are reduced to individual oocytes sur-
rounded by a finite number of GREL cells to form pri-
mordial follicles. The basal lamina, which had previously
separated the ovigerous cords from the surrounding
stroma, now surrounds individual follicles. This interac-
tion with the stroma is a key aspect of follicle formation
that has received little attention. There is thus a complex
three-way interaction between the oogonia, GREL cells,
and the stroma that ultimately determines the number and
potentially the quality of follicles with which the ovary is
endowed.

The formation of follicles commences from the medul-
lary end of the cords and progresses to the surface as the
stroma penetrates toward the surface. This progression of
maturation has been observed in fetal human (115–117),
cattle (31, 118, 119), sheep (114, 120, 121), mouse (122)
and postnatal rat ovaries (123, 124). It is accompanied by
changes in maturation markers in the oocytes (from
OCT3/4, to deleted in azoospermia-like [DAZL], and then
to VASA [also known as mouse vasa homolog, MVH], or
DEAD [Asp-Glu-Ala-Asp] box polypeptide 4 [DDX4])
and in the GREL/granulosa cells (from replication mark-

ers to expression of FOXL2 [forkhead box L2]). The be-
havior of the stroma appears to be pivotal for formation
of follicles, and it is noteworthy that the follicles form first
in areas where the stroma first contacts and partitions the
ovigerous cords. This gradient of development may have
consequences for follicle activation later in life where it has
been recognized for many years that the first follicles to
initiate growth are those that were formed the earliest,
sometimes called the “first in, first out” or the “production
line” hypothesis (124, 125). This concept has been ex-
tended in the mouse for the existence of two waves of
primordial follicle activation constrained to their medul-
lary or cortical locations (126–128). The first wave of
follicle activation occurs in the medulla, and these follicles
contribute to most of the growing follicle pool until ap-
proximately postnatal day 45. Thereafter there is a decline
such that they constitute only 2.4% of growing follicles by
postnatal day 90 (127). The cortical primordial follicles
are activated later and provide fertility throughout adult-
hood (126). The two waves of follicle activation in the
mouse were discovered because differential expression of
cell markers in precursor granulosa cells was observed and
molecular methods for inducible marking of cells were
available. These latter methods are currently not available
in other species, and thus it not easy to confirm whether
there are similar waves in other species. It would be useful
now to determine how staccato-like these waves are or
how much of a continuum they represent. This could be
achieved by increasing the number of periods of inducible
marking of granulosa cells during gestation and early post-

Figure 3.

Figure 3. Illustration of the conceptual processes needed to derive granulosa cells from the ovarian surface epithelium. There has been no
discussion of these processes in the literature or any evidence to identify that they occur. Surface epithelial cells with a basal lamina and stromal
interface (A) would first need to undergo an epithelial-mesenchymal transition (B) to break through the surface epithelial basal lamina and to
become migratory and migrate to the oogonium (B). They would then need to undergo a mesenchymal-epithelial transition to form epithelial
granulosa cells of follicles all enclosed by the follicular basal lamina (C).
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natally. Additionally, as suggested (126), it is important to
determine whether differences in these waves of follicles
are due to “their different origins or to environmental
factors, such as gonadotropin levels and diet, which differ
in prepubertal and adult animals.”

The medullary follicles contain granulosa cells arising
from precursor cells that expressed FOXL2 in the fetal
ovary (126–128). Recently, it was shown that granulosa
cells from cortical follicles are derived from LGR5 (leu-
cine-rich repeat-containing G protein-coupled receptor 5;
also known as GPR49 or GPR67)-positive cells, which are
located in the cortex and at the ovarian surface (128). It
was suggested that the FOXL2- and LGR5-expressing
pregranulosa cells are two distinct populations because
coexpression of these two markers between E13.5 and
E18.5 was not observed (128). Eventually, all granulosa
cells express FOXL2 (129). Mork et al (126) concluded

that “while the granulosa cells of the medulla and cortex
can be classified into two separate populations, they are
likely the descendants of a single progenitor source, born
at different stages of development,” which would be com-
patible with the GREL cell model in some aspects.

D. Formation and the different origins of the ovarian
surface epithelium

The mature ovary is covered by a single layer of flat to
cuboidal epithelial cells, the surface epithelium. This layer
constantly undergoes morphological changes, particu-
larly during the repair of the ovarian surface after the
rupture of the follicle wall during ovulation (130). The
physiology of ovarian surface epithelium; its regulation by
hormones, growth factors, and cytokines; and its involve-
ment in the ovulatory process have been reviewed previ-
ously (131–133), and Figure 5 illustrates more recent the-
ories about the origins of these cells.

Figure 4.

