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Abstract

Recent reports indicate that functional mouse oocytes and sperm can be derived in vitro from
somatic cell lines. We hypothesize that in adult human ovaries, mesenchymal cells in the tunica
albuginea (TA) are bipotent progenitors with a commitment for both primitive granulosa and germ
cells. We investigated ovaries of twelve adult women (mean age 32.8 £ 4.| SD, range 27-38 years)
by single, double, and triple color immunohistochemistry. We show that cytokeratin (CK)+
mesenchymal cells in ovarian TA differentiate into surface epithelium (SE) cells by a mesenchymal-
epithelial transition. Segments of SE directly associated with ovarian cortex are overgrown by TA,
forming solid epithelial cords, which fragment into small (20 micron) epithelial nests descending
into the lower ovarian cortex, before assembling with zona pellucida (ZP)+ oocytes. Germ cells
can originate from SE cells which cover the TA. Small (10 micron) germ-like cells showing PSI
meiotically expressed oocyte carbohydrate protein are derived from SE cells via asymmetric
division. They show nuclear MAPK immunoexpression, subsequently divide symmetrically, and
enter adjacent cortical vessels. During vascular transport, the putative germ cells increase to
oocyte size, and are picked-up by epithelial nests associated with the vessels. During follicle
formation, extensions of granulosa cells enter the oocyte cytoplasm, forming a single paranuclear
CK+ Balbiani body supplying all the mitochondria of the oocyte. In the ovarian medulla, occasional
vessels show an accumulation of ZP+ oocytes (25—30 microns) or their remnants, suggesting that
some oocytes degenerate. In contrast to males, adult human female gonads do not preserve
germline type stem cells. This study expands our previous observations on the formation of germ
cells in adult human ovaries. Differentiation of primitive granulosa and germ cells from the bipotent
mesenchymal cell precursors of TA in adult human ovaries represents a most sophisticated
adaptive mechanism created during the evolution of female reproduction. Our data indicate that
the pool of primary follicles in adult human ovaries does not represent a static but a dynamic
population of differentiating and regressing structures. An essential mission of such follicular
turnover might be elimination of spontaneous or environmentally induced genetic alterations of
oocytes in resting primary follicles.
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Background

The possible formation of new primary follicles in adult
human ovaries is a controversial issue. In order to give the
readers relevant information on prior observations and
current views, we are providing additional information on
this subject.

Follicular nomenclature

In this study, we use the term primary for < 50 pm diam-
eter follicles (resting, primordial, intermediary and pri-
mary follicle types), and secondary for >50 and < 100 pm
(growing) follicles.

Origin of germ cells

The origin of oocytes (and primary follicles) in ovaries of
adult mammalian females has been a matter of dispute
since the proposal by Waldeyer in 1870 that germ cells
arise from the proliferation of somatic coelomic (germi-
nal or surface) epithelium of the presumptive gonad [1].
A contrary view was Weissmann's theory of the continuity
of the germ plasm [2]. This theory assumes that during the
earliest stages of embryonic development, before embry-
onic cells become committed along specific pathways, a
set of germ cells is set aside, which are destined to give rise
to the gametes. During the 1960's and early 1970's, this
latter view was accepted for all animals, including mam-
mals [3,4].

Utilization of newer techniques has shown that the Weiss-
mann's theory may fit invertebrates (C. Elegans and Dro-
sophila) and some lower vertebrates (zebrafish and frogs),
but not mice, and possibly mammals in general [5]. Stud-
ies of mouse embryos, in which genetically marked cells
were introduced at the 4- and 8-cell stage blastomere, have
shown that such cells can either become germ cells or
somatic cells [6]. This suggests that no specific germ cell
commitment exists prior to implantation. During the
postimplantation period, mouse germ cells are not identi-
fiable before ~7 days after fertilization [7]. The germ cells
differentiate from somatic lineage [8]. It has also been
shown that cellular differentiation of grafted embryonic
cells does not depend on where the grafts were taken, but
where they have been placed [9]. Additional studies sug-
gest an important role in the development of germ cells
for Bone Morphogenetic Protein 4 (BMP4), a member of
TGFp superfamily, as null BMP4 mouse embryos failed to
develop primordial germ cells [10].

More recently, oogenesis has been demonstrated in cul-
tured mouse embryonic stem cells. Such oogonia entered
meiosis, recruited adjacent cells to form follicle-like struc-
tures, and later developed into the blastocysts [11]. Cul-
tured mouse embryonic stem cells have also been
reported to differentiate into haploid male gametes capa-
ble of fertilizing eggs and develop into blastocysts [12].
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Presumptive germline stem cells have been recently
reported in ovaries of adult mice [13], resembling earlier
observations of dividing germ cells in ovaries of adult
prosimian primates [14-18].

Altogether, these studies indicate that somatic cells have
the potential to develop into germ cells, and some mam-
malian species posses mitotically active germ cells in adult
ovaries. Nevertheless, the paradigm that all primary folli-
cles in adult mammalian females were formed during the
fetal period of life is still supported by a sizable number of
scientists, primarily because of the lack of direct evidence
on formation of new primary follicles in adult mamma-
lian ovaries [18]. It also remains unclear whether mitoti-
cally active germ cells in adult prosimians and
presumptive germline stem cells in mice persist from the
fetal period of life or differentiate de novo from some type
of progenitor cells, if the number of dividing germ cells
determines the number of new primary follicles, what the
source of granulosa cells for newly formed follicles might
be, and if a preservation of germ cells in these two species
is an exception or the rule for other mammals, and human
females in particular. In this report we propose that in
adult human ovaries mesenchymal cells in the tunica
albuginea (TA) are bipotent progenitors with a commit-
ment for both primitive granulosa and germ cells.

Tunica albuginea, surface epithelium, and derived
epithelial structures in human ovarian cortex

The human TA is a thick fibrous subepithelial layer of
loose connective-tissue cells. It does not begin to form
until the end of intrauterine life [19] or several months
after the birth [20]. Even then it is not a true membrane,
but merely a collection of loose connective-tissue cells
[20]. In contrast to the ovarian surface epithelium (SE),
supposedly the source of a variety of ovarian tumors, the
TA has not been well studied.

The ovarian cortex is usually covered by a layer of irregu-
larly shaped special epithelial-like mesothelial cells [21],
commonly referred to as the ovarian "germinal", superfi-
cial, or surface epithelium. This layer is attached to the
basal lamina continuous with the subjacent TA by means
of collagenous fibrils. Except in the ovaries of newborn
animals, mitoses are essentially absent in ovarian SE [22].
In functional human ovaries the SE is found in certain
areas only, but in women with anovulatory cycles, or
patients with polycystic or sclerotic ovaries, the ovarian
surface is completely covered with SE [23]. This is despite
similar handling during surgical retrieval, suggested by
Gillett [24] to cause ovarian denudation.

In scanning electron microscopy and submicroscopic
studies of ovarian SE during ovulatory cycles, it has been
reported that the ovarian surface is frequently evaginated
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into a series of villous-like projections or papillae, which
may vary widely in the number, size, and distribution
(reviewed in [21]). The SE also invaginates into the ovar-
ian cortex throughout the entire organ. This is true in all
mammalian species, including humans. Cortical invagi-
nations appear as small elongated clefts, subsurface chan-
nel-like crypts, and solid cords of epithelial cells. Crypts
are hollow, tubular invaginations lined by cells possessing
the same general features as SE cells. However, the cord
cells are very similar to some of the granulosa cells. In
some areas of the ovary, cords fragment and appear as
small 'nests' of epithelial cells. Typically, these epithelial
nests (fragmented cords) lie in proximity to primary folli-
cles [21,22]. In adult ovaries, the SE retains a relatively
embryonic structure [25]. The SE-derived cords are in con-
tact or penetrated by nerve terminals, and fragmented
cords (nests) are suggested to contribute epithelial ele-
ments to ovarian follicles [22].

These data indicate that SE exhibits a high degree of vari-
ability, by forming evaginations extending from the ovar-
ian surface and invaginations into the stroma. Also, the
crypt-like subsurface channels exist, which are lined by
epithelial cells and retain the relatively embryonic struc-
ture of SE cells. On the other hand, epithelial nests derived
from epithelial cords appear to contribute epithelial cells
to ovarian follicles.

Epithelio-mesenchymal transition in vitro

In culture, the ovarian SE cells undergo an epithelio-mes-
enchymal transition. The resulting mesenchymal type
cells can be stimulated to differentiate back into the epi-
thelial phenotype [26,27]. Ovarian SE cells undergoing
this epithelio-mesenchymal conversion are initially cytok-
eratin (CK) positive, but lose CK expression with time and
passages in cultures [28]. Therefore, the diminution of CK
expression appears to indicate a resting stage for SE-
derived mesenchymal cells.

Expression of mitogen-activated protein kinases

Normal SE cells express mitogen-activated protein kinases
(MAPK) [29], a group of serine/threonine kinases. The
MAPK is used throughout evolution to control the cellular
responses to external signals such as growth factors, nutri-
ent status, stress or inductive signals. Transcription factors
are substrates for MAPK [30]. In adult human ovaries, we
have reported prominent cytoplasmic MAPK expression
in oocytes of heathy primary follicles, a diminution of
oocyte MAPK expression during follicular atresia, and
translocation of cytoplasmic to nuclear MAPK expression
in growing secondary follicles [31]. Hence, cytoplasmic
MAPK expression appears to be characteristic for resting
healthy oocytes. Nuclear translocation signals oocyte
growth.
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Identification of germ cells in ovarian surface epithelium
Scanning and transmission electron microscopy have
revealed numerous germ cells (10 pm in diameter) within
the ovarian SE of human fetuses from 7 to 24 weeks of
intrauterine life. Germ cells are easily distinguished from
smaller coelomic epithelial cells by their rounded con-
tour, smooth surface and, in some instances, large amoe-
boid evaginations [19]. Using differential interference
contrast (DIC) and immunohistochemistry, we previ-
ously reported the occurrence of similar putative germ
cells within the SE and cortex of adult human ovaries [32].
These data indicate that germ cells are present in the SE.
They may either invade SE from adjacent structures and be
extruded from the ovary [19], or originate in SE and
invade the ovarian cortex, or both [32].

Besides their characteristic morphology as outlined above,
the germ cells can also be identified by alkaline phos-
phatase activity [9]. However, nonspecific alkaline phos-
phatase activity has been described in various tissues [33-
36]. Zona pellucida (ZP) proteins are more specific mark-
ers for oocytes. In postnatal rat ovaries, zona pellucidae
first appear in primary follicles adjacent to keratin-posi-
tive granulosa cells [37]. However, some ZP proteins, such
as PS1, are also detected in the ovarian SE of rabbit, cat,
monkey, baboon and human, and in human ovarian can-
cers [38-41]. Hence, expression of ZP proteins in SE cells
suggests a relationship to the oocytes.

