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Involvement of Apoptosis in Disruption of Developmental Competence of Bovine
Oocytes by Heat Shock During Maturation1
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ABSTRACT

Various pathological stimuli such as radiation, environmental
toxicants, oxidative stress, and heat shock can initiate apoptosis
in mammalian oocytes. Experiments were performed to examine
whether apoptosis mediated by group II caspases is the cause
for disruption of oocyte function by heat shock applied during
maturation in cattle. Bovine cumulus-oocyte complexes (COCs)
were cultured at 38.5, 40, or 418C for the first 12 h of matu-
ration. Incubation during the last 10 h of maturation, fertiliza-
tion, and embryonic development were at 38.58C and 5% (v/v)
CO2 for all treatments. In the first experiment, exposure of
COCs to thermal stress during the first 12 h of maturation re-
duced cleavage rate and the number of oocytes developing to
the blastocyst stage. In the second experiment, a higher per-
centage of TUNEL-positive oocytes was noted at the end of mat-
uration for oocytes matured at 40 and 418C than for those at
38.58C. In addition, the distribution of oocytes classified as hav-
ing high (.25 intensity units), medium (15–25 intensity units),
and low (,15 intensity units) caspase activity was affected by
treatment, with a greater proportion of heat-shocked oocytes
having medium or high activity. In the third experiment, COCs
were placed in maturation medium with vehicle (0.5% [v/v]
DMSO) or 200 nM z-DEVD-fmk, an inhibitor of group II cas-
pases. The COCs were matured at 38.5 or 418C, fertilized and
cultured for 8 days. The inhibitor blocked the effect of heat
shock on cleavage rate and the percentage of oocytes and
cleaved embryos developing to the blastocyst stage. In conclu-
sion, heat shock during oocyte maturation can promote an ap-
optotic response mediated by group II caspases, which, in turn,
leads to disruption of the oocyte’s capacity to support early em-
bryonic development following fertilization.

apoptosis, environment, oocyte development

INTRODUCTION

The nuclear and cytoplasmic status of the oocyte at the
time of fertilization is a major determining factor of the
developmental program of the resultant embryo [1]. Per-
turbations in the physiology of the oocyte during the long
period of follicular development in mammals (about 84
days from the primary follicle stage to ovulation in cattle
[2, 3]), can potentially lead to an oocyte with reduced com-
petence for fertilization and support of subsequent devel-
opment. This seems to be the case for heat stress in dairy
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cattle, which can have catastrophic effects on fertility [4–
6] and embryonic survival [7, 8]. While heat stress causes
infertility through a multiplicity of effects, including ac-
tions on hormonal secretion [9] and on the embryo itself
[10, 11], damage to the oocyte is also involved. Oocytes
harvested from cows during the summer can have reduced
ability to develop to the blastocyst stage after invitro fer-
tilization [12–14]. Ovarian recovery from summer thermal
stress requires a period of 2–3 estrous cycles before com-
petent oocytes are present [15], suggesting that the ovarian
pool of oocytes can be damaged by heat stress during early
stages of folliculogenesis. The process of oocyte maturation
is also susceptible to disruption by heat stress. Exposure of
heifers to heat stress between the onset of estrus and insem-
ination increased the proportion of abnormal and retarded
embryos [7]. Similarly, exposure of cultured cumulus-oo-
cyte complexes (COCs) to elevated temperature during
maturation decreased cleavage rate and the proportion of
oocytes that became blastocysts [16].

The mechanism by which heat stress leads to a disrup-
tion in developmental competence of the oocyte remains
unclear. One of the processes that may be involved in dis-
ruption of oocyte competence is apoptosis. In mammals,
programmed cell death has been identified as the mecha-
nism underlying the depletion of oocytes from the ovarian
pool throughout life [17, 18]. Various pathological stimuli,
such as radiation, chemotherapy, and environmental toxi-
cants, can initiate apoptosis in the oocyte [19–21]. There is
evidence that sphingomyelin metabolism regulates death of
germ cells and ceramide, a second messenger produced
from sphingomyelin, mediates apoptosis in oocytes ex-
posed to chemotherapy drugs [19].

Heat shock can induce apoptosis in many cell types, in-
cluding preimplantation embryos [22–24]. Here, it was hy-
pothesized that apoptosis involving actions of group II cas-
pases is involved in disruption of oocyte function caused
by heat shock during maturation. Group II caspases are
those caspases that have substrate specificity for the amino
acid motif DEXD [25, 26] and include the execution cas-
pases 3 and 7 that are responsible for destruction of struc-
tural and regulatory proteins that lead to DNA damage and
cell demise [27]. The other group II caspase is caspase 2,
which has been implicated as an upstream initiator of mi-
tochondrial permeability [28]. While the group III caspase,
caspase 6, is also involved in execution [27], ablation of
this gene in mice is without apparent effect [29]. Inhibition
of Group II caspases with z-DEVD-fmk blocked induction
of apoptosis by heat shock in bovine embryos [24]. To test
our hypothesis, experiments were performed to examine
whether heat shock induces apoptosis in maturing oocytes,
whether apoptosis is mediated by group II caspases, and
whether inhibition of apoptosis in the oocyte prevented the
loss of developmental potential caused by heat shock.
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MATERIALS AND METHODS