Figure 4. Schematic diagram of ovarian development. [Reproduced from K. Hummitzsch et al: A new model of development of the mammalian
ovary and follicles. PloS One. 2013;8:e55578 (31), with permission.]. Abbreviations: CK19, cytokeratin 19; DAPI, 4’,6-diamidino-2-phenylindole.
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Previous literature implied that
the surface epithelium originates
from the mesoderm-derived epithe-
lial layer, which lines the intraem-
bryonic coelom and the area where
the gonad is formed. The gonadal
blastema is partly formed by prolif-
eration of the surface epithelial lin-
ing (134) (reviewed in Ref. 131).
However, we observed recently that
when the bovine fetal ovary is first
formed, it is not covered by a defined
surface epithelium underlaid by a
basal lamina at an interface with
stroma, as observed in adult ovaries,
except at the base of the ovary where
it arises from the mesonephros (31,
81). We hypothesized that the early
developing ovary is composed of a
cluster of GREL cells, which arise
from the mesonephric surface epi-
thelium through proliferation in a
process that is also associated with
degradation of the basal lamina al-
lowing the primordial germ cells to
then associate with GREL cells. Ken-
ngott et al (135) has also observed
that the mesonephric surface epi-
thelium was single-layered, except
where the gonadal thickening oc-
curs. The stroma, with its leading
edge basal lamina, does not pene-
trate into the ovarian primordium
until later in development. A popu-
lation of GREL cells on the surface
eventually develops an epithelial
phenotype only after the stroma has
expanded to just below the superfi-
cial GREL cells (31).

While also observing that the
early ovarian primordium does not
have a defined surface epithelium,
the exception was “at the base where
it arises and protrudes from the me-
sonephros” (31). The base or hilum
of the ovary is in fact a protrusion of
the mesonephros and is covered by
an established classical surface epi-
thelium with a subepithelial basal
lamina and epithelial-stromal inter-
face and is derived directly from the
mesonephros. The remainder of the

Figure 5.

Figure 5. Schematic diagram of the proposed development and repair of ovarian surface
epithelium. A, In early fetal ovarian development, the ovarian surface epithelium (OSE) in the
hilum region is derived from the mesonephros, whereas the remaining surface of ovary is
covered by GREL cells, which later differentiate to surface epithelial cells or granulosa cells.
[Adapted from K. Hummitzsch et al: A new model of development of the mammalian ovary and
follicles. PloS One. 2013;8:e55578 (31).] B, Flesken-Nikitin et al identified an ALDH-, LGR5-, LEF-
1-, CD133-, and CK6B-expressing stem cell niche in the hilum region of adult mice ovaries,
which is responsible for the OSE repair after ovulation and is susceptible to malignant
transformation. [Adapted from A. Flesken-Nikitin et al: Ovarian surface epithelium at the junction
area contains a cancer-prone stem cell niche. Nature. 2013;495:241–245 (136).] C, A recent
study in adult mice identified LGR5-positive OSE stem cells not only in the hilum region but also
along the remaining ovarian surface as small clusters, mainly near ovulating follicles and on the
apical side of corpora lutea. [Adapted from A. Ng et al: Lgr5 marks stem/progenitor cells in ovary
and tubal epithelia. Nat Cell Biol. 2014;16:745–757 (137).] Abbreviations: ALDH, aldehyde
dehydrogenase; LEF1, lymphoid enhancer-binding factor 1; CD133, cluster of differentiation 133;
CK6B, cytokeratin 6B.
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ovary has surface epithelial cells initially derived from
GREL cells. This could be important because the surface
epithelium of the adult mouse ovary is not uniform (136,
137). The hilum or base of the mouse ovary is richer in
stem cells with greater oncogenic potential than cells at
other locations on the surface of the ovary (136). It is
possible, notwithstanding species differences, that the dif-
ferent developmental history of the epithelial cells at the
base vs the rest of the ovary contributes to the different
behavior of the epithelial cells from different locations in
the ovary.

During every ovulation, the ovarian surface is ruptured,
and the continuous layer of surface epithelium and the
underlying tunica albuginea are damaged. It is assumed
that stem cells in the remaining surface epithelium start to
proliferate and differentiate to restore the damaged sur-
face. Until recently, little was known about the surface
epithelial stem cells (128, 136, 137). The first study to
identify possible stem/progenitor cells in the ovarian sur-
face epithelium was performed by Szotek et al (138) in
mice. They performed pulse-chase experiments with
5-bromodeoxyuridine and used transgenic mice, which
expressed histone 2B-GFP in the presence of doxycycline.
They were able to identify a population of long-term label-
retaining cells in the surface epithelial layer. These cells
were quiescent before ovulation and started replicating
near the edges of the ruptured follicle wall after ovulation,
indicating that these cells were involved in the remodeling
process. Recently, Usongo and Farookhi (139) suggested
an involvement of the WNT/�-catenin-signaling in the es-
tablishment of a progenitor cell population in the ovarian
surface epithelium. The transgenic mice used in the study
carried a �-catenin/T-cell factor (TCF)-responsive lacZ re-
porter gene, thus identifying WNT-activated cells. Inter-
estingly, the lacZ expression occurred in cells of the me-
diolateral lining of the undifferentiated gonad, whereas
after sex determination it was restricted to the female go-
nad. This is in line with the membranous localization of
�-catenin in E12.5 mouse gonads (140). Furthermore, this
expression in cells of the ovarian surface epithelium
showed an age-dependent decline after birth to a popula-
tion of 0.2% of the surface epithelial cells. This decline did
not result from apoptosis or reduced proliferation, but
rather from lacZ-positive cells differentiating into lacZ-
negative cells. This suggests that lacZ-positive cells (active
�-catenin/TCF signaling) in the ovarian surface epithe-
lium act as stem cells and regenerate the ovarian surface.
In a subsequent study, Usongo et al (141) showed the
membranous expression of �-catenin in the ovarian sur-
face cells of postnatal mice ovaries. Primary surface epi-
thelial cultures using WNT agonists resulted in increased
proliferation and stabilization of �-catenin but did not

induce �-catenin/TCF-related transcriptional activity. Re-
cently, it has been shown that WNT4 and RSPO1 up-
regulate the adult stem cell marker LGR5 in developing
mouse ovaries, again suggesting that this pathway is crit-
ical for stem cells of the ovarian surface (128).

