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ABSTRACT
Previous studies have proposed the involvement of caspase-3, a

downstream executioner enzyme common to many paradigms of pro-
grammed cell death (PCD), in mediating the apoptosis of both germ
and somatic cells in the ovary. Herein we used caspase-3 gene knock-
out mice to directly test for the functional requirement of this protease
in oocyte and/or granulosa cell demise. Using both in vivo and in vitro
approaches, we determined that oocyte death initiated as a result of
either developmental cues or pathological insults was unaffected by
the absence of caspase-3. However, granulosa cells of degenerating
antral follicles in both mouse and human ovaries showed a strong
immunoreaction using an antibody raised against the cleaved (acti-
vated) form of caspase-3. Furthermore, caspase-3 mutant female mice
possessed aberrant atretic follicles containing granulosa cells that
failed to be eliminated by apoptosis, as confirmed by TUNEL (ter-
minal deoxynucleotidyl transferase-mediated deoxy-UTP nick end

labeling) analysis of DNA cleavage and 49,6-diamidino-2-phenylin-
dole staining of nuclear morphology (pyknosis). These in vivo results
were supported by findings from in vitro cultures of wild-type and
caspase-3-deficient antral follicles or isolated granulosa cells. Con-
trasting the serum starvation-induced occurrence of apoptosis in
wild-type granulosa cells, caspase-3-null granulosa cells deprived of
hormonal support were TUNEL-negative, showed attenuated chro-
matin condensation by 49,6-diamidino-2-phenylindole staining and
exhibited delayed internucleosomal DNA cleavage. Such ex vivo find-
ings underscore the existence of a cell autonomous (granulosa cell
intrinsic) defect in apoptosis execution resulting from caspase-3 de-
ficiency. We conclude that caspase-3 is functionally required for gran-
ulosa cell apoptosis during follicular atresia, but that the enzyme is
dispensable for germ cell apoptosis in the female. (Endocrinology 142:
2468–2467, 2001)

DURING PRENATAL development of the mammalian
female gonads, up to two thirds of the germ cells

produced during gametogenesis undergo programmed cell
death (PCD) via apoptosis. This process leads to the endow-
ment of a finite reserve of oocytes, enclosed by somatic gran-
ulosa cells as primordial follicles, at birth (1). Throughout
postnatal life, these primordial follicles become activated,
starting a process of follicle development through successive
periods of early growth (primary and secondary or preantral
follicles) followed by rapid maturation (antral follicles) to the
preovulatory stage. However, the vast majority of follicles
fail to complete this maturation scheme, dying en route via
atresia (1, 2). Although PCD is also pivotal to the postnatal
loss of oocytes due to follicular atresia, apoptosis of either the

germ cell or somatic (granulosa) cell lineage can drive follicle
degeneration (1). In the early stages of follicle development
(primordial, primary, and small preantral), atresia is initiated
by oocyte apoptosis followed by death of the granulosa cells
(1, 3, 4). By comparison, atresia of maturing (late preantral,
antral) and mature (subordinate preovulatory) follicles is
first demarcated by scattered granulosa cell apoptosis (2, 5).
As atresia progresses in these follicles, the number of dying
granulosa cells increases dramatically and large masses of
apoptotic bodies are shed into the antral space. Finally, the
oocyte dies, and the remnants of the follicle are cleared by
phagocytosis or resorption into the ovarian stroma (6, 7).

Current evidence from studies of a number of cell types
indicates that the release of cytochrome c from mitochondria
(8, 9), a key intracellular event in the PCD pathway controlled
by bcl-2 gene family members (10, 11), engages the down-
stream machinery needed for the execution of apoptosis. This
machinery is comprised of an adapter protein termed Apaf-1
(12) that, when bound with cytochrome c, forms a complex
with the proform of caspase-9 (13). In many cell types,
caspase-9 is believed to be the most proximal enzyme in a
cascade of proteolytic activity required for dismantling the
cell during PCD (9, 14–16). Formation of the Apaf-1/pro-
caspase-9 complex permits activation of the enzyme through
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an induced proximity model (17). This biochemical step her-
alds the execution phase of PCD, characterized by the cleav-
age-activation of downstream caspase family members, such
as caspase-2, -3, -6, or -7, that produce the morphological (e.g.
cellular condensation, budding, and fragmentation, and nu-
clear pyknosis) and biochemical (e.g. DNA cleavage through
nuclease activation) hallmarks of apoptosis. In addition,
caspases irrevocably commit cells to death through disable-
ment of key structural proteins, signaling factors, and nu-
clear enzymes required for cellular homeostasis (9, 14–16).

In the mammalian ovary, a case has been made for the
existence of this PCD pathway in both oocytes and granulosa
cells (1, 2). For example, a prominent role for the proapoptotic
Bcl-2 family member, Bax, in activating PCD in female germ
cells and follicular granulosa cells has been reported based
on endogenous gene expression studies (18–21) and in-depth
analyses of striking ovarian phenotypes in Bax-deficient fe-
male mice (22–24). Mitochondria, the principal intracellular
targets for the actions of Bcl-2 family members (11), have
been identified as direct participants in controlling oocyte
apoptosis (25). In addition, mitochondrial release of cyto-
chrome c has been shown to occur in murine granulosa cells
during apoptosis, coincident with the processing of pro-
caspase-3 to the active enzyme (26). Although the require-
ment for Apaf-1 in connecting mitochondrial cytochrome c
release to caspase activation in ovarian cells remains to be
directly established, studies documenting the accumulation
of Apaf-1 protein in granulosa cells during the early stages
of follicle atresia suggest that this adapter protein is indeed
involved (26). Further evidence implicating caspase-3 in atre-
sia comes from studies of gonadotropin-regulated caspase-3
messenger RNA (27) and protein (28) levels in rat granulosa
cells and expression of caspase-3 in human luteinizing gran-
ulosa cells (19). We have also reported that the caspase-3-
specific intracellular substrate, a-fodrin (29), is cleaved in
granulosa cells during atresia (30), and that caspase inhibi-
tors attenuate the occurrence of PCD in cultured antral fol-
licles (30). Lastly, cleavage of a rhodamine-conjugated DEVD
(Asp-Glu-Val-Asp) peptide [the preferred cleavage recogni-
tion site for caspase-3 (31)] has been shown to occur in mu-
rine granulosa cells during apoptosis in vitro (26).

