
Angiogenin Is Involved in Morphological Changes
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Angiogenin is a potent angiogenic factor secreted by
ultured tumor cells and is found in various normal
rgans and tissues. The ovary is one of the adult or-
ans in which angiogenesis normally occurs during
he female reproductive cycle. In this study, we exam-
ned whether angiogenin protein is localized and if
ngiogenin mRNA is expressed in the normal bovine
vary by immunohistochemistry using polyclonal rab-
it anti-bovine angiogenin IgG and by in situ hybrid-
zation using bovine angiogenin probe, respectively.
he localization and mRNA expression of angiogenin

n the ovarian follicle and in the corpus luteum were
ifferent in their developmental stages. The intensi-
ies of immunoreactivities and angiogenin transcripts
n the follicle increased from the primordial to the
ertiary (or Graafian) follicle. The early corpus luteum
ontained strong immunoreactivities and mRNA ex-
ression of angiogenin but these intensities weakened
uring regression. The results suggest that angiogenin

s involved in morphological changes and angiogene-
is in the ovary. © 1999 Academic Press

Key Words: angiogenin; angiogenesis; ovarian folli-
les; corpus luteum.

Angiogenesis, the formation of blood vessels from
reexisting vessels, occurs during embryonic and adult
ife [1]. The molecules and mechanisms involved in
oth embryonic and adult angiogenesis are similar but
he latter may require additional factors and mecha-
isms [2].
The ovary is one of the adult organs in which angio-

enesis occurs normally during the female reproduc-
ive cycle [3]. In the ovary, endothelial cell proliferation
ontinues as the corpus luteum grows [3], and angio-
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orpus luteum of pregnancy and in secreting proges-
erone from the corpus luteum [4–5]. Many angiogenic
actors and angiogenesis inhibitors have been found in
varian tissues. These include basic fibroblast growth
actor (bFGF) [6, 8], vascular endothelial growth factor
VEGF) [6–7, 9], angiopoietin-1 [10], angiopoietin-2
10], secreted protein acidic and rich in cysteine
SPARC) [11], and thrombospondin [11]. There, how-
ver, has been no direct evidence that any angiogenic
actors are essential for ovarian angiogenesis. Re-
ently, Ferrara et al. [12] showed that selective inhibi-
ion of VEGF blocks the angiogenesis observed in cor-
us luteum growth, and suggested that VEGF is
ssential for corpus luteum angiogenesis.
Angiogenin is a potent angiogenic factor originally

urified from the conditioned media of cultured human
olon adenocarcinoma cells (HT-29) [13]. It was later
etected and purified from normal human serum [14],
ovine serum [15–16] and milk [17–18]. These findings
uggest that angiogenin is involved both in various
ormal physiological conditions and in abnormal
athological conditions. In our previous report, we ex-
mined the localization of angiogenin in the bovine
ammary gland, gallbladder, and liver by immunohis-

ochemical analysis, and our results suggested that
pithelial cells and secretory cells are major sites of
ngiogenin synthesis [19].
In this study, we report for the first time the localiza-

ion and mRNA expression of angiogenin in the bovine
vary. These results suggest that angiogenin is involved
n ovarian follicle and corpus luteum growth, and that
ngiogenin is involved in angiogenesis in the ovary.

ATERIALS AND METHODS

Tissue processing. Thirty-seven cow ovaries (average age 3–4
ears old) were used in this study. All tissues were fixed in 4%
araformaldehyde and embedded in paraffin wax. The sections
ere cut into 5 mm thicknesses and mounted on Probe-on slides