Materials
Oocyte collection medium (OCM) was Tissue Culture Medium 199

(TCM-199) with Hanks salts without phenol red (Hyclone, Logan, UT)
supplemented with 2% (v/v) bovine steer serum (Pel-Freez, Roger, AR)
containing 2 U/ml heparin, 100 U/ml penicillin-G, 0.1 mg/ml streptomy-
cin, and 1 mM glutamine. Oocyte maturation medium (OMM) was TCM-
199 (Gibco/Invitrogen, Grand Island, NY) with Earle salts supplemented
with 10% (v/v) steer serum, 22 mg/ml sodium pyruvate, 20 mg/ml FSH
(Follotropin-V; Vetrepharm Canada, London, ON), 2 mg/ml estradiol 17-
b, 50 mg/ml gentamicin and 1 mM glutamine. HEPES-tyrode lactate (HE-
PES-TL), in vitro fertilization Tyrode lactate (IVF-TL), and sperm-TL
(SPTL) were obtained from Cell and Molecular Technologies (Lavallette,
NJ) and used to prepare HEPES-tyrode albumin lactate pyruvate (TALP),
IVF-TALP, and SPTALP [30]. Bovine serum albumin (BSA) fraction V
and essentially fatty-acid BSA were purchased from Sigma (St. Louis,
MO). Percoll was from Amersham Pharmacia Biotech (Uppsala, Sweden).
Frozen semen from various bulls was donated by Southeastern Breeders
Service (Wellborn, FL). Embryo culture medium was potassium simplex
optimized medium (KSOM) from Cell and Molecular Technologies (Lav-
allette, NJ) modified for bovine embryos (KSOM-BE2) as described else-
where [31].

The in situ cell death detection kit (fluorescein) was obtained from
Roche Diagnostics (Indianapolis, IN). Hoechst 33342 dye (Sigma) was
used for staining DNA of oocytes and embryonic cells. Polyvinylpyrroli-
done (PVP) was purchased from Eastman Kodak (Rochester, NY). The
Prolong Antifade Kit was obtained from Molecular Probes (Eugene, OR),
and RQ1 RNA-free DNase was from Promega (Madison, WI). The
PhiPhiLux-G1D2 assay was obtained from OncoImmunin Inc. (Gaithers-
burg, MD) and z-DEVD-fmk was from R & D Systems (Minneapolis,
MN).

In Vitro Production of Embryos
Embryos were produced using procedures described earlier [22, 31].

Briefly, ovaries were obtained from a local slaughterhouse and transferred
in 0.9% (w/v) NaCl at room temperature. Ovaries were sliced and COCs
were collected into a beaker containing OCM. COCs were washed and
matured in groups of 10 in 50-ml drops of OMM overlaid with mineral
oil for 22 h at 38.58C in atmosphere of 5% (v/v) CO2 in humidified air.
Groups of 30 COCs were then transferred to four-well plates containing
600 ml IVF-TALP per well and fertilized with 25 ml (;1 3 106) Percoll-
purified spermatozoa supplemented with 25 ml PHE (0.5 mM penicilla-
mine, 0.25 mM hypotaurine, and 25 mM epinephrine in 0.9% [w/v] NaCl).
After 18 h, putative zygotes were removed from fertilization wells, de-
nuded of cumulus cells by vortexing COCs with 100 ml hyalurinidase
(1000 U/ml in 1 ml HEPES TALP medium for 5 min), washed 2–3 times
in HEPES-TALP, and placed in groups of 25–30 in 50-ml drops of KSOM-
BE2 overlaid with mineral oil at 38.58C and 5% (v/v) CO2 in humidified
air. The numbers of cleaved oocytes and blastocysts were examined on
Days 3 and 8 postinsemination, respectively. Matured oocytes were har-
vested after 22 h of maturation and developing blastocysts on Day 8 after
fertilization for further analysis.

TUNEL Labeling
DNA fragmentation was determined by means of the TUNEL proce-

dure, whereby free 39OH ends of DNA are labeled with fluorescein iso-
thiocyanate-conjugated dUTP by means of the enzyme terminal deoxyn-
ucleotidyltransferase. Oocytes and embryos were removed from culture
medium, washed three times in 100-ml drops of 10 mM KPO4, pH 7.4,
containing 0.9% (w/v) NaCl (PBS) and with 1 mg/ml PVP (PBS-PVP),
fixed in 4% (w/v) paraformaldehyde in PBS for 1 h at room temperature,
and stored in PBS-PVP at 48C for up to 2–3 wk before assay. The TUNEL
assay was initiated by permeabilizing oocytes or embryos in 100-ml drops
of 0.1% (v/v) Triton X-100 containing 0.1% (w/v) sodium citrate in PBS
for 30 min at room temperature. Samples were then incubated in 50-ml
drops of TUNEL reaction mixture (containing fluorescein isothiocyanate-
conjugated dUTP and terminal deoxynucleotidyl transferase) for 1 h at
378C in the dark. Oocytes and embryos were then washed in PBS-PVP,
transferred to 50-ml drops of 1 mg/ml Hoechst 33342 in PBS-PVP for 30
min at room temperature, washed three times in PBS-PVP, placed on 10%
(w/v) polylysine-coated slides, and coverslips mounted using 5 ml mount-
ing medium containing Antifade (Molecular Probes). Each TUNEL pro-
cedure contained oocytes or embryos treated with RQ1 RNase-free DNase
(50 U/ml) at 378C for 1 h as a positive control and oocytes or embryos

incubated in the absence of the terminal deoxynucleotidyl transferase as a
negative control. TUNEL labeling was observed using a Zeiss Axioplan
fluorescence microscope (Carl Zeiss, Inc., Göttingen, Germany). Images
were acquired using AxioVision software and an AxioCam MRm digital
camera (Zeiss). Each embryo was analyzed for total number of nuclei and
the number of TUNEL-labeled nuclei.

