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The industrial chemical, 4-vinylcyclohexene diepoxide (VCD),
kills oocytes within immature follicles in the ovaries of mice
and rats and is considered a potential occupational health
hazard. It has been reported that VCD-induced follicle loss
occurs via a cell death process involving elevated expression
of Bax, a proapoptotic Bcl-2 family member, and increased
caspase-3-like activity. We have previously shown that oo-
cytes lacking acid sphingomyelinase (ASMase; an enzyme that
generates the proapoptotic stress sensor ceramide), the aro-
matic hydrocarbon receptor (Ahr), Bax, or caspase-2 are re-
sistant to apoptosis induced by other chemical toxicants.
Therefore, this study was designed to investigate the func-
tional importance of ASMase, Ahr, Bax, and caspase-2 as well
as the related executioner enzyme caspase-3 to VCD-induced
ovotoxicity in mice using gene knockout technology. For each
gene mutant mouse line, wild-type and homozygous-null fe-
male siblings derived from heterozygous matings were given
once-daily ip injections of either vehicle (sesame oil) or VCD
(80 mg/kg body weight) for 15 d (three or four mice per treat-
ment group per genotype). Ovaries were collected 24 h after
the final injection and analyzed for the total number of non-
atretic primordial and primary follicles remaining per ovary.
No differences in the extent of primordial or primary follicle
destruction resulting from VCD exposure were observed in

wild-type vs. ASMase- or Ahr-deficient mice. By contrast, the
extent of VCD-induced primordial follicle depletion in Bax-
deficient mice (45 � 11%) was significantly (P < 0.05) lower
than that in wild-type females (85 � 2%). The extent of primary
follicle loss in bax-null mice exposed to VCD (3 � 22%) was also
significantly (P < 0.05) lower than that in their wild-type sis-
ters (86 � 4%). In caspase-2-deficient mice, significantly (P <
0.05) fewer oocyte-containing primary follicles were de-
stroyed by VCD (17 � 19%) vs. wild-type controls (71 � 6%);
however, no significant difference in the extent of VCD-
induced primordial follicle destruction was observed in
caspase-2-null vs. wild-type females. Finally, in caspase-
3-deficient mice, significantly (P < 0.05) fewer oocyte-contain-
ing primary follicles were destroyed by VCD (33 � 3%) vs.
wild-type controls (71 � 2%); however, no significant differ-
ence in the extent of VCD-induced primordial follicle destruc-
tion was observed in caspase-3-null vs. wild-type females. We
conclude that Bax, caspase-2, and caspase-3, but not ASMase
or Ahr, are functionally important in VCD-induced follicle
loss. However, as a loss of Bax, caspase-2, or caspase-3 function
conveyed only partial protection from the ovotoxic effects of
VCD, other cell death pathways that either function indepen-
dently of Bax, caspase-2, and caspase-3 or are not apoptotic in
nature are also involved. (Endocrinology 144: 69–74, 2003)

STUDIES OF GENE mutant mice lacking various regula-
tors or executioners of the programmed cell death path-

way of apoptosis have provided important insight into the
mechanisms responsible for normal and pathological oocyte
depletion underlying ovarian failure (1, 2). For example, mice
harboring a targeted disruption in the gene encoding Bax, a
key proapoptotic member of the Bcl-2 family of cell death
modulators (3, 4), exhibit a reduced rate of primordial and
primary follicle atresia, leading to a striking prolongation of
the ovarian life span into advanced chronological age (5).
Oocytes of Bax-deficient female mice are also resistant to
developmental death during gametogenesis (6) and to apo-

ptosis induced by both clinical (e.g. doxorubicin) (7) and
environmental [e.g. polycyclic aromatic hydrocarbons
(PAH)] (8, 9) toxicants. However, Bax deficiency does not
rescue oocytes from death caused by meiotic recombination
defects associated with ataxia telangiectasia-mutated (Atm)
gene inactivation (10), suggesting the existence of more than
one cell death pathway that functions to delete oocytes ex-
posed to various lethal stimuli.

