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Abstract. The genetic and molecular mechanisms that control the development of capillary blood
vessels during follicular development are beginning to be elucidated. Ovarian follicles contain and
produce angiogenic factors that may act alone or in concert to regulate the process of thecal
angiogenesis. These factors are ultimately controlled by endocrine, paracrine and autocrine
regulation. A recent study indicated that vascular endothelial growth factor (VEGF) plays an
important role in the process of thecal angiogenesis during follicular development. We are
developing a novel technology for the induction of follicular development using the technique of in
vivo gene administration. Here, we summarize the recent progress of our research.
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Specific Structure of The Microvasculature in
the Porcine Ovary

During the reproductive period in female rabbits,
the whole ovarian vascular bed undergoes specific
and complex alterations that have an intimate
relationship with the endocrine and ovulatory
activities of the ovary [1]. In particular, these
vascular modifications mainly involve the ovarian
microvasculature and are related to development
of the luteofollicular complex [2, 3]. The method of
vascular corrosion casting associated with scanning
electron microscopy (SEM) is especially well suited
to the detailed morphological analysis of
microvascular systems, as it offers quasi three-
dimensional images of relatively high resolution
[4]. Several SEM studies of vascular corrosion casts
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have been performed on the microvasculature of
the ovary in rodents, rabbits, horses, cows, and
sheep [5-9].

A recent study by Jiang et al. using corrosion
casts for SEM revealed the structure of the
microvasculature in the porcine ovary [10]. Porcine
ovaries have coiled arteries and spiraling branches
in the hilus and in the cortex, respectively (Fig. 1).
In addition, small arterioles originating from the
cortical coiled arteries straighten before entering
the vascular complexes of the follicles. Follicles of
150-300 ym in diameter were surrounded by a
polygonal meshwork of a few large capillary
meshes, but no basket-like structure was visible
(Fig. 2). Some follicles of 500-700 ym in diameter
had a spherical meshwork of a few or several
capillaries, and the capillary network was arranged
as a thin single layer of capillaries (Fig. 3). The
microvascular architecture of follicles of 1,000~
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2,000 ym in diameter was composed of three layers
of vascular plexus (Fig. 3). The inner plexus
consisted of a small, spherical, basket-like capillary
network that was not well developed. The middle
layer consisted of small arterioles and venules, and
the outer layer was a coarse capillary plexus. In
antral follicles with a diameter of more than 2,000
um, the microvasculature was arranged as an inner
vascular plexus of about 25 um with dense
capillaries, a middle layer of about 100 ym and an
outer capillary plexus of about 30 ym in thickness
(Fig. 3). The microvasculature of large follicles had
sparse capillary networks or avascular areas in the
apical region (Fig. 4).

The microvascular architecture and its changes in
the follicles of pigs are different from those in rats,

Artery configurations in the cortex of the porcine ovary (a, b) and follicles (c, d). Insert: Higher
magnification view of the selected area in a (small triangle coiled artery). b, ¢ Large arrowheads Straight
arterioles from coiled arteries before entering follicles. d Higher magnification view of the selected area
in ¢ (asterisk dicotomy of an arteriole in follicles). Connections between arteriole-derived capillaries (AC)
and vein-derived capillaries (VC) were also observed (d). Bars=1.38 mm (a, c), 300 um (insert in a), 400
pm (b), 120 um (d).

but similar to those in rabbits and cows, especially
those of the large antral follicles. In the rat, the
vascular bed of developing and mature follicles
remains in a single-layered wreath configuration
during development [11]. However, in ovaries of
the rabbit [5, 6, 11, 12] and cow [9], the single-
layered capillary wreath in the small-sized follicles
becomes a multilayered structure in the thickened
theca interna as the follicles develop into larger and
more mature Graafian follicles. These
morphological changes in follicular
microvasculature support the need for an increase
in blood supply as follicles develop.

The results of study by Jiang et al. indicate that
the distribution of capillaries in the inner plexus
varies greatly from region to region in the



REVIEW: ANGIOGENIC IN THE OVARY 183

microvasculature of antral follicles in the pig.
These findings are similar to those in unstimulated
rabbits [11, 12] and support those reported
previously in other animals. Studies on the non-
invasive evaluation of ovarian and follicular blood
flow in women by transvaginal color Doppler
ultrasonography [13-17] have revealed marked
regional differences in follicular blood flow with
sustained increases in the basal and lateral walls of
preovulatory follicles and concomitant decreases in
the flow to their apical regions [18]. These vascular
changes are probably necessary for follicle rupture
as has been suggested on the basis of in vivo [19]
and in vitro [20, 21] studies in the rat. A recent
study on the microvascular network of bovine
ovarian follicles indicates that von Willebrand
factor (vWEF, a specific marker of endothelial
damage) positive areas are first observed in the