Intravascular transport of germ cells

Germ cells are capable of migration by amoeboid move-
ments, but in large mammals they also utilize intravascu-
lar transport to reach distant destinations [4,42]. Why the
cell leaves the circulating blood at certain sites remains
unclear. It has been suggested that there is a trapdoor
mechanism that prevents the germ cell from continuing to
circulate, although adhesion of primordial germ cells
("cauliflower-like structures ") in the aortas of bovine
embryos have been observed [42]. Hence, in large mam-
mals, germ cells may migrate to reach adjacent blood ves-
sels, and then utilize vascular transport to reach distant
destinations.

Balbiani body

Oocytes in primary (resting) follicles show a single Balbi-
ani body (named for the nineteenth century Dutch micro-
scopist) in the cytoplasmic region near the nucleus where
the majority of oocyte organelles are concentrated
(reviewed in [43]). The Balbiani body contains aggregated
mitochondria and can be observed in primary follicles in
both fetal and adult ovaries [44-46]. In a study of turkey
hens, no Balbiani body was detected in stage I oocytes,
appeared in stage II oocytes, and diminished in the
oocytes of growing follicles, coinciding with the disper-
sion of mitochondria throughout the ooplasm [44].
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Similar observations were reported in human oocytes
[45]. Balbiani bodies show immunostaining for CK 8,18,
and 19 [32,47]. In primary follicles of fetal and adult
human ovaries, follicular (granulosa) cell extensions pen-
etrate deep into the ooplasm, much like a sword in its
sheath. There may be as many as 3-5 "intraooplasmic
processes”, even in one scanning microscopy plane. These
intraoocytic invaginations are closely associated with a
variety of organelles. They are close to the nuclear zone,
and may help activate growth of the oocyte [48].

In mouse fetal ovaries, germ cells are arranged in special
clusters (germline cysts) and dividing germ cells remain
connected by intercellular bridges called "ring canals.”
The cysts may allow certain germ cells to specialize as
nurse cells [49]. One possibility is that such nurse cells in
germline cysts help provide oocytes with mitochondria
[50]. It has been proposed that mitochondria with func-
tional and defective genomes would be actively trans-
ported into different germ cells, and the quality of each
cell's mitochondria might then determine whether it sur-
vived or entered apoptosis [49]. A recent study by Cox and
Spradling indicates that during Drosophila oogenesis, fol-
licular cells are a source of mitochondria, which enter the
oocyte cytoplasm via the "ring canal” to form the Balbiani
body, thereby supplying virtually all of the mitochondria
of the oocyte [46].

It appears that the Balbiani body contributes to the resting
state of the oocyte, since oocyte mitochondria are not
released until the initiation of the follicular growth. In
addition, the contribution of granulosa cells to the forma-
tion of the Balbiani body in the oocyte cytoplasm is an
indicator of the use of these cells in ongoing oocyte
assembly.

Numbers of ovarian primary follicles

In adult mammalian ovaries, 70-95% of oocytes are in
various stages of degeneration [51,52]. Block's quantita-
tive morphological investigations of follicles in women
[53] showed wide individual variation, but the numbers
in the right and left ovaries are similar, with a tendency to
decline with age. However, in the eighteen to thirty eight
year age range, a relationship between age and the
number of primary follicles could not be statistically
proven [53]. The number of primary follicles in both ova-
ries varied between 8100 and 290000. This lack of signif-
icant numerical change during the reproductive period
also has been reported in cattle [52]. Gougeon used the
data of Block and his own observations and concluded
that the depletion of the primary follicle pool is caused
mainly by atresia in younger women and by a decrease in
the growing pool in older women, with the changing
point at 38 + 2.4 years of age [54]. These observations sug-
gest that in human females new cohorts of primary folli-
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cles may replace follicles undergoing atresia until about
the end of the third decade of life, and a lack of follicular
renewal after that period may cause a significant decrease
in the pool of resting primary follicles.

We used the immunohistochemical detection of the CK
marker of epithelial cells and DIC to study the mesenchy-
mal-epithelial transition of TA mesenchymal cells in adult
human ovaries and the development and distribution of
epithelial aggregates in the cortex. We also investigated
the association of oocytes with cytokeratin positive epi-
thelial nests in ovarian cortex by double color immuno-
histochemistry, and the expression of SE/oocyte shared ZP
proteins and mitogen activated protein kinases in putative
germ cells. In addition, triple color immunohistochemis-
try was employed on serial sections to study vascular
involvement in oocyte transportation. This study expands
our earlier and recent observations and views on the for-
mation of germ cells in adult human ovaries
[31,32,55,56]. Our present data support further the con-
cept of the formation of new ovarian primary follicles dur-
ing the optimal reproductive period in human females.

Materials and methods

Tissues

Morphological and immunohistochemical observations
from human ovaries presented here come from the mate-
rial collected over 12 years. Tissue samples from ovaries
and other reproductive tract tissues were obtained from
over 100 women undergoing hysterectomies. In the
present study we report the data obtained from ovarian
samples of women during the optimal reproductive
period of life. Hysterectomies are relatively uncommon in
these women (chronic pelvic pain, not responding to the
conservative treatment). We here report observations
from the ovaries of twelve patients (mean age 32.8 + 4.1
SD, range 27-38 years; 41 tissue samples). All cases
showed functional or regressing CL in the ovaries and cor-
responding type of endometrial morphology, indicating
regular ovulatory cycles. The study was approved by the
Institutional Review Board, and a written consent was
obtained from each patient.

Peroxidase immunohistochemistry

Tissue processing began within 30 minutes of surgery. Up
to four 10 x 10 x 5 mm blocks of tissue were collected
from each ovary. Tissue blocks of ovarian samples were
frozen in optimal cutting temperature (O.C.T.) com-
pound (Miles Inc., Elkhart, IN) and stored at -80°C until
use. Under these conditions, no differences in immuno-
histochemical staining were detected when the same tis-
sue blocks were processed within one month after
embedding or ten years later. Twenty to sixty (and occa-
sionally more) frozen sections (7 pum thickness) were
fixed in acetone and processed for detection of markers of
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interest by peroxidase immunohistochemistry as
described previously [32]. Immunohistochemical evalua-
tion was performed by two investigators (A.B. and M.S.).
All chemicals, except where specified otherwise, were pur-
chased from Sigma Chemical Co., St. Louis, MO, USA.

Double color immunohistochemistry

The slides were subjected to double color immunohisto-
chemistry for CK and ZP immunoreactivity (CK/ZP). The
slides were first immunostained for CK of epithelial cells
and TA fibroblasts, but without hematoxylin counterstain
and dehydration. Briefly, specimens were washed with
phosphate buffered saline (PBS) and incubated 20 min-
utes with mouse-anti human CK 18, clone CY-90 (Sigma)
or CK 5, 6, 8, 17, clone MNF116 (Dako Corporation,
Carpinteria, CA, USA) (5 pg/ml in PBS). After extensive
washing in PBS, specimens were incubated 20 minutes
with swine anti-mouse IgG peroxidase conjugate (SWAM/
Px; SEVAPHARMA, Prague, Czech Republic - kindly pro-
vided by Dr. Jana Peknicova, Department of Biology and
Biochemistry of Fertilization, Institute of Molecular
Genetics, Academy of Sciences of the Czech Republic,
Prague, Czech Republic) diluted 1:50 and preabsorbed
with rat kidney homogenate [57]. Antigen-antibody com-
plexes were detected by a standard diaminobenzidine
technique (brown color).

After three washes in PBS, the slides were incubated for 20
minutes with rabbit antibody to heat-solubilized porcine
zona (HSPZ) [58,59], diluted 1:20, or sheep antibody to
heat-solubilized rabbit zona (HSRZ) protein [59] (1:20),
or PS1 monoclonal antibody to the meiotically expressed
porcine oocyte ZP carbohydrate antigen [38] (1:100). The
antibodies were kindly donated by Dr. Bonnie S. Dunbar,
Department of Molecular and Cellular Biology, Baylor
College of Medicine, Houston, Texas, USA. Additional
rabbit anti-HSPZ antibodies [58] were kindly provided by
Dr. Satish K. Gupta, National Institute of Immunology,
New Delhi, India. The following monoclonal primary
antibodies were also utilized at IgG concentration 5 pg/
ml: CD31 of endothelial cells, clone JC/70A (Dako Cor-
poration, Carpinteria, CA, USA), HLA-DR of endothelial
cells and activated tissue macrophages, clone MEM-12
[60] (Drs. Ivan Hilgert and Vaclav Horejsi, Institute of
Molecular Genetics, Academy of Sciences of the Czech
Republic and Faculty of Sciences, Charles University,
Prague, Czech Republic), MAPK (pan-ERK), clone 16 (BD
Transduction Laboratories, San Diego, CA, USA), and
Thy-1 differentiation protein of fibroblasts and pericytes,
clone F15-42-01 [61] (Dr. Rosemarie Dalchau, Institute of
Child Health, University of London, London, UK).

Primary antibodies were followed by a relevant peroxi-
dase-coupled secondary antibody - AffiniPure Goat Fab'
Anti-Rabbit IgG (H+L), Abs. human serum (Protos Immu-
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noresearch, Burlingame, CA, USA) and AffiniPure Rabbit
Anti-Sheep IgG, Fc Fragment Specific - minimal cross-
reaction to Human Serum Proteins (Jackson Immunore-
search Laboratories, West Grove, PA, USA), or SWAM/Px
(SEVAPHARMA) as above. Antigen-antibody complexes
were detected by a Vector SG detection kit according to the
supplier's manual (Vector Laboratories, Inc., Burlingame,
CA, USA), giving the substrate dark blue color. This con-
trasted with the brown color resulting from the first
sequence of immunoreagents (CK immunostaining). The
slides were dehydrated and mounted, without hematoxy-
lin counterstain. A control procedure consisted of double
color immunohistochemistry as above, but both primary
antibodies were replaced with PBS. Additional controls
included replacement of primary antibodies with nonim-
mune hybridoma ascites, antibodies not reacting with
human tissues (mouse-anti rat Thy-1 differentiation pro-
tein, clone OX-7 - donated by Dr. Allan F. Williams, MRC
Cellular Immunology Unit, Sir William Dunn School of
Pathology, University of Oxford, Oxford, UK), and nor-
mal rabbit IgG.

Since the diaminobenzidine reaction product masks the
antigen and catalytic sites of the first sequence of immu-
noreagents, preventing interaction with the reagents of
the second sequence [62], a possibility of co-expression in
the same cell types was investigated. Therefore, another
set of slides was similarly processed, with the opposite
order of primary antibodies (ZP/CK). In addition, two sets
of slides were immunostained for CK or ZP expression
alone, followed by hematoxylin counterstain.

