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Caspase-3 Activation is Associated with Granulosa Cell Apoptosis during
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ABSTRACT : Ovarian follicular atresia in mammals is finely regulated by gonadotropins and sex steroid hormones. It is
well known that granulosa cell pyknosis is a common cytological feature of atretic follicles in the ovary. The present study
hypothesized that granulosa cell pyknosis during follicular atresia might be related to apoptotic process and associated with
caspase-3 activation. Healthy (normal) and atretic follicles were isolated from porcine ovaries based on macro-morphological
criteria. Isolated follicles were either processed for histological observation or used for collection of granulosa cells by aspi-
ration. Hoechst 33258 staining of the cells showed a significantly higher number of fragmented nuclei, a typical morpholo-
gical feature of apoptotic cell, in granulosa cells from atretic follicles than those from healthy follicles. In addition, the rate
of cell death was significantly higher in granulosa cells from atretic follicles than healthy follicles, as measured by flow-
cytometric cell cycle analysis. /n situ detection of apoptotic cells by TUNEL revealed that apoptosis was mostly restricted
to granulosa cells in follicles. Theca cells were TUNEL-negative. Finally, it has been shown by caspase-3 activity assay
that granulosa cells from atretic follicles retain a higher caspase-3 activity compared to healthy follicles. Taken together,
it is suggested that granulosa cell degeneration during folliclar atresia occurs by caspase-3-dependent apoptotic fashion.
Key words : Caspase-3, Apoptosis, Granulosa cell, Atresia, Ovary, Pig.
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lates or undergoes a degenerative process known as atresia
(Richards, 1980; Ryan, 1981). It is estimated that greater
than 99% of follicles become atretic in the human ovary
and about 77% in the mouse(Byskov, 1978). Despite the
overwhelming occurrence of atresia in the ovary, the cellu-
lar and physiological events underlying this phenomenon
remain poorly understood(Ryan, 1981). However, several
studies have demonstrated that apoptosis is involved with
the degeneration of granulosa cells in atretic follicles(Hug-
hes & Gorospe, 1991; Jolly et al., 1994; Murdoch, 1995).
To date, two apoptotic pathways have been proposed:
One is involved with cell death receptors(TNF-R or Fas)
in cellular membrane, in which binding of ligand to the re-
ceptor activates initiator caspase-8 and in turn proteolyti-
cally activates downstream effector caspases(caspase-3 and
caspase-7) (Boatright & Salvesen, 2003). The other is asso-
ciated with mitochondrial alterations such as cytochrome c
release from mitochondrial membrane, which followed by
activation of effector caspase via caspase-9 activation(Ples-
nila, 2004). In these both pathways, caspase-3 appears to
be commonly activated as an effector protease.
Granulosa cell apoptosis in porcine atretic follicles was
known to be accompanied by the appearance of DNA frag-
mentation, the hallmark of apoptosis(Tilly et al., 1991).
However, it 1s unknown whether the granulosa cell apop-
tosis occurs through the activation of caspase-3. Therefore,
in the present study, we have demonstrated that the granu-
losa cell death in atretic follicles exhibits typical morpho-
logical and biochemical evidences of apoptosis including

caspase-3 activation.

MATERIALS AND METHODS

1. Foilicle Isolation from Porcine Qvaries

Ovaries were collected at local abattoirs around Busan
and Seoul area and immediately transported to laboratory
within 1 hr for subsequent follicle isolation. Follicles only
sized from 4~6 mm were dissected, and classified as heal-
thy and atretic follicles based on morphological characte-
ristics(Moor et al., 1978; Maxson et al., 1985). Healthy
(nonatretic) follicles were characterized by translucent,
well-vascularized follicular wall, whereas atretic follicles
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exhibited an opaque surface traversed by few or no blood
vessels. Ovaries with cysts or hemorrhagic follicles were
not used in this study. After isolation, follicular fluid was
aspirated from each follicle for the collection of granulosa

cells by centrifugation(250g, Smin).