Gamwell et al (142) isolated a population of cells with
stem cell properties by flow cytometry from the ovarian
surface epithelium of adult mice and found that these cells
express higher levels of mRNA for the hematopoietic stem
cell marker lymphocyte antigen 6 complex, locus A
(LY6A). The LY6A� side population, which represents
2% of the total surface epithelial cell population, started
proliferating after 4 weeks, whereas LY6A� cells prolif-
erated in the first 7 days of culture. The rate of spheroid
formation, a criterion for stem cell properties, was higher
in the LY6A� population compared to the other surface
epithelial cells. LY6A� cells, as shown by immunohisto-
chemistry, existed in the surface layer and were not in
contact with any ovarian structures such as follicle walls
or corpora lutea. Furthermore, the cells appeared more
cuboidal compared to the remaining surface epithelial
cells, and additionally, the oocytes of primordial follicles
stained positive for LY6A. Since there is increasing evi-
dence for the existence of germline stem cells on the surface
of mouse ovaries (36, 61), it cannot be excluded that the
LY6A� cells detected in ovarian tissue sections might be
germline stem cells instead of progenitors/stem cells of
ovarian surface epithelium. Flesken-Nikitin et al (136)
identified cells in the hilum region of postnatal mice ova-
ries that showed typical stem cell properties such as the
expression of ALDH1 (aldehyde dehydrogenase 1),
LGR5, CD133 (cluster of differentiation 133), CK6B (cy-
tokeratin 6B), and LEF1 (lymphoid enhancer-binding fac-
tor 1), as well as long-term survival/proliferation and
spheroid formation in culture. Furthermore, these cells
were activated after ovulation to repair the surface epi-
thelium as shown in pulse-chase experiments with 5-bro-
modeoxyuridine labeling. Interestingly, in Trp53- and
Rb1-deficient mice ovaries, cells in the hilum region ap-
peared to have tumorigenic properties. A further study of
LGR5 populations in adult mice by Ng et al (137) iden-
tified the embryonic and neonatal LGR5-positive cells as
adult stem/progenitor cells in the ovarian surface that are
involved in wound repair after ovulation by sealing the
damaged ovarian surface. LGR5 expression was located
on the surface and subsurface region in the fetal mouse
ovary but became restricted to the surface epithelium at
postnatal day 7 and in adult mice. Unlike Flesken-Nikitin
et al (136), two other studies (128, 137) also observed
LGR5-positive cells not only at the hilum of the adult mice
ovary (Figure 5) but also throughout the ovarian surface
epithelium, in particular at the periphery of rupturing fol-
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licles or covering corpora lutea (137). A study in human
adult ovaries showed that 75 to 100% of the ovarian sur-
face epithelial cells expressed the known stem cell marker
NANOG, secreted frizzled related protein 1 (SFRP1), LIM
homeobox 9 (LHX9), and ALDH1A2, but only 25% were
positive for ALDH1A1 (143).

In summary, there are two origins of ovarian surface
epithelial cells. Most of the initial surface epithelial cells
covering the major portion of the fetal ovary are derived
from the GREL cells, which originally were derived from
the surface epithelial cells of the mesonephros. The hilum
of the ovary is directly derived from mesonephros, and its
epithelium is a classic epithelium and remains as such
while the remainder of the ovary develops. What happens
later in life with the movement of cells around the surface
is an interesting topic that needs further studies and ex-
tension to other species. The stem cell characteristic and
oncogenic potential of the epithelial cells are also major
issues to be researched further.

IV. Folliculogenesis

A. Cells of the thecal layers
The origin(s) of the theca interna and externa has re-

ceived scant attention (see review in Ref. 144). The thecal
layers are first identifiable around the time of antrum for-
mation. The theca interna contains the steroidogenic cells,
fibroblasts, immune cells, and capillaries, whereas the ex-
terna has larger venules, lymphatic vessels, nerve fibers,
and cells with contractile filaments. Earlier studies have,
not surprisingly, suggested that thecal cells are recruited
from the stroma. However, one study claimed that there is
a population of thecal stem cells in mouse ovaries (145). In
that study, cells were cultured from whole mouse ovaries,
not isolated thecal layers. It was shown that the colonies
of cells in soft agar expressed genes known to be expressed
by thecal cells (nonquantitative RT-PCR showing Ptch1
and 2, Gli 2 and 3), but the authors did not confirm
whether all the cells or only a proportion of the cells in the
colonies expressed these genes (145). These colonies were
of mixed cell types, as “many oocytes continued to pro-
trude from the surface of the colonies” (145). Many of the
features of these stem cells are features published previ-
ously for granulosa stem cells (see Section IV.B), such as
anchorage-independent growth and their responses to ba-
sic fibroblast growth factor (bFGF) and IGF-1. The colo-
nies contained basement membrane material, as granulosa
stem cell colonies do (146) and as granulosa cells make
(147). Thus, at this time, it is clear that further research is
needed to establish whether these mouse cells (145) are
indeed thecal stem cells.