Triple color immunohistochemistry

Double color immunohistochemistry was performed as
above and complemented with the third primary anti-
body and corresponding secondary antibody incubation.
Antigen-antibody complexes were detected by a Vector
VIP detection kit according to the supplier's manual (Vec-
tor Laboratories), giving the substrate a purple color. Con-
trol staining consisted of the same procedure, but primary
antibodies were replaced as indicated above.

Differential interference contrast images were captured
with a DEI-470 CCD Video Camera System (Optronics
Engineering, Goleta, CA) with detail enhancement and
CG-7 color frame grabber (Scion Corporation, Frederick,
MD) supported by Scion Image public software developed
at the National Institutes of Health (Wayne Rasband,
NIH, Bethesda, MD). Captured images were compiled
using Microsoft® Power-Point® 97 SR-2 (Microsoft Corpo-
ration, Redmont, WA) and Microsoft Photo Editor 3.0
(Microsoft Corporation).
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Statistics

Statistical analysis of data on primary follicle numbers
from Block [53,63,64] and Gougeon et al. [54] was per-
formed using GraphPad InStat version 3.01 for Windows
software (GraphPad Software, San Diego, CA). The follicle
count values were transformed (Y = Log [Y]) and subjected
to One way Analysis of Variance (ANOVA) followed by
Tukey-Kramer Multiple Comparisons Test. Probability
values of P < 0.05 were considered significant.

Results

Presentation of data does not necessarily follow the out-
line given in the background, but rather the development
of our approach and methodological analysis of the prob-
lem. Also, due to the complexity of views and approaches,
some subheadings include a short discussion and
conclusions.

It is important to note that the single color immunohisto-
chemistry has an advantage in showing a marker distribu-
tion as it is. In double color immunostaining, the markers
of second sequence may not be visible if they are
expressed in cells also showing strong expression of the
first sequence marker. For instance, if the expression of CK
and ZP proteins is shared in some SE cells, the CK immu-
nostaining used for the first sequence is visible and ZP
proteins are masked. Co-localization of ZP and CK immu-
nostaining is also common in granulosa cells of primary
and secondary follicles (data not shown). This, however,
does not apply to germ cells and oocytes, which express
ZP but not CK markers. In each figure with double and tri-
ple color immunostaining the sequence of antibodies is
indicated. In this study, the blocking effect of the primary
antibody sequence in cells sharing both markers is in fact
an advantage of peroxidase immunohistochemistry, giv-
ing a clear distinction between CK+/ZP+ granulosa cells
and CK-/ZP+ oocytes. In addition, this technique shows
that during follicular growth some granulosa cells are
depleted of CK immunoexpression but ZP staining per-
sists (see Fig. 11D).

Relationship of tunica albuginea, surface epithelium and
ovarian cortex (Fig. | and 2)

In most instances, the ovarian cortex was covered by TA,
with or without a surface epithelium cover. The TA
showed a variable thickness, ranging from almost unde-
tectable to more than 50 pm. Cytokeratin expression of
various density was detected in mesenchymal cells of
some TA segments, particularly in segments showing an
appearance of SE cells. In contrast, no CK expression was
detected in mesenchymal cells of the ovarian cortex.

A panoramic view of events at the ovarian surface result-
ing in the development of cortical channels and epithelial
cords is presented in Fig. 1A. This process is initiated by
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the appearance of SE cells directly connected to the ovar-
ian cortex (dotted box, Fig. 1A). The segments of SE cells
(arrow) are gradually overgrown by TA flap (arrowhead).
This results in the formation of SE channels with lumen
(se-ch, inset) and solid epithelial cords (white arrow).
Note a lack of ovarian SE above the TA (white arrowhead).

A high power view of the TA flap extending over the SE
(Fig. 1B, detail from 1A) revealed strong CK expression
(brown color) in mesenchymal cells exhibiting fibroblast
morphology (+fb). Such cells associate with the inner flap
surface covering the SE (arrowhead). At the angle between
the flap and SE, the cells show intermediate morphology
of fibroblasts and epithelial cells (fb/se), and appear to
contribute to the SE cover of the ovarian cortex (arched
arrow). Solid epithelial cords (Fig. 1C, detail from 1A)
show a CK+ bilaminar epithelial layer accompanied by a
diminution of CK immunostaining of adjacent TA fibrob-
lasts (+/-fb).

Figure 1D, a panoramic view of the ovarian surface and
adjacent cortex from another case, shows a thick segment
of TA and CK expression in TA fibroblasts associated with
the differentiation of SE (left white arrow). No SE is appar-
ent above TA lacking CK+ fibroblasts (right white arrow).
The upper ovarian cortex contains a row of longitudinally
(arrows) or perpendicularly viewed epithelial cords
(arrowheads), evidenced from serial sections.

Segments with TA hypertrophy and without an SE cover
showed strong CK expression in TA fibroblasts (fb, Fig.
2A). No CK expression was detected in the adjacent ovar-
ian cortex (Fig. 2B). The CK+ fibroblasts migrate toward
the surface (Fig. 2C) and show the mesenchymal-epithe-
lial transition (fb/se, Fig. 2D) similar to that observed in
the TA flap (Fig. 1B). The appearance of SE cells was asso-
ciated with a gradual diminution of CK expression by TA
fibroblasts (Fig. 2E; arrowhead, Fig. 2F). Well differenti-
ated SE was eventually underlined by an amorphous sub-
stance without cellular components (white arrowhead,
Fig. 2F). Such separation of the SE from cellular compo-
nents of TA may cause a sequestration of the nonessential
SE out of the ovary.

Taken together, these observations indicate that TA
fibroblasts, which show a transient CK immunoexpres-
sion, differentiate into SE cells by a process of mesenchy-
mal-epithelial transition. However, depending on
additional (unknown) factors, this process may result
either in the formation of SE channels and cords in the
ovarian cortex, or in the differentiation of SE cells cover-
ing the ovarian surface.
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Figure |

Formation of epithelial cords from ovarian TA mesenchymal precursors - see also Ref [32]. A) Panoramic view of
ovarian surface and adjacent cortex. Dashed line indicates interface between TA and stroma of the ovarian cortex. Dotted box
indicates an early appearance of SE cells adjacent to the ovarian cortical stroma. Inset, epithelial channel (se-ch); se and arrow,
surface epithelium cells; taf and arrowhead, TA flap; white arrowhead — a lack of SE cells above the TA; white arrow -bilaminar
epithelial cord. B) Detail from (A) shows association of CK+ (brown color) fibroblasts (+fb,) with the TA flap surface (arrow-
head), and transition from mesenchymal to epithelial morphology (fb/se) and surface epithelium cells (se, arched arrow). C)
Detail from (A) shows CK+ epithelial cord consisting of two layers of epithelial cells and lying between the ovarian cortex
(ovc) and TA. Note diminution of CK immunoexpression in TA fibroblasts (+/-fb). D) Parallel (black arrows) and perpendicular
(arrowheads) view of epithelial cords in the upper ovarian cortex (ovc). Dashed line indicates a segment of CK+ TA with flap
and differentiating SE cover (left white arrow). Dotted line indicates CK- segment lacking SE cower (right white arrowhead).
F29 indicates female age in years; #28 = case No. Bar in (C), for (B and C). Cytokeratin |18 immunostaining (brown color) and
hematoxylin counterstain.

Rows of ovarian epithelial cords in the upper cortex are in the upper cortex (uc). These structures were arranged in
accompanied by rows of primary follicles in the lower a surprisingly straight row (see also Fig. 1D). In some ova-
cortex (Fig. 3) ries a similar orientation of primary follicles was observed
Figure 3 shows formation of epithelial channels (arrow-  in the lower ovarian cortex (Ic).

head), longitudinally (dashed arrowhead) and perpendic-
ularly viewed solid epithelial cords (white arrowheads
and right inset), and follicle like structures containing
stromal elements (solid box, see left top inset for detail)

Page 7 of 30

(page number not for citation purposes)



Reproductive Biology and Endocrinology 2004, 2

Figure 2
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Formation of ovarian SE from TA mesenchymal precursors. A) Tunica albuginea (ta) fibroblasts (fb) showing strong
CK immunoexpression (brown color). One cell in mesenchymal-epithelial transition is apparent at the surface (fb/se). B) Ovar-
ian stroma (os) shows no CK staining of fibroblasts (fb). C) Fibroblasts associated with the TA surface exhibit mesenchymal-
epithelial transitory forms (D). E) Appearance of SE cells (se) is associated with a diminution of CK immunoexpression (-fb). F)
Differentiation of the SE is associated with a diminution of cellularity in adjacent TA. Bar in (B), for (A-E). Cytokeratin 18

immunostaining, hematoxylin counterstain.

Epithelial nests assemble with oocytes to form new
primary follicles (Fig. 4 and 5)

As pointed out in the Background, studies of Motta et al.
[21,22] have shown that in some areas of the ovary epi-
thelial cords fragment and appear as small nests of epithe-
lial cells which lie in proximity to primary follicles [22]. In
order to study the possible formation of new follicles
from epithelial nests and oocytes, we used cytokeratin
staining to view the nest (primitive granulosa) cells and
DIC to study unstained oocytes. In the lower ovarian cor-
tex, some epithelial nests were found associated with the
lumen of ovarian venules. Figure 4, panels A and B (copy

of A completed with symbols) shows a venule lumen (v1)
lined by endothelial cells (e) and a CK+ epithelial nest
wall (w). The nest shows an arm (a) associated with the
putative oocyte (o) and possibly migration of the oocyte
outside of the vascular lumen.

Ongoing assembly of the epithelial nest with an oocyte is
shown in Fig. 4, panels C and D. The nest exhibits closing
"gates" (g). A small portion of the oocyte (dashed line),
which still lies outside, is expected to join the complex
(arched arrow). Note that the nuclei of stromal cells are
visible through the oocyte tail, which may be less thick
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Figure 3
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Distribution of epithelial cords and primary follicles in the ovarian cortex. Panoramic view composed of nine images
shows ovarian tunica albuginea filled with CK18+ mesenchymal cells, upper cortex (uc) with epithelial channels (black arrow-
head), cords (dashed and white arrowheads — see right inset) and follicle-like structures (solid box, see upper left inset for
details). Lower cortex (Ic) shows isolated (dashed box — see lower left inset) and grouped primary follicles (dotted box). Bars
in insets indicate um. Cytokeratin 18 immunostaining, hematoxylin counterstain.

than the 7 um thickness of the cryostat section. Cytokera-
tin+ projections from the nest wall into the oocyte
cytoplasm (arrows) appear to contribute to the formation
of the Balbiani body (asterisk) adjacent to the oocyte
nucleus (dotted line). Perpendicularly-viewed CK+ pro-
jections of nest cells reaching the paranuclear space are
indicated by arrowheads.