Upstream of Bax in some programmed cell death signaling
pathways, a role for the proapoptotic messenger ceramide
(11) has been proposed from studies of mutant mice lacking
the ceramide-generating enzyme, acid sphingomyelinase
(ASMase). These mice are born with a significantly larger
reserve of primordial oocytes due to a germ cell autonomous
death defect that leads to germline hyperplasia during ga-
metogenesis (12). Moreover, ASMase-deficient oocytes are

Abbreviations: Ahr, Aromatic hydrocarbon receptor; ASMase, acid
sphingomyelinase; Atm, ataxia telangiectasia-mutated (gene); PAH, poly-
cyclic aromatic hydrocarbon; VCD, 4-vinylcyclohexene diepoxide.
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completely resistant to apoptosis induced by the widely used
chemotherapeutic drug, doxorubicin (12). These findings to-
gether with observations that ceramide and Bax synergize to
destabilize mitochondria (13) suggest that in oocytes external
stresses of both developmental and pathological origins are
relayed via ASMase-generated ceramide to a central apo-
ptosis regulatory step governed by Bax.

Another protein that can function upstream of Bax in oo-
cytes is the aromatic hydrocarbon receptor (Ahr), a member
of the Per-Arnt-Sim family of transcription factors (14, 15).
Recent studies have shown that the Ahr is functionally re-
quired for oocytes to die after exposure to PAH (8, 9), a class
of ubiquitous environmental contaminants produced pri-
marily as a by-product of fossil fuel combustion that are
known to bind and activate the Ahr (14, 15). In both mouse
and human ovaries, the PAH-activated Ahr kills oocytes by
increasing bax gene expression (8, 9), a key step in the cy-
totoxic response, given that Bax-deficient oocytes fail to un-
dergo apoptosis when exposed to PAH either in vitro (8) or
in vivo (9). Interestingly, a loss of Ahr function in mice in the
absence of chemical exposure reduces the incidence of fetal
oocyte death, leading to the birth of female offspring with
2-fold more primordial follicles in their ovarian reserves than
normal (16). Therefore, it may be that oocytes lacking this
transcription factor are inherently more resistant to apoptosis
regardless of stimulus, due to changes in gene expression
patterns resulting from chronic Ahr deficiency.

Analyses of mice lacking caspase-2, a member of a family
of related cysteine proteases that produce the morphological
and biochemical features of apoptotic cells (17), have re-
vealed its importance to developmental and chemotherapy-
induced apoptosis in oocytes (10, 18). In addition, results
from both gene expression (19) and biochemical (20) studies
have implicated caspase-3, another key member of this ap-
optotic protease family (17), in the mediation of oocyte ap-
optosis. However, recent experiments using caspase-3-defi-
cient mice demonstrated that this enzyme, although critical
for ovarian granulosa (21) and luteal (22) cell death, is not
needed for oocytes to die in response to either developmental
cues or anticancer drugs (21). Whether caspase-3 is func-
tionally required for oocytes to execute apoptosis in response
to other cytotoxic stimuli is currently unknown.

This latter point is of particular interest in light of data
showing that increases in caspase-3 protein, processing, and
activity occur in oocytes and granulosa cells of immature
follicles in ovaries of rats exposed to the toxic environmental
chemical, 4-vinylcyclohexene diepoxide (VCD) (23). Previ-
ous work established that VCD, a by-product of the manu-
facture of plastics, rubber, flame retardants, and pesticides,
causes depletion of immature (primordial and primary) fol-
licles from the ovaries of rats and mice (24). Furthermore,
apoptosis is involved as a mediator of follicle loss caused by
VCD exposure (25), and several Bcl-2 family members have
been identified as potential modulators of this paradigm of
follicle atresia (26, 27). Therefore, a molecular cell death path-
way involving specifically Bax, as a key regulator, and
caspase-3, as a key executioner, has been proposed as the
underlying mechanism responsible for VCD-induced ovar-
ian failure (23–27). Accordingly, we designed the present
experiments to test the functional importance of both Bax and

caspase-3 as well as of ASMase, the Ahr, and caspase-2 in
primordial and primary follicle depletion resulting from
VCD exposure in vivo.