Recent evidence suggests that a putative stromal stem
cell niche exists in the ovary. Certain chondroitin/derma-
tan sulfate epitopes (antibodies 7D4, 3C5, and 4C3) have
been detected in the ovary (148), which in other tissues
marked stem cell niches. The identity of these motifs and
indeed the proteoglycan associated with them is currently
unknown. However, the same chondroitin/dermatan sul-
fate epitopes in the ovary are located in the stromal con-
nective tissue surrounding early antral bovine follicles
and, in unique clusters of cells, surrounding some vascular
elements in the theca externa in large antral follicles (148).
Whether these areas in the ovary contain progenitors or
thecal stem cells remains to be determined.

Another study in pigs identified an alkaline phosphate-
positive cell population in the third passage of cultured
thecal cells, which were isolated from follicles larger than
4 mm (149). These cells expressed mesenchymal surface
markers, such as CD29, CD44, and CD90, and the plu-
ripotency marker SOX2 but were negative for the expres-
sion of OCT4 and NANOG. Furthermore, these cells suc-
cessfully differentiated into osteocytes, adipocytes, and
oocyte-like cells under the specific culture conditions, sug-
gesting the multipotent potential of these cells. The
oocyte-like cells formed spheroids and expressed pluripo-
tency markers (OCT4, NANOG, SOX2), oocyte-specific
markers (DAZL, VASA, STELLA, ZP, GDF9B, SCP3, C-
MOS), and FSH receptor (FSHR).

Immune cells reside in close association with theca cells
but are precluded from the membrana granulosa and
therefore from directly accessing the follicle or contacting
the oocyte. The physical barrier provided by granulosa
cells and the follicular basal lamina protect the ovum and
prevent access to immune cells during follicle develop-
ment. Both the oocyte and its surrounding zona pellucida
have immunogenic molecules foreign to the mother. Stud-
ies in rodents show that a majority of the immune cells in
the stroma and theca layers are macrophages and neutro-
phils (150), cells that are implicated in aspects of tissue
remodeling associated with follicle development and pro-
gression to ovulation or atresia. Studies in human ovaries
show similar patterns of macrophage and neutrophil ac-
cumulation in developing follicles (44, 45).

B. Granulosa cells
When first formed, the follicle contains oocytes and

GREL/pregranulosa cells. It is not known whether there is
a distinction between GREL and pregranulosa cells and, if
so, at what stage the transition occurs or what initiates it.
However, after growth of the primordial follicle is initi-
ated, proliferation commences in the previously quiescent
GREL/pregranulosa cells (Figure 6), and they differentiate
into granulosa cells whose function in immature follicles
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is to support the growth of the oocyte. During growth of
the bovine follicles, granulosa cells double in number 21
times from the primordial to antral follicle stage (151).
The first evidence that some granulosa cells had properties
of stem cells came in 1994 (152) when it was proposed that
the membrana granulosa, like other epithelia, is derived
from stem cells. It was shown that a proportion of gran-
ulosa cells isolated directly from antral follicles has a num-
ber of stem cell properties, including the ability to divide
under anchorage-independent conditions and form colo-
nies (146, 152–155), divide without contact inhibition
(151), and express telomerase (156), with the highest ac-
tivity in the smaller follicles also supporting a stem cell
model as proposed (151). The colonies of granulosa cells
produced a basal lamina, and the granulosa cells in colo-
nies could be induced to differentiate into luteal cells with
dibutyryl cAMP treatment (152), eliminating the possi-
bility that the colonies might have been derived from con-
taminating blood cells.

The stem cell model of granulosa cells (151) originally
assumed pluripotency, with the ability to differentiate into
cumulus and mural granulosa cells. Early research suggested
that they exhibited some degree of plasticity because gran-
ulosa/cumulus cells were the source of nuclei in successful
somatic cell nuclear transfer cloning in cattle (157) and cats

(158). Recently, however, the multipotential capacity of
granulosa cells has been demonstrated (159–162) and is re-
viewed in Ref. 163. Luteinizing granulosa cells from follic-
ular aspirates of in vitro fertilization patients were sorted for
FSH receptor (FSHR) by FACS and survived long-term cul-
ture in the presence of leukemia-inducing factor (LIF) (159).
Furthermore, these cells expressed OCT4 and mesenchymal
lineage markers such as CD29, CD44, CD90, CD105,
CD117, and CD166 throughout culture, but gradually they
lost FSHR and CYP19A1 expression. Significantly, Kos-
sowska-Tomaszczuk et al (159) were able to differentiate
these fibroblast-like stem cells in vitro into neurons, chon-
drocytes, and osteoblasts under the necessary culture condi-
tions. Another study examined the overall gene expression
profile of cells from follicular aspirates of infertile women in
comparison to bone marrow-derived mesenchymal stem
cells and dermal fibroblasts. Cells in the follicular aspirates
expressed mesenchymal stem cell-related markers (LIF,
CD106, CD146, CD45, IL10, TNF, vWF) and adipogene-
sis-related, osteogenesis-related (RUNX) and chondrogene-
sis-related (SOX9) genes (161). Furthermore, cells from
these antral follicles could be differentiated into adipogenic,
osteogenic, and pancreatic cells in vitro. However, in this
latter study, no attempt was made to isolate granulosa cells
from any potential contaminating cells in the aspirates,

Figure 6.