2. Fluorescent Staining of Apoptotic Nuclei

Isolated granulosa cells were smeared on slide glass and
dried in air for 1 min. Cells were treated with mild hy-
pertonic solution(distilled water: phosphate buffered saline
= 1:1) for 10 min. Then, cells were prefixed in 50% solu-
tion of fixative(methanol:actic acid = 1:1) for 5 min and
followed by fixation with neat fixative for 10 min. After
fixation, cells were stained with Hoechst 33258(0.1mg/
mL) for 10 min and observed with fluorescence micro-
scope(Olympus BX-50, Tokyo).

3. Cell Death Assay by Flowcytometry

Cells were fixed with 95% ethanol containing 1% Triton
X-100 and stained with propidium iodide(PI) containing 1
pg/mL RNase A for 30 min. The histograms were re-
corded on a FACS caliber instrument with an analysis soft-
ware(Beckman Coulter, ML, USA). Cells belongs to sub-G1
population was considered as apoptotic cells and the per-

centage of cach phase of cell cycle was determined.

. 4. Tissue Preparation and /n Situ Localization of
Apoptotic Cells
Follicles were fixed in 4% neutral buffered formalde-
hyde(pH 7.4) and embedded in paraffin. Sections(6mm)
were mounted on slides, deparaffinized, hydrated, and
treated for 30min at 37C with proteinase-K(10 /zg/mL in
20mM Tris and 2mM CaCl,, pH 7.4). DNA 3'-end labe-
ling with nonradioactive digoxigenin-dideoxy-UTP(dig-dd-
UTP) was performed after incubation for 10 min in ter-
minal trasferase buffer(200mM potassium cacodylatate, 25
mM Tris, 0.25mg/mL BSA, and 5mM CoCl,, pH 6.6) at
room temperature. Terminal transferase(1U/mL), dig-ddUTP
(5mM) and ddATP were added in fresh buffer and incu-
bated at 37T in a humidified chamber for 1 hr. Washed
in Tris buffer, the sections were incubated with blocking
buffer(100 mM Tris, 150mM NaCl(pH 7.5), and 0.5% blo-
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cking reagent; Roche) for 30min at RT before the addition
of antidigoxigenin antibodiy conjugated to alkaline phos-
phatase. After incubation with the antibody(1:1,000 in 0.5
% blocking reagent, 100mM Tris, and 150mM NaCl, pH
7.5) at RT for 2 hr in a humidified chamber, the slides
were equilibrated in alkaline phosphatase buffer(100mM
Tris, 100mM NacCl, and 50mM MgCl,, pH 9.5) before the
addition of substrates(337.5mg/mL nitroblue tetrazolium
and 175 pg/mL S-bromo-4-chloro-3-inodyl-phosphate) for
alkaline phosphatase. In negative control slides, terminal
transferase enzyme reaction was omitted, and the remai-

ning procedures were all the same as above described.

5. Caspase-3 Activity Assay

Cells were dissolved in lysis buffer [30mM HEPES, 1
mM DDT, ImM EDTA, 0.1% CHAPS, (pH 7.4)]. 30 12g of
proteins were incubated with a fluorogenic caspase-3 sub-
strate(Ac-DEVD-AMC from Calbiochem, La Jolla, CA,
USA) in assay buffer [100mM NaCl, 50 mM HEPES, 10
mM DDT, 1mM EDTA, 0.1% CHAPS, 10% glycerol, (pH
7.4)] at 37 C. If required, 0.5 M caspase-3 specific inhi-
bitor(Ac-DEVD-CHO) was added to the reaction. The fluo-
rescence was monitored by fluorometer(Packard Bioscien-
ce, MA, USA) with excitation at 360nm and emission at
530nm every 30min.

6. Statistical Analysis

Data were expressed as means+SD and analyzed by
Student #-test. A p value of less than 0.05 was considered
to be significant.