Materials and Methods
Animals

Heterozygous Ahr (Ahr�/–) male and female mice, obtained from The
Jackson Laboratory (Bar Harbor, ME; C57BL/6-Ahrtm1Bra), were used to
generate wild-type and Ahr-deficient female littermates. Studies de-
scribing the generation or genotyping of mice lacking ASMase (28), the
Ahr (16), Bax (29), caspase-2 (18), and caspase-3 (30) have been reported
previously. For each mutant mouse line, wild-type and homozygous-
null female mice, derived from mating of heterozygous males and fe-
males, were used for experimentation. However, for the Ahr mutant
studies, two additional C57BL/6 wild-type female mice were purchased
(The Jackson Laboratory) and used for either vehicle or VCD injections
to increase the sample size in these two treatment groups from three to
four. The Ahr-, Bax-, and caspase-3-deficient mouse lines were C57BL/6
congenic (i.e. more than nine generations), whereas the ASMase- and
caspase-2-deficient mouse lines were of a mixed C57BL/6–129/Sv back-
ground. All animal protocols were reviewed and approved by the in-
stitutional animal care and use committees of Massachusetts General
Hospital and Boston University School of Medicine and were performed
in accordance with the NIH Guide for the Care and Use of Laboratory
Animals.

VCD dosing regimen

Following a protocol routinely used to study the ovotoxic effects of
VCD in vivo (23–27), female mice were given once-daily ip injections of
either vehicle (sesame oil) or VCD (80 mg/kg body weight; Pfaltz and
Bauer, Inc., Waterbury, CT) for 15 d, starting on d 27 (ASMase, bax,
caspase-2, and caspase-3) or 35 (Ahr) postpartum. Ovaries were collected
24 h after the final injection for histomorphometric analysis of follicle
numbers, as described below.

Follicle counts

Ovaries were fixed (0.34 n glacial acetic acid, 10% formalin, and 28%
ethanol), embedded in paraffin, and serially sectioned (8 �m). The serial
sections from each ovary were aligned in order on glass microscope
slides, stained with hematoxylin and picric methyl blue, and analyzed
for the number of nonatretic primordial and primary follicles in every
fifth section with random start, as detailed previously (5, 31). As this
procedure samples one fifth of the entire ovarian volume, the total
number of follicles per ovary was then estimated by multiplying the
cumulative counts for each ovary by a correction factor of 5 (i.e. the total
number of ovarian sections divided by the total number of ovarian
sections counted).

Data presentation and statistical analysis

Four of the five mutant mouse lines used in this study (ASMase-,
Ahr-, Bax- and caspase-2-deficient) exhibit alterations in the total num-
ber of immature follicles per ovary due to the gene inactivation (5, 12,
16, 18, 21). Therefore, the effect of VCD on follicle number was calculated
for each genotype group (ASMase-null, Ahr-null, bax-null, caspase-2-null,
and caspase-3-null along with their respective wild-type female siblings)
as a percentage of primordial or primary follicles destroyed vs. the
respective vehicle-treated control (wild-type or gene mutant). The data
shown represent the mean � sem of the combined results from the
analysis of ovaries collected from three or more mice per genotype per
treatment group. A t test was used for comparison of mean values
obtained when assessing the effect of genotype on the percentage of
follicles destroyed by VCD treatment, and P � 0.05 was chosen to
indicate a statistically significant difference.

Results

As the various lines of mutant mice used herein differed
slightly with respect to genetic background (C57BL/6 con-
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genic or a mix of C57BL/6 and 129/Sv), we initially tested
whether these differences in genetic strain had any discern-
ible effect on the extent of follicle destruction caused by VCD
exposure. Wild-type female mice derived from the five sep-
arate colonies of heterozygous breeding animals were
treated with VCD for 15 d and analyzed for oocyte number.
No significant differences in the extent of primordial follicle
destruction were noted among the various groups (Table 1).
However, the extent of primary follicle destruction caused by
VCD treatment differed slightly in wild-type mice derived
from the bax mutant vs. the caspase-3 mutant colony (Table 1).

We then examined the impact of the indicated gene knock-
outs on the extent of VCD-induced follicle destruction. From
the first series of these experiments we observed that ovaries
collected from wild-type and ASMase-deficient female sib-
lings, treated in parallel for 15 d with VCD, showed no
significant differences in the levels of primordial or primary
follicle destruction (Fig. 1). Similar findings were observed
from studies of Ahr-null mice in that the gene knockout had
no significant effect on the extent of primordial and primary
follicle loss resulting from VCD treatment (Fig. 2). In contrast,
the extent of VCD-induced primordial follicle depletion in
Bax-deficient mice was significantly (P � 0.05) lower than
that in wild-type females (Fig. 3). The extent of primary
follicle loss in Bax-deficient mice exposed to VCD was also
significantly (P � 0.05) lower than that in wild-type controls
(Fig. 3).