Microvasculature of primordial or primary follicles (stars in a) and small antral (b) and medium
antral (c, d) follicles in the porcine ovary. b Small arrowheads necks of drainage capillaries that
connect to venular vessels (v). d Higher magnification view of the selected area in c. Budding
(arrowheads) and sprouting (arrows) images indicate angiogenesis of venular capillaries (vc).
Capillaries that contact each other in parallel are indicated by open rectangles. Bars 300= um (a, b),
1.38 mm (c), 200 um (d).

outer layer of the theca interna in healthy follicles
and vary from region to region in the same follicles
and among follicles according to health or atresia.
In the theca interna, the vVWF-positive area is
significantly greater in advanced and late atretic
follicles compared with healthy and early atretic
follicles in all regions, except for the apical region of
advanced atretic follicles [22]. It has also been
suggested that differences in vascular development
are important in follicle selection and the selective
maturation of preovulatory follicles [23]. In the
atretic follicles of sheep, a progressive decrease in
the number of capillaries lying close to the basal
lamina occurs as atresia advances [24]. In contrast
to those in developing follicles, a study of rabbit
follicles has indicated that the capillaries in atretic
follicles are usually thin and have few or no
sprouts, are not uniformly distributed, and vary in
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Fig.3. View of a freeze-fractured vascular cast of the porcine ovary. a The vascular
plexuses of pre-antral (PF) and antral (AF) follicles are exposed. Higher
magnification views of the vascular plexuses of pre-antral (b) and small
antral follicles (c, d) are shown (F follicles). Bars=1.38 mm (a), 300 um (b),
400 pm (c), 900 um (d).

size and arrangement especially in the inner layer
of antral follicles [7].

Artifacts such as resin leakage, filling defects,
and blunt capillary ends associated with vascular
corrosion casts have been reported previously [8].

In a recent study by Jiang et al., the vessels were
well filled with the casting medium. Artifacts, if
they occurred, were limited and did not affect the
observations of the natural follicular
microvasculature. Numerous round resin leakages
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Fig. 4.

projecting into the inner cavity were observed only
in the capillaries of large porcine follicles (Fig. 6a).
This finding was in agreement with those in man,
rabbits, and primates but different from that in the
rat [5, 12]. These marked leakages may be
attributable to the extraordinary weakness of the
vascular walls and/or the markedly increased
permeability of the capillaries in preovulatory
follicles [2, 3, 25, 26].

In conclusion, the structure and changes of the
follicular microvasculature in pigs are different
from those in rats, but similar to those in larger

Vascular architecture of large (9.9 mm) porcine follicles. Several
vascular plexuses of pre-antral follicles (PF) around those of large
follicles were observed. Arterial (a) and venous (v, V) vessels are
indicated. Bar=1.38 mm.

animals such as rabbits and cows.

Angiogenesis in the Mammalian Ovary

Vascular development occurs in two stages: an
early stage of vasculogenesis, and a later stage that
has been termed angiogenesis. Vasculogenesis is
the mechanism by which the primary capillary
network is formed from mesoderm-derived
precursors (hemangioblasts), through a process of
differentiation, proliferation, and coalescence to
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Capillaries in the inner plexus of large follicles (7 mm
in diameter) from gilts treated with eCG (a) and those
(5 mm in diameter) from controls (b) are shown. Note
well-developed capillaries with higher density in (a)
compared with those in (b). Bar=200 ym.

form the primitive vascular network [27, 28].
Vasculogenesis is mainly found during the prenatal
period. Angiogenesis refers to the formation of
new capillary blood vessels from preexisting
microvessels by remodeling of the primary plexus.
The angiogenic process begins with endothelial cell
proliferation and migration into the primary
vascular network, which lead to vascularization of
previously avascular tissues and organs as well as
to growth and remodeling of the initially
homogeneous capillary plexus to form a new
microcirculation.