Various stages of the oocyte-nest assembly are shown in
Fig. 5A [note adjacent dilated venule (v)], and magnifica-
tions 5B-D. Panel B (arrow, panel A) shows an oocyte at
the midpoint of the assembly with the nest. The nest gate
flaps (g) are inverted inside. No Balbiani body is apparent,
and CY+ extension from nest cells reaches the oocyte
nucleus (black arrowhead). Another CY+ extension is in
contact with the oocyte nucleolus (x), which shows traces
of circumferential CK staining (white arrowhead). A more

advanced stage of oocyte-nest assembly is shown in panel
C (white arrow, panel A). The oocyte nucleus adjacent to
the nest wall (w), just opposite the closing nest gate (cg),
is embraced by "intraooplasmic processes" (arrows) from
the nest cells. The Balbiani body (asterisk) appears to
reside within the oocyte nucleus. Completion of the
oocyte-nest assembly is shown in panel D (arrowhead,
panel A). The former nest gate ('g') is closed, and the Bal-
biani body lies within the oocyte cytoplasm, between the
oocyte nucleus and the nest wall. The oocyte nucleus is
free of CK staining. A thick intraooplasmic extension from
the nest cells is also apparent (arrow). Panel D also shows
the top of an adjacent follicle (ft).

Double color immunohistochemistry (Fig. 6 and 7)
In order to better visualize assembly of oocytes with epi-
thelial nests, we used double color
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Figure 4

Association of epithelial nests with cortical vessels, oocyte-nest assembly and formation of CK18+ Balbiani
body. A and B (copy of A with letters and dashed line) show the CK+ (brown color) nest body wall (w) inside of the cortical
venule, which extends an arm (a) to catch the oocyte (o, dashed line) and move it outside of the blood vessel. C and D show
the nest body and closing "gate" (g). A portion of the oocyte (dashed line) still lies outside of the complex, and is expected to
move inside (arched arrow). The oocyte contains intraooplasmic CK+ (brown color) material (arrowheads). Extensions from
the nest wall (arrows) contribute to the formation of CK+ paranuclear (Balbiani) body (asterisk). The oocyte nucleus is indi-
cated by a dotted line. vl, vascular lumen; e, endothelial cells. CK18 immunostaining, hematoxylin counterstain.

immunohistochemistry for CK and ZP proteins. These
sections were not counterstained with hematoxylin, but
enhanced DIC has been used. Fig. 6A shows an associa-
tion of the oocyte (blue ZP immunoexpression) with epi-
thelial nest (brown CK immunoexpression) resembling
an occupied bird's nest. This phase of assembly is similar
to that shown in Fig. 5B. An earlier stage is shown in Fig.
6B, where the CK+ nest (brown color) shows octopus-like
shape with multiple CK+ trunks embracing the ZP+ (blue)

oocyte.

An association of the oocyte-nest assembly with cortical
vasculature is presented in Fig. 7, which shows four serial
sections (7 um each) from the ovary of another woman.
In panel A (the bottom of the oocyte-nest assembly), CK+
(brown) ramifications of an epithelial nest lie inside the
vessel (v) showing focal ZP (blue) staining (arrowhead) in
the vascular wall. The next serial section (panel B) shows
a spot of ZP staining (arrowhead) among the nest ramifi-
cations associated with a "harboring" oocyte nucleus (n).
The insets show that putative tadpole-like germ cells (pre-
sumptive surface indicated by the dashed and nucleus by
the dotted lines), which have been found among dense
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Figure 5

Sequential stages of the oocyte-nest assembly and Balbiani body formation. A) A group of primary follicles in vari-
ous stages of formation. Note adjacent venule (v). B) Early stage (see arrow in A) shows the oocyte during entrance into the
CK+ (brown color) nest with nest wall (w) and inverted "gates" (g). Cytokeratin+ material appears to enter the nucleus (black
arrowhead) and traces (white arrowhead) are visible around the nucleolus (x). Note a lack of Balbiani body. C) More advanced
stage (white arrow in A) shows the oocyte nucleus (dotted line) adjacent to the nest wall (just opposite to the closing gate),
embraced by intracoplasmic extensions (arrows). The Balbiani body (asterisk) appears to reside within the nucleus (dotted
line), and small proportion of the ooplasm (dashed line) is still outside of the complex. D) Completed formation of primary fol-
licle (arrowhead in A) shows closed gate ('g'), CK+ Balbiani body at the opposite side, adjacent to the nest wall, oocyte nucleus
free of CK staining, and a single CK+ intraooplasmic extension (arrow) from the nest side. A follicle top (ft) from an adjacent
follicle is also visible. CK18 immunostaining, hematoxylin counterstain.

fibroblasts in the upper ovarian's cortex [32], exhibit ZP
expression (blue) in the intermediate section of the cell
(arrowhead), between the heading nucleus and the tail.

The next serial section (panel C) shows CK+ sword-like
projections (yellow arrowheads) from the nest wall (w),
one of which penetrates the oocyte's intermediate section
(is) toward the oocyte tail (t). Note a CK+ "eye" (orange
arrowhead) in the oocyte's intermediate section (see also
insets in panel D). There are also anchor-like projections
from the oocyte (blue arrowhead) toward the vascular
wall, possibly contributing to the ZP staining in the adja-
cent stroma (arrow). The top of the complex (panel D)
shows a flap of the vascular pocket (vp) with anchor-like
CK+ and ZP+ projections (arrowheads). Segments of the
intermediate section of the oocyte and the tail are still vis-
ible. Insets show the putative tadpole-like germ cell
(dashed line) associated with the vasculature (v) in the
upper ovarian cortex. Note larger size compared to insets
in panel B, and appearance of CK+ "eye" (arrowhead) of
unknown significance in the center of the intermediate
section.

Triple color staining (Fig. 8)

To study the association of oocyte-nest assemblies with
cortical vessels, we used double color staining as above,
complemented with third color for the CD31 marker of
vascular endothelial cells. All panels in Fig. 8 are from the
same section subjected to the triple color immunohisto-
chemistry. Strong CD31 immunoexpression (purple
color) of the luminal aspects of endothelial cells was
observed in ovarian medullary vessels (arrowhead, panel
A), but not cortical vessels, which showed less dense gran-
ular staining of endothelial cells (arrowhead, panel B).
Panel C shows the same vessel as in (B), and a derived
(arched arrow, as evidenced from serial sections) vascular
"pocket" (vp, see Fig. 7D) with endothelial cells (arrow-
heads) embracing CK+ (brown) nest walls (w) and a
ZP+(blue) segment of the oocyte (0). Panel E, copy of (D)
with symbols, shows the vascular lumen (vl) encircled by
endothelial cells (red arrowhead) and an adjacent follicle
top (ft, as evidenced by serial section). Also adjacent is a
nest wall (w) extending the CK+ arms (yellow arrow-
heads) to "catch" the oocyte from the vascular lumen. The
blue arrow indicates ZP+ oocyte extensions anchored to
the vascular wall.
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Figure 6
Double color immunohistochemistry of the oocyte-nest assembly. A) Occupied "bird's" nest type indicates a half way
oocyte-nest assembly. B) An earlier stage of assembly shows the oocyte embraced by nest trunks, resembling an octopus.
Immunostaining with CK monoclonal antibody, clone MNF1 16 (recognizing CK5, 6, 8, 17) — first sequence visualized with
diaminobenzidine (brown color), and with HSPZ (zona pellucida) polyclonal antibody — second sequence visualized with SG
(blue color). No hematoxylin counterstain.

http://www.rbej.com/content/2/1/20

PS| and MAPK immunoexpression during differentiation
and migration of germ-like cells (Fig. 9 and 10)

Most of the ovarian SE cells showed CK immunoexpres-
sion, but immunoexpression of ZP antigens (PS1, HSPZ
and HSRZ) was restricted to certain SE segments. While
HSPZ and HSRZ were also detected in the zona pellucida
of oocytes during and after assembly within epithelial
nests (including primary, secondary, preantral and antral
follicles), the PS1 expression was not detected in zona
pellucida of oocytes in human ovarian follicles. The PS1 is
a meiotically expressed porcine oocyte carbohydrate
antigen [40]. It is also found in some human ovarian can-
cers - unpublished data and [39].

Immunoexpression of PS1 in human SE cells was cyto-
plasmic. However, cells descending from the SE into TA

showed nuclear PS1 (brown) staining (arrows, Fig. 9A).
The dividing SE cell, indicated by a red arrow in panel A,
shows an asymmetric distribution of meiotically
expressed nuclear PS1, suggesting asymmetric division
and meiotic activity of the PS1 + daughter cell. Double
color immunostaining for PS1 (brown) and CK (blue)
also revealed an asymmetric distribution of PS1 in
putative germ cells descending from the SE (panels B and
C) - note CK+ (blue arrowheads) and PS1+ (brown
arrowheads) daughter cells. Larger germ-like cells with
nuclear PS1 staining were detected in TA (panel D). Such
cells divided (arrow, panel E) and entered the adjacent
ovarian cortex (white arrow). In the cortex, the putative
germ cells showed a translocation of nuclear PS1 immu-
noexpression to cytoplasmic staining, suggesting termina-
tion of the meiotic prophase, and an association with
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Figure 7

Serial sections through the intravascular oocyte-nest assembly. Serial sections (7 pm thick) through the oocyte-nest
assembly show bottom of the complex (A); oocyte nucleus (n) plane (B); intermediate section (is) and the tail (t) plane (C);
and top of the complex (D). v, vascular wall; vp, vascular pocket; blue arrowheads, ZP+ extensions from the oocyte intermedi-
ate section — anchors to the vascular wall; yellow arrowheads, nest extensions penetrating the ooplasm; blue arrows, ZP+
staining (oocyte signaling). Insets in panel B show putative germ cell with ZP+ intermediate section (arrowhead) migrating in
the upper ovarian cortex. Insets in panel D show an association of putative germ cell with a cortical vessel (v) wall — note ZP+
intermediate section containing a CK+ "eye" (arrowhead). Details in text. Inmunostaining with CK18 (brown color) and HSPZ

(blue color). No hematoxylin counterstain.

cortical vasculature showing minute amounts of PS1
immunoexpression in adjacent endothelial cells (panel
F). In addition, PS1 immunoexpression (brown color)
was detected in germ-like cells descending from CK+
(blue) epithelial crypts into the ovarian cortex (arrow,
panel G). No accumulated germline type cells resembling
persistence of fetal oogenesis (germline cysts) have been
detected.