From the fourth series of experiments we observed that
significantly (P � 0.05) fewer oocyte-containing primary fol-
licles were destroyed by VCD in caspase-2-deficient mice
compared with wild-type controls (Fig. 4). However, no sig-
nificant difference in the extent of VCD-induced primordial
follicle destruction was observed in caspase-2-deficient vs.
wild-type females (Fig. 4). Finally, we found that signifi-
cantly (P � 0.05) fewer oocyte-containing primary follicles
were destroyed by VCD in caspase-3-deficient mice com-

pared with wild-type controls (Fig. 5). However, no signif-
icant difference in the extent of VCD-induced primordial
follicle loss was observed in caspase-3-deficient vs. wild-type
females (Fig. 5).

Discussion

In the present studies we evaluated the requirement of five
gene products, proposed by ourselves and others as being
involved in female germ cell death and immature follicle
atresia, for VCD-induced depletion of primordial and pri-
mary follicles in the mouse ovary. The first gene product,
ASMase, was selected for analysis because previous work
has established that this ceramide-generating enzyme is re-
quired for the death of oocytes under normal conditions as
well as after exposure to a chemotherapeutic drug (12). Fur-

TABLE 1. Comparison of VCD-induced primordial (upper) and
primary (lower) follicle destruction in wild-type female mice on a
C57BL/6 congenic (Ahr, bax, caspase-3) or a mixed C57BL/6-129/Sv
(ASMase, caspase-2) background

Mouse line
Primordial

follicles,
vehicle

Primordial
follicles,

VCD

Primordial
follicle

destruction
(%)

ASMase 2295 � 421 430 � 84 81 � 3a

Ahr 985 � 71 181 � 36 82 � 4a

bax 1270 � 189 190 � 26 85 � 2a

caspase-2 1162 � 268 239 � 74 79 � 6a

caspase-3 2294 � 526 468 � 68 80 � 3a

Mouse line
Primary
follicles,
vehicle

Primary
follicles,

VCD

Primary
follicle

destruction
(%)

ASMase 509 � 116 106 � 40 79 � 6a,b

Ahr 311 � 24 54 � 19 83 � 6a,b

bax 131 � 18 19 � 5 86 � 4a

caspase-2 183 � 64 53 � 11 71 � 6a,b

caspase-3 283 � 24 81 � 7 71 � 2b

Values are the mean � SEM of combined data from the analysis of
four mice per group.

a,b Values within the last column with different superscript letters,
P � 0.05.

FIG. 1. ASMase deficiency has no effect on the extent of VCD-induced
follicle destruction. Values represent the percentage of primordial or
primary follicles destroyed by VCD, compared with vehicle-treated
controls, in wild-type (WT) and ASMase-null [knockout (KO)] female
mice treated in parallel (mean � SEM; n � 4 mice/group). N.S., Not
significant.

FIG. 2. The Ahr is not required for VCD to kill follicles. Values rep-
resent the percentage of primordial or primary follicles destroyed by
VCD, compared with vehicle-treated controls, in wild-type (WT) and
Ahr-null [knockout (KO)] female mice treated in parallel (mean �
SEM; n � 4 mice/group). N.S., Not significant.
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thermore, VCD is known to trigger an oxidative stress re-
sponse in immature follicles of the rat ovary (26). Given that
oxidative stress has been identified as a stimulus for cer-
amide generation leading to apoptosis (32), one could logi-
cally envisage that the initial cellular response to VCD ex-
posure involves the production of ceramide as a stress
sensor. Results from treating ASMase-deficient mice with
VCD, however, did not support this proposal, because we
observed no protective effect of this gene knockout on follicle
survival. Although these findings argue against a critical role
for ASMase in VCD-induced ovotoxicity, it is important to
point out that ceramide can be generated by more than one
mechanism (11). Thus, we cannot rule out the involvement
of ceramide as a mediator of VCD-induced ovarian failure.

Future work, possibly employing the use of the ceramide
inhibitor sphingosine-1-phosphate as recently described for
protecting the ovaries from radiation-induced damage (12,
33), may provide additional insight into the requirement, if
any, of ceramide in this model of follicle loss.