Preliminary observations from our laboratory indicate that
caspase-9, the most proximal enzyme in the execution phase
of PCD, is required for apoptosis in both oocytes and gran-
ulosa cells (32). Although caspase-3 is known to be expressed
in female germ cells (33), recent gene knockout studies have
shown that caspase-2 [which is also expressed in oocytes
(34);] is functionally required for developmental and anti-
cancer drug-induced oocyte apoptosis (34). Nevertheless,
based on observations that inhibitors of caspase-3-like en-
zymes prevent oocyte fragmentation induced by anticancer
drugs in vitro (23), and that cleavage of a rhodamine-conju-
gated DEVD peptide occurs in oocytes during apoptosis (35),
it may be that both caspase family members are needed to
execute PCD in female germ cells. Herein we used caspase-
3-null mice (36) to directly test for the functional requirement
of this executioner protease in ovarian germ cell vs. granulosa
cell demise in vivo and in vitro. The results presented herein
indicate that oocytes and granulosa cells undergo PCD via
genetically distinct pathways, one reliant on caspase-2 and

the other dependent on caspase-3. Furthermore, we provide
evidence for evolutionary conservation of caspase-3 function
in the apoptosis of human granulosa cells during atresia of
maturing antral follicles in vivo and show that an additional
executioner caspase is also activated during granulosa cell
demise.

Materials and Methods

Animals

Wild-type and caspase-3-null female mice (congenic C57BL/6) were
generated by mating heterozygous (caspase-31/-) male and female mice.
Offspring were genotyped by PCR analysis of tail-snip genomic DNA
that amplifies the region of the caspase-3 gene targeted by homologous
recombination (36). All animal protocols were reviewed and approved
by the Massachusetts General Hospital institutional animal care and use
committee and were performed in strict accordance with the NIH Guide
for the Care and Use of Laboratory Animals.

Human ovarian tissues

Ovarian biopsies were collected from four patients (25–35 yr of age;
tissue from each patient serving as an experimental replicate) under-
going gynecological surgery for various benign conditions after in-
formed consent and protocol approval by the Wesley Medical Center
institutional review board. Ovarian tissues were fixed in 4% parafor-
maldehyde, embedded, sectioned (8 mm), and mounted on glass slides
for histological or histochemical assessments (see below).

Mouse ovarian collection and oocyte counts

Ovaries were collected from wild-type and caspase-3-deficient female
mice on day 4 postpartum and at 2 and 6 months of age. The ovaries were
then fixed (0.34 n glacial acetic acid, 10% formalin, and 28% ethanol for
histology, 4% paraformaldehyde for histochemistry), paraffin-embed-
ded, serially sectioned (8 mm), and mounted in order on glass micro-
scope slides. For histomorphometrics, the sections were stained with
hematoxylin-picric acid methyl blue and analyzed for the number of
healthy (nonatretic) primordial, primary, and small preantral follicles
per section in every fifth section through the entire ovary, as previously
described (37). Primordial follicles were identified as having a compact
oocyte surrounded by a single layer of flattened (fusiform) granulosa
cells, whereas primary follicles were identified as having an enlarged
oocyte surrounded by a single layer of cuboidal granulosa cells. Inter-
mediate stage follicles (compact or enlarged oocyte with a single layer
of mixed fusiform and cuboidal granulosa cells) were scored as primary,
because the change in granulosa cell morphology from fusiform to
cuboidal is a sign that the primordial follicle is no longer quiescent. Small
preantral follicles were identified as having an enlarged oocyte sur-
rounded by at least a partial or complete second layer of cuboidal
granulosa cells but no more than four layers of cuboidal granulosa cells.
All oocyte-containing follicles were counted in each ovarian section
scored, and each ovary was given a numerical code so that all follicle
counts were conducted without knowledge of genetic background.
Slides were then decoded, and the total number of healthy follicles per
ovary was calculated. Follicles at the primordial, primary, and small
preantral stages of development were deemed atretic if the oocyte was
degenerating (convoluted and condensed, or fragmented) or absent
(24, 37).

In vitro follicle cultures

Prepubertal (day 24–26 postpartum) female mice (wild-type or
caspase-3 mutant) were given a single ip injection of 10 IU equine CG
(eCG; Professional Compounding Centers of America, Houston, TX),
and the 8–12 largest antral (preovulatory) follicles were nonenzymati-
cally dissected from ovaries 42 h after injection, as previously described
(18, 30). Follicles were then either fixed (histology, histochemistry) or
frozen (electrophoretic DNA analysis) immediately or were cultured for
12 or 24 h under serum-free conditions, as detailed previously (18, 30),
before fixation or freezing.
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In vitro oocyte cultures

Oocytes were isolated, cultured, and assessed for apoptosis as de-
tailed previously (23, 34, 35, 37, 38). Briefly, wild-type or caspase-3-
deficient female mice were injected with 10 IU eCG followed by 10 IU
hCG (Serono Laboratories, Inc., Randolph, MA) 46 h later to induce
superovulation. Mature (metaphase II) oocytes were collected from the
oviducts 16 h after hCG injection and denuded of cumulus cells by a
1-min incubation in 80 IU/ml hyaluronidase (Sigma, St. Louis, MO). The
oocytes were washed three times with culture medium (human tubal
fluid; Irvine Scientific, Santa Ana, CA) supplemented with 0.5% (wt/vol)
BSA (fraction V; Life Technologies, Inc., Grand Island, NY). Pools of
10–20 oocytes were then cultured in 0.1-ml drops of culture medium
under paraffin oil in the absence or presence of 200 nm doxorubicin
(Sigma). After culture, oocytes were checked for changes characteristic
of apoptosis (condensation, budding, cellular fragmentation, DNA frag-
mentation), and the percentage of oocytes that underwent apoptosis of
the total number of oocytes cultured per drop in each experiment was
determined.