Staining for MAPK revealed dividing germ-like cells in TA
with prominent nuclear MAPK immunoexpression
(brown color, Fig. 10A), similar to those showing nuclear
staining for PS1 (see Fig. 9E). However, nuclear MAPK
immunoexpression persisted in putative germ cells in the
upper ovarian cortex (panel B). Intravascular germ-like
cells (panel C) showed an increase in size (20 pm) accom-
panied by an appearance of MAPK cytoplasmic clusters
(c) in addition to persisting nuclear MAPK immunoex-
pression (dotted line). During association of oocytes
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Figure 8

Triple color immunohistochemistry for vascular route of the oocyte-nest assembly. Inmunostaining CK/ZP/EN
with CK18 (brown color), HSPZ (blue color), and endothelial CD31 — third sequence visualized with VIP(purple color). A)
Medullary vessels show strong CD3 | immunostaining (arrowhead), contrasting weak immunoexpression in cortical vessels (B).
C) in the area adjacent to (B) (arched arrow) the vascular "pocket" (vp) shows adjacent endothelial cells, CK+ nest walls (w),
and a ZP+ intermediate segment of the oocyte (0). Panels D and E show vascular wall (red arrowhead) with a lumen (vl) con-
taining ZP+ oocyte "caught" by CK+ extensions (yellow arrowheads) from the nest wall (w). ft, follicle top of an adjacent pri-

mary follicle. No hematoxylin counterstain.

(panel D) with CK+ nests (see serial section in panel E) in
the lower ovarian cortex, abundant MAPK immunoex-
pression was apparent in the oocyte nucleus and
cytoplasm. Fresh follicles with an established ring of gran-
ulosa cells in the adjacent ovarian cortex, showed strong
nuclear and cytoplasmic staining but poor MAPK immu-
noexpression in the paranuclear (Balbiani) body (dashed
line, panel F). Panel G shows a low power magnification
of follicles presented in panels D-F. The "s" arrow indi-
cates orientation toward the ovarian surface.

Altogether, these observations indicate that germ cells
exhibiting nuclear meiotically expressed PS1 oocyte car-
bohydrate antigen differentiate by asymmetric division
from SE cells, divide symmetrically, and complete the first
meiotic prophase. These cells exhibit abundant nuclear
MAPK immunoexpression, indicating activation of signal-
ing pathways resulting in lineage commitments into cer-
tain cell types [65] (see below). No accumulated germline
type cells (germline cysts), which are characteristic for
adult ovaries in invertebrates [46], lower vertebrates [66],

Page 14 of 30

(page number not for citation purposes)



Reproductive Biology and Endocrinology 2004, 2 http://www.rbej.com/content/2/1/20

Figure 9

Association of PS| meiotically expressed oocyte carbohydrate protein with asymmetric division and migration
of putative germ cells. A) Segments of SE show cytoplasmic PS| (brown color) expression (se). Dividing SE cells give rise to
cells exhibiting nuclear PS| immunostaining (+ nuclei, asymmetric division) and descending from the SE (arrows) into tunica
albuginea (ta). This is particularly evident in the cell marked with a red arrow. B) Except asymmetrically divided SE cell — note
CK+ (blue color and arrowhead) and PSI+ (brown color and arrowhead) daughter cells, no PS| or CK immunoexpression is
apparent in this SE segment or in the panel (C). D) In TA, the putative germ cells increase in size, but nuclear PS| immunos-
taining persists. They show a symmetric division (arrow, E) and exhibit development of cytoplasmic PS| immunoexpression
when entering the upper (uc) ovarian cortex (white arrow). In the cortex, the cells show diminution of nuclear and increase of
cytoplasmic PS| staining (white arrow, panel F), particularly when attached to the cortical vessels (v). In such case, the PS|
immunoexpression appears to be extended toward endothelial cells (black arrow). In some instances, the asymmetric division
giving rise to the putative PS|+ (brown color) germ cells could be observed at the periphery of CK+ (blue color) cortical epi-
thelial crypts (arrow, panel G). Single (PS1) or double color immunohistochemistry (PS1/CK) as indicated, no hematoxylin
counterstain.
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Figure 10

Mitogen-activated protein kinase immunoexpression (brown color) in dividing and differentiating germ cells.
Symmetrically dividing putative germ cells dashed line, panel A) in the TA (ta) showed strong nuclear MAPK immunostaining
dotted lines. The cells showed an increase in size in the upper cortex (uc, panel B). Further increase in size of putative germ
cells was detected during vascular transport, and accompanied by an appearance of focal cytoplasmic MAPK immunoexpres-
sion (c, panel C). D) During assembly with CK+epithelial nest (see brown color, serial section in panel E), the oocytes exhib-
ited strong MAPK immunostaining of both the nuclear (dotted line) and cytoplasmic regions. In freshly formed primary follicles
(F, see panel G for low power magnification of D and F), the MAPK heavily stained cytoplasmic clusters (c) were apparent,
except an isolated paranuclear (Balbiani) body (dashed line). Strong nuclear staining (dotted line) persisted. MAPK (A-D, F and
G) and CK single color immunohistochemistry (G), with hematoxylin counterstain. "'s" arrow in (G) points to the distant ovar-
ian surface.
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Figure 11

Influx of macrophages during follicular atresia. Double color CK (brown color)/ZP (blue) immunohistochemistry
revealed that cohorts of primary and secondary follicles in certain areas of the ovarian cortex showed degenerative changes,
characterized in particular by fragmentation of the oocyte structure and dispersion of ZP+ staining among poorly defined layer
of granulosa cells and adjacent stroma (arrowheads, panel A; see inset for control immunostaining). Inset in (B) shows normal
primary follicles in another case. Triple color staining (CK/ZP/DR, panel C) revealed numerous large DR+ (purple color) mac-
rophages (red arrowheads) invading the area from adjacent vessels (yellow arrowhead). In contrast, a healthy growing and pre-
antral follicle (panel D) shows an association of sporadic small DR+ macrophages with the developing theca (red arrowhead).

No hematoxylin counterstain.

and prosimian primates [14-17], and perhaps persist from
early periods of life, have been observed in adult human
ovaries.

Follicular atresia (Fig. 11)

Degeneration may affect groups of primary (and second-
ary) follicles, as shown in Fig. 11A,11B,11C. Follicles
undergoing atresia show release of ZP staining (blue
color) into the neighboring stroma (blue arrowheads,

panels A-C). This is associated with an altered oocyte mor-
phology and disorganization of the follicular CK+
(brown) granulosa layer- see center, panel A (inset shows
control staining). In addition, there is a considerable
influx of large macrophages into the area from the vessels
accompanying follicles (purple color, red and yellow
arrowheads, panel C). Yet, some investigators have
claimed that characteristic morphological features of
primary follicle atresia is often difficult to determine
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(reviewed in [4]), while others are more confident [54]. In
this immunohistochemical study, the assembly of oocytes
with epithelial nests was also associated with some release
of ZP antigens. However, formation of new follicles was
characterized by well defined oocyte nucleus, intraooplas-
mic CK+ extensions from the nest cell wall, and formation
of the Balbiani body, i.e., structures and processes not
apparent during follicular regression. Resting normal pri-
mary follicles (inset, Fig. 11B) and growing secondary/
preantral follicles (panel D) show regular morphology, no
leakage of ZP antigens, and only occasional small tissue
macrophages associated with the developing theca
(arrowhead).

Epithelial crypts — an alternative for germ cell origin (Fig.
12)

Enhanced follicular atresia was accompanied by the
appearance of epithelial nests (fragmented epithelial
cords) in adjacent segments of the ovarian cortex. Three
serial sections show that these nests (left, Fig.
12A,12B,12C) are small CK+ (brown color) spheroidal
structures of 20-30 um in diameter. Also shown is CK+
epithelial crypt (right), likely originating from a deep SE
invagination but not communicating with the ovarian
surface, as evidenced from serial sections. Arched arrows
in panel A indicate a longitudinal arrangement of two
stromal bundles, one containing epithelial nests and the
other a crypt. The bottoms of these stromal bundles are
adjacent (see border lines, panel B) and their migration
appears to be influenced by HLA-DR+ (activated [67])
tissue macrophages (purple color, black and white arrows,
panel C). An extension from the crypt toward the nest area
(vellow arrow) is associated with an accumulation of tis-
sue macrophages (panel C). The red arrow in (B) indicates
a weakly CD31+ (purple) adjacent cortical blood vessel.

Panel D shows a more advanced stage of germ cell origin
from an epithelial crypt in the lower ovarian cortex of
another woman. Note ZP+ staining in the cortex extend-
ing from the crypt (blue color, arched arrows). Details are
shown in panels E-H, where CK- large round cells (yellow
arrowheads) emerge among CK+ (brown) epithelial cells
and divide (red arrowheads, panel H). Blue arrowheads
(panels E and F) indicate that unstained large round cells
are accompanied by ZP+ (blue color) segments, possibly
representing an early formation of the germ cell interme-
diate sections. The dashed line (panel H) indicates the
tadpole-shaped cell with the leading nucleus (n), ZP+
intermediate section (is), and a tail (t). The ovarian sec-
tion from another female (panel I, immunostained as a
sample in panel D) shows a lower ovarian cortex with pri-
mary follicles in the proximity of an epithelial crypt. Note
that the distance between the crypt and follicles (100-150
pum) is similar to that between the crypt and nests in pan-
els A-C. Dashed boxes indicate adjacent CK+ (brown) epi-

http://www.rbej.com/content/2/1/20

thelial nests in the upper ovarian cortex, "s" arrow points
toward the ovarian surface.

These observations indicate that adult ovaries exhibiting
enhanced atresia of primary (and secondary) follicles ini-
tiate formation of new epithelial nests with granulosa cell
features [22], one of the prerequisites for the formation of
new primary follicles (see Fig. 16 beneath). Cortical
crypts, consisting of epithelial cells retaining the relatively
embryonic structure of SE cells [22,25], appear to be an
alternate source for germ cells. Germ cells entering vascu-
lature may reach epithelial nests at distant destinations,
although vascular proximity is not a requirement for fol-
licular development.

An "ovary-within-the ovary" pattern of Thy-1
differentiation protein distribution (Fig. 13)

Why do primary follicles form in the lower ovarian cortex,
not just near the origin of their components, primitive
granulosa and germ cells? We have reported previously
that groups of follicles lie in isolated areas of the cortex,
exhibiting an oval arrangement of stromal elements [32].
In the present study, staining for Thy-1 differentiation
protein (Thy-1 dp) revealed that groups of primary folli-
cles reside in the center of rounded areas, extending
~400-1200 pm from the ovarian surface, exhibiting virtu-
ally no stromal Thy-1 dp immunoexpression, and show-
ing an ovary-within-the ovary pattern (ov-in-ov, Fig. 13).
In addition, growth of some follicles in a given cohort is
associated with Thy-1 dp+ vasculature (lower vs upper
inset). Hence, a lack of Thy-1 dp may be required to main-
tain primary follicles in the resting state, and the presence
of Thy-1 dp may stimulate follicular growth. Note strong
Thy-1 immunostaining of the TA fibroblasts (ta, Fig 13).