Figure 6. Morphological changes of the granulosa cells and the granulosa layer during follicle development. [Adapted from data derived from P.
Da Silva-Buttkus et al: Effect of cell shape and packing density on granulosa cell proliferation and formation of multiple layers during early follicle
development in the ovary. J Cell Sci. 2008;121:3890–3900 (271) and from R. J. Rodgers and H. F. Irving-Rodgers: Morphological classification of
bovine ovarian follicles. Reproduction. 2010;139:309–318 (272).]
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which would be needed to ensure that it was the granulosa
cells that had exhibited the pluripotential in this study.

In addition to mesenchymal stem cell potential, two
studies have identified subpopulations with endothelial-
like character in human, murine (162), and bovine gran-
ulosa cells (160). In the first study, most cultured human
cumulus and mural granulosa cells from in vitro fertiliza-
tion patients and murine granulosa cells expressed endo-
thelial-like markers such as TIE (tyrosine kinase with Ig-
like and epidermal growth factor [EGF]-like domains),
TEK (endothelial-specific receptor tyrosine kinase), von
Willebrand factor, cKIT, CD31, and FLT-1 (VEGF recep-
tor 1), and showed the ability to take up acetylated low-
density lipoprotein (162). It was suggested that these cells
might be involved in the vascularization process after ovu-
lation because formation of tubular networks was ob-
served in the cultures. In contrast, Merkwitz et al (160)
identified somatic progenitor cell colonies that formed on
top of monolayer cultures of bovine granulosa cells from
antral follicles and had the potential to differentiate into
macrophages or endothelial or granulosa cells. These col-
onies expressed the pluripotency markers SOX-2, OCT-
3/4, and cKIT. Most of the cells differentiated into mac-
rophages, but a minority showed coexpression of cKIT
and endothelial markers such as CD14, CD45, CD133,
and VEGF-R2. Magnetic bead selection of these double-
positive cells and subsequent culture in hanging drops in
hematopoietic-differentiation medium resulted in pure
microspheroids of either endothelial cells or granulosa
cells.

Recently, Lan et al (164) successfully differentiated hu-
man embryonic stem cells into granulosa-like cells in vitro
by transient cell enrichment using different growth fac-
tors, bFGF, activin A, BMP4, wingless-type mouse mam-
mary tumor virus integration site family member 3A
(WNT3A), and follistatin. These granulosa-like cells ex-
pressed FOXL2, CYP19A1, FSHR, AMH (anti-Müllerian
hormone), and AMHR2 and were able to produce AMH
and convert T into estradiol.

Collectively, these studies indicate that a population of
stem cell-like or transit-amplifying cells residing in the
granulosa layers may contribute to the high proliferative
potential of the ovarian follicle. Extrapolating these find-
ings to smaller follicles, it seems likely that these cells are
the direct descendants of the squamous pregranulosa layer
in primordial follicles whose lineage is now better under-
stood through the characterization of GREL cells.

C. Cumulus cells
As follicles grow and become FSH responsive, the fol-

licular antrum forms (165) and the granulosa cell com-
partment differentiate into two mature cell lineages: the

mural granulosa cells, which, as their name indicates, line
the follicle wall; and the cumulus cells, which remain in
contact with the oocyte. These are distinct cell types be-
cause they have different responsiveness to extracellular
signals, different roles in the follicle, and different fates,
but they are believed to share common lineage origins,
being the GREL cells and, subsequently, stem-like cells in
the granulosa layers. The mural cell lineage participates
mainly in the endocrine feedback control of the reproduc-
tive cycle, and later mediates the effects of the midcycle LH
surge. This endocrine function is critical to the regulation
of the changing hormone levels characteristic of each men-
strual cycle, and it is important in determining the fate of
each follicle within a growing cohort through the mech-
anisms described above. The cells in closest proximity to
the oocyte form the cumulus cell lineage controlled by
localized signals emanating from the oocyte, including
TGF� family members, GDF9 (166) and BMP15 (167) as
well as FGFs, and either FGF8b in rodents (168) or FGF10
in humans (169) and ruminants (170). The signal from
oocyte-derived ligands is highly spatially restricted, ensur-
ing that only cells closest to the oocyte retain cumulus
specification. Often, granulosa cells adjacent to the antral
cavity also exhibit cumulus characteristics (for example,
see Refs. 171 and 172), perhaps indicating that the antral
fluid does not block dissemination of the oocyte-derived
factors. This spatial patterning appears to involve the
heparan sulfate binding properties of TGF� and FGF li-
gands (173). Thus, heparan sulfate proteoglycans in the
follicular extracellular matrix restrict diffusion by seques-
tering the ligands and may also contribute to the signaling
receptor interactions (174). The cumulus cell lineage is not
steroidogenic because the steroidogenic enzymes and LH
receptor are specifically suppressed through the action of
GDF9/BMP15 (175). The cumulus cells continue the im-
portant role of supporting the development of the growing
oocyte and its eventual acquisition of competence to form
an embryo with high developmental potential. Specifi-
cally, cumulus cells sense and respond to maternal endo-
crine and paracrine signals to produce energy, cyclic nu-
cleotides (cAMP and cGMP), and RNA and transfer these
to the oocyte via gap junctions (176, 177). These factors
regulate oocyte meiotic arrest/resumption through cell cy-
cle-regulating complexes (178–180). The glycolytic en-
zymes are up-regulated in cumulus cells via GDF9/BMP15
action (168, 181), and cumulus cells efficiently metabolize
glucose, thus providing glycolytic products to the oocytes
as substrates for energy production via oxidative phos-
phorylation. Recently, it was shown that cumulus cells
stimulated by EGF-like signals from the mural granulosa
cells directly participate in the control of oocyte mRNA
translation by regulating the association of certain RNA
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transcripts with polysomes (182). Together, these exam-
ples demonstrate that cumulus cells perform key functions
on behalf of oocytes and act as a nexus by responding to
oocyte and maternal stimuli to coordinate oocyte matu-
ration in relation to the reproductive cycle and follicle
development (reviewed in Ref. 183).