In vitro granulosa cell cultures

Granulosa cell cultures were carried out essentially as described
previously (26). Briefly, immature (21–24 days postpartum) wild-type
and caspase-3-deficient female mice were injected with 10 IU eCG.
Forty-two hours later, ovaries were dissected out and decapsulated, and
the stimulated follicles were punctured with fine needles to collect the
granulosa cells into Waymouth’s MB752/1 medium (Life Technologies,
Inc.) supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin,
and 0.29 mg/ml l-glutamine. After trypan blue staining analysis, ap-
proximately 3 3 105 viable cells were cultured in 35 3 10-mm dishes
containing 2 ml culture medium for 24 or 48 h with 10% FBS (HyClone
Laboratories, Inc., Logan, UT). The medium and nonadherent cells were
removed, fresh serum-free culture medium (2 ml) was added, and the
cells were maintained for an additional 48 or 24 h, respectively (total
length of culture was 72 h in both cases), to induce apoptosis. At the
termination of culture, granulosa cells were fixed with 4% paraformal-
dehyde for 30 min at 20 C, stained for 10 min with 49,6-diamidino-2-
phenylindole (DAPI; Sigma) at a final concentration of 30 mg/ml, and
then stored at 4 C until examined by fluorescence microscopy using an
UV light filter to detect nuclear chromatin condensation and fragmen-
tation characteristic of apoptosis (26). In each experiment, over 1 3 103

granulosa cells in randomly chosen fields were scored for the occurrence
of nuclear condensation vs. fragmentation (of the total number of cells
present).

DNA isolation, radiolabeling, and gel

electrophoretic analysis

Genomic DNA was extracted, quantitated, and 39-end labeled with
[a-32P]dideoxy-ATP (3000 Ci/mmol; Amersham Pharmacia Biotech, Pis-
cataway, NJ) using terminal deoxynucleotidyl transferase (Roche Mo-
lecular Biochemicals, Indianapolis, IN), as previously described (39, 40).
Radiolabeled samples were resolved through 2% agarose gels, and the
extent of internucleosomal cleavage was assessed by autoradiography.

Terminal deoxynucleotidyl transferase-mediated dUTP nick

end labeling (TUNEL)

The occurrence of apoptosis in ovarian and follicle sections was
assessed, as described previously (40), by monitoring the presence of
DNA fragmentation in situ. Slides were analyzed by conventional light
microscopy after light counterstaining with hematoxylin. Cells exhib-
iting dark brown staining from the colorimetric reaction were consid-
ered positive for DNA fragmentation. Negative controls, conducted by
omitting the labeling enzyme, yielded no reaction product (data not
shown).

Immunohistochemistry

Paraffin-embedded sections (6 mm for follicles or 8 mm for ovaries)
were analyzed by immunohistochemistry without (follicle sections) or
with (mouse and human ovarian sections) high temperature antigen

unmasking, as previously described (26, 37, 41, 42). Briefly, after per-
oxidase quenching [and microwave treatment if employed (42)], sections
were incubated with a 1:3000 dilution of the cleaved caspase-3 antibody
(CM1) (43) for 1 h at room temperature or with a 1:100 dilution of the
cleaved caspase-7 antibody (Cell Signaling Technology/New England
Biolabs, Inc., Beverly, MA) overnight at 4 C. Sections were washed and
then incubated with a 1:200 dilution of biotinylated goat antirabbit Ig
antibody (Calbiochem-Novabiochem, La Jolla, CA) for 1 h at room
temperature. Sections were washed, incubated for 45 min at room tem-
perature with horseradish peroxidase-conjugated streptavidin, washed,
and reacted with ice-cold 0.5 mg/ml 3,39-diaminobenzidine with 0.03%
hydrogen peroxide at room temperature for antigen detection. Sections
were then counterstained with hematoxylin and analyzed by light
microscopy.

Immunocytochemistry

Granulosa cells harvested from gonadotropin-primed mice were cul-
tured for 24 h with 10% FBS as described above (see In vitro granulosa
cell cultures). The medium and nonadherent cells were removed, and 2
ml fresh serum-free culture medium were added. The cells were then
maintained for an additional 48 h to induce apoptosis. At the termination
of the culture, medium and nonadherent cells were removed, after
which 1 ml 3% neutral-buffered paraformaldehyde was added to the
dish. Following fixation for 10 min at 4 C, immunocytochemical staining
was carried out using the CM1 antibody essentially as previously de-
scribed (43) or the cleaved caspase-7 antibody (Cell Signaling Technol-
ogy/New England Biolabs, Inc.) according to the manufacturer’s in-
structions. In brief, the cells were permeabilized for 10 min at 220 C in
100% methanol and blocked with buffer containing 5.5% normal goat
serum. The cells were then incubated with a 1:1000 (CM1) or 1:100
(cleaved caspase-7) dilution of primary antibody for 1 h at room tem-
perature (CM1) or 15 h at 4 C (cleaved caspase-7). The cells were washed
and incubated with a 1:200 dilution of biotinylated goat antirabbit Ig
antibody for 1 h at room temperature. The cells were washed again and
incubated for 45 min at room temperature with horseradish peroxidase-
conjugated streptavidin. After washing, the cells were finally reacted
with an ice-cold preparation (0.5 mg/ml) of 3,39-diaminobenzidine in
the presence of 0.03% hydrogen peroxide at room temperature for an-
tigen detection. Cells were then lightly counterstained with hematoxylin
and analyzed by light microscopy.

Data presentation and statistical analysis

Each experiment was independently replicated at least three times
with different mice in each experiment. All graphs represent the mean 6

sem of combined data from the replicate experiments, whereas repre-
sentative photomicrographs are presented for histology, histochemistry,
cytochemistry, and autoradiography (see figures and tables for more
details). For quantitative analyses, Student’s t test was used for com-
parison of mean values obtained with wild-type vs. caspase-3-null mice,
and a P , 0.05 was chosen to indicate a statistically significant difference.

Results

Oocyte endowment in neonatal caspase-3 mutants

As the size of the oocyte reserve set forth at birth reflects
the magnitude of apoptosis in the developing fetal ovarian
germ line (1), we first examined follicular endowment in
wild-type and caspase-3-deficient female mice on day 4 post-
partum. These experiments revealed a normal ovarian ar-
chitecture in both groups (data not shown), with no signif-
icant differences in the numbers of nonatretic primordial,
primary or small preantral follicles present in wild-type vs.
mutant female littermates (Fig. 1A).