Angiogenesis in the adult is related particularly
to pathological situations such as tumor growth
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Fig. 6. The number of capillaries in theca interna of antral

follicles larger than 3 mm in diameter in ovaries of
prepubertal gilts with (n=4) or without (n=4) eCG
injection. Values with different superscripts are
significantly different from each other at P<0.05.

and metastasis. Physiologic angiogenesis in the
adult is prominent only in the female reproductive
system. It takes place in the uterus, placenta,
mammary glands and ovaries [28]. In the ovaries,
each specific phase of the hormonal cycle is
accompanied by radical changes of the vascular
bed. The ovarian vasculature is not distributed
equally among the plethora of non-growing and
growing follicles [29]; primordial and preantral
follicles do not have any vascular supply of their
own, but instead are supported by vessels in the
surrounding stroma. However, as the antrum
develops in the follicle, thecal angiogenesis
involving the differentiation of two capillary
networks located in the theca interna and externa
occurs. Entering the theca interna, the arterioles
break up into a rich network of capillaries that
builds a basket-like network around the avascular
stratum granulosum. The capillary networks are
connected, and all capillary blood exits from the
theca interna into small vessels, which become
continuous with ovarian stromal veins. Since all
capillaries remain outside the basement membrane
of the follicle, the granulosa cell layer remains
avascular until about the time of ovulation.

A previous study using immunohistochemical
markers for vascular endothelial cells indicated that
vascular density increases during follicle
development from the preantral to antral stage [30].
By contrast, one of the earliest signs of follicular
atresia is the association of reduced DNA synthesis
in endothelial cells with reduced vascularity of the
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bar) eCG injection. The expressions of each factor
were normalized on the basis of beta-actin mRNA
content. The data indicate the mean + se (n=6).
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Expression of Flt-1, Flk-1/KDR, bFGF-R and EGF-R
mRNAs in theca shells of small (<4 mm), medium
(4-5 mm) and large (>5 mm) follicles from
prepubertal gilts with (closed bar) or without (open
bar) eCG injection. The expressions of each factor
were normalized on the basis of beta-actin mRNA
content. The data are indicated as the mean * se (n=
6). Different superscripts denote significantly
different values (P<0.05).
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follicle [31]. The early atretic follicles regenerated
when placed in an in vitro culture, suggesting that
the follicle remains in its atretic state due to a
decrease in vascularity, which limits access to
nutrients, substrates and tropic hormones [32]. All
preovulatory follicles of monkeys had similar
concentrations of gonadotropin binding sites;
however, only the follicle destined to ovulate (the
dominant follicle) became heavily labeled after
intravenous injection of radiolabeled gonadotropin
[23]. This selective in vivo uptake of gonadotropin
was associated with increased vascularity of the
dominant follicles. Classic studies of ovarian
morphology showed that the capillary network of
preovulatory follicles was more extensive than that
of other follicles [33, 34]. Taken together, follicular
development as well as atresia is associated with,
and dependent on, the degree of vascular
development and support.

Angiogenic Factors and Their Roles in the
Ovary

The extract of the thecal layer, but not the
granulosa cell layer, of pig follicles stimulated
migration and proliferation of endothelial cells in
vitro [35]. This observation was potentially
significant, since only the thecal layer of follicles is
well vascularized, whereas the granulosa cell layer
is avascular [32]. The media conditioned by
granulosa cells stimulated the migration [36] and
proliferation [37] of endothelial cells.

A recent study reported that vascular endothelial
growth factor (VEGF), known as a potent mitogen
for endothelial cells [38] and as a stimulator of
vascular permeability [39, 40], was expressed in
granulosa cells isolated from pig follicles [41, 42].
Moreover, it has been demonstrated that the short-
term inhibition of angiogenesis after anti-VEGF
antibody administration during the later growth
phase of the dominant follicle interferes with its
normal development [43], and the blocking of
VEGEF action by treatment with a soluble truncated
form of the fms-like tyrosine kinase (Flt-1) receptor
resulted in an 87% decrease of proliferation in the
theca of secondary and tertiary follicles, a reduction
in endothelial cell area and a marked decline in Flt-
1 mRNA expression [44]. These studies suggest
that VEGF is associated with follicular
development in the mammalian ovary. Basic

fibroblast growth factor (bFGF) and epidermal
growth factor (EGF) also have angiogenic action in
the ovary [45-48]. DbFGF mRNA was
predominantly localized in the granulosa cells of
the dominant follicles of the rat ovary [49]. In the
bovine ovary, bFGF mRNA expression in the theca
interna increased significantly during the final
growth of follicles, whereas its expression in
granulosa cells was very weak [50]. Previous
studies indicated that EGF is an angiogenic factor
[51, 52], and EGF was shown to enhance the
proliferation of vascular endothelial cells in vitro
[53] and affect neovascularization in vivo [48]. EGF
is soluble in tissue fluid, can be translocated in
tissues and induces endothelial cells to proliferate
and form capillaries [53]. Immunocytochemical
studies showed that EGF peptide was localized in
the cumulus cells and granulosa cells [54], and in
thecal and interstitial cells around growing follicles
[46, 55]. Angiogenic factors such as VEGF, bFGF
and EGF act via their receptors in target cells.
There are two phosphotyrosine kinase receptors for
VEGF, namely Flt-1 and fetal liver kinase (Flk-1), or
the murine homolog of the kinase domain region
(KDR), sharing 85% sequence identity with human
KDR [56-60], bFGF receptor (bFGF-R) and EGF
receptor (EGF-R). Flt-1, Flk-1/KDR and bFGF-R
mRNAs are expressed in the theca interna of
bovine ovarian follicles [65]. In the porcine ovary, a
very strong EGF-R mRNA signal was observed in
the cumulus, granulosa, and theca cells [54].