Oocyte remnants in medullary vessels (Fig. 14)

Another important question is if the number of newly
formed follicles is determined by the number of available
epithelial nests or the number of generated germ cells. In
the first instance, the isolated nests will either persist or
degenerate, in the second, the degenerating oocytes not
utilized for formation of new primary follicles might be
detected.

We utilized double color immunohistochemistry to
search for ZP+ (blue color) oocytes not assembled with
CK+ (brown) structures. Figure 14A shows a mass of
amorphous ZP+ material adjacent to the corpus albicans
(CAlb), ZP+ processes and the spread of ZP staining
extending into the adjacent stroma (arrow). There are no
CK-+ structures. A serial section stained as above plus HLA-
DR (purple color), a marker of human endothelial cells
and tissue macrophages, shows regressing vasculature in
the corpus albicans (open arrowhead, panel B). The next
serial section (panel C), stained by a control procedure
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Figure 12

Epithelial crypts — a source of germ cells for the alternative pathway of primary follicle formation. In ovaries
showing atresia of follicular cohorts, association of epithelial nests with epithelial crypts has been observed. Panels (A-C) show
CK+ (brown color) small epithelial nests, as evidenced from serial sections (compare the content of solid and dashed squares
and oval areas on the left side). In panel (B), weakly CD3 1+ (purple) adjacent vessel is indicated by a red arrow, solid white
arrows in A-C indicate an extension from the crypt toward the nests, and open arrows in (C) — see also lines in (B), indicate
interface between stromal sprouts carrying epithelial nests and the crypt. Panel (C) also shows an accumulation of DR+(pur-
ple) macrophages around the stromal sprouts, and at their interface in particular. D) Remnant of an epithelial crypt (red
arrow) from another case shows migration of ZP+ (HSPZ, blue) particles and stromal staining from one side (arched arrow).
E-H) Details from panel D show an appearance of single (yellow arrowheads) and dividing germ-like cells (red arrowheads)
among regressing CK+ cells (brown color). Note ZP+ segments (blue color and arrowheads) associated with unstained round
cells. Dashed line in (H) indicates tadpole-like germ cell with leading nucleus (dotted line), ZP+ (blue color) intermediate sec-
tion (is), and unstained tail (t). Panel (I) shows an association of primary follicles with the cortical epithelial crypt. Dashed boxes
indicate unassembled epithelial nests. Details in text. No hematoxylin counterstain.

(PBS instead of primary antibodies followed by three sec-  Note a lack of staining in adjacent stroma (arrow) except
ondary antibodies and three color substrates plus hema-  two distant cells (arrowheads) showing brown color, i.e.,
toxylin counterstain of the nuclei), shows that a large  eosinophils with endogenous peroxidase [68].

vessel is congested with amorphous material (asterisk).
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Figure 13
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Distribution of Thy-1 differentiation protein in the ovarian cortex — an "ovary within the ovary" pattern. Thy-|
dp was strongly expressed by TA fibroblasts (ta), and moderately in the upper (uc) and lower ovarian cortex (Ic) except areas
showing an "ovary within the ovary" pattern (ov-in-ov) with virtually no Thy-1 dp immunoexpression except vascular pericytes
and smooth muscle cells. These areas characteristically contained primary follicles (arrowhead and upper inset) some of which
showed an increase in size accompanied by Thy-| dp+ pericytes (arrow and lower inset). Hematoxylin counterstain, details in

text.

Our observations in ovarian cortical vessels indicate that
the vascular pathway of oocytes to their destination
(epithelial nests) may be interrupted by vascular degener-
ation. Figure 14D also shows an accumulation of ZP+
material associated with one of the multiple vessels in the
ovarian medulla. Another section from the same ovary
(panel E) and another case (panel F) show multiple

oocytes accumulated in one of the medullary vessels. Note
a lack of CK+ structures, strong ZP cytoplasmic immu-
noexpression, anchors to the vascular wall and spread of
ZP immunostaining to the adjacent stroma (arrow), and a
lack of staining in the oocyte nuclei (arrowheads).
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Figure 14

Accumulation of oocytes and their remnants in some medullary vessels. Some medullary vessels showed an embo-
lus-like accumulation of ZP+ (HSPZ, blue color) material, either at the structures showing vascular regression, e.g., corpus albi-
cans (CAlb, panels A-C), or without apparent vascular regression (panel D). In some instances, a higher magnification revealed
the presence of multiple unstained oocyte nuclei (arrowheads, panels E and F). No hematoxylin counterstain except control
staining in panel (C). vl, adjacent vascular lumen. Further details in text.

An accumulation of oocytes in some ovarian medullary
vessels was observed in four of twelve cases studied
(33%). This suggests that the differentiation of oocytes
during the reproductive period is a relatively frequent
event. These ovarian samples showed preparation or
ongoing formation of new primary follicles. When
detected, accumulation of oocytes in some medullary ves-
sels was present in the samples from both ovaries. Yet,
there were eight cases showing no such activity. These
ovaries rarely showed primary follicles in the ovarian cor-
tex. This agrees with observations of Block [53], who
observed a similarity between the numbers in the right
and left ovaries but wide individual variation between
cases during the optimal reproductive period. Our obser-
vations suggest that the formation of new primary follicles
is not a permanent but transient process, which may occur
during certain period of the ovarian cycle. This idea was
proposed by Edgar Allen [69] and Evans and Swezy [70].
Although we did not investigate a large number of
patients, our observations indicate that new primary folli-
cles are likely to be formed during the late luteal phase, as
evidenced from the patient's history, ovarian (CL) immu-
nohistochemistry, and endometrium morphology.

Follicle numbers in human ovaries (Fig. 15)

We performed statistical analysis (one way analysis of var-
iance and post-hoc test) of the Block's (including ovaries
from neonatal, premenarcheal, and young-adult females)
[53,63,64] and Gougeon's (mostly premenopausal
females) data [54] on the variation of the number of
human ovarian primary follicles at different ages, between
the birth and 50 years of age. Figure 15A shows that, when
compared to neonatal ovaries, the first significant decline
occurs in the age group of 18-24 years. No significant
change is apparent during the 20 year optimal reproduc-
tive period, between 18 and 38 + 4.1 SD years. However,
age groups 40-44 and 45-50 show significantly lower
numbers compared to other age groups. Details on
descriptive statistics are provided in Fig. 16B. Note that
the mean and maximum values (highlighted) show a pla-
teau between 0-16, 18-38 and 40-50 years of age.

Discussion

We report that mesenchymal cells in human ovarian TA
are capable of expressing CK and differentiate into SE cells
by a mesenchymal-epithelial transition in vivo. Through
this transition, the bipotent mesenchymal cells in TA give
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32-39 40-44 45-50

x 1000 Neonate 6-9y 12-16 y 18-24y 25-31y 32-38 y 40-44 y 46-50 y
Mean 648.7 430.1 376.2 158.9 62.1 63.0 9.6 6.1
Sb 2454 205.5 195.5 83.7 55.1 49.3 9.9 8.0
Minimum 352.0 85.0 85.0 39.0 8.1 15.0 0.4 0.6
Maximum  1126.0 755.0 591.0 290.0 228.0 208.0 28.3 39.3
Sum 6487.0 4301.0 1881.0 1271.0 807.3 945.7 153.2 140.3
Count 10.0 10.0 5.0 8.0 13.0 15.0 16.0 23.0
Conf (95%) 175.5 147.0 242.7 70.0 33.3 27.3 53 3.5

Figure 15

Age-related changes in primary follicle numbers in both human ovaries (A) and descriptive statistics (B). A)
Statistical analysis of transformed cumulative data [Y = Log(Y)] reported by Block [53,63,64] and Gougeon [54] shows P <
0.0001 for one-way ANOVA. Tukey-Kramer Multiple Comparison post-test revealed that compared to neonatal ovaries a sig-
nificant difference in follicle number first appears in the age group of 18 to 24 years. However, no significant difference was
observed during the 20 years of optimal reproductive period, between females 18-38 years of age. Yet, the ovaries obtained
from 40-50 year old females showed a significantly lower number of primary follicles vs. all other age groups. B) Descriptive
statistics indicates plateau of the maximum follicle numbers (highlighted) during the 6—16, 18-38, and 40-50 age periods, asso-
ciated with a lack of statistical significance between mean values + SD — see panel (A).

rise to: (1) nests of primitive granulosa cells in the ovarian
cortex, and (2) primitive germ cells which differentiate

into oocytes and assemble with granulosa cell nests to
form new primary follicles. Hence, TA mesenchymal cells

represent a progenitor cell with a commitment to either of
two distinct terminally differentiated cell types.
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Figure 16

Working model of possible pathways for formation of primary follicles in adult human ovaries (updated from Ref.
[32]). I) Ovarian tunica albuginea (ta) stem cells (green color) differentiate into the CK+ fibroblasts (red color) and by mesen-
chymal-epithelial transition give rise to the SE cells directly covering the ovarian cortex (arched arrow). 2) Closing of TA flaps
(see Fig. 1) results in the formation of epithelial cords/channels in the upper ovarian cortex (see Fig. 3). Fragmented epithelial
cords give rise to the epithelial nests, which resemble primitive granulosa cells [22] and descend into the lower ovarian cortex.
4) Depending on certain in situ (stromal) influences, the TA progenitors differentiate into the SE cells covering TA, which may,
by asymmetric division, give rise to the ZP+ germ cells. 5) These putative germ cells may symmetrically divide, descend into the
ovarian cortex, and associate with adjacent cortical vessels (6). Intravascular transport (7) is associated with a substantial
increase of germ cell size and with development of ZP+ anchors (green lines), which may serve to slow down the transport
speed and signal the epithelial nests to associate with a particular vascular segment. 8) The intravascular germ cells differentiat-
ing into the oocytes are picked up by epithelial nests associated with the proper cortical vessels. Such oocyte-nest complexes
show an "octopus-like" (9) formations during the early stage of assembly, and a formation of the Balbiani body during the inter-
mediate stage (yellow body, 10). The Balbiani body persists in resting primary follicles (I 1), but diminishes upon the growth
promoting signals, including Thy-| dp signaling derived from the follicle-accompanying vessels (12, dashed line). An alternative
pathway for the germ cell origin from TA precursors (4') consists of a constitution of cortical crypts formed by SE-like embry-
onal type cells [22,25], possibly originating from, but not necessarily connected with, the deep SE invaginations, as evidenced
from serial sections. The "alternative" pathway of germ cell origin may supply the oocytes directly to the neighboring nests
(dashed arched arrows) and, via vascular transport (dotted arched arrow), saturate distant nests to form the primary follicles.
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Mesenchymal-epithelial and epithelial-mesenchymal
transitions

Multipotential progenitor cells exhibiting a mesenchymal
phenotype and capable of differentiation into distinct cell
types have been derived from various other adult tissues
[71-75]. Mesenchymal-epithelial and epithelial-mesen-
chymal transitions may reflect a plasticity of progenitor
cells in a particular microenvironment. They may occur
sequentially (mesenchymal-epithelial followed by epithe-
lial-mesenchymal transitions) under the influence of the
extracellular matrix, cytokines (transforming growth fac-
tor B, fibroblast growth factor, hepatocyte growth factor,
epidermal growth factor, BMP2 and BMP4), adhesion
molecules (integrins, E-cadherins), membrane receptors,
intercellular junctions, signaling pathways (MAPK) or
transcription factors B-catenin) commonly produced in
the embryo and less frequently in adult organisms. Such
transitions are examples of manifestations of cell
plasticity and subsequent dramatic changes resulting in
lineage commitments into certain cell types (reviewed in

[65]).