V. Ovulation and Corpus Luteum

A. Cell changes at ovulation
General mechanisms involved in ovulation have been

well reviewed (183–185). Granulosa cells express LH re-
ceptors and respond to the LH surge by inducing steroid-
ogenic genes involved in luteinization as well as a very
rapid and early (within 1 h) production of several EGF-like
ligands (186, 187) which act through cognate EGF recep-
tors (EGFR and ERBB2) on both granulosa cells and cu-
mulus cells to stimulate phosphorylation of the ERK signal
transducers essential for ovulation (188). The orphan nu-
clear receptor LRH1 is required for successful ovulation
because it permits the normal expression of steroidogenic
genes in granulosa as well as cumulus matrix genes. Mice
with a granulosa-specific Lrh1 deletion are unable to ovu-
late (189). Prostaglandin synthesis induced by the LH
surge is also a critical step because a deficiency in the rate-
limiting enzyme for the synthesis of cyclooxygenase 2
(COX2) in mice (190) or the injection of COX2 inhibitors
in cows (191) led to failure of ovulation. Prostaglandin E2
is involved in cumulus expansion (192), nuclear matura-
tion, and ovulation of mouse (193) and primate (194, 195)
oocytes. A transient surge in progesterone receptor ex-
pression, peaking around 6 hours after the LH surge,
along with the high production of progesterone by differ-
entiating granulosa/lutein cells, has been shown to be es-
sential for ovulation but not luteinization. Ablation of the
Pgr gene in knockout mouse models revealed that LH-
mediated induction specifically of the progesterone recep-
tor isoform A in granulosa cells is essential for ovulation
(196, 197). Progesterone antagonist treatments have sub-
stantiated this conclusion in many species, including hu-
mans (198, 199), ruminants (200), and rodents (196,
201).

At ovulation, the follicle wall at the surface of the ovary
is degraded and ruptures at the follicle apex, releasing the
cumulus-oocyte complex, and the follicular basal lamina,
focimatrix, and the follicle wall at the surface of the ovary
are degraded (202). Interestingly, the basal laminas of the
nearby thecal capillaries are preserved (202), suggesting
that the degradation of the extracellular matrix at ovula-
tion must involve a degree of precision, but how this pre-
cision is achieved is currently not known. A number of

extracellular matrix proteases are expressed in ovulating
follicles. Two progesterone receptor-mediated proteases,
cathepsin-L and ADAMTS1 (ADAM metallopeptidase
with thrombospondin motif 1), were expected to be im-
portant because of the absolute influence of the proges-
terone receptor on ovulation. Indeed, studies of Adamts1
null mice confirmed that this is an important mediator of
ovulation (203). Several roles for ADAMTS1 include the
promotion of lymphangiogenesis (88, 204) and the deg-
radation of its best known substrate, versican, and possi-
bly other extracellular matrix components in the follicle
wall, as well as in the cumulus-oocyte complex matrix
(203, 205, 206). This occurs immediately around the time
of ovulation (203, 205, 206). Metalloproteinase inhibi-
tion has been shown to prevent rupture of the follicle sur-
face in a number of species including primates (207). Sev-
eral members of the membrane-associated MMPs (matrix
metalloproteinases), which activate extracellular pro-
teases, are also increased in granulosa cells after the LH
surge (208).

Striking morphological changes also occur in the cu-
mulus-oocyte complexes during ovulation in all mamma-
lian species. As already mentioned, cumulus cells do not
express LHR, but they respond rapidly after the LH surge
through EGF-like ligands produced by granulosa cells.
These ligands are cell membrane associated, and evidence
suggests that they are rapidly cleaved by proteases possibly
including ADAM (a disintegrin and metalloprotease) and
ADAMTS. Within the cumulus-oocyte complex, a num-
ber of extracellular matrix genes are activated, including
Has2, which synthesizes hyaluronan (209) along with a
complex of hyaluronan cross-linking proteins (210–212)
including TNF-�-stimulated protein 6 (Tnfaip6 [213; re-
viewed in Ref. 214]) and Ptx3 (pentraxin 3 [215, 216]).
Hyaluronan is then bound by versican, which is an abun-
dant product of granulosa cells, and diffuses to the cumu-
lus-oocyte complex (217–219). Heavy chain of inter-�-
inhibitor enters the follicle from the blood stream due to
elevated vascular permeability and breakdown of the
basal lamina and binds the hyaluronan cross-linking pro-
tein complex (220–223). This unique cumulus-oocyte
complex matrix composition is critical for the success of
ovulation. Disruptions to any of the above-mentioned
genes markedly reduces the ovulation rate (183). How the
matrix of the cumulus-oocyte complex promotes ovula-
tion remains to be demonstrated, but it has been shown
that cumulus-oocyte complex expansion is associated
with adhesion to extracellular matrix (collagen I, III, and
IV, as well as fibronectin) and strong invasive capacity of
cumulus cells (224), which are likely to be keys to detach-
ment from the granulosa layers, release of the cumulus-
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oocyte complex from the follicle, and binding to the ovi-
duct or fallopian tube lining.