Fisher, U.S.A.).
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Immunohistochemistry. The immunohistochemical studies were
erformed with the modification of a method as described previously
19]. Briefly, the sections were deparaffinized and hydrated thor-
ughly in xylene and ethanol. The specimens were washed with
hosphate-buffered saline (PBS), and then treated with absolute
ethanol containing 0.5% hydrogen peroxide for removal of endog-

nous peroxidase. Thereafter, the sections were blocked with 10%
ormal goat serum for 2 hours, and then incubated overnight at room
emperature with rabbit anti-bovine angiogenin IgG (dilution 1/400
n PBS). The specimens were washed three times with PBS, and then
ncubated for 2 hours at room temperature with biotinylated goat
nti-rabbit IgG (Vector, USA). The sections were washed three times
ith PBS, and then incubated for 2 hours at room temperature with

treptavidin-conjugated horseradish peroxidase (Vector, USA). Lo-
alization of angiogenin was visualized with 0.05% 3,39-diamino-
enzidine in Tris buffer containing 0.03% hydrogen peroxide (Sigma,
SA). To confirm the specificity of the antibody, the following con-

rols were used; omission of the primary antibody, substitution of
ormal rabbit serum or incubation of the primary antiserum with
ovine angiogenin prior to use. In these cases, no immunoreactivity
as detected.
Immunohistochemical staining for endothelial cells in the bovine

vary was carried out in a similar manner. Briefly, anti-human
actor VIII monoclonal antibody (DAKO, U.S.A., dilution 1/400 in
BS) was used as the first antibody, and detection was carried out
ith biotin-conjugated goat anti-mouse IgG, horseradish peroxidase-

onjugated avidin and 3,39-diaminobenzidine as a chromatogeneous
ubstrate.

In situ hybridization. Consecutive sections were deparaffinized,
igested by proteinase K (10 mg/ml, Boehringer Mannheim, Ger-
any) at 37°C for 1 hour and fixed in 0.4% paraformaldehye at 4°C

or 20 minutes. Following brief washing in diethyl pyrocarbonate
DEPC)-treated water, sections were incubated in prehybridization
uffer (37°C for 1 hour). Hybridization solution buffer containing
igoxigenin labeled bovine angiogenin cDNA probe cocktail [32] was
pplied to sections at a concentration of 1.5 ng/ml, and then parafilms
ere covered. The slides were incubated in a moist chamber for
6–24 hours at 45°C. After hybridization, the parafilms were re-
oved and the slides were washed sequentially in 4 3 SSC, 2 3 SSC

nd 1 3 SSC at 37°C. After immersion in Tris buffer, the slides were
ncubated with 100ml of alkaline phosphatase conjugated anti-
igoxigenin antibody (dilution 1/500 in Tris buffer) for 60 minutes at
7°C. Color development was performed in TBS/Triton X-100 [50
M Tris (pH 7.6), 150 mM NaCl, 0.1% bovine serum albumin, and

.1% Triton X-100] by adding buffer solution containing 0.33 mg/ml

FIG. 1. (A) Immunohistochemical staining for endothelial cells i
sed as the first antibody, and detection was carried out by biotin-con
nd 3,39-diaminobenzidine as a chromatogeneous substrate. (B) Immu
ative polyclonal rabbit anti-bAng IgG was used as the first antibod

gG, horseradish peroxidase-conjugated avidin and 3,39-diaminoben
ovine angiogenin (bAng) in bovine ovary. Digoxigenin-labeled bA
hosphate-conjugated mouse anti-digoxigenin antibody, nitro blue te
eous substrate.
183
itro blue tetrazolium (NBT) and 0.16 mg/ml 5-bromo-4-chloro-3-
ndolyl phosphate (BCIP) substrates with 1 mM levamisole and then
lides were left in a dark place for 4 hours. The slides were rinsed in
ater, and mounted with aqueous mountant. The negative control

lides were treated with 200 mg/ml RNase A before hybridization.

ESULTS

mmunohistochemical Staining for Endothelial Cells
in Bovine Ovary

Immunohistochemical analysis was used to detect
ndothelial cells in the bovine ovary. Figure 1A shows
mmunohistochemical staining of endothelial cells for
actor VIII, demonstrating that microvessels are local-
zed in the ovary, and that angiogenesis is involved in
he follicle growth and corpus luteum formation.

mmunohistochemical Localization and mRNA
Expression of bAng in the Bovine Ovary

The localization of bovine angiogenin (bAng) in the
ovine ovary was assessed by immunohistochemical
nalysis using polyclonal rabbit anti-bAng IgG. Posi-
ive reactions were observed in vascular endothelial
ells and in vascular smooth muscle cells of the ovarian
troma (Fig. 1B). By in situ hybridization, angiogenin
ranscripts were also detected in vascular endothelial
ells and in vascular smooth muscle cells (Fig. 1C).