In the second series of experiments we tested whether Ahr
deficiency altered the extent of follicle death caused by VCD
treatment. These experiments were designed in light of pre-
vious studies demonstrating that this receptor for PAH and
halogenated biphenyls (e.g. 2,3,7,8-tetrachlorodibenzo-
p-dioxin) is required for PAH to destroy primordial and
primary follicles in the mouse ovary (8). In addition, Ahr loss
of function in the absence of PAH exposure leads to en-
hanced oocyte survival during fetal ovarian development
(16), suggesting that this transcription factor serves as a mod-
ulator of oocyte death susceptibility under diverse condi-
tions. However, like ASMase deficiency, a lack of functional
Ahr was not found to alter the ovotoxic response to VCD
treatment. These findings not only rule out a role for the Ahr
in this model of follicle depletion, but also underscore the
specificity of Ahr function in oocyte death induced by as yet
unknown developmental cues (16) as well as by PAH expo-
sure (8, 9). This latter point provides yet another example
supportive of the concept that different stimuli recruit ge-
netically distinct pathways to signal oocyte death (2), al-
though there may still be a common convergence point some-
where downstream that is central to germ cell depletion and
ovarian failure.

In this regard the next gene product analyzed was Bax, a
proapoptotic member of the Bcl-2 family of programmed cell
death regulators (3, 4). Bax was a logical candidate for anal-
ysis based on a number of reports that this protein is required
for the initiation of oocyte death under diverse conditions
(5–9). Furthermore, past studies have shown that immature
follicles in the ovaries of rats exposed to VCD exhibit ele-
vated levels of bax mRNA (26) as well as a redistribution of

FIG. 3. Loss of Bax function protects primordial and primary follicles
from VCD-induced destruction. Values represent the percentage of
primordial or primary follicles destroyed by VCD, compared with
vehicle-treated controls, in wild-type (WT) and bax-null [knockout
(KO)] female mice treated in parallel (mean � SEM; n � 4 mice/group).
*, P � 0.05 vs. respective WT value.

FIG. 4. Caspase-2 deficiency partially protects primary, but not pri-
mordial, follicles from the cytotoxic effects of VCD. Values represent
the percentage of primordial or primary follicles destroyed by VCD,
compared with vehicle-treated controls, in wild-type (WT) and
caspase-2-null [knockout (KO)] female mice treated in parallel
(mean � SEM; n � 4 mice/group). *, P � 0.05 vs. respective WT value;
N.S., not significant.

FIG. 5. Absence of caspase-3 partially protects primary, but not pri-
mordial, follicles from the cytotoxic effects of VCD. Values represent
the percentage of primordial or primary follicles destroyed by VCD,
compared with vehicle-treated controls, in wild-type (WT) and
caspase-3-null [knockout (KO)] female mice dosed in parallel (mean �
SEM; n � 3 or 4 mice/group). *, P � 0.05 vs. respective WT value; N.S.,
not significant.
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Bax protein from the cytosolic to the mitochondrial com-
partment (27). In keeping with the theme of these studies and
in contrast to the results with ASMase- and Ahr-deficient
mice, we observed that Bax loss of function conveyed sig-
nificant protection against the cytotoxic effects of VCD in
both primordial and primary follicles. Therefore, we can add
VCD to the long list of proapoptotic agents and stimuli that
Bax deficiency can protect oocytes from (1, 2). However, it
should be noted that the protective effects of Bax deficiency
were partial, as primordial follicle destruction still occurred
after VCD exposure, albeit at reduced levels compared with
wild-type female siblings treated in parallel. Therefore, these
data suggest the existence of additional cell death mecha-
nisms that function independently of Bax as being at least
partly responsible for VCD-induced ovotoxicity.