The rupture of the follicle wall is accompanied by an
inflammation-like process (reviewed in Ref. 225) with up-
regulation in leukocytes and nonhematopoietic cells of the
follicle of cytokines including IL-1� (226, 227), IL-1�

(228), IL-4 (226, 227), and IL-6 (229) and prostaglandins
(230). Induction of the angiogenic growth factor VEGF�

in granulosa cells through the actions of LH in coopera-
tion with hypoxia (231) activates angiogenesis in the vas-
culature that surrounds ovulating follicles, leading to the
migration and infiltration of endothelial cells into the fol-
licle interior. Recruitment of immune cells into the thecal
layers (43) occurs, and leukocytes invade the granulosa
cell layers. Influx of inflammatory cells including mast
cells, T cells, neutrophils, and macrophages into the tissue
surrounding ovulating follicles plays an important role in
the remodeling processes. Depletion of macrophages us-
ing clodronate liposomes (232) or genetic deficiency in the
macrophage-regulating cytokine colony stimulating fac-
tor 1 (233) supports the concept that these cells are crucial
for follicle maturation and ovulation. One key role is se-
cretion of proteases that degrade extracellular matrix pro-
teins and cause the follicle wall to weaken and eventually
to rupture under progressively elevated follicular edema.
Most recently, dendritic cells were shown to be required
for ovulation (234), potentially through roles in regulating
the inflammatory status of associated cells, such as T cells
and macrophages.

After ovulation, the surface epithelium is repaired at the
point of rupture. Some surface epithelial cells of the ovary
express LGR5, a marker of epithelial stem cells, and al-
though it has not been completely proven, these cells are
probably responsible for maintaining the populations of
surface epithelial cells on the ovary. Currently there are
two proposals explaining how this might occur. One sug-
gestion is that the stem cells reside at the base or hilum of
the ovary and act as a reserve of surface epithelial cells for
the rest of the ovary (136). Another study confirmed these
stem cells at the hilum of the ovary but additionally found
pockets of LGR5-positive cells dispersed around the re-
mainder of the ovary (128) and increasingly near ovula-
tion points (137). Additional investigations are needed to
extend these findings to other species.

B. Cells of the corpus luteum
After ovulation, the remaining cells and matrices of the

follicle wall undergo remodeling leading to the formation
of the corpus luteum. The structural and functional
changes involved with the formation and regression of the
corpus luteum have been extensively reviewed (235). The
basal lamina separating the membrana granulosa from the

theca interna loses its integrity, allowing cells from both
layers to intermingle. Capillaries, previously confined to
the thecal layers, penetrate the granulosa cell layers and
the follicular antrum and subsequently vascularize the de-
veloping corpus luteum. The follicular extracellular ma-
trix is completely remodeled during the follicular-luteal
transition (202, 236) (reviewed in Ref. 237), and the com-
position of the extracellular matrix of the corpus luteum
has been described for human (238), cow, sheep (239),
mouse (240), and rat (241) (reviewed in Ref. 242). The
resultant corpus luteum is therefore vascularized mesen-
chymal tissue rather than a stratified epithelium, and the
granulosa cells can be described as undergoing an epithe-
lial-mesenchymal transition (147, 243–245) differentiat-
ing into granulosa lutein (primates) or large luteal (other
species) cells. Cellular luteinization, which can be easily
modeled in culture (246), is characterized by hypertrophy,
a greatly increased capacity for progesterone synthesis,
and altered patterns of peptide and protein secretion. Lu-
teinization in vitro appears to be promoted by exposing
the cells to extracellular matrix, and the luteinizing cells
themselves contribute to the deposition and remodeling of
matrix material (247–250). The steroidogenic cells of the
theca interna develop into the theca lutein or small luteal
cells. In humans, the latter remain located in the periphery
of the corpus luteum, whereas in ruminants the small lu-
teal cells intersperse between the large luteal cells (251,
252). In rodents, it is still not clear whether thecal-derived
luteal cells exist.

Immune cells including macrophages, neutrophils, and
dendritic cells are abundant in the developing corpus lu-
teum (44, 45, 253, 254) and are thought to facilitate tissue
remodeling events as well as control of steroidogenic func-
tion (255–258). Recently, macrophages have been shown
to be crucial for the development and maintenance of the
corpus luteum. Mice with macrophage depletion showed
disruptions in the luteal vascular network caused by al-
tered gene expression for VEGFs and increased expression
of genes related to inflammation and apoptosis. Further-
more, essential genes involved in progesterone synthesis,
such as for steroidogenic acute regulatory protein, cyto-
chrome P450 cholesterol side-chain cleavage, and 3�-hy-
droxysteroid dehydrogenase, were diminished, leading to
failure of implantation in these mice (259). The key role of
macrophages was shown to be through production of
VEGFs that facilitate the rapid neovascularization crucial
for corpus luteumdevelopmentand timelyproductionand
secretion of progesterone to enable progression of
pregnancy.