mmunohistochemical Localization of bAng during
Follicle and Corpus Luteum Development

Negative reactions were detected in the oocyte and
ollicular epithelium in the primordial follicles (Fig.
A), and in the primary follicles weak positive reac-
ions were detected (Fig. 2B) in the oocyte and granu-
osa cells. In contrast, strong positive reactions were
etected in the oocyte and granulosa cells in the sec-
ndary (Fig. 2C) and tertiary (or Graafian) follicles

ovine ovary. The anti-human Factor VIII monoclonal antibody was
ated goat anti-mouse IgG, horseradish peroxidase-conjugated avidin
histochemical staining for bovine angiogenin (bAng) in bovine ovary.
and detection was carried out by biotin-conjugated goat anti-rabbit
ine as a chromatogeneous substrate. (C) In situ hybridization for
cDNA probe was used, and detection was carried out by alkaline
zolium and 5-bromo-4-chloro-3-indolyl phosphate as a chromatoge-
n b
jug
no
y,
zid

ng
tra
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Figs. 2D and 2E). These immunohistochemical sig-
als, however, were not detected when the specimens
ere stained with preimmune rabbit IgG or without
re-incubation with rabbit anti-bAng IgG (data not
hown). The theca interna and externa in the second-
ry and tertiary follicles also showed positive reactions
Figs. 2C and 2D). In the corpus luteum, strong posi-
ive reactions were detected in the luteal cells during
orpus luteum formation (Fig. 2F), but the bAng stain-
ng weakened during corpus luteum regression (Fig.
G). In the atretic follicle, very weak positive reactions
ere detected in the follicular epithelia, and negative

eactions were detected in the theca interna and ex-
erna (Fig. 2H).

xpression of mRNA Encoding bAng during Follicle
and Corpus Luteum Development

The expression pattern of bAng mRNA is shown in
ig. 3. It was generally similar to the immunolocaliza-

FIG. 2. Immunohistochemical staining for bovine angiogenin (bAng
nti-bAng IgG was used as the first antibody, and detection was carri
onjugated avidin and 3,39-diaminobenzidine as a chromatogeneous sub
he tertiary follicle. (E) High magnification of D. (F) The early corpus
184
ion of bAng, in that transcripts were not detected in
he oocyte and follicular epithelium in the primordial
ollicles (Fig. 3A), but were detected in the oocyte and
ranulosa cells in the tertiary follicles (Figs. 3D and
E) and in the luteal cells during corpus luteum for-
ation (Fig. 3F). The expression of bAng mRNA de-

reased during corpus luteum regression (Fig. 3G), and
Ang mRNA was not expressed in the theca interna
nd externa in the atretic follicles (Fig. 3H).

ISCUSSION

Angiogenin is a secreted 14.5-kDa protein that is a
otent angiogenic factor [13]. It induces in vivo angio-
enesis in the chorioallantoic membrane of the chick
mbryo [13] and in the cornea and meniscus of the knee
f the rabbit [20]. It also induces in vitro angiogenesis
y stimulating the proliferation of human endothelial
ells in sparse cultures [21]. In addition, expression of

uring follicle and corpus luteum development. Native polyclonal rabbit
ut by biotin-conjugated goat anti-rabbit IgG, horseradish peroxidase-
te. (A) Primodial follicle. (B) Primary follicle. (C) Secondary follicle. (D)
um. (G) The late corpus luteum. (H) Atretic follicle.
) d
ed o
stra
lute
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ngiogenin mRNA was found in tumor cells, including
olonic adenocarcinomas [22], gastric adenocarcinomas
22], pancreatic carcinomas [23] and breast carcinomas
24], and elevated concentrations of angiogenin in se-
um were found in patients with severe ovarian hyper-
timulation syndrome [25], cervical cancer [26], endo-
etrial cancer [27], ovarian cancer [28], and pancreatic

ancer [23]. Chimeric anti-angiogenin antibody has
een shown to inhibit the formation of human breast
enografts in athymic mice [29].
Ovaries in the female reproduction system exhibit

eriodic growth and regression, and the ovary is one of
he few adult tissues in which angiogenesis occurs as a
ormal process [4]. Angiogenesis in the ovary is evoked
uring follicle growth, follicle rupture and ovulation
4]. Thus, vascularization is a prerequisite for follicle
rowth and corpus luteum formation. As shown in Fig.
A, the microvessels were identified by immunohisto-
hemical staining of endothelial cells for Factor VIII.