In the final series of experiments we explored the potential
requirement of two different caspase family members for
ovarian follicle depletion resulting from VCD treatment. The
first enzyme analyzed was caspase-2, a protease previously
identified as being needed for oocyte death both during fetal
ovarian development and after anticancer drug exposure (10,
15). Similar to Bax-deficient mice, mice lacking caspase-2
showed a reduced level of primary follicle depletion after
VCD treatment compared with the extent of primary follicle
loss observed in VCD-treated wild-type controls. Somewhat
surprisingly, however, caspase-2 deficiency conveyed no sig-
nificant protective effect against VCD-induced toxicity in the
primordial follicle pool, even with three more animals added
to increase the sample size from four to seven (data not
shown). The reason(s) for this remains unclear, although we
initially assumed that another caspase family member could
be involved in executing follicular cell death caused by VCD.
In this regard, recent work has proposed a central role for
caspase-3 as being central to the cytotoxic effects of VCD in
the rat ovary (23). Therefore, we next tested whether caspase-3
gene knockout altered the ovotoxic response to VCD. Results
from these experiments revealed that this caspase family
member, like caspase-2, was partly involved in VCD-
induced primary, but not primordial, follicle atresia. These
data, which support and extend correlative evidence from
studies of rats implicating caspase-3 as a major player in this
paradigm of follicle loss (23), indicate that VCD activates a
cell death pathway in primary follicles that requires both
caspase-2 and caspase-3 for its execution.

At present, we are unsure why primordial follicles are not
protected from VCD-induced death in caspase-2- or caspase-
3-deficient mice, especially since the loss of Bax function is
protective in this follicle pool. Some insight may come from
the reported ovarian phenotypes of caspase-2- and caspase-
3-deficient mice, which exhibit cell lineage-selective, if not
specific, defects in apoptosis (10, 18, 21), vs. bax-null females,
which show enhanced survival of both granulosa cells (29)
(Korsmeyer, S. J., and J. L. Tilly, unpublished data) and
oocytes (5–9). In contrast to either caspase gene knockout, Bax
deficiency protected both primordial and primary follicles
from the cytotoxic effects of VCD. Given that caspase-2 is
critical for oocyte death (10, 18), whereas caspase-3 is needed
for granulosa cell apoptosis (21), a double-mutant female
mouse lacking both executioner enzymes may respond to
VCD treatment with a reduction in the extent of primordial

follicle loss. Although beyond the scope of the present stud-
ies, experiments have been initiated to generate sufficient
numbers of caspase-2/caspase-3 double-mutant female mice
to eventually test this hypothesis.

In closing, tremendous progress has been made in recent
years toward elucidating the cellular and molecular mech-
anisms responsible for mediating oocyte death and follicle
depletion under both normal and pathological conditions (2).
Numerous studies have now collectively underscored the
importance of Bax and caspase-2 to multiple paradigms of
oocyte and follicular cell apoptosis (5–10, 18, 29), including
VCD-induced ovotoxicity as shown herein. However, work
in this field has also revealed that the involvement of other
proteins implicated in oocyte or follicle death is stimulus
specific [ASMase (Ref. 12 and present studies), Ahr (Refs. 8,
9, and 16 and present studies), caspase-3 (Ref. 21 and present
studies)]. Moreover, it is important to keep in mind that
although Bax has emerged as a central component of the
oocyte death program under many conditions (Refs. 5–9 and
present studies), the protein is not needed for all paradigms
of oocyte loss (10). Therefore, in addition to confirming that
Bax, caspase-2, and caspase-3 are functionally important me-
diators of VCD-induced ovotoxicity, the present study sup-
ports the concept that the specific pathway used by follicles
to die is determined by both the developmental status of the
oocyte and the stimulus responsible for apoptosis (2).

Acknowledgments

Received August 5, 2002. Accepted October 4, 2002.
Address all correspondence and requests for reprints to: Dr. Jonathan

L. Tilly, Massachusetts General Hospital, VBK113-GYN, 55 Fruit Street,
Boston, Massachusetts 02114. E-mail: jtilly@partners.org.

This work was supported by NIH Grants R01-ES-06999 and R01-
ES-08430 (to J.L.T.) and by Vincent Memorial Research Funds.

Y.T. is on leave from the Department of Obstetrics and Gynecology,
University of Tokyo, Faculty of Medicine (Tokyo, Japan), with support
from the Japan Society for the Promotion of Science. J.K.P. is a Post-
doctoral Fellow supported by The Lalor Foundation and NIH Grant
F32-ES-11941. R.A.F. and S.J.K. are Investigators with the Howard
Hughes Medical Institute. J.L.T. is an Investigator with the Steven and
Michele Kirsch Foundation.