Macrophages are not the only important immune cells
in the corpus luteum. Notably, studies in bovine corpus
luteum reveal a complex array of T cells, with a profile of
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phenotypes that fluctuates over the course of the luteal
lifespan, implying local environmental control of T-cell
populations. The T-cell pool in the corpus luteum has a
different composition with enrichment of CD8� cells
compared to blood, and many CD4� and CD8� Treg cells,
which presumably have an immune suppressive pheno-
type, are widely prevalent (260).

If fertilization and progression to pregnancy do not oc-
cur, the corpus luteum will undergo luteolysis to allow
development toward ovulation of a new antral follicle.
The luteolytic process involves structural and functional
changes. In primates, the regulation of luteolysis is still not
clearly understood but involves chorionic gonadotropin
“rescuing” the corpus luteum from demise (261). In ru-
minants, luteolysis is mainly mediated by prostaglandin
F2� (PGF2�) secreted by the endometrium (reviewed in
Refs. 262 and 263). Injections of luteolytic doses of
PGF2� caused a decrease in superoxide dismutase after 24
hours in bovine corpora lutea in vivo and in cultured luteal
endothelial cells (264). A decline in antioxidants and an-
tioxidative enzymes results in an increase of reactive ox-
ygen species and reactive oxygen species-associated apo-
ptosis of the cells of the corpus luteum. PGF2� decreases
the expression of genes and proteins, such as low-density
lipoprotein receptor, steroidogenic acute regulatory pro-
tein, or 3�-hydroxysteroid dehydrogenase, which are in-
volved in progesterone biosynthesis in porcine corpora
lutea (265). This results in a decrease in progesterone pro-
duction. On the other hand, PGF2� significantly increases
the expression of members of the SLIT/Roundabout
(ROBO) receptor signaling, Slit2 and Robo1, through ac-
tivation of protein kinase C-dependent ERK1/2 and
MAPK signaling pathways during luteolysis in mice (266).
Finally, this results in the up-regulation of cleaved
caspase-3 and apoptosis. In the human corpus luteum,
SLIT2 and ROBO1 as well as SLIT2, SLIT3, ROBO1,
and ROBO2 have been shown to be expressed the highest
in the steroidogenic cells and fibroblast-like cells of the late
luteal phase (267), but how these are connected to lute-
olysis is not clear.

Immune cells also contribute to the demise of corpora
lutea. Importantly, a sharp 10-fold decline in CD4�CD25�

FOXP3� Treg cells, accompanied by reduced TGFB1 ex-
pression, is observed 8 hours after luteolysis triggered by
PGF2� administration (260). This decline in Treg cells
may be a direct cause of the shift toward a proinflamma-
tory state, which in turn precedes progesterone decline
(268). Sudden loss of Treg-mediated suppression would
be expected to elevate secretion of the proinflammatory
cytokines known to inhibit progesterone secretion (256,
269) and may accelerate apoptosis-mediated cell death
and structural demise. This is consistent with evidence that

a proinflammatory insult terminates corpora lutea func-
tion through an immune mechanism (270).

VI. Conclusions and Perspectives

The cellular biology of the ovary and its follicles and cor-
pora lutea is critical to the endocrine and fertility functions
of the ovary, and yet we still have much to discover. As
with all new fields, many concepts that are investigated
will not be fruitful. We believe that the evidence of thecal
stem cells, VSEL cells, and oogonial cells arising from the
bone marrow is not convincing at this stage. In adult ova-
ries, germline stem cells have been proposed to form
oocytes and contribute to the formation of new follicles,
but the evidence for this occurring in vivo is also lacking.

A new model on how the ovary develops challenges and
expands some previous concepts on the origins of granu-
losa cells and even the surface epithelial cells. Both have
been suggested to be derived from GREL cells. The surface
epithelium appears more complex, with cells derived from
GREL cells in the lateral and apical regions and directly
from the mesonephric surface at the hilum of the ovary.
The formation of the ovigerous cords appears to be due to
the action of the stroma branching as it penetrates into the
ovary from the mesonephros, and indeed its action ap-
pears to be important in both follicle formation from ovi-
gerous cords and in the formation of the ovarian surface
epithelium. Many questions now arise. What controls the
activity of the stroma during these early developmental
phases? What causes the stroma that penetrates to below
the surface epithelium to develop into the tunica albug-
inea? What initiates the formation of GREL cells? What
changes do GREL cells undergo to become surface epi-
thelial cells, and what role do the underlying basal lamina
and stroma play in this process? Do the oocytes influence
GREL cells to become granulosa cells, and what factors
might be involved?

In adult ovaries, evidence for granulosa stem cells has
accumulated over 20 years and is convincing and logical as
other epithelia operate on a similar model. Evidence now
suggests that the ovarian surface epithelium in adult ova-
ries also acts like other epithelia with stem cells. Are the
different developmental origins of surface epithelial cells
involved to different degrees in the development of ovar-
ian cancers? Immune cells have now been shown to have
critical roles in the ovary also, not just in protecting the
oocyte but in critical functions like ovulation and forma-
tion, function, and regression of the corpus luteum. The
identification of female germline (oogonial) stem cells is
still very new and is currently limited to just a few species.
Their origins and roles in vivo, if any, are yet to be eluci-
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dated. Even if they do not have any roles in vivo, our ability
to manipulate them and harness their potential offers
many exciting opportunities. Clearly, the future will bring
many more significant discoveries.
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