Initial reports on angiogenic activity of ovarian
follicles were inconclusive, and the relationships
among the stage of follicular development,
gonadotropin treatment and follicular angiogenesis
were unclear. To evaluate these relationships, we
stimulated follicular development in gilts by
equine chorionic gonadotropin (eCG) treatment
[42]. Granulosa cells and thecal tissues in small (<4
mm), medium (4-5 mm) or large (>5 mm)
individual follicles were collected for detection of
mRNA expression of VEGF120, VEGF 164, bFGF
and EGF in granulosa cells, and Flt-1, Flk-1 or KDR,
bFGF receptor (bFGF-R) and EGF receptor (EGF-R)
in thecal tissue. Although the number of capillaries
in the theca interna in healthy follicles larger than 3
mm in diameter did not change in the controls, eCG
treatment significantly increased the capillary
population as the follicles grew (Figs. 5 and 6). The
expression of VEGF 120, VEGF 164 and bFGF
mRNAs increased in granulosa cells of medium
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and large follicles from ovaries of prepubertal gilts
after eCG treatment (Fig. 7). Gonadotropins have
been shown to stimulate the production and
expression of VEGF in vitro [61, 62]. We found that
eCG induced the expression of VEGF 120 and
VEGF 164 mRNAs in granulosa cells in vivo. In
particular, the differences between the control and
eCG groups in VEGF 120 mRNA expression in
medium and large follicles were to a larger degree
than those of VEGF 164, suggesting that VEGF 120
may be a major mediator in angiogenesis during
porcine follicular development (Fig. 7A,B,C).
VEGF mRNA expression is regulated by a variety
of factors. Insulin-like growth factor I (IGF-I) has
been shown to induce VEGF mRNA in cultured
colorectal carcinoma cells [63]. In the ovary,
follicle-stimulating hormone (FSH) stimulates the
production of IGF-I in porcine granulosa cells in
vitro [64]. Thus, in this study, the increase in VEGF
mRNA expression in the granulosa cells may be
caused by IGF-I produced by eCG.

Flt-1, F1k-1/KDR and bFGF-R mRNA expression
increased in thecal cells of medium and large
follicles after eCG treatment. Our results [42]
indicated that the expression of Flt-1 and Flk-1/
KDR mRNA increased in thecal tissue of medium
and large follicles after eCG treatment and
paralleled the expression of VEGF 120 and VEGF
164 mRNA, suggesting that the expression of Flt-1
and Flk-1/KDR might be activated by VEGF
isoforms (Fig. 8A, B). The expression of Flt-1 and
Flk-1/KDR was reported to be affected by hypoxia,
although to a lesser extent than that of VEGF [65].
However, the effect of hypoxia on angiogenic
receptors in thecal tissue during follicular
development is still unknown. We observed that
bFGF-R mRNA was expressed in thecal tissue, and
paralleled the expression of bFGF mRNA in
granulosa cells (Figs. 7 C and 8 C). Therefore, the
results of that study supported the previous
hypothesis that this factor may be involved in the
vascularization of the theca interna [66].

The expression of EGF mRNA increased in
granulosa cells of small, medium and large follicles
from ovaries after eCG treatment, but the mRNA
expression of EGF-R in thecal tissue did not change
(Figs. 7D and 8D). The expression of EGF mRNA in
granulosa cells increased with eCG treatment at all
developmental stages, while the expression of EGF-
R mRNA in thecal cells was unchanged. EGF
causes the suppression of granulosa cell apoptosis

[67] and granulosa cell proliferation [68]. The
exposure of quiescent human keratinocytes to EGF
resulted in a marked induction of VEGF mRNA
expression [69]. In addition, EGF stimulated VEGF
release by cultured glioblastoma cells [70].
Therefore, our results [42] suggest that EGF
stimulates the granulosa cell proliferation and is
indirectly associated with the formation of the
capillary network during porcine follicular
development.

In conclusion, our study [42] provides evidence
that VEGF may be a major inducer of vascular
development during follicular development in
eCG-primed gilts and may contribute to ovarian
disorders, including polycystic ovarian syndrome
(PCOS), follicular cyst formation, luteal phase
defects (LPD) and benign and malignant
neoplasms [71]. Moreover, understanding the
interaction between the ovarian vasculature and
angiogenic factors during infertility therapy, such
as controlled ovarian stimulation (COS) protocols,
and associated side-effects, i.e. ovarian
hyperstimulation syndrome (OHSS), is important.

PCOS is an aberrant condition of the ovary
originally described by Stein and Leventhal [72].
While PCOS has been associated with healthy
fertile women of reproductive age [73], it represents
an astonishing 75% of cases involving anovulatory
infertility [74]. Morphologically, PCOS is
characterized by the presence of multiple small
antral follicles localized around the periphery of
the ovary. Although the aetiology of this multi-
faceted disease remains subject to debate, non-
surgical approaches to treating PCOS-related
infertility include controlling gonadotropin
secretion [74] and insulin sensitivity [75].
Therefore, we suggest that a technique to induce
follicular development by gene injection may
resolve the problems of infertility or ovarian
dysfunction.

Prospects

We are developing a new technology for
repeated collection of meiotically competent
oocytes from antral follicles in live animals that
represents an important tool for linking in vitro
embryo production to animal breeding, and for
treating ovarian diseases such as PCOS and OHSS.
As angiogenic and anti-angiogenic agents are being
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developed for clinical use, their potential
application to the manipulation of the reproductive
function and for the treatment of pathological
conditions is being carefully monitored.
Overexpression of VEGF in the ovary by gene
injection, in contrast, may contribute to the

10.

11.

References

Nottola SA, Macchiarelli G, Motta PM. The
angioarchitecture of estrous, pseudopregnant and
pregnant rabbit ovary as seen by scanning electron
microscopy of vascular corrosion casts. Cell Tissue
Res 1997; 288: 353-363.

Bjersing L, Cajander S. Ovulation and the
mechanism of follicle rupture. VI. Ultrastructure of
theca interna and the inner vascular network
surrounding rabbit Graafian follicles prior to
induced ovulation. Cell Tissue Res 1973; 153: 31-44.
Cherney DD, Didio L], Motta P. The development
of rabbit ovarian follicles following copulation. Fertil
Steril 1975; 26: 257-270.

Miodonski AJ, Litwin JA. Microvascular
architecture of the human urinary bladder wall: a
corrosion casting study. Anat Rec 1999; 254: 375-381.
Kanzaki H, Okamura H, Okuda Y, Takenaka A,
Morimoto K, Nishimura T. Scanning electron
microscopic study of rabbit ovarian follicle
microvasculature using resin injection-corrosion
casts. | Anat 1982; 134: 697-704.

Kitai H, Yoshimura Y, Wright KH, Santulli R,
Wallach EE. Microvasculature of preovulatory
follicles: comparison of in situ and in vitro perfused
rabbit ovaries following stimulation of ovulation.
Am | Obstet Gynecol 1985; 152: 889-895.

Macchiarelli G, Nottola SA, Vizza E, Familiari G,
Kikuta A, Murakami T, Motta PM.
Microvasculature of growing and atretic follicles in
the rabbit ovary: a SEM study of corrosion casts.
Arch Histol Cytol 1993; 56: 1-12.

Murakami T, Ikebuchi Y, Ohtsuka A, Kikuta A,
Taguchi T, Ohtani O. The blood vascular wreath of
rat ovarian follicle, with special reference to its
changes in ovulation and luteinization: a scanning
electron microscopic study of corrosion casts. Arch
Histol Cytol 1988; 51: 299-313.

Yamada O, Abe M, Takehana K, Hiraga T, Iwasa
K, Hiratsuka T. Microvascular changes during the
development of follicles in bovine ovaries: a study
of corrosion casts by scanning electron microscopy.
Arch Histol Cytol 1995; 58: 567-574.

Jiang JY, Macchiarelli G, Miyabayashi K, Sato E.
Follicular microvasculature in the porcine ovary.
Cell Tissue Res 2002; 310: 93-101.

Kikuta A, Macchiarelli G, Murakami T.

collection of many high quality oocytes from
animals. We believe that future study of thecal
angiogenesis could offer an innovative protocol for
the development of novel therapies for the
prevention and treatment of infertility associated
with ovarian dysfunction.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Microvasculature of the ovary. In: Familiari G,
Makabe S, Motta PM (eds) Ultrastructure of the
Ovary. Kluwer, Boston, 1991; 239-254.

Macchiarelli G. The microvasculature of the ovary:
areview by SEM of vascular corrosion casts. | Reprod
Dev 2000; 46: 207-225.

Abisogun AO, Daphna-Iken D, Reich R,
Kranzfelder D, Tsafriri A. Modulatory role of
eicosanoids in vascular changes during the
preovulatory period in the rat. Biol Reprod 1988; 38:
756-762.

Blasco L, Wu CH, Flickinger GL, Pearlmutter D,
Mikhail G. Cardiac output and genital blood flow
distribution during the preovulatory period in
rabbits. Biol Reprod 1975; 13: 581-586.

Janson PO. Effects of luteinizing hormone on blood
in the follicular rabbit ovary as measured by
radioactive microspheres. Acta Endocrinol 1975; 79:
122-123.

Lee W, Novy MJ. Effects of luteinizing hormone
and indomethacin on blood flow and
steroidogenesis in the rabbit ovary. Biol Reprod 1978;
18: 799-807.

Murdoch W], Nix KJ, Dunn TG. Dynamics of
ovarian blood supply to periovulatory follicles of
the ewe. Biol Reprod 1983; 28: 1001-1006.
Brannstrom M, Zackrisson U, Hagstrom HG,
Josefsson B, Hellberg P, Granberg S, Collins WP,
Bourne T. Preovulatory changes of blood flow in
different regions of the human follicle. Fertil Steril
1998; 69: 435-442.

Brannstrom M, Lofman C, Mikuni M, Janson PO,
Zackrisson U. Morphological and vascular changes
during ovulation in vivo in the rat. Biol Reprod 1997;
56: abstract no. 178.

Bonello N, McKie K, Jasper M, Andrew L, Ross N,
Braybon E, Brannstrom M, Norman RJ. Inhibition
of nitric oxide: effects on interleukin-1 beta-
enhanced ovulation rate, steroid hormones, and
ovarian leukocyte distribution at ovulation in the
rat. Biol Reprod 1996; 54: 436-445.

Lofman CO, Brannstrom M, Holmes PV, Janson
PO. Ovulation in the isolated perfused rat ovary as
documented by intravital microscopy. Steroids 1989;
54: 481-490.

Isobe N, Kawai H, Yoshimura Y, Nakao T. Changes



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

REVIEW: ANGIOGENIC IN THE OVARY 191

in the localization of immuroreactive von
Willebrand factor in microvascular network of
bovine ovarian follicles during atresia. Anim Sci |
2001; 72: 473-482.

Zeleznick A]J, Schuler HM, Reichert LE Jr.
Gonadotropin-binding sites in the rhesus monkey
ovary: role of the vasculature in the selective
distribution of human chorionic gonadotropin to the
preovulatory follicle. Endocrinology 1981; 109: 356-
362.

Hay MR, Cran DG, Moor RM. Structural changes
occurring during atresia in sheep ovarian follicles.
Cell Tissue Res 1976; 169: 515-529.

Burr JHJ, Davies JI. The vascular system of the
rabbit ovary and its relationship to ovulation. Anat
Rec 1951; 111: 273-297.

Okuda Y, Okamura H, Kanzaki H, Takenaka A,
Morimoto K, Nishimura T. An ultrastructural
study of capillary permeability of rabbit ovarian
follicles during ovulation using carbon tracer.
Nippon Sanka Fujinka Gakkai Zasshi 1980; 32: 859-867
(In Japanese).

Folkman J, Klagsbrun M. Angiogenic factors.
Science 1987; 23: 442-447.

Risau W. Mechanism of angiogenesis. Nature 1997;
386: 671-674.

Peters H, McNatty KP, Elek P. A correlation of
structure and function in mammals. In: The Ovary.
London: Granada, 1980.

Suzuki T, Sasano H, Takaya R, Fukaya T, Yajima
A, Nagura H. Cyclic changes of vasculature and
vascular phenotypes in normal human ovaries. Hum
Reprod 1998; 13: 953-959.

Greenwald GS. Temporal and topographic changes
in DNA synthesis after induced follicular atresia.
Biol Reprod 1989; 41: 175-181.

Moor RM, Seamark RF. Cell signaling,
permeability, and microvasculatory changes during
antral follicle development in mammals. | Dairy Sci
1986; 69: 927-943.

Clark JG. The origin, development and
degeneration of the blood-vessels of the human
ovary. John Hopkins Hosp Rep 1900; 9: 593-676.
Andersen DH. Lymphatics and blood-vessels of the
ovary of the sow. Contrib Embryol Carnrgie Instn
1926; 88: 109-123.

Makris A, Ryan K], Yasymizu T, Hill CL, Zetter
BR. The nonluteal porcine ovary as a source of
angiogenic activity. Endocrinology 1984; 115: 1672-
1677.

Redmer DA, Rone JD, Goodman AL. Detection of
angiotropic  activity from primate dominant
follicles. 671" annual Meeting of the Endocrine
Society 1985; Abstract 604: 151.

Koos RD. Stimulation of endothelial cell
proliferation by rat granulosa cell-conditioned
media. Endocrinology 1986; 119: 481-489.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ferrara N, Davis-Smyth T. The biology of vascular
endothelial growth factor. Endocr Rev 1997; 18: 4-25.
Connolly DT. Vascular permeability factor: a
unique regulator of blood vessel function. | Cell
Biochem 1991; 47: 219-223.

Senger DR, Van de Water L, Brown LF, Nagy JA,
Yeo KT, Yeo TK, Berse B, Jackman RW, Dvorak
AM, Dvorak HF. Vascular permeability factor (VPF,
VEGF) in tumor biology. Cancer Met Rev 1993; 12:
303-317.

Barboni B, Turriani M, Galeati G, Spinaci M, Bacci
ML, Forni M, Mattioli M. Vascular endothelial
growth factor production in growing pig antral
follicles. Biol Reprod 2000; 63: 858-864.

Shimizu T, Jiang JY, Sasada H, Sato E. Changes of
messenger RNA expression of angiogenic factors
and related receptors during follicular development
in gilts. Biol Reprod 2002; 67: 1846-1852.
Zimmermann RC, Xiao E, Hisami N, Sauer MV,
Lobo R, Kitajewski J, Ferin M. Short-term
administration of antivascular endothelial growth
factor antibody in the late follicular phase delays
follicular development in the rhesus monkey. J Clin
Endocrinol Metab 2001; 86: 768-772.

Wulff C, Wiegand SJ, Saunders PTK, Scobie GA,
Fraser HM. Angiogenesis during follicular
development in the primate and its inhibition by
treatment with truncated Flt-1-Fc (Vascular
endothelial growth factor Tapas). Endocrinology
2001; 142: 3244-3254.

Jiang JY, Umezu M, Sato E. Thyroxine treatment
promoted ovarian follicular angiogenesis by
regulating gene expression of angiogenic factors in
immature hypothyroid rdw rats. Biol Reprod 2000; 62
(suppl 1): 229.

Miyamoto T, Nakayama T, Haraguchi S,
Miyamoto H, Sato E. Morphological evaluation of
microvascular networks and angiogenic factors in
the selective growth of oocytes and follicles in the
ovaries of mouse fetuses and newborn. Dev Growth
Differ 1996; 38: 291-298.

Sato E, Tanaka T, Taketa T, Miyamoto H, Koide S.
Ovarian glycosaminoglycans potentiate angiogenic
activity of epidermal growth factor in mice.
Endocrinology 1991; 128: 2402-2406.

Gospodarowicz D, Bialecki H, Thakral TK. The
angiogenic activity of the fibroblast and epidermal
growth factor. Exp Eye Res 1979; 28: 501-514.
Guthridge M, Schmitt J, Bertolini J, Cowling J,
Runting A, Katsahambas S, Drummond AE, Hearn
MT. Studies on basic fibroblast growth factor (FGF-
beta) gene expression in the rat and pig ovary using
in situ hybridization and quantitative reverse
transcriptase-polymerase chain reaction techniques.
EXS1992; 61: 219-229.

Berisha B, Schams D, Kosmann M, Amselgruber
W, Einspanier R. Expression and localization of



192

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

SHIMIZU et al.

vascular endothelial growth factor during the final
growth of bovine ovarian follicles. ] Endocrinol 2000;
167: 371-382.

Schreiber AB, Winkler ME, Derynck R.
Transforming growth factor-f: amore potent
angiogenic mediater than epidermal growth factor.
Science 1986; 232: 1250-1253.

Okamura K, Morimoto A, Hamanaka R, Ono M,
Kohno K, Uchida Y, Kuwano M. A model system
for tumor angiogenesis: involvement of
transforming growth factor-8 in tube formation of
human microvascular endothelial cells induced by
esophageal cancer cells. Biochem Biophys Res
Commun 1992; 186: 1471-1479.

Carpenter G, Cohen S. Epidermal growth factor.
Annu Rev Biochem 1979; 48: 193-216.

Singh B, Rutledge JM, Armstrong DT. Epidermal
growth factor and its receptor gene expression and
peptide localization in porcine ovarian follicles. Mol
Reprod Dev 1995; 40: 391-399.

Carson RS, Zhang Z, Hutchinson LA, Herington
AC, Findlay JK. Growth factors in ovarian function.
J Reprod Fertil 1989; 85: 735-746.

De Vries C, Escobedo JA, Ueno H, Houck KA,
Ferrara N, Williams LT. The fms-like tyrosine
kinase, a receptor for vascular endothelial growth
factor. Science 1992; 255: 989-991.

Matthews W, Jordan CT, Gavin M, Jenkins NA,
Copeland NG, Lemischka IR. A receptor tyrosine
kinase cDNA isolated from a population of enriched
primitive hematopoietic cells and exhibiting close
genetic linkage to c-kit. Proc Natl Acad Sci USA 1991;
88: 9026-9030.

Shibuya M, Yamaguchi S, Tamane A, Ikeda T,
Tojo T, Matsushime H, Sato M. Nucleotide
sequence and expression of a novel human receptor-
type tyrosine kinase (flt) closely related to the fms
family. Oncogene 1990; 8: 519-524.

Terman BI, Carrion ME, Kovacs E, Rasmussen BA,
Eddy RL, Shows TB. Identification of a new
endothelial cell growth factor tyrosine kinase.
Oncogene 1991; 6: 519-524.

Terman BI, Vermazen MD, Carrion ME, Dimitrov
D, Armellino DC, Gospodarowicz D, Bohlen P.
Identification of the KDR tyrosine kinase as a
receptor for vascular endothelial growth factor.
Biochem Biophys Res Commun 1992; 34: 1578-1586.
Christenson LK, Stouffer RL. Follicle-stimulating
hormone and luteinizing hormone/chorionic
gonadotropin stimulation of vascular endothelial
growth factor production by macaque granulosa
cells from pre- and periovulatory follicles. | Clin
Endocrinol Metab 1997; 82: 2135-2142.

Laitinen M, Ristimaki A, Honkasalo M, Narko K,
Paavonen K, Rirvos O. Differential hormonal
regulation of vascular endothelial growth factors

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

VEGF, VEGF-B and VEGF-C message ribonucleic
acid levels in cultured human granulosa-luteal cells.
Endocrinology 1997; 138: 4748-4756.

Warren RS, Yuan H, Matli MR, Ferrara N, Donner
DB. Induction vascular endothelial growth factor by
insulin-like growth factor 1 in coclorectal carcinoma.
] Biol Chem 1996; 271: 29483-29488.

Hsu CJ, Hammond JM. Gonadotropins and
estradiol stimulate immunoreactive insulin-like
growth factor-I production by porcine granulosa
cells in vitro. Endocrinology 1987; 120: 198-207.
Gerber HP, Condorelli F, Park ], Ferrara N.
Differential transcriptional regulation of the two
vascular endothelial growth factor receptor genes.
Flt-1, but not flk-1/kdr, is up-regulated by hypoxia.
] Biol Chem 1997; 272: 23659-23667.

Tonetta SA, diZerega GS. Intragonadal regulation
of follicular maturation. Endocr Rev 1989; 10: 205-
229.

Tilly JL, Billing H, Kowalski KI, Hsueh AJW.
Epidermal growth factor and basic fibroblast
growth factor suppress the spontaneous onset of
apoptosis in cultured rat granulosa cells and follicles
by a tyrosine kinase-dependent mechanism. Mol
Endocrinol 1992; 6: 1942-1950.

Gospodarowicz D, 11l CR, Birdwell CR. Effects of
fibroblast and epidermal growth factors on ovarian
cell proliferation in vitro. I. Characterization of the
response of granulosa cells to FGF and EGF.
Endocrinology 1977; 100: 1108-1120.

Frank S, Hubner G, Breier G, Longaker MT,
Greenhalgh DG, Werner S. Regulation of VEGF
expression in cultured keratinocytes. Implication for
normal and impaired wound healing. | Biol Chem
1995; 270: 12607-12613.

Goldman CK, Kim J, Wong WL, King V, Brock T,
Gillespie GY. Epidermal growth factor stimulates
vascular endothelial growth factor production by
human malignant glioma cells: a model of
glioblastoma multiforme pathophysiology. Mol Biol
Cell 1993; 4: 121-133.

Abulafia O, Sherer DM. Angiogenesis of the ovary.
Am | Obstet Gynec 2000; 182: 240-246.

Stein IF, Leventhal ML. Amenorrhea associated
with bilateral polycystic ovaries. Am ] Obstet Gynec
1935; 29: 181-191.

Polson DW, Adams J, Wadsworth J, Franks S.
Polycystic ovaries- a common finding in normal
women. Lancet 1988; i: 870-872.

Homburg R. Polycystic ovary syndrome- from
gynaecological curiosity to multisystem
endocrinopathy. Hum Reprod 1996; II: 29-39.
Ehrmann DA. Insulin-lowering therapeutic
modalities for polycystic ovary syndrome.
Endocrinol Metab Clin North Am 1999; 28: 423-438.