References

1. Pru JK, Tilly JL 2001 Programmed cell death in the ovary: insights and future
prospects using genetic technologies. Mol Endocrinol 15:845–853

2. Tilly JL 2001 Commuting the death sentence: how oocytes strive to survive.
Nat Rev Mol Cell Biol 2:838–848

3. Gross A, McDonnell JM, Korsmeyer SJ 1999 BCL-2 family members and the
mitochondria in apoptosis. Genes Dev 13:1899–1911

4. Antonsson B, Martinou JC 2000 The Bcl-2 protein family. Exp Cell Res 256:
50–57

5. Perez GI, Robles R, Knudson CM, Flaws JA, Korsmeyer SJ, Tilly JL 1999
Prolongation of ovarian lifespan into advanced chronological age by Bax-
deficiency. Nat Genet 21:200–203

6. Rucker EB, Dierisseau P, Wagner KU, Garrett L, Wynshaw-Boris A, Flaws
JA, Hennighausen L 2000 Bcl-x and Bax regulate mouse primordial germ cell
survival and apoptosis during embryogenesis. Mol Endocrinol 14:1038–1052

7. Perez GI, Knudson CM, Leykin L, Korsmeyer SJ, Tilly JL 1997 Apoptosis-
associated signaling pathways are required for chemotherapy-mediated fe-
male germ cell destruction. Nat Med 3:1228–1332

8. Matikainen T, Perez GI, Jurisicova A, Schlezinger JJ, Ryu H-Y, Pru JK, Sakai
T, Korsmeyer SJ, Casper RF, Sherr DH, Tilly JL 2001 Aromatic hydrocarbon
receptor-driven Bax gene expression is required for premature ovarian failure
caused by biohazardous environmental chemicals. Nat Genet 28:355–360

9. Matikainen TM, Moriyama T, Morita Y, Perez GI, Korsmeyer SJ, Sherr DH,
Tilly JL 2002 Ligand activation of the aromatic hydrocarbon receptor (AHR)-

Takai et al. • Mechanisms of VCD-Induced Follicle Destruction Endocrinology, January 2003, 144(1):69–74 73

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/144/1/69/2501113 by guest on 16 August 2022



transcription factor drives Bax-dependent apoptosis in developing fetal ovar-
ian germ cells. Endocrinology 143:615–620

10. Morita Y, Maravei DV, Bergeron L, Wang S, Perez GI, Tsutsumi O, Taketani
Y, Asano M, Horai R, Korsmeyer SJ, Iwakura Y, Yuan J, Tilly JL 2001
Caspase-2 deficiency rescues female germ cells from death due to cytokine
insufficiency but not meiotic defects caused by ataxia telangiectasia-mutated
(Atm) gene inactivation. Cell Death Differ 8:614–620

11. Kolesnick RN, Kronke M 1998 Regulation of ceramide production and ap-
optosis. Annu Rev Physiol 60:643–665

12. Morita Y, Perez GI, Paris F, Miranda S, Ehleiter D, Haimovitz-Friedman A,
Fuks Z, Xie Z, Reed JC, Schuchman EH, Kolesnick RN, Tilly JL 2000 Oocyte
apoptosis is suppressed by disruption of the acid sphingomyelinase gene or by
sphingosine-1-phosphate therapy. Nat Med 6:1109–1114

13. Pastorino JG, Tafani M, Rothman RJ, Marcinkeviciute A, Hoek JB, Farber JF
1999 Functional consequences of the sustained or transient activation by Bax
of the mitochondrial permeability transition pore. J Biol Chem 274:31734–
31739

14. Hankinson O 1995 The aryl hydrocarbon receptor complex. Annu Rev Phar-
macol Toxicol 35:307–340

15. Hahn ME 1998 The aryl hydrocarbon receptor: a comparative perspective.
Comp Biochem Physiol C 121:23–53

16. Robles R, Morita Y, Mann KK, Perez GI, Yang S, Matikainen T, Sherr DH,
Tilly JL 2000 The aryl hydrocarbon receptor, a basic helix-loop-helix tran-
scription factor of the PAS gene family, is required for normal ovarian germ
cell dynamics in the mouse. Endocrinology 141:450–453

17. Zheng TS, Flavell RA 2000 Divinations and surprises: genetic analysis of
caspase function in mice. Exp Cell Res 256:67–73