Many cytokines and morphoregulatory molecules are pro-
duced by specific stromal elements - fibroblasts/pericytes,
macrophages and T lymphocytes, which are involved in
mesenchymal-epithelial transitions [76-82] and stimulate
differentiation of epithelial cells (reviewed in [83]). We
have earlier demonstrated that such cells accompany
appearance and migration of germ-like cells in adult
human ovaries, and suggested that age-induced
diminution of immune system function (immune senes-
cence) may cause a diminution of follicular renewal [32].

Hypothesis

Having in mind these exciting findings, we speculate that
the development of TA in perinatal human ovaries
[19,20] is a result of an epithelial-mesenchymal transition
of coelomic ovarian SE cells. During adulthood, the
mesenchymal cells in TA undergo a mesenchymal-epithe-
lial transition back into ovarian SE cells with an embry-
onic character [25]. These cells still have the ability to
become granulosa or germ cells, probably depending on
the influences of neighboring stromal cells (microenvi-
ronment). However, a differentiation of germ cells from
SE cells, which originate from TA mesenchymal precur-
sors, appears to represent a novel three step transition, i.e.,
mesenchymal > epithelial > germ cell transition. When
the presumptive perinatal transition is included, the four
step transition can be determined: Epithelial (fetal SE) >
mesenchymal (perinatal development of TA) > epithelial
(adult SE and granulosa cells) > germ cells.

A schematic view of possible pathways for formation of
primary follicles from TA mesenchymal precursors in
adult human ovaries is shown in Fig. 16. The process is

http://www.rbej.com/content/2/1/20

initiated by the differentiation of CK- to CK+ mesenchy-
mal cells in TA. These CK+ mesenchymal cells are associ-
ated with TA flaps and give rise to SE cells directly covering
the ovarian stroma (yellow arched arrow, step 1). The
closing of TA flaps results in the formation of bilaminar
epithelial channels and solid cords in the upper ovarian
cortex (2). These cords are fragmented into epithelial
nests (granulosa cell-like cells [22]), which descend by
stromal rearrangement into an area in the lower cortex
exhibiting lack of Thy-1 dp expression and having an
"ovary within the ovary" (ov-in-ov) pattern (3).

Mesenchymal cells expressing CK also differentiate into
SE cells covering the TA. These cells can be stimulated to
give rise to the ZP+ primitive germ cells (asymmetric divi-
sion), which descend into the TA (4). Then they divide
symmetrically (5) and enter the upper ovarian cortex and
adjacent cortical vessels (6). During vascular transport
(7), the germ cells extend ZP+ projections (green lines) to
the vascular wall, which may delay their transport and
enable maturation into the oocytes. Intravascular oocytes
are picked up by epithelial nests (8), and this results in the
formation of new primary follicles (9). An "alternative"
pathway for germ cell origin (4'), which may exist along
with the "classical" pathway, consists of germ cell differ-
entiation from epithelial crypts in the ovarian cortex (SE-
like cells [22]), which may originate from deep SE invagi-
nations. This "alternative" pathway can supply germ cells
to the neighboring nests directly (dashed arched arrows),
or through the vascular transport (dotted arched arrow) to
nests at distant destinations.

During follicle formation, nest cells contribute to the
development of the Balbiani body (10), which contains
all the mitochondria of the oocytes and persists in resting
human primary follicles (11) [45]. Interestingly, the Bal-
biani body strongly expressed CK18, but was virtually
undetectable with the antibody against other cytokeratins
expressed by granulosa cells (CK 5, 6, 8, 17). This obser-
vation suggests that CK18 might be specific for granulosa
cell mitochondria supplied to oocytes in human ovaries.
Upon certain signals, such as Thy-1 dp secreted by vascu-
lar pericytes (dashed curve), the mitochondria are
released from the Balbiani body, and the oocyte and folli-
cle enter a stage of progressive growth (12).

Mammalian female gametogenesis and evolution

From a phylogenetic viewpoint, it seems contradictory
that mammalian females, including humans, would
evolve a uniquely retrogressive reproductive mechanism,
whereby they are required to preserve their gametes from
the fetal period for up to several decades. Since mamma-
lian female germ cells differentiate from somatic lineage,
why would human female gametes and primary follicles
differentiate during the fetal period, if they are not needed
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until puberty several years later? Development of the
immune tolerance toward self during fetal period of life
[67] might explain this early differentiation of germ cells
and primary ovarian follicles. We have earlier suggested
that germ cells and oocytes differentiate in fetal ovaries in
order to be recognized as self structures [55]. If this does
not occur, the oocytes and primary follicles may face the
fate of the corpus luteum, which is absent in fetal ovaries
and whose functional life in the adult ovary, except during
the immunologically unique situation of pregnancy, lasts
for only several days.

Germ cells and oocytes in the ovarian surface epithelium
Do female germ cells in fetal ovaries migrate from the
ovarian stroma to the SE and leave the ovary? This process
has been suggested to contribute to a reduction of the
germ cell and oocyte pool in fetal and neonatal ovaries
[19,84,85]. There are two critical issues to be discussed
regarding these views.

Firstly, the size of germ cells in the fetal SE (10 um) is sub-
stantially smaller than that of germ cells and oogonia in
the adjacent cortex (15-20 um). Secondly, like in tadpole
or sperm, the germ cell migration is always guided by a
bigger proportion of the cell (nuclear region) with the tail
segment being the last. Yet, some images presented in Ref.
[19,84] and our recent observations [56] indicate that
germ cells with amoeboid evaginations in the SE of fetal
ovaries show an orientation of the nucleus toward the
ovarian stroma. In addition, we show that in adult ova-
ries, the ZP+ germ cells originate from the SE and enter the
ovarian stroma. Yet, we have reported previously that
large cells resembling oocytes may be detected in the SE
and, like in term human fetuses [85], apparently are
extruded in women over 40 years of age [32].

It appears that 10 um ZP+ germ cells originate via asym-
metric division of SE cells (Fig. 9A,9B,9C). If needed -
such as in the second trimester of intrauterine life and the
optimal reproductive period, germ cells are stimulated to
descend into the ovarian stroma and contribute to the for-
mation of new primary follicles (Fig. 10). Otherwise,
germ cells may be prevented from entering the ovarian
stroma, thereby left to differentiate within SE into oocytes,
and stimulated to leave the ovary. One may speculate that
since the Balbiani body (source of mitochondria) can not
be formed without the contribution of granulosa cells,
such oocytes have no chance to mature functionally, com-
plete the first meiotic division, and be fertilized.

Presumptive germline stem cells were recently reported to
reside in the SE of mouse ovaries (63 + 8 cells per juvenile
ovary, n = 4 mice) [13]. The ovoid cells demonstrated are
unusually large (~v30-40 pm in diameter). In reality, how-
ever, such large presumptive germline stem cells, and their
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protrusion from the ovarian surface toward bursal cavity,
as shown by Johnson et al. in Fig. 2a[13], closely resemble
those seen with an extrusion of large oocytes from the
ovary, which has been described in neonatal human ova-
ries [85], or in ovaries of premenopausal women [32] (see
also above).

Differentiation of germ cells and MAPK expression

The resting primary follicles have been shown to exhibit
strong cytoplasmic but no nuclear immunoexpression of
MAPK [31], an enzyme which stimulates the differentia-
tion of somatic and germ cells [86,87]. We show that both
the cytoplasmic and nuclear MAPK staining is apparent
during oocyte assembly with epithelial nest cells, as well
as in actually formed (adjacent) primary follicles. Interest-
ingly, the paranuclear Balbiani body in primary follicles
showed a low MAPK immunoexpression, suggesting a
lack of its activation after follicle formation. Translocation
of cytoplasmic to nuclear MAPK expression appeared with
an increase of follicle size (initiation of follicular growth),
but MAPK staining was virtually absent in oocytes of pri-
mary follicles undergoing atresia [31].

These data indicate that differentiation of germ cells,
oocyte assembly with nests of primitive granulosa cells,
and oocyte growth in secondary follicles requires the
nuclear expression of MAPK. A lack of nuclear MAPK
expression is associated with oocytes in resting primary
follicles. On the other hand, cytoplasmic MAPK
expression appears during the differentiation of germ cells
into oocytes. It persists in oocytes of resting follicles, and
is depleted in the oocytes undergoing atresia. This indi-
cates that cytoplasmic MAPK expression in resting
(healthy) follicles may represent a readiness of oocytes for
the nuclear transfer required for resumption of oocyte
(follicular) growth. Also, characteristics of MAPK immu-
noexpression appear to be excellent indicators of the fol-
licular condition - follicle formation, resting vs.
degenerating primary follicles, and resumption of follicu-
lar growth.

Alternative pathway for germ cell origin in adult human
ovaries

This study may contribute to a better understanding of the
mechanisms enabling mammalian females to maintain a
relatively constant number of primary follicles during the
optimal reproductive period, despite the continuous
depletion of primary follicles through atresia. In our pre-
vious report [32], we described the occurrence of putative
germ cells in the surface epithelium covering the tunica
albuginea - a "classical" pathway of germ cell origin sug-
gested by Waldeyer [1]. The data presented here indicate
that an "alternative" pathway also exists, consisting of
germ cell development from epithelial crypts in the ovar-
ian cortex.
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We show that in the ovarian cortex, the crypts lie in the
proximity of epithelial nests (fragmented cords), and the
same applies for some primary follicles. It is possible that
this "alternative" pathway occurs more regularly during
the reproductive period of life than the "classical" path-
way characteristic for human fetal ovaries, because crypts
reaching the lower ovarian cortex can deliver germ cells to
the neighboring epithelial nests directly, without requir-
ing vascular delivery. Furthermore, it appears that the
germ cells are capable of reaching epithelial nests by their
own movement, up to a distance of about 150 um (Fig.
12). However, vascular transport of germ cells may still
occur for nests which are more distant.