In vitro apoptosis in caspase-3-deficient germ cells

To directly test for potential defects in germ cell apoptosis,
denuded oocytes collected from wild-type or caspase-3-
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deficient females were treated in vitro with 200 nm of the
anticancer drug, doxorubicin (DXR) (23, 34). After super-
ovulation by exogenous gonadotropin priming, the numbers
of oocytes ovulated in caspase-3-null females was twice that
observed in wild-type females (42 6 9 vs. 20 6 9 oocytes/
mouse, respectively; mean 6 sem; n 5 3–4 mice/genotype);
however, this difference was not statistically significant (P 5

0.14, by Student’s t test). The apoptotic response of caspase-
3-null oocytes to DXR exposure in vitro was not different
from that of wild-type oocytes cultured in parallel with the
drug for 12, 24, or 48 h (Fig. 1B; data not shown for 12 or 48 h
points). In addition, the low rate of spontaneous oocyte ap-
optosis (no drug treatment) in vitro was unaffected by the
absence of caspase-3 (Fig. 1B).

Histomorphometric evaluation of follicle numbers in adult

caspase-3 mutants

Previous studies have shown that Bax-deficient female
mice are born with a normal endowment of primordial fol-
licles at birth, but possess 3-fold more primordial follicles in
young adult life. This phenotype was determined to be the
result of defects in postnatal oocyte death leading to atten-
uated atresia of primordial and primary follicles (24). Based
on these observations, we next tested whether a similar sit-
uation exists in caspase-3 mutant females. At 2 months of age,
however, young adult wild-type and caspase-3-null females
were found to possess comparable numbers of nonatretic
primordial, primary, and small preantral follicles in their
ovaries (Fig. 1C).

Immunolocalization of cleaved (activated) caspase-3 in the

mouse ovary

To determine whether active caspase-3 was present and
correlated with somatic cell apoptosis in the ovary in vivo,
immunohistochemistry was performed using a rabbit poly-
clonal antiserum (CM1) that recognizes the p18 subunit of
cleaved caspase-3 but not the zymogen form of the enzyme
(43). As a model, wild-type prepubertal female mice were
killed immediately (0 h; moderate level of early antral follicle
atresia) or were given a single injection of eCG, then killed
48 h later (preovulatory follicle development, no atresia) or
96 h later (atresia of the preovulatory cohort developed 48 h
earlier) (44, 45). In mice before gonadotropin injection, ova-
ries contained seven to nine maturing follicles per section
with granulosa cells labeled by the CM1 antibody (Fig. 2A)
and three to five maturing follicles per section with granulosa
cells labeled by TUNEL (to detect DNA cleavage associated
with apoptosis; Fig. 2B). At 48 h post-eCG injection, we could
not detect CM1 immunoreactivity (Fig. 2C) or TUNEL stain-
ing in any of the antral follicles (Fig. 2D), consistent with the
ability of eCG priming to suppress caspase-3 expression (26,
27) and antral follicle atresia (18, 43, 44) in the prepubertal
rodent ovary. At 96 h post-eCG, granulosa cells of the now
atretic cohort of antral follicles induced to undergo preovu-
latory development 48 h earlier by eCG priming were again
characterized by CM1 immunoreactivity (Fig. 2E) and
TUNEL staining (Fig. 2F).

FIG. 1. Caspase-3 is not required for apoptosis in oocytes. A, Histomor-
phometric analysis of the numbers of nonatretic primordial, primary,
and small preantral follicles in ovaries of wild-type (WT) and caspase-3
gene knockout (KO) female mice on day 4 postpartum (mean 6 SEM; n 5

4 mice/genotype). B, Apoptotic response of wild-type (WT) and caspase-
3-deficient (KO) oocytes treated without (control) or with 200 nM DXR for
24 h (mean 6 SEM of results from 3 independent experiments using
10–20 oocytes from each genotype per treatment group in each exper-
iment). C, Numbers of nonatretic primordial, primary, and small pre-
antral follicles remaining in the ovaries of wild-type (WT) or caspase-
3-null (KO) female mice at 2 months of age (mean 6 SEM; n 5 4 mice/
genotype). No statistical differences were observed for any end point
comparing wild-type vs. caspase-3 mutant mice.

CASPASE-3 AND OVARIAN APOPTOSIS 2471

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
4
2
/6

/2
4
6
8
/2

9
8
9
4
4
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Caspase-3 activation in granulosa cells during apoptosis

in vitro

The occurrence of procaspase-3 processing in granulosa
cells during apoptosis was further investigated by immuno-
cytochemical staining of granulosa cells starved of serum in
vitro. Processed caspase-3 was readily detected in granulosa
cells that already exhibited (Fig. 3, A and B), as well as those
just initiating (Fig. 3, C and D), cellular condensation asso-
ciated with apoptosis.

Ovarian histology and apoptosis assessments in adult

caspase-3-deficient mice

In light of the positive correlation observed between CM1
immunoreactivity and apoptosis in granulosa cells, we his-
tologically surveyed ovaries from adult (2–6 months of age)
caspase-3-deficient females for potential defects in maturing

follicle atresia. Contrasting with the ovarian architecture ob-
served in adult wild-type females (Fig. 4, A–C), ovaries from
all adult caspase-3 gene knockout mice were characterized by
the presence of aberrant atretic follicles exhibiting a shrunken
or disorganized appearance without or with blood cell in-
filtration (Fig. 4, D–F). In many instances, the oocytes had
either spontaneously activated (resumed meiosis) or degen-
erated. Histochemical assays of caspase-3 mutant ovarian sec-
tions revealed the persistence of granulosa cells in these
follicles that failed to be eliminated by apoptosis. This was
concluded based on the absence of TUNEL-positive staining
for the occurrence of DNA cleavage (Fig. 5, E and F; compare
with wild-type in Fig. 5, A and B) and on the absence of
nuclear pyknosis as determined by DAPI staining of nuclear
morphology (Fig. 5G; compare with wild-type in Fig. 5C).
Quantitative analysis of randomly selected sections prepared
from ovaries of three mice per genotype revealed 3.6 6 0.2
TUNEL-positive follicles/ovarian section in wild-type mice
(118 TUNEL-positive follicles of 33 sections scored). By com-
parison, we detected only 0.8 6 0.1 TUNEL-positive follicles
per ovarian section in caspase-3-null mice (29 TUNEL-posi-
tive follicles of 36 sections scored; P , 0.001). When analyzed
using the CM1 antibody, granulosa cells within atretic fol-
licles of caspase-3-deficient mice showed light cytoplasmic
staining with only a single granulosa cell, on occasion, being
labeled more intensely (Fig. 5H). This pattern contrasted with
the immunoreaction observed in the majority of granulosa
cells within atretic follicles of wild-type mice (Figs. 2 and 5D).

In vitro follicle cultures

To further study the defective apoptosis of caspase-3-
deficient granulosa cells during atresia, we isolated pools of
nonatretic antral (preovulatory) follicles from wild-type and
caspase-3-deficient mice and cultured these follicles ex vivo
without hormonal support to induce atresia (18, 45, 46).
Regardless of genotype, follicles analyzed immediately after
isolation were indistinguishable by histological assessments
(Fig. 6, A and B), histochemical assays (Fig. 6, E, F, I, and J),
and gel electrophoretic analysis of DNA integrity (Fig. 7).
After in vitro culture without hormonal support for 12 h,
granulosa cells within wild-type follicles displayed all of the
expected features of apoptosis, including cellular condensa-
tion and detachment (Fig. 6C), DNA cleavage (Figs. 6K and
7), and formation of large numbers of apoptotic bodies (Fig.
6C). By comparison, all of these events were either markedly
attenuated or absent in granulosa cells of caspase-3-null fol-
licles cultured in parallel (Fig. 6, D and L, and Fig. 7). Fur-
thermore, the pattern of CM1 immunoreactivity in follicles
induced to undergo atresia in vitro was similar to that ob-
served for atresia in vivo (Figs. 2 and 5). The intense CM1
immunoreactivity detected in granulosa cells of wild-type
follicles cultured in vitro (Fig. 6G) was markedly reduced, but
not entirely absent, in granulosa cells of caspase-3-deficient
follicles incubated in parallel (Fig. 6H). By 24 h of culture, it
became increasingly difficult to distinguish differences in
granulosa cells of wild-type vs. caspase-3-deficient follicles
by morphology and TUNEL (data not shown) and by gel
electrophoretic analysis of DNA (Fig. 7).

FIG. 2. Immunolocalization of processed caspase-3 during granulosa
cell apoptosis and atresia in the mouse ovary in vivo. A and B, Rep-
resentative histochemical analysis of CM1 immunostaining (cleaved
caspase-3; A, C, and E) or TUNEL analysis of DNA cleavage (apo-
ptosis; B, D, and F) in ovaries of prepubertal female mice before
gonadotropin stimulation (0 h; A and B) or 48 h (C and D) or 96 h (E,
F) after eCG injection. Original magnifications, 3200. These data are
representative of results obtained from analyzing each end point
using ovaries from at least three different mice under each experi-
mental condition. In each experiment, three to six sections from each
ovary were assessed for either CM1 immunoreactivity or TUNEL.
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In vitro granulosa cell cultures

To further elucidate the consequences of caspase-3 defi-
ciency, granulosa cells from wild-type and caspase-3 mutant
mice were isolated and placed in serum-free cultures. Wild-
type granulosa cells starved of hormonal support initiated

apoptosis, as determined by the occurrence of nuclear con-
densation and chromatin fragmentation (Fig. 8, A and B). By
comparison, caspase-3-deficient granulosa cells cultured in
parallel frequently exhibited abnormal clumping of DNA
into a single mass of partially condensed nuclear material

FIG. 3. Caspase-3 activation in murine granulosa cells during apoptosis induced in vitro. Phase contrast (A and C) and brightfield (B and D)
images of wild-type granulosa cells cultured for 48 h without serum followed by immunocytochemical staining for the presence of cleaved
caspase-3. Cleaved caspase-3 was absent in some morphologically normal granulosa cells (arrows), but was detected in other morphologically
normal (arrowheads) granulosa cells as well as in apoptotic (condensed) granulosa cells (asterisks). Original magnifications, 3400. These
findings are representative of results obtained in three independent experiments conducted, using different mice for each experiment.

FIG. 4. Caspase-3 loss of function leads
to defective atresia of maturing follicles
in vivo. Representative histology of
wild-type (A–C) and caspase-3-null
(D–F) ovaries in young adult female
mice, as viewed by picric acid methyl
blue staining, which highlights blood
cells in yellow. Arrows point to the ab-
errant follicles in the caspase-3 mu-
tants. Original magnifications: A and
D, 3100; B and E, 3200; C and F, 3400.
These data are representative of results
obtained from the analysis of at least
four mice per genotype.
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(Fig. 8, C and D). By scoring over 1 3 103 granulosa cells in
randomly chosen fields for the occurrence of nuclear con-
densation vs. fragmentation, we determined that caspase-3-
deficient granulosa cells were defective in their capacity to
complete the process of nuclear fragmentation after the ini-
tial condensation of DNA (Table 1).

Caspase-7 activation in wild-type and caspase-3-deficient

granulosa cells during apoptosis

As the death of granulosa cells in caspase-3-deficient mice
was defective, but not absent, other downstream caspases
(e.g. caspase-2, -6, and/or -7) probably also function as me-
diators of ovarian somatic cell demise. In addition, the pres-
ence of low levels of CM1 immunoreactivity in caspase-3-
deficient granulosa cells suggests that the antibody is
selective, but not entirely specific, for the cleaved form of
caspase-3. Previous work has shown that caspase-3 and
caspase-7 are similar in many respects, including substrate
cleavage preferences and catalytic properties (31, 47). There-
fore, in the next series of experiments we used a recently
developed antibody that recognizes the cleaved form of
caspase-7 to study its expression patterns in wild-type and
caspase-3 mutant granulosa cells during apoptosis induced by
serum-free culture in vitro. Regardless of genotype, we de-
tected the activated form of caspase-7 in those granulosa cells
that had initiated cellular condensation associated with ap-
optosis (Fig. 9).

Immunolocalization of cleaved caspase-3 and cleaved

caspase-7 in human ovaries

To provide evidence that the proapoptotic function of
caspase-3 and/or caspase-7 in granulosa cells was evolu-
tionarily conserved, adult human ovarian biopsies were pro-
cessed by serial section analysis for four separate end points
in each follicle: histology, CM1 (cleaved caspase-3) immu-
noreactivity, cleaved caspase-7 immunoreactivity, and
TUNEL for DNA cleavage. Our collection of human ovarian
biopsies did not contain any nonatretic antral follicles; how-
ever, in nonatretic immature (primordial, primary) follicles,
we failed to detect evidence of cleaved caspase-3, cleaved
caspase-7, or DNA cleavage (data not shown). In antral fol-
licles at the earliest stages of atresia (very few pyknotic gran-
ulosa cells per section; Fig. 10A), caspase-3 processing was
the first sign of pending granulosa cell death (Fig. 10B) with
low or no staining of granulosa cells by TUNEL (Fig. 10D).
Additionally, processed caspase-7 was not detected in gran-
ulosa cells of follicles at these earliest stages of atresia (Fig.
10C). As atresia progressed (granulosa cell disorganization,
increased numbers of pyknotic cells; Fig. 10E), CM1 immu-
noreactivity and TUNEL staining became much more pro-
nounced (Fig. 10, F and H), and processed caspase-7 became
detectable (Fig. 10G). In grossly atretic follicles (nearly com-
plete dissolution of the granulosa cell layers, shedding of
apoptotic bodies into the antral space; Fig. 10I), CM1 and
cleaved caspase-7 immunoreactivity remained high in dy-
ing/dead granulosa cells, and CM1 immunoreactivity be-

FIG. 5. Caspase-3 gene inactivation leads to aberrant granulosa cell death during atresia of maturing follicles in vivo. Low and high power
magnifications of ovaries collected from adult wild-type (A and B) or caspase-3-deficient (E and F) female mice after TUNEL to identify DNA
cleavage associated with apoptosis (brown reaction product). High power magnifications of nuclear morphology (DAPI staining) in atretic follicles
of wild-type (C) and caspase-3 mutant (G) mice confirm the defective apoptosis (nuclear pyknosis) of granulosa cells during atresia in vivo
resulting from caspase-3 loss of function. D and H, Immunohistochemical analysis of processed caspase-3 (CM1 staining) in granulosa cells of
atretic follicles of wild-type (D) and caspase-3-null (H) adult female mice. Original magnifications: A and E, 3100; B and F, 3400; C, D, G, and
H, 3600. These data are representative of results obtained from the analysis of each end point using at least four mice per genotype. For the
TUNEL analysis, at least 10 randomly selected sections from each ovary were analyzed, and the quantitative results are presented in the text
(see Results).
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came detectable in the adjacent theca-interstitial cells (Fig.
10J).

Discussion

Significant progress has been made over the past several
years in elucidating the cell and molecular biology of apo-
ptosis in the ovary (1, 2). Although the list of factors proposed
to be involved in regulating cell fate in the ovary has grown
considerably, very little is known of cell lineage specificity
for programmed cell death signaling in the female gonads.
Recently, it was reported that targeted disruption of the
caspase-2 gene in mice leads to a striking defect in the ability
of ovarian germ cells to execute apoptosis in response to
developmental cues or pathological insults (34). By compar-
ison, knockout of the gene encoding bax, a proapoptotic
member of the bcl-2 gene family expressed in oocytes and

granulosa cells (18–21), disrupts apoptosis in both ovarian
cell lineages (22–24). Recent preliminary studies indicate that
caspase-9 is also functionally required for the execution of
PCD in both oocytes and granulosa cells of the mouse ovary
(32), collectively suggesting that divergence in how germ
cells vs. granulosa cells execute PCD would be before Bax
function or after caspase-9 activation. As caspase-9 is known
to initiate the execution phase of apoptosis by cleavage-
activation of downstream effector caspases, such as
caspase-2, -3, -6, and -7, herein we sought to determine
whether the PCD pathway in oocytes and granulosa cells
diverges at a step distal to caspase-9 activation.

One possibility, supported in part by the scientific litera-
ture, is that caspase-2 is required for oocyte apoptosis (34),
but is dispensable for granulosa cell demise. Indeed, we have
recently observed that atresia of maturing antral follicles, a

FIG. 6. Defective apoptosis of granulosa cells in caspase-3-deficient antral follicles cultured in vitro. A–D, Histology of wild-type (WT) and
caspase-3-null (knockout, KO) follicles before serum-free culture (0 h) or after a 12-h culture without serum or hormones to induce atresia. E–H,
Immunohistochemical staining (dark brown reaction product) of wild-type and caspase-3-deficient follicles for processed caspase-3 using the
CM1 antibody before and after a 12-h culture. I–L, Analysis of DNA cleavage by TUNEL (dark brown reaction product) in wild-type and
caspase-3-deficient follicles before and after a 12-h culture. Original magnifications, 3400. These data are representative of results obtained
from the analysis of each end point using between two and six follicles per experimental group per genotype with each experiment repeated
on three separate occasions.
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process driven by granulosa cell apoptosis, proceeds nor-
mally in caspase-2 mutant female mice (unpublished obser-
vations). As caspase-7 gene knockout is lethal (16), and gen-
eration of caspase-6 gene knockout mice remains as yet
reported (16), we focused our attention on mice lacking the
principal executioner caspase activated by caspase-9, that
being caspase-3 (36). This particular enzyme was a logical
candidate for investigation in the context of granulosa cell
apoptosis based on previous findings of an inverse correla-
tion between caspase-3 expression (messenger RNA and pro-
tein) and apoptosis in granulosa cells of the rat ovary (27, 28).
Furthermore, procaspase-3 processing and caspase-3-like en-
zymatic activity have been detected in murine granulosa
cells during apoptosis (26), and cell-permeant peptide in-
hibitors selective for caspase-3 (e.g., zDEVD-fmk) suppress
granulosa cell death in cultured ovarian follicles of the mouse
(30). However, the fact that oocytes express both caspase-2
(34) and caspase-3 (33) coupled with reports that caspase-3-
selective inhibitors repress oocyte death (23) and that
caspase-3-like enzymatic activity is detectable in dying oo-
cytes (35) raised the possibility that oocytes use both execu-
tioner caspases to complete PCD.

Our first series of experiments failed to provide evidence
supporting a functional requirement for caspase-3 in germ
cell apoptosis. Contrasting the increased number of primor-
dial and primary follicles endowed in caspase-2 mutant fe-
males due to defective apoptosis in oocytes during prenatal

ovarian development (34), caspase-3-deficient female mice
were born with comparable numbers of oocyte-containing
follicles as their wild-type female siblings. Other studies
from our laboratory have shown that bax mutant female mice
are not born with more oocytes, but possess an excess num-
ber of primordial and primary follicles in young adult life
due to defects in oocyte apoptosis associated with atresia at
these early stages of follicle development (24). Thus, defects
in oocyte death due to a gene knockout can become apparent

FIG. 7. Delayed internucleosomal DNA cleavage in caspase-3-defi-
cient antral follicles cultured in vitro. Representative (from 3 inde-
pendent experiments using 6–14 follicles/treatment group per geno-
type in each experiment) autoradiographic analysis of DNA integrity
in wild-type (WT) or caspase-3-null (knockout, KO) follicles before (0
h) or after a 12- or 24-h culture without hormonal support to induce
granulosa cell death and atresia. Note the markedly delayed occur-
rence of internucleosomal DNA cleavage in granulosa cells of
caspase-3 mutant follicles at 12 h.

FIG. 8. Essential contribution of caspase-3 to apoptosis-associated
nuclear changes in cultured granulosa cells. Representative example
of abnormal nuclear collapse (partially compacted, nonfragmented
chromatin) during apoptosis of caspase-3-deficient granulosa cells
(C), compared with the tightly condensed and highly fragmented
chromatin in wild-type granulosa cells (A), after a 24-h serum-free
culture. Although some caspase-3-deficient granulosa cells show
eventual fragmentation of their nuclei by 48 h of culture (designated
by arrow in D), many cells remain defective (designated by arrow-
heads in D) compared with wild-type granulosa cells cultured for 48 h
in parallel (B). Original magnifications, 3400. These data are rep-
resentative of results from three independent experiments using one
to three mice per genotype in each experiment to harvest the gran-
ulosa cells for culture (see also Table 1).

TABLE 1. Analysis of nuclear changes in wild-type and caspase-3
mutant granulosa cells during apoptosis induced by serum-free
culture

Culture time/genotype
Nuclear morphology

Normal Condensed Fragmented

24 h/wild-type 86.1 6 1.6 10.7 6 1.2 3.2 6 1.0
24 h/mutant 89.2 6 1.1 10.4 6 1.1 0.4 6 0.2a

48 h/wild-type 72.3 6 1.8 14.3 6 1.7 13.5 6 1.4
48 h/mutant 79.7 6 1.2a 14.4 6 1.2 5.9 6 0.9b

All values, provided as a percentage of the total number of cells
counted, represent the mean 6 SEM of combined results from three
independent experiments with different mice used to prepare the cells
in each experiment. For each group, at least 1 3 103 cells in random
fields were scored. See Fig. 8 for representative photomicrographs of
the various nuclear morphologies.

a P 5 0.009 vs. wild-type.
b P , 0.001 vs. wild-type.
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in either prenatal (caspase-2 mutant) or postnatal (bax mutant)
life. Nonetheless, this latter possibility was not the case with
caspase-3-deficient females based on our observations that
follicle numbers in wild-type and mutant females were not
different in young adult life. Moreover, and again in contrast
to caspase-2-null oocytes (34), caspase-3-deficient oocytes
failed to show resistance to anticancer drug-induced apo-
ptosis in vitro. In further support of these findings, micro-
injection of active recombinant caspase-3 (30) into murine
oocytes does not trigger apoptosis (G. I. Perez and J. L. Tilly,
unpublished data) despite the fact that microinjection of re-
combinant Bax, an upstream activator of the caspase cascade,
induces oocyte death (38). These latter observations are con-
sistent with recent data derived from studies of neurons
microinjected with various recombinant caspases in which
some, but not all, of the caspases tested induced apoptosis
(48). Collectively, these data, which show that expression of
gene product (i.e., caspase-3 in oocytes) (33) does not always
equate to functional importance in a given cellular response
(i.e., apoptosis), underscore the importance of evaluating
gene mutant mice.

Our next set of experiments using an antibody (CM1) that
recognizes the cleaved form of caspase-3 (43) demonstrated
a positive correlation between CM1 immunoreactivity and
apoptosis in granulosa cells both in vivo and in vitro. Such
findings are in accordance with published observations im-
plicating caspase-3 in granulosa cell death (19, 26–28, 30).
That the active caspase-3 enzyme recognized by the CM1
antibody is a key functional participant in the granulosa cell
death program was supported by the presence of aberrant
atretic follicles in caspase-3-deficient mouse ovaries. These
follicles were characterized by the persistence of granulosa
cells that failed to be properly eliminated by apoptosis, as
confirmed by assessments of cellular morphology, TUNEL
for DNA cleavage and DAPI staining for nuclear condensa-
tion. To further examine this phenotype under controlled

experimental conditions that resemble atresia in vivo, we
studied the progression of granulosa cell apoptosis in antral
follicles isolated from gonadotropin-primed immature mice
and placed in serum-free cultures. These experiments un-
derscored the abnormal or attenuated progression of many
apoptotic events in caspase-3-null granulosa cells, including
defective nuclear collapse (an end point further confirmed
with the granulosa cell cultures), the absence of cellular
shrinkage and budding to generate apoptotic bodies, and
delayed genome fragmentation. The inability of caspase-3-
deficient granulosa cells to fully execute PCD is in agreement
with the reported role of caspase-3 in degradation of cy-
toskeletal proteins leading to cellular shrinkage as well as in
cleaving nuclear scaffold proteins and activating nucleases
required for chromatin condensation (14–16, 29, 49).

We would point out that the lack of functional caspase-3
in granulosa cells, although causative of many defects in the
temporal execution or progression of events normally asso-
ciated with apoptosis, did not prevent the eventual death of
granulosa cells in vitro or in vivo. This point is most clearly
shown by results from the follicle culture studies, in which
the striking differences in dying granulosa cells of wild-type
vs. caspase-3-null follicles cultured for 12 h became difficult
to discern when the cultures were allowed to progress for
24 h. Moreover, the nearly complete absence of nuclear frag-
mentation in caspase-3-deficient granulosa cells starved of
hormonal support for 24 h (compared with the significantly
higher incidence of nuclear fragmentation in the wild-type
cells cultured in parallel) became less pronounced as the
cultures were continued for up to 48 h. These findings are in
keeping with recent data derived from studies of hepatocytes
and thymocytes lacking caspase-3. These cells were reported
exhibit abnormal morphological changes and delayed DNA
fragmentation after Fas activation, but the cells still eventu-
ally died (50). Nonetheless, the in vivo significance of delayed
granulosa cell death in follicles attempting to undergo atresia

FIG. 9. Caspase-7 activation in wild-
type and caspase-3 mutant granulosa
cells during apoptosis in vitro. Phase
contrast (A and C) and brightfield (B
and D) images of wild-type (A and B)
and caspase-3-deficient (C and D) gran-
ulosa cells, cultured for 48 h without
serum, analyzed by immunocytochem-
istry for the presence of cleaved
caspase-7. Regardless of genotype, a
positive correlation between cellular
condensation (apoptosis; A and C) and
caspase-7 activation (B and D) was ob-
served (the condensed cells designated
by asterisks in A and C are the same
cells showing cleaved caspase-7 immu-
noreactivity in B and D). Morphologi-
cally normal cells (arrows) showed little
or no cleaved caspase-7 immunoreactiv-
ity. Original magnifications, 3400.
These findings are representative of re-
sults obtained in three independent ex-
periments using different mice for each
experiment.
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may be reflected by the greater number of oocytes ovulated
in the caspase-3-null females, compared with their wild-type
sisters, after treatment with exogenous gonadotropins. Al-
though the basis of the 2-fold higher ovulatory response in
the mutant mice remains to be established, the delay in
atresia of maturing antral follicles in caspase-3-null females
may allow for more follicles to be available for rescue from
atresia by gonadotropins.

Although these data indicate that caspase-3 is functionally
required for the normal execution of PCD in granulosa cells,
the findings that granulosa cells lacking caspase-3 do even-
tually die suggest that caspase-independent mechanisms of
cell death become activated (51) or that other caspase family
members are involved. Regarding the latter, the low level of
CM1 immunostaining observed in dying caspase-3-deficient
granulosa cells provided one hint at the identity of at least
one of these other family members. Previous work has shown
that CM1, although highly selective for the cleaved form of
caspase-3, exhibits a weak cross-reactivity to the large cat-
alytic subunit of caspase-7 (43). These findings are not en-

tirely unexpected, because 10 of the 13 amino acids in the
cleaved caspase-3 peptide immunogen used to produce the
CM1 antibody are conserved in caspase-7 (43). In addition,
studies of hierarchical caspase activation after various apo-
ptotic stimuli have shown that procaspase-7 is processed in
parallel with procaspase-3 (36, 52, 53), and that caspase-3 is
not needed for the activation of caspase-7 (52). Moreover,
recent evidence indicates that a compensatory induction of
caspase-7 activation occurs in caspase-3-deficient hepato-
cytes after exposure to a lethal stimulus (54).

Based on this information, we used a recently developed
antibody that recognizes the cleaved form of caspase-7 to
study its expression, in the absence or presence of functional
caspase-3, in granulosa cells during apoptosis. Consistent
with the idea that caspase-7 may compensate for the loss of
caspase-3 function to eventually ensure granulosa cell death,
we observed a positive correlation between the presence of
cleaved caspase-7 and the occurrence of apoptosis. As this
observation held true for both wild-type and caspase-3 mu-
tant granulosa cells, it may be that in wild-type cells

FIG. 10. Activation of caspase-3 and caspase-7 is correlated with granulosa cell apoptosis and antral follicle atresia in the human ovary.
Time-related appearance of caspase-3 cleavage (CM1 immunoreactivity), caspase-7 cleavage, and in situ DNA fragmentation (TUNEL) in serial
sections of antral follicles at very early (A–D), moderate (E–H), and advanced (I–L) stages of atresia in vivo. Processed caspase-7 (designated
by arrows in G and K) is detected later than processed caspase-3, which is observed in many granulosa cells (B) before evidence of DNA cleavage
in situ (D). The histological appearance of each follicle (after staining with hematoxylin and eosin, H/E) is also provided. Original magnifications,
3400. These data are representative of analysis of ovarian biopsies obtained from four different patients.
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caspase-7 normally functions in tandem with caspase-3 dur-
ing the execution phase of granulosa cell death. Similar re-
sults were obtained from a parallel analysis of caspases and
apoptosis in granulosa cells of human ovarian follicles dur-
ing atresia. This set of experiments revealed that intense CM1
immunoreactivity in granulosa cells appeared to herald their
pending death, whereas cleaved caspase-7 was only detected
in dying granulosa cells of moderately and grossly atretic
antral follicles. Although these findings collectively support
an evolutionarily conserved role for caspase-3 and caspase-7
in mediating granulosa cell death, a recent study has iden-
tified cleavage activation of procaspase-6, in addition to pro-
caspase-3, in avian granulosa cells during apoptosis (55).
Future analysis of ovaries in caspase-6-deficient female mice
(16) should clarify whether this executioner caspase is in-
volved in mammalian granulosa cell death.

In conclusion, this study has demonstrated the functional
importance of caspase-3 in the execution of PCD in ovarian
follicular somatic, but not germ, cells of the mouse ovary. We
have also shown from studies of the human ovary that
caspase-3 activation is probably an evolutionarily conserved
feature of granulosa cell demise. In addition, we have pro-
vided evidence for the activation of caspase-7 in mouse and
human granulosa cells during apoptosis, indicating that
caspase-9 may serve to process at least two executioner
caspases in somatic cells of the ovary during apoptosis. In-
terestingly, recent investigations have reported that
caspase-3 is also activated in bovine (41, 56) and mouse
(Rueda, B. R., and J. L. Tilly, unpublished observations) luteal
cells during apoptosis. Such findings suggest that the re-
quirement for caspase-3 in the normal execution of granulosa
cell death shown herein may also be maintained as these cells
transform into luteal cells after ovulation. Our current efforts
are aimed at addressing this possibility as well as using a
number of other gene knockout mouse lines to elucidate a
molecular blueprint of how PCD is executed in oocytes,
granulosa cells, and luteal cells via shared or cell lineage-
specific signaling.
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