Group II Caspase Activity
Denuded oocytes and embryos were washed three times in 50-ml drops

of HEPES-TALP (prewarmed at 38.58C) and incubated in 25-ml micro-
drops of HEPES-TALP containing 5 mM PhiPhiLux-G1D2 at 38.58C for
40 min in the dark. The negative control was incubated in HEPES-TALP
only. Following incubation, oocytes and embryos were washed twice in
50-ml drops of HEPES-TALP and placed on two-well slides (catalog num-
ber 12-560B; Fisher) containing 100 ml of prewarmed HEPES-TALP. Cas-
pase activity was determined using a Zeiss Axioplan microscope. Images
were acquired using AxioVision software and an AxioCam MRm digital
camera. Using the computer mouse, a circular draw function was manually
performed around the internal side of the zona-pellucida and intensity per
unit area was determined.

Experiments
Heat shock during maturation on oocyte competence. Cumulus-oo-

cyte complexes were collected and placed in maturation drops as described
earlier and then cultured for 22 h at either 38.58C for 22 h or at 40 or
418C for 12 h followed by 38.58C for 10 h. The gaseous atmosphere was
CO2 in humidified air. The percent CO2 was adjusted to ensure that the
concentration of dissolved CO2 was similar between treatments and to
maintain pH at ;7.4 (5%, 6%, and 7% for 38.5, 40, and 418C, respec-
tively). Fertilization and embryo culture were performed at 38.58C for all
treatments. Cleavage rate was recorded on Day 3 after insemination and
the percentage of oocytes and cleaved embryos becoming blastocysts was
recorded on Day 8 after insemination. The experiment was replicated 10
times using 434–471 oocytes/treatment. In addition, a subset of blastocysts
produced from oocytes at 38.5 or 418C was subjected to TUNEL analysis
(20–27 embryos/treatment in three replicates) and group II caspase activity
assay (26–28 embryos/treatment in three replicates).

Heat-induced apoptosis in oocytes. To determine effects of heat shock
on apoptosis, COCs were matured at either 38.58C for 22 h or at 40 or
418C for 12 h followed by 38.58C for 10 h. At the end of maturation,
COCs were denuded of cumulus cells with hyaluronidase and denuded
oocytes were washed 2–3 times in HEPES-TALP to remove remaining
cumulus cells. Oocytes were fixed in 4% (w/v) paraformaldehyde and
saved at 48C in PBS-PVP until analysis by TUNEL. A total of 65–90
oocytes/treatment was analyzed in eight replicates.

Activity of group II caspase in oocytes. Cumulus-oocyte complexes
were matured at either 38.58C for 22 h or at 40 or 418C for 12 h followed
by 38.58C for 10 h. At the end of maturation, COCs were denuded of
cumulus cells with hyaluronidase and washed 2–3 times in HEPES-TALP
to remove remaining cumulus cells. Group II caspase activity was then
performed immediately as described before. The experiment was replicat-
ed three times using 105–138 oocytes/treatment.

To determine the association between the morphology of matured oo-
cytes and intensity of caspase activity, a subset of oocytes (36–42 oocytes
per treatment in two replicates) was also evaluated for morphology using
bright-field microscopy after the caspase assay. Another subset of oocytes
subjected to the caspase assay was also evaluated by the TUNEL proce-
dure to determine whether the degree of caspase activity in matured oo-
cytes corresponds with TUNEL status of the pronuclei. In this case, oo-
cytes were washed three times in PBS-PVP after measurement of caspase
activity, fixed in 4% (w/v) paraformaldehyde in PBS for 1 h at room
temperature, and stored in PBS-PVP at 48C until the TUNEL assay was
performed as described above. Thus, the same set of oocytes was analyzed
for both caspase and TUNEL activity although identity of individual oo-
cytes was not maintained. The dual analysis was performed once using
18–42 oocytes/treatment.

Effect of z-DEVD-fmk on competence of heat-shocked oocytes. The
experiment was designed as a 2 3 2 factorial arrangement of treatments
to determine whether z-DEVD-fmk, an inhibitor of group II caspases,
disrupts the deleterious effect of heat shock on oocyte competence. Oo-
cytes were matured in the presence of 200 nM z-DEVD-fmk reconstituted
in 0.5% (v/v) dimethyl sulfoxide (DMSO) in OMM or 0.5% (v/v) DMSO
in OMM (vehicle). Maturation was performed with z-DEVD-fmk or ve-
hicle at either 38.58C for 22 h or at 418C for 12 h followed by 38.58C for
10 h. Cleavage rate and development to blastocyst was recorded on Days
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FIG. 1. Effect of incubation temperature during the first 12 h of matu-
ration on cleavage of oocytes at Day 3 after insemination (A) and the
percentage of oocytes (B) and cleaved embryos (C) that became blasto-
cysts at Day 8 after insemination. Data represent least-squares means 6
SEM. Superscripts above each bar represent means that differ (P , 0.05).

3 and 8 after insemination, respectively. The experiment was replicated
six times using 168–183 oocytes/treatment.

Statistical Analysis
Data were analyzed by least-squares analysis of variance using the

General Linear Models procedure of SAS (SAS System for Windows,
Release 8.20; Cary, NC). Percentage data (calculated for each replicate)
were transformed using the arcsine transformation before analysis. Prob-
ability values reported are based on the analysis of transformed data while
least-squares means are from the untransformed analyses. The mathemat-
ical model included main effects and all interactions. Replicate was con-
sidered a random effect and all other main effects were considered fixed.

A means separation procedure of SAS called pdiff was performed when
appropriate to determine differences between levels of individual treat-
ments.