The "ovary within the ovary" pattern

Primary follicles are typically located in isolated segments
of the ovarian cortex, which exhibit a lack of Thy-1 dp
expression by cortical fibroblasts. Production of Thy-1 dp,
a primitive member of the immunoglobulin gene super-
family of molecules [88], by vascular pericytes is not only
associated with a progression of follicular growth [32,89],
but with differentiation of epithelial cells in general [83].
We show that growing follicles in the "ovary within the
ovary" segments are accompanied by Thy-1 dp secretion
from vascular pericytes, in contrast to the lack of vascular
activity associated with resting primary follicles (Fig. 13).
It has been suggested that the number of follicles entering
growth from a given cohort is under the control of Thy-1
dp secretion from vascular pericytes [32], possibly regu-
lated by the autonomic ovarian innervation, which is
involved in the regulation of quantitative aspects of tissue
homeostasis [89,90]. Consequently, preservation of pri-
mary follicles in the resting state appears to require lack
Thy-1 dp stromal expression.

Vascular transport

To reach distant destinations during embryonal period of
life, germ cells in large mammals have been shown to uti-
lize a vascular route [4,42], and a similar mechanism may
operate in adult human ovaries [32]. It remains unclear,
however, why cells leave the circulating blood at a certain
site. We show that germ cells can be detected within and
around the cortical vessels of adult human ovaries. During
vascular transport, germ cells increase in size and show
ZP+ projections toward the vascular wall. These ZP+
projections may be a signal for epithelial nests (primitive
granulosa cells) to associate with the particular vessel
involved in the oocyte transport. Blood transport is rapid,
so one may wonder that this can be done within few sec-
onds or less.

We propose that the ZP+ projections from intravascular
germ cells/oocytes represent anchors to the vascular wall,
which may substantially prolong the time in which the
cells are transported toward their targets. Also, association
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of epithelial nest with the vascular wall in the lower ovar-
ian cortex appears to result in the formation of a pocket at
the vascular side (Fig. 7A,7B,7C,7D, 8C), enabling blood
flow to pass uninterrupted and bring the slowly mowing
oocyte. The association of epithelial nests with a particular
vascular segment may explain the often observed close
(side by side) association of primary follicles in adult
human ovaries (see Fig. 3,5,8 and ref. [48]). In addition,
epithelial nests are either in contact or penetrated by nerve
terminals [22]. Neural signaling may contribute to their
association with proper vessels. Local involvement of
tissue macrophages may play a role, at least in some
instances (see Fig. 12), and their function may decline
with age advancement [32,91-94]. Finally, in spite of their
effort, intravascular oocytes may not succeed in their
attempt to associate with epithelial nests. This may be due
to the limited number of nests produced in a given time
and the regression of the blood flow, e.g., through the cor-
pus albicans (Fig. 14A,14B,14C). Unused oocytes leave
the medullary vessels (Fig. 14D) or anchor to the vascular
wall and degenerate (Fig. 14E,14F).

Oocyte remnants

We speculate that each germ cell emerging in adult ovaries
has a limited period of time during which it must assem-
ble with epithelial nests and form the Balbiani body in
order to persist. Each primitive germ cell will differentiate
into the oocyte during a certain period of time, regardless
if it is utilized for primary follicle formation or not. An
exciting aspect of this report is the occurrence of accumu-
lated oocytes and oocyte remnants in some medullary ves-
sels. Their detection may document an ongoing
differentiation of new oocytes, since these oocyte rem-
nants have been observed only in ovaries exhibiting the
formation of new primary follicles. It is believed that the
total number of oocytes produced within a given time in
adult ovaries exceeds by several fold the number of
oocytes successfully forming primary follicles. This indi-
cates that the number of newly formed primary follicles is
determined by the number of available epithelial nests.
Since the nests of primitive granulosa cells are innervated
[22], and autonomic innervation determines quantitative
aspects of tissue homeostasis [32,89,90], the number of
newly formed primary follicles (adaptive folliculogenesis)
could be under the neural control. Our unpublished
observations indicate that there are no such oocyte rem-
nants in women >40 years of age. This is in a good
agreement with the significant decline of the follicular
pool reported by others [53,54].

Follicular atresia

Atresia of primary follicles is common during the repro-
ductive period of human females [51]. Our observations
suggest that it is a rapid process, assisted by the massive
influx of macrophages. The process resembles immune-

Page 26 of 30

(page number not for citation purposes)



Reproductive Biology and Endocrinology 2004, 2

system mediated corpus luteum regression [94]. Gougeon
suggested that depletion of the primary follicle pool is
caused mainly by atresia in younger women and by
entrance into the growing pool in older women, with the
change-over at 38 + 2.4 years [54]. Since cyclic ovarian
function continues in "early premenopausal” women, we
speculate that ~10000 primary follicles detected during
the age period 40-44 years (Fig. 15B) is a sufficient depot
for continuation of ovulatory ovarian function. A 50000
difference compared to younger females fits well with the
observation that 70-95% of oocytes in primary follicles
show various stages of degeneration [51,52]. It appears
that Gougeon was right, and it is possible to conclude that
the pool of healthy primary follicles is at least 10000 dur-
ing the reproductive years.

In younger females, an ongoing atresia of primary follicles
appears to be associated with preparation for a new wave
of follicular formation. We propose that during the opti-
mal reproductive period in human females, ongoing
atresia affects groups of older primary follicles, and this is
compensated for by formation of new primary follicle
cohorts. Such follicular turnover may prevent an accumu-
lation of spontaneous or environmentally induced
genetic alterations of oocytes in resting primary follicles.

Environmental hazards are increasing, and they include
pollutant emissions, radiation, nutrition containing
dangerous chemicals, synthetic fertilizers and toxic pesti-
cides, and (retro)viral diseases. In addition, human popu-
lation is also compromised by pharmaceutical and
addictive drugs, alcohol consumption and smoking, and
cytostatic and radiation therapy. Renewal of healthy
oocytes is apparent from former report of the Scientific
Committee of United Nations indicating that women,
which were subjected to the sterilizing dose of radiation
from atomic bombs in Hiroshima and Nagasaki, eventu-
ally resumed menstrual cycles, and some of them gave a
birth to healthy babies [95]. This indicates that human
females, and possibly some other mammalian species,
may have evolved a sophisticated mechanism for follicu-
lar renewal resisting environmental threats, contrasting a
persistence of (potentially vulnerable) germline stem cells
in adult ovaries of other species, e.g., Amphibia [66].

The atresia and renewal of the existing follicular pool may
gradually diminish by the end of the third decade of life,
and remaining primary follicles may persist without
replacement. Since some primary follicles can still be
detected in ovaries of females at the end of the fourth dec-
ade of life (blue columns, Fig. 15), and such follicular
pool in essence declines during the fourth decade of life
by transformation into the growing follicles [54], it is pos-
sible that in ovaries of human females, primary follicles
persist for up to 12-14 years.
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However, it is well documented that advanced maternal
age is often associated with compromised oocyte quality,
aneuploid embryos, and higher rate of Down syndrome,
anencephaly, and multiple fetal congenital anomalies
resulting from abnormal chromosomes 13, 16, 18, 21, 22,
X, and Y [96-112], mainly due to the non-disjunction dur-
ing oocyte meiosis [97].

The frequency of abnormal fetal karyotypes in different
maternal age groups was found to increase from 1:20 at
38-40years, to 1:16 at 41-43 years, and finally to 1:4.5 in
women of 44-46 years [96]. Similar data were reported in
another study, where 2 of 123 cases in 35- to 39-year-old
women showed an incidence of chromosomal anomalies
as high as 1.6%; 7 of 117 cases in 40- to 44-year-old moth-
ers an incidence of 6.0%; and 4 of 16 mothers in the 45-
to 49-year-old age group an incidence of 25.0% [97]. Also,
the rate of all dlinically significant chromosomal
abnormalities of cytogenetically abnormal fetuses consid-
ered together was about five per 1,000 at age 35 years, 15
per 1,000 at age 40 years, and 50 per 1,000 at age 45 years
[98].

These data indicate that the longer resting primary folli-
cles persist within the ovary, the lower is the capacity of
oocytes to produce normal human progeny. Interestingly,
12-14 year life span of primary follicles also coincides
with the human female age at menarche, and one may
speculate that fetal primary follicles may persist (orange
columns, Fig 15) till the beginning of regular ovarian
function, when an initiation of folliculogenesis (forma-
tion of new primary follicles) resumes and lasts during the
optimal reproductive years (green columns, Fig 15).

Conclusion

This study expands our earlier and recent observations
and views on the formation of germ cells in adult human
ovaries [31,32,55,56]. Earlier and recent in vivo and in vitro
studies have shown that mouse embryonic germ cells dif-
ferentiate from somatic lineage [7-9,11,12] and adult ova-
ries of prosimian primates and mice possess mitotically
active germ cells [13-17] of uncertain origin. We provide
direct evidence that in ovaries of adult human females, the
components for new human primary follicles, primitive
granulosa and germ cells, differentiate sequentially and de
novo from the CK+ mesenchymal progenitor cells residing
in the ovarian tunica albuginea, and new primary follicles
are formed by assembly of oocytes with nests of primitive
granulosa cells in the ovarian cortex. In contrast to males,
adult human female gonads do not possess germline stem
cells. This also contrasts with a continuous preservation of
the germline stem cells in ovaries of invertebrates, lower
vertebrates, birds, prosimian primates, and possibly mice.
The number of newly formed primary follicles in adult
human ovaries appears to be determined by the number
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of developing nests of primitive granulosa cells supplied
by a higher number of available oocytes. Formation of
new primary follicles throughout the reproductive period
may compensate for the well documented atresia of a sig-
nificant proportion of the follicular pool. This may
contribute to the selection of the best possible oocytes and
ensure preservation of the relatively constant number of
primary follicles found in human females between 18 and
38 years of life. Differentiation of primitive granulosa and
germ cells from the bipotent mesenchymal cell precursors
of TA in adult human ovaries, and by extrapolation in
some other mammals with reproductive period distant
from fetal folliculogenesis, may represent a most sophisti-
cated mechanism created during the evolution of female
reproduction. It appears that during the reproductive
period in human females, the pool of primary follicles
does not represent a static but a dynamic population of
differentiating and regressing structures. An essential mis-
sion of such follicular turnover might be elimination of
spontaneous or environmentally induced genetic altera-
tions of oocytes in resting primary follicles.
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