RESULTS

1. Nuclear Fragmentation and Apoptosis in Porcine
Aranolosa Cells

To evaluate whether porcine granulosa cells are exhibi-
ting typical morphologic characteristics of apoptosis, gra-
nulosa cells were stained with Hoechst 33258 dye and their
nuclear morphology was observed by fluorescence micro-
scopy. As shown in Fig. 1, while granulosa cells obtained
from healthy follicles retained intact nuclear morphology
(Fig. 1A), apoptotic fragmented nuclei were seen in the
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cells from atretic follicles(Fig. 1B).

Next, the apoptotic proportion in granulosa cells was
determined by flow cytometry. Cell cycle histograms of
granulosa cells recovered from the porcine healthy and
atretic follicles were shown in Fig. 2. The percentage of
granulosa cells from atretic follicles in Ao(sub-G;) phase
(Fig. 2B) was significantly(p<0.0001) higher than that of
healthy(Fig. 2A). And the percentages of Ao phase in both
porcine follicles were inversely proportional to that of
GO0/G1 phase(Fig. 2C).

2. In Situ Detection of Apoptotic Cells on Porcine
Healthy and Atretic Follicles

Fig. 1. Nuclear fragmentation in granulosa cells from por-
cine ovary. Cells were stained with Hoechst 33258
fluorescence dye. A, granulosa cells from healthy folli-
cles; B, granulosa cells from atretic follicles. Arrows in-
dicate fragmented nuclei. Original magnification, x500.
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Fig. 2. Flowcytometirc analysis of cell death and cycle with
granulosa cells from porcine ovary. Isolated cells were
stained with propidium iodide and applied to flowcyto-
meter. Sub-Gi (Ag) phase was considered as dead cells.
A, a representative flowcytogram of granulosa cells
from healthy follicles; B, a representative flowcytogram
of granulosa cells from atretic follicles; C, a graph
showing percentage of cells in each phase of cell cycle.
In flowcytogram, 1, 2, 3 and 4 indicate sub-G; (Ao), Go/
Gi, S and Go/M phase, respectively.

Terminal deoxynucleotidyl transferase biotin-dUTP nick
end labeling(TUNEL) is a very useful tool for localizing
the apoptotic cells on tissues. In the present study, we have
localized the apoptotic cells in isolated ovarian follicles. In
healthy follicles, TUNEL-positive cells were not detected
in granulosa cells as well as theca cells(Fig. 3A). In con-
trast, TUNEL-positive cells were frequently seen in granu-

losa cells of atretic follicles but not in theca cells(Fig. 3B).

3. Caspase-3 Activation in Porcine Granolosa Cells

In order to investigate whether granulosa cell apoptosis
in porcine atretic follicles is caspase-3-dependent, we have
measured caspase-3 activity in granulosa cell lysates from
healthy and atretic follicles using a fluorogenic caspase-3
substrate(Ac-DEVD-AMC). Caspase-3 activity was signifi-
cantly higher in granulosa cells from atretic follicles than

Fig. 3. In situ detection of apoptotic cells in follicles from
porcine ovary. Paraffin embedded follicles were stained
with TUNEL. A, Healthy follicle; B, Atretic follicle; TC
and GC indicate to theca cells and granulosa cells, re-
spectively. Arrows point to TUNEL-positive cells. Bar,
100 gm, Original magnification, x500.

those from healthy follicles. This activity was suppressed
in the presence of the specific caspase-3 inhibitor, Ac-
DEVD-CHO(Fig. 4).

DISCUSSION

In the present study, we have demonstrated that gra-
nulosa cell apoptosis during follicular atresia in porcine
ovary is associated with caspase-3 activation. In porcine
follicles, atresia is often characterized by a reduction in es-
trogen concentration in follicular fluids(Maxson et al.,
1985). It has been shown that granulosa cell apoptosis can
be either suppressed by estrogen(Billig ef al., 1993), FSH
(Chun et al., 1994), EGF and bFGF(Tilly et al., 1992) or
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Fig. 4. Caspase-3 acitivity in granulosa cells of porcine ova-
rian follicles. For caspase-3 activity assay, Ac-DEVD-
AMC and Ac-DEVD-CHO were used as a fluorogenic
substrate and a specific inhibitor, respectively. Cell
l}}sates(30ﬂg of proteins) were added to the reaction
and the fluorescence was monitored by fluorometer with
excitation at 360 nm and emission at 530 nm. *, p<0.05
compared with healthy follicles.