RESULTS

Disruption of Oocyte Competence by Heat Shock

Heat shock at both 40 and 418C reduced (P , 0.05) the
percentage of oocytes that cleaved by Day 3 after insemi-
nation and the percentage of oocytes that developed to the
blastocyst stage on Day 8 after insemination (Fig. 1, A and
B). While not significant, the percentage of cleaved oocytes
that became blastocysts was also reduced by maturation at
elevated temperature (Fig. 1C).

Characteristics of blastocysts derived from heat-shocked
oocytes were evaluated by determining total cell number
and percent TUNEL-positive cells in one subset of blasto-
cysts (see Fig. 2, A and B, for representative images) and
by determining group II caspase activity in another subset
(see Fig. 2, E–G, for representative images). The total cell
number of blastocysts formed from oocytes matured at
418C was higher than for blastocysts formed from oocytes
matured at 38.58C (P , 0.03) but there was no significant
difference in the percentage of apoptotic (TUNEL-positive)
cells (Table 1). For caspase activity, blastocysts were cat-
egorized as having low (,15 intensity units), medium (15–
25 intensity units), or high (.25 intensity units) caspase
activity. The proportion of embryos in each category did
not differ between blastocysts from oocytes matured at
38.58C vs. those matured at 418C (Table 2). The least-
squares means 6 SEM for caspase activity were 21 6 1.6
vs. 19 6 1.6 intensity units for blastocysts from oocytes at
38.5 vs. 418C, respectively.

Induction of Apoptotic Processes in Oocytes by Heat
Shock During Maturation

Representative images illustrating analysis of oocytes for
TUNEL labeling are shown in Figure 2, C and D, while
representative images of oocyte caspase activity are shown
in Figure 2, H–J. The percentage of oocytes that were TU-
NEL-positive at the end of maturation was higher (P ,
0.05) for oocytes exposed to 40 or 418C for the first 12 h
of maturation than for oocytes matured at 38.58C (Fig. 3).
Similarly, incubation temperature affected group II caspase
activity (Table 3). The percentage of oocytes expressing
low amounts of caspase activity (,15 intensity units) was
higher for oocytes at 38.58C than for those at 408C (P ,
0.06) and 418C (P , 0.05). Conversely, the percentage of
oocytes with medium caspase activity (15–25 intensity
units) was lower (P , 0.05) for oocytes at 38.58C than for
oocytes matured at 40 and 418C. The same was true for
high caspase activity, with a lower (P , 0.05) percentage
of oocytes matured at 38.58C having high caspase activity
(.25 intensity units) as compared with oocytes at either 40
or 418C.

An analysis was performed to determine whether oo-
cytes with high caspase activity had a different morphology
than oocytes with low caspase activity (Fig. 4). Oocytes
with low expression of caspase activity were characterized
by condensation and shrinkage of the cytoplasm while oo-
cytes with medium and high expression of caspase activity
had expanded cytoplasm with a small perivitelline space.
To determine whether the expression of high caspase activ-
ity is related to the likelihood of a TUNEL-positive pro-
nucleus, groups of oocytes matured at 38.5, 40, and 418C
were analyzed consecutively for caspase activity and TU-
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FIG. 2. Representative images of TUNEL
labeling (a–d) and caspase activity (e–j).
Shown in the top panels are representative
blastocysts with a high (a) and low (b) fre-
quency of apoptosis and matured oocytes
with TUNEL-negative pronuclei (c) and
TUNEL-positive pronuclei (d). Note that
green nuclei and pronuclei are TUNEL
positive while blue represents staining of
DNA with Hoechst 33258. Also shown are
blastocysts exhibiting low (e), medium (f),
and high (g) caspase activity and matured
oocytes exhibiting low (h), medium (i),
and high (j) expression of group II caspase
activity. (a and b) Bar 5 50 mm. (c–g) Bar
5 20 mm. (h–j) Bar 5 100 mm.

TABLE 1. Total cell number and percentage of blastomeres that were
TUNEL positive in Day-8 blastocysts developed from oocytes matured at
38.5 or 418C.a

Temperature
(8C)

Number of
blastocysts

Total cell
numberb

TUNEL-positive
blastomeres (%)

38.5
41.0

20
28

81.9 6 5.2
98.6 6 5.2

12.2 6 3.2
20.9 6 3.2

a Data represent least-squares means 6 SEM.
b Temperature effect, P , 0.05.

TABLE 2. Distribution of Day-8 blastocysts developed from control
(38.58C) and heat shocked (40 or 418C) oocytes with respect to low (,15
intensity units), medium (15–25 intensity units), and high (.25 intensity
units) expression of group II caspase activity.a

Tempera-
ture (8C)

Number
of

blasto-
cysts

Caspase activityb

Low Medium High

38.5
41.0

26
28

34.6 6 5.5
31.6 6 5.5

40.3 6 3.2
57.0 6 3.2

25.3 6 3.2
11.3 6 3.2

a Data represent least-squares means 6 SEM.
b Percentage of blastocysts in category.
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FIG. 3. Effect of heat shock during the first 12 h of maturation on the
percentage of oocytes that were TUNEL positive. Data represent least-
squares means 6 SEM. Superscripts above each bar represent means that
differ significantly.

TABLE 3. Effect of incubation temperature during the first 12 h of ma-
turation on distribution of oocytes into low (,15 intensity), medium (15–
25 intensity), and high (.25 intensity) categories based on group II cas-
pase activity.a

Tempera-
ture (8C) n Low Medium High

38.5
40.0
41.0

105
110
138

78.1 6 6.3b

44.8 6 6.3bc

19.4 6 6.3d

20.3 6 4.2d

48.3 6 4.2c

56.8 6 4.2c

1.6 6 2.1e

6.9 6 2.1e

23.8 6 2.1d

a Data represent least-squares means 6 SEM.
b–e Means with different superscripts within a column differ at P , 0.05.

FIG. 4. Representative images of mor-
phology (A) and caspase activity (B) of oo-
cytes matured during the first 12 h of mat-
uration at 418C. Note that oocytes (1–6)
with swollen cytoplasm express high
amounts of caspase activity while oocytes
with condensed cytoplasm (7–12) express
low caspase activity. Bar 5 100 mm.

NEL labeling. The percent of matured oocytes with high
caspase activity (.25 intensity units) was 0% for oocytes
matured at 38.58C, 7% for oocytes matured at 408C, and
21% for oocytes matured at 418C. Similarly, the percent of
oocytes that were TUNEL-positive was 1%, 5%, and 18%
for oocytes matured at 38.5, 40, and 418C, respectively.
Thus, the percent of oocytes with high caspase activity par-
alleled the percent of oocytes that were TUNEL-positive.

Blocking the Disruption of Oocyte Competence for
Cleavage and Subsequent Development with
z-DEVD-fmk

In the absence of z-DEVD-fmk, maturation for the first
12 h at 418C reduced the proportion of oocytes that cleaved

(P , 0.01; Fig. 5A) and that developed into blastocysts (P
, 0.01; Fig. 5B). Heat shock also caused a decrease in the
proportion of cleaved embryos that became blastocysts (P
, 0.05; Fig. 5C).

Addition of 200 nM z-DEVD-fmk to maturation medium
blocked the effect of heat shock on oocyte cleavage and
subsequent embryonic development (Fig. 5). There were
significant treatment 3 temperature interactions for cleav-
age rate (P , 0.05) and the proportion of oocytes that de-
veloped to the blastocyst stage (P , 0.05) that reflect the
lack of effect of heat shock in oocytes cultured with z-
DEVD-fmk. Treatment with z-DEVD-fmk also blocked ef-
fects of heat shock on the proportion of cleaved embryos
becoming blastocysts. Although the treatment 3 tempera-
ture interaction was not significant, heat shock reduced the
proportion of cleaved embryos becoming blastocysts in the
absence of z-DEVD-fmk (P , 0.05) but not in the presence
of z-DEVD-fmk (Fig. 5C).

DISCUSSION

Heat shock during the first 12 h of maturation disrupted
oocyte function as determined by a reduction in cleavage
rate and in the percent of oocytes and cleaved embryos that
developed into blastocysts. Similar deleterious effects of
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FIG. 5. Inhibition of the deleterious effect of heat shock during oocyte
maturation by addition of z-DEVD-fmk, a group II caspase inhibitor.
Shown are cleavage rate (A) and the percent of oocytes (B) and cleaved
embryos (C) developing to the blastocyst stage at Day 8 after insemina-
tion. Data represent least-squares means 6 SEM. Note that the lower
development in this experiment as compared with results shown in Figure
1 probably reflects the addition of the DMSO vehicle to cultures.

heat shock during maturation have been reported before
[16, 32]. In addition, exposure of superovulated cows to
heat stress during the time of oocyte maturation also dis-
rupted subsequent development of oocytes after fertilization
[7]. Thus, oocyte damage caused by heat shock in vitro is
likely to be relevant to understanding the reduction in fer-
tility caused by heat stress in vivo. The present study pro-
vides clear evidence that heat shock during maturation in-
duces apoptotic events in bovine oocytes and that the ac-
tivation of these processes is a crucial event for the loss of
developmental competence of the oocyte following heat
shock. The evidence for this conclusion is twofold. First,
heat shock increased caspase activity and the proportion of
oocytes with a TUNEL-positive pronucleus. Second, ad-
ministration of z-DEVD-fmk, an inhibitor of group-II cas-
pases (caspase-2, -3, and -7), completely blocked the del-

eterious effects of heat shock on cleavage rate and subse-
quent development to the blastocyst stage.

These findings are the first evidence that elevated tem-
perature within the physiological range (40 and 418C) is a
stimulus for programmed cell death in mammalian oocytes.
A variety of other adverse conditions can also induce oo-
cyte apoptosis, including exposure to the chemotherapeutic
drug doxorubicin [19], environmental toxicants [20, 21],
ionizing radiation [19, 33], oxidative stress [34], and cryo-
preservation [35]. It has been documented that programmed
cell death is the mechanism underlying the depletion of
oocytes from the ovarian pool [17, 18] and that the capacity
of an oocyte to undergo apoptosis exists at early stages
(primordial, primary, and preantral) of follicular growth
[36]. Therefore, it is possible that heat stress could lead to
oocyte apoptosis not only during maturation but also at
earlier stages in follicular development. Consistent with this
idea are observations that oocyte competence does not be-
come restored following thermal stress until a period of 2–
3 estrous cycles [15].

Spontaneous apoptosis of unfertilized murine oocytes
was characterized by cellular budding, fragmentation, cas-
pase activation, and DNA cleavage [37]. Apoptosis in cryo-
preserved bovine oocytes was also characterized by cyto-
plasmic condensation, fragmentation of cytoplasm, and for-
mation of apoptotic bodies with or without DNA fragmen-
tation [35]. In the present study, in contrast, these gross
morphological changes were not noted in association with
increased caspase activity. Rather, oocytes with high cas-
pase activity had an expanded cytoplasm. Cellular frag-
mentation in oocytes [38] and embryos [39] is not always
a result of caspase activation and, therefore, it is possible
that heat shock induced caspase activity and nuclear frag-
mentation without inducing the full complement of cellular
changes associated with apoptosis. Alternatively, such
changes do occur but beyond the 24 h post-heat–shock time
frame of our studies.

That only a fraction of oocytes exposed to heat shock
experienced apoptotic changes points out that some oocytes
are better equipped to survive cellular stress. The inter- and
intra-cellular components that define whether an oocyte re-
sponds to heat shock by undergoing apoptosis or by sur-
viving are not known. Cumulus cells were found to have a
critical role in protecting porcine oocytes against oxidative
stress-induced apoptosis [34] and provide thermoprotection
to bovine oocytes [32], and perhaps the integrity and func-
tion of the COC might affect the ability of a matured oocyte
to survive heat shock. Another possibility is that oocytes
differ in amounts of heat shock protein 70 (HSP70). While
oocytes cannot synthesize increased amounts of HSP70 in
response to heat shock [16, 32], HSP70 produced consti-
tutively might play a role in thermal resistance. Indeed,
HSP70 blocks heat-shock–induced apoptosis at many
points along the apoptosis pathway, including caspase-3 ac-
tivation and the c-Jun N-terminal kinase pathway for apo-
ptosis [40]. Injection of HSP70 mRNA into mouse oocytes
increased resistance to heat shock [41]. The number and
the status of mitochondria found in the oocyte might also
have an impact on oocyte resistance to stress. Mitochon-
drial distribution and ATP levels during maturation differed
between morphologically good and poor oocytes and were
associated with developmental competence in the bovine
[42], pig [43], and human [44]. Infusion of mitochondria-
enriched cytoplasts to mouse oocytes resulted in an increase
in ATP production [45] and improved embryonic devel-
opment in humans [46]. Mitochondria are not only involved
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in energy metabolism but also play a crucial role in regu-
lation of cell death pathways [47]. Microinjection of mi-
tochondria purified from nonapoptotic granulosa cells into
oocytes decreases the occurrence of apoptosis in these oo-
cytes [48].

While not addressed experimentally in these studies, it
is possible that effects of heat shock on oocyte apoptosis
and competence to undergo cleavage and subsequent de-
velopment depend on interactions with the cumulus cells
that formed part of the cumulus-oocyte complex that was
cultured in these studies. Studies in mice indicate that com-
pletion of oocyte maturation is dependent on communica-
tion between the oocyte and cumulus cells, whereby a para-
crine signal from the oocyte enables the cumulus to under-
go activation of mitogen-activated protein kinase in re-
sponse to gonadotropin, which is turn leads to a signal from
the cumulus necessary for oocyte maturation [49]. In cattle,
too, interactions between cumulus and oocyte are important
for regulation of oocyte function. Maintenance of gap junc-
tional complexes between cumulus cells and the oocyte are
involved in the inhibition of maturation [50], and removal
of cumulus cells increased oocyte sensitivity to the inhibi-
tory effects of heat shock on oocyte protein synthesis [10].
Disruption of one or more of the interactions between the
oocyte and its cumulus investments by heat shock could be
responsible for the induction of oocyte apoptosis and the
reduction in oocyte competence to undergo cleavage and
subsequent development.

It is possible that some oocytes that experience caspase
activation can survive the initiation of apoptosis and un-
dergo development after fertilization, although with re-
duced capacity for sustained development. Such an idea is
supported by the observation that the reduction in cleavage
caused by heat shock (Table 1) was less than would be
expected from the heat-shock–induced increase in oocytes
with high caspase activity or positive TUNEL reaction (Ta-
ble 3 and Fig. 3). Survival of cells that initiated apoptosis
has been reported for Caenorhabditis elegans [51]. Further
experiments to identify the pattern of apoptosis and devel-
opment in cleaved embryos formed from heat-shock oo-
cytes are warranted.

The observation that heat shock during maturation re-
duced the proportion of cleaved embryos becoming blas-
tocysts means that embryos formed from heat-shocked oo-
cytes were less competent to develop to the blastocyst
stage. It seems that heat shock during maturation induces
other cellular changes that are carried over to the embry-
onic stage and that impede subsequent development. Dis-
ruptions of these postcleavage events also involve caspase
activation because treatment with z-DEVD-fmk blocked the
effect of heat shock on the proportion of cleaved embryos
that developed to the blastocyst stage.

The fact that maturing oocytes are capable of caspase
activation and DNA fragmentation in response to heat
shock is in direct contrast with the situation with the two-
cell bovine embryo, which does not undergo apoptosis in
response to heat shock [22], arsenic [23], or tumor necrosis
factor-a [31]. In fact, heat-shock–induced apoptosis does
not occur in the bovine preimplantation embryo until about
the 16-cell stage [22]. Because the protein kinase inhibitor
staurosporine can induce apoptosis in bovine embryos at
the 1- to 16-cell stage [52], it is likely that the apoptosis
pathway becomes inhibited at the two-cell stage through a
kinase-dependent pathway and that inhibition lasts for sev-
eral rounds of cell division. The role of apoptosis in em-
bryonic resistance to stress is also likely to be much dif-

ferent for multicellular embryos than for oocytes and early
cleavage-stage embryos. While inhibition of group II cas-
pase activity reverses effects of heat shock in oocytes, ad-
dition of z-DEVD-fmk to embryos $16 cells at Day 5 after
insemination exacerbates the deleterious effects of heat
shock on development [24]. Under certain conditions,
therefore, limited amounts of apoptosis can play a benefi-
cial role in preimplantation embryos by eliminating dam-
aged cells. This is clearly not the case for oocytes, however.
Rather, apoptosis is detrimental to subsequent oocyte func-
tion, as is to be expected for a single cell. Moreover, it is
possible that apoptosis represents a selection process in
which only the healthiest and most viable oocytes survive
stress.

The finding that z-DEVD-fmk blocked the deleterious
effects of heat shock on oocyte maturation suggests that
controlling the activity of caspase-3 or other upstream in-
tracellular events might lead to practical treatments for
blocking heat-shock–induced apoptosis. This idea is
strengthened by the present observations that blastocysts
derived from heat-shocked oocytes were similar to blasto-
cysts from oocytes matured at 38.58C with respect to total
cell number, percentage of TUNEL-positive cells, and ac-
tivity of group II caspases. Further studies using embryo
transfer will lead to a conclusive determination of whether
these blastocysts are actually of normal developmental po-
tential. One possible point for therapeutic intervention is at
the level of the bcl-2 gene family. Indeed, Bax-deficient
oocytes were resistance to apoptosis induced by doxorubi-
cin [19]. Additionally, targeted expression of the antiapop-
totic molecule, Bcl-2, [53] protected mouse oocytes from
apoptosis induced by doxorubicin. Ceramide also plays a
pivotal role in stress-induced apoptosis [54]. Oocytes from
mice lacking the gene encoding for acid sphingomyelinase,
the enzyme that hydrolyzes sphingomyelin to ceramide,
were resistant to chemotherapy-induced apoptosis in vitro
and to radiation-induced apoptosis in vivo [33]. Sphingo-
sine-1-phosphate, a metabolite of ceramide that functions
as an antiapoptotic factor, protected mouse oocytes from
apoptosis induced by chemotherapy and radiation [33]. Fur-
thermore, addition of sphingosine-1-phosphate was recently
shown to improve oocyte maturation in pigs [55].

In conclusion, activation of apoptotic processes mediated
by group II caspases, as defined by both TUNEL and cas-
pase activity assays, is a critical mechanism responsible for
the disruption of oocyte capacity for cleavage and subse-
quent development caused by heat shock during the first 12
h of maturation. Controlling the activity of group II cas-
pases or intracellular events upstream from activation of
execution caspases might be a useful strategy for blocking
heat-shock–induced apoptosis in oocytes and thereby im-
proving fertility of heat-stressed females.

ACKNOWLEDGMENTS

The authors thank William Rembert for collecting ovaries; Marshall,
Adam, and Alex Chernin and employees of Central Beef Packing Co.
(Center Hill, FL) for providing ovaries; and Scott A. Randell from South-
eastern Semen Services (Wellborn, FL) for donating semen. Z. Roth also
thanks Hagar Gil-Roth for her support and encouragement.

REFERENCES

1. Hansen PJ. Embryonic mortality in cattle from the embryo’s perspec-
tive. J Anim Sci 2002; 80(E suppl 2):E33–E44.

2. Picton H, Briggs D, Gosden R. The molecular basis of oocyte devel-
opment. Mol Cell Endocrinol 1998; 145:27–37.

3. McNatty KP, Heath DA, Lundy T, Filder AE, Quirke L, O’Connell

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/71/6/1898/3028821 by guest on 10 April 2024



1905HEAT SHOCK AND OOCYTE APOPTOSIS

A, Smith P, Groom N, Tisdall DJ. Control of early ovarian follicular
development. J Reprod Fertil 1999; 54(suppl):3–16.

4. Badinga L, Collier RJ, Thatcher WW, Wilcox CJ. Effects of climatic
and management factors on conception rate of dairy cattle in subtrop-
ical environment. J Dairy Sci 1985; 68:78–85.

5. Cavestany D, El-Whishy AB, Foote RH. Effect of season and high
environmental temperature on fertility of Holstein cattle. J Dairy Sci
1985; 68:1471–1478.

6. Al-Katanani YM, Webb DW, Hansen PJ. Factors affecting seasonal
variation in 90 day nonreturn rate to first service in lactating Holstein
cows in a hot climate. J Dairy Sci 1999; 82:2611–2615.

7. Putney DJ, Drost M, Thatcher WW. Influence of summer heat stress
on pregnancy rates of lactating dairy cattle following embryo transfer
or artificial insemination. Theriogenology 1989; 31:765–778.

8. Ealy AD, Drost M, Hansen PJ. Developmental changes in embryonic
resistance to adverse effects of maternal heat stress in cows. J Dairy
Sci 1993; 76:2899–2905.

9. Wolfenson D, Roth Z, Meidan R. Impaired reproduction in heat-
stressed cattle: basic and applied aspects. Anim Reprod Sci 2000; 60:
535–547.

10. Edwards JL, Hansen PJ. Differential responses of bovine oocytes and
preimplantation embryos to heat shock. Mol Reprod Dev 1997; 46:
138–145.

11. Rivera RM, Hansen PJ. Development of cultured bovine embryos
after exposure to high temperatures in the physiological range. Re-
production 2001; 121:107–115.

12. Rocha A, Randel RD, Broussard JR, Lim JM, Blair RM, Roussel JD,
Godke RA, Hansel W. High environmental temperature and humidity
decrease oocyte quality in Bos taurus but not in Bos indicus cows.
Theriogenology 1998; 49:657–665.

13. Rutledge JJ, Monson RL, Northey DL, Leibfried-Rutledge ML. Sea-
sonality of cattle embryo production in temperate region. Therioge-
nology 1999; 51:330.

14. Al-Katanani YM, Paula-Lopes FF, Hansen PJ. Effect of season and
exposure to heat stress on oocyte competence in Holstein cows. J
Dairy Sci 2002; 85:390–396.

15. Roth Z, Arav A, Bor A, Zeron Y, Braw-Tal R, Wolfenson D. Improve-
ment of quality of oocytes collected in the autumn by enhanced re-
moval of impaired follicles from previously heat-stressed cows. Re-
production 2001; 122:737–744.

16. Edwards JL, Ealy AD, Monterroso VH, Hansen PJ. Ontogeny of tem-
perature-regulated heat shock protein 70 synthesis in preimplantation
bovine embryos. Mol Reprod Dev 1997; 48:25–33.

17. Morita Y, Tilly JL. Oocyte apoptosis: like sand through an hourglass.
Dev Biol 1999; 213:1–17.

18. Tilly JL. Commuting the death sentence: how oocyte strive to survive.
Nature Rev Mol Cell Biol 2001; 2:838–848.

19. Perez GI, Knudson CM, Leykin L, Korsmeyer SJ, Tilly JL. Apoptosis-
associated signaling pathways are required for chemotherapy-mediat-
ed female germ cell destruction. Nat Med 1997; 3:1228–1232.

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

21. Matikainen TM, Perez GI, Jurisicova A, Schlezinger JJ, Ryu H-Y, Pru
JK, Saki T, Korsmeyer SJ, Casper RF, Sherr DH, Tilly JL. Aromatic
hydrocarbon receptor-driven Bax gene expression is required for pre-
mature ovarian failure caused by biohazardous environmental chem-
icals. Nature Genet 2001; 28:335–360.

22. Paula-Lopes FF, Hansen PJ. Heat-shock induced apoptosis in bovine
preimplantation embryos is a developmentally-regulated phenomenon.
Biol Reprod 2002; 66:1169–1177.

23. Krininger III CE, Stephens SH, Hansen PJ. Developmental changes
in inhibitory effects of arsenic and heat shock on growth of preim-
plantation bovine embryos. Mol Reprod Dev 2002; 63:335–340.

24. Paula-Lopes FF, Hansen PJ. Apoptosis is an adaptive response in bo-
vine preimplantation embryos that facilitates survival after heat shock.
Biochem Biophys Res Commun 2002; 295:37–42.

25. Thornberry NA, Rano TA, Peterson EP, Rasper DM, Timkey T,
Garcia-Calvo M, Houtzager VM, Nordstrom PA, Roy S, Vaillancourt
JP, Chapman KT, Nicholson DW. A combinatorial approach defines
specificities of members of the caspase family and granzyme B. Func-
tional relationships established for key mediators of apoptosis. J Biol
Chem 1997; 272:17907–17911.

26. Grütter MG. Caspases: key players in programmed cell death. Curr
Opin Struct Biol 2000; 10:649–655.

27. Chang HY, Yang X. Proteases for cell suicide: functions and regula-
tion of caspases. Microbiol Mol Biol Rev 2000; 64:821–846.

28. Troy CM, Shelanski ML. Caspase-2 redux. Apoptosis 2002; 7:173–
177.

29. Zheng TS, Hunot S, Kuida K, Flavell RA. Caspase knockouts: matters
of life and death. Cell Death Differ 1999; 6:1043–1053.

30. Parrish JJ, Susko-Parrish JL, Crister ES, Eyestone WH, First NL. Bo-
vine in vitro fertilization with frozen-thawed semen. Theriogenology
1986; 25:591–600.

31. Soto P, Natzke RP, Hansen PJ. Identification of possible mediators of
embryonic mortality caused by mastitis: actions of lipopolysaccharide,
prostaglandin F2a, and the nitric oxide generator, sodium nitroprusside
dihydrate, on oocyte maturation and embryonic development in cattle.
Am J Reprod Immunol 2003; 50:263–272.

32. Edwards JL, Hansen PJ. Elevated temperature increases heat shock
protein 70 synthesis in bovine two-cell embryos and compromises
function of maturing oocytes. Biol Reprod 1996; 55:340–346.

33. Morita Y, Perez GI, Paris F, Miranda SR, Ehleiter D, Haimovitz-Frid-
man A, Fux Z, Xie Z, Reed JC, Schuchman EH, Kolesnick RN, Tilly
JL. Oocyte apoptosis is suppressed by disruption of the acid sphin-
gomyelinase gene or by sphingosine-1-phosphate therapy. Nature Med
2000; 6:1109–1114.

34. Tatemoto H, Sakuri N, Muto N. Protection of porcine oocytes against
apoptotic cell death caused by oxidative stress during in vitro matu-
ration: role of cumulus cells. Biol Reprod 2000; 63:805–810.

35. Men H, Monson RL, Parrish JJ, Rutledge JJ. Degeneration of cryo-
preserved bovine oocytes via apoptosis during subsequent culture.
Cryobiology 2003; 47:73–81.

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

37. Perez GI, Tao XJ, Tilly JL. Fragmentation and death (a.k.a. apoptosis)
of ovulated oocytes. Mol Hum Reprod 1999; 5:414–420.

38. Van Blerkom J, Davis PW. DNA strand break and phosphatidyserine
redistribution in newly ovulated and culture mouse and human oo-
cytes: occurrence and relationship to apoptosis. Hum Reprod 1998;
13:1317–1324.

39. Xu JS, Chang TM, Chan TH, Ho PC, Yeung WSB. The incidence of
cytoplasmic fragmentation in mouse embryos in vitro is not affected
by inhibition of caspase activity. Fertil Steril 2001; 5:986–991.

40. Mosser DD, Caron AW, Bourget L, Denis-Larose