FIG. 3. In situ hybridization for bovine angiogenin (bAng) during
robe was used, and detection was carried out by alkaline phosphate-
-bromo-4-chloro-3-indolyl phosphate as a chromatogeneous substrate.
ertiary follicle. (E) High magnification of D. (F) The early corpus luteu
185
his suggests the local release of angiogenic factors in
he bovine ovary.

In this study, we firstly examined the localization and
RNA expression of angiogenin in the bovine ovary. An-

iogenin was localized and expressed in vascular endo-
helial cells and vascular smooth muscle cells of the
varian stroma (Figs. 1B and 1C). Previously, immuno-
ocalization of angiogenin was found in endothelial cells,
n smooth muscle cells, and in fibroblasts in bovine mam-

ary gland [19]. These findings demonstrate that angio-
enin is expressed in normal tissues, and thus suggest
hat angiogenin is involved in normal angiogenesis in-
luding wound healing and ovarian function.

Next, we examined the localization and mRNA ex-
ression of angiogenin in the different growth stages of
he bovine ovarian follicle and corpus luteum to study
he regulation of ovary angiogenesis by angiogenin.
oth the localization and mRNA expression of angio-
enin in the ovarian follicle were different in their

cle and corpus luteum development. Digoxigenin-labeled bAng cDNA
jugated mouse anti-digoxigenin antibody, nitro blue tetrazolium and
Primodial follicle. (B) Primary follicle. (C) Secondary follicle. (D) The
(G) The late corpus luteum. (H) Atretic follicle.
folli
con
(A)
m.
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ivities and angiogenin transcripts in the follicle in-
reased from the primordial to the tertiary follicles
See Figs. 2A–2E and 3A–3E). These results suggest
hat angiogenin is involved in the growth of follicles.
amat et al [7] reported that VEGF mRNA and protein
re expressed by human ovarian granulosa and theca
ells late in follicle development.

Both the localization and mRNA expression of angio-
enin in the corpus luteum were also different in their
evelopmental stages. The early corpus luteum con-
ained strong immunoreactivities and mRNA expres-
ion of angiogenin but these intensities weakened dur-
ng regression. These results suggest that angiogenin
s involved in the growth of the corpus luteum.

Strong immunoreactivity and mRNA expression of
ngiogenin in the oocyte and granulosa cells of tertiary
ollicles (see Figs. 2E and 3E) and the early corpus
uteum (see Figs. 2F and 3F) were found. These results
uggest that angiogenin may have biological functions
nvolved in the growth of follicles and the corpus lu-
eum by inducing angiogenesis in the ovary.

It has been suggested that luteinizing hormone (LH)
an stimulate the production of angiogenic factors by
uteal tissues [30]. Thus, it is tempting to speculate
hat 1) LH increases production of angiogenin by luteal
issues, 2) LH-induced angiogenin stimulates the
rowth of endothelial cells in the ovary by regulating
EGF production, and thus 3) corpus luteum mass in

he ovary is indirectly regulated by angiogenin. Re-
ently, Franck-Lissbrant et al. [31] showed that growth
f the rat prostate gland is regulated by VEGF, which
tself is apparently responding to angiogenic activity
laborated by the prostate epithelium under testoster-
ne stimulation.
In conclusion, the observed changes in the localiza-

ion and mRNA expression of angiogenin during devel-
pment of the follicle and corpus luteum suggest that
ngiogenin is involved in morphological changes and
ngiogenesis in the ovary. In addition, the results of
his study will lead to better methods of regulating
ertility as well as pathological states in the ovary [28].
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