inhibited by androgens(Billig et al., 1993) and GnRH(Bil-
lig et al., 1994). Although the exact molecular mechanism
(s) by which these hormones modulate granulosa cell
apoptosis during follicular atresia is still unclear, several
important apoptotic proteins have been implicated in gra-
nulosa cells of atretic follicles. These include Fas/FasL
system(Kim et al., 1998), IAPs(Li et al., 1998), DNase 1
(Boone et al., 1995), caspase-3(Boone and Tsang, 1998)
and p53(Kim ef al., 1999). In these studies, gonadotropins
and estrogen clearly suppressed the apoptosis in granulosa
cells, indicating that these hormones are acting as survival
factors for granulosa cells in vivo.

Although the role of apoptotic proteins in granulosa
cells during follicular atresia is relatively well known in rat
ovary(Boone et al., 1995; Kim ef al., 1998; Li et al., 1993),
in porcine granulosa cells, only incidence of cell death has
been demonstrated by flowcytometric analysis(Guthrie ef
al., 1994, 1995). Therefore, the morphological and bioche-
mical evidences(nuclear fragmentation and TUNEL) shown
in this study are supporting the evidence of granulosa cell
apoptosis in porcine atretic follicles. Consistent with the
occurrence of apoptosis in rat ovary, in situ TUNEL on
porcine ovarian follicles clearly showed that granulosa

cells are mostly apoptotic in atretic follicles. These results
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confirm that, also in porcine ovary, granulosa cells not theca
cells are the type of cells undergoing apoptosis in antral
atretic follicles.

So far, fourteen caspases have been demonstrated in the
apoptotic pathway cascade(Cryns & Yuan, 1998). Among
these, caspase-3 is considered to be a major effector pro-
tease(Woo et al., 1998; Porter & Janicke, 1999). The clea-
vage of caspase-3 from its pro form to its active form has
been shown to be critical for its role in apoptosis(Fernan-
desAlnemri & Alnemri, 1994). Caspase-3 cleavage can be
triggered by active caspase-8, processed from its proform
after Fas ligation(Stennicke ez al., 1998), or by caspase-9,
processed from its pro form after increased ratios of hete-
rodimerized Bax/Bcl-2 ratio(Li et al., 1997). It has been
shown in a number of cell types that, once activated, cas-
pase-3 cleaves numerous cellular proteins associated with
the cytoskeleton(Mashima ef al., 1997; Caulin et al., 1997),
cell cycle regulation(Chen et al., 1997; Tan et al., 1997),
DNA repair(Tewari et al., 1995), and DNA degradation
(Sakahira et al., 1998). Among these substrates, it has
been suggested that active caspase-3 causes caspase-acti-
vated deoxyribonuclease(CAD) to be dissociated from its
inhibitor protein, inhibitor of CAD(Sakahira er al., 1998;
Wolf et al., 1999). The liberated CAD then is thought to
translocate into the nucleus to cause DNA fragmenta-
tion(Enari et al., 1998). We have shown here that caspase-
3 activity is significantly increased in granulosa cells from
atretic follicles compared to healthy follicles, strongly
suggesting granulosa cells die via a caspase-3-dependent
mechanism.

Taken together, these results suggest that granulosa cell
apoptosis during follicular atresia in porcine ovary repre-
sents typical characteristics of apoptosis, and further that
caspase-3-dependent mechanism is required for granulosa
cell apoptosis. In other system, caspase-8 and -9 are activa-
ted by ligation of Fas ligand to Fas and by an increase in
the Bax/Bcl-2 ratio, respectively. As yet, there is uncer-
tainty about whether granulosa cell apoptosis in porcine
atretic follicles begins with ligation of Fas ligand to Fas,
changes in the Bel-2 family, or both. To answer this impor-
tant issue, we currently are studying the possible activation

of caspase-8, caspase-9, or both.
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