18. Bergeron L, Perez GI, Mcdonald G, Shi L, Sun Y, Jurisicova A, Varmuza S,
Latham KE, Flaws JA, Salter J, Hara H, Moskowitz MA, Li E, Greenberg AH,
Tilly JL, Yuan J 1998 Defects in regulation of apoptosis in caspase-2-deficient
mice. Genes Dev 12:1304–1314

19. Exley, GE, Tang C, McElhinny AS, Warner CM 1999 Expression of caspase
and BCL-2 apoptotic family members in mouse preimplantation embryos. Biol
Reprod 61:231–239

20. Perez GI, Tao X-J, Tilly JL 1999 Fragmentation and death (a. k. a. apoptosis)
of ovulated oocytes. Mol Hum Reprod 5:414–420

21. Matikainen T, Perez GI, Zheng TS, Kluzak TR, Rueda BR, Flavell RA, Tilly

JL 2001 Caspase-3 gene knockout defines cell lineage specificity for pro-
grammed cell death signaling in the ovary. Endocrinology 142:2468–2480

22. Carambula SF, Matikainen T, Lynch MP, Flavell RA, Goncalves PBD, Tilly
JL, Rueda BR 2002 Caspase-3 is a pivotal mediator of apoptosis during re-
gression of the ovarian corpus luteum. Endocrinology 143:1495–1501

23. Hu X, Christian PJ, Thompson KE, Sipes IG, Hoyer PB 2001 Apoptosis
induced in rats by 4-vinylcyclohexene diepoxide is associated with activation
of the caspase cascades. Biol Reprod 65:87–93

24. Hoyer PB, Devine PJ, Hu X, Thompson KE, Sipes IG 2001 Ovarian toxicity
of 4-vinylcyclohexene diepoxide: a mechanistic model. Toxicol Pathol 29:91–99

25. Springer LN, McAsey ME, Flaws JA, Tilly JL, Sipes IG, Hoyer PB 1996
Involvement of apoptosis in 4-vinylcyclohexene diepoxide-induced ovotox-
icity in rats. Toxicol Appl Pharmacol 139:394–401

26. Springer LN, Tilly JL, Sipes IG, Hoyer PB 1996 Enhanced expression of bax
in small preantral follicles during 4-vinylcyclohexene diepoxide-induced ovo-
toxicity in the rat. Toxicol Appl Pharmacol 139:402–410

27. Hu X, Christian P, Sipes IG, Hoyer PB 2001 Expression and redistribution of
cellular Bad, Bax, and Bcl-xL protein is associated with VCD-induced ovotox-
icity in rats. Biol Reprod 65:1489–1495

28. Horinouchi K, Erlich S, Perl DP, Ferlinz K, Bisgaier CL, Sandhoff K, Desnick
RJ, Stewart CL, Schuchman EH 1995 Acid sphingomyelinase deficient mice:
a model of types A and B Niemann-Pick disease. Nat Genet 10:288–293

29. Knudson CM, Tung KSK, Tourtellotte WG, Brown GAJ, Korsmeyer SJ 1995
Bax-deficient mice with lymphoid hyperplasia and male germ cell death.
Science 270:96–99

30. Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H, Rakic P, Flavell
RA 1996 Decreased apoptosis in the brain and premature lethality in CPP32-
deficient mice. Nature 384:368–372

31. Morita Y, Perez GI, Maravei DV, Tilly KI, Tilly JL 1999 Targeted expression
of Bcl-2 in mouse oocytes inhibits ovarian follicle atresia and prevents spon-
taneous and chemotherapy-induced oocyte apoptosis in vitro. Mol Endocrinol
13:841–850

32. Peña L, Fuks Z, Kolesnick R 1997 Stress-induced apoptosis and the sphin-
gomyelin pathway. Biochem Pharmacol 53:615–621

33. Paris F, Perez GI, Haimovitz-Friedman A, Nguyen H, Fuks Z, Bose M, Ilagan
A, Hunt PA, Morgan WF, Tilly JL, Kolesnick R 2002 Sphingosine-1-phosphate
preserves fertility in irradiated female mice without propagating genomic
damage in offspring. Nat Med 8:901–902

74 Endocrinology, January 2003, 144(1):69–74 Takai et al. • Mechanisms of VCD-Induced Follicle Destruction

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/144/1/69/2501113 by guest on 16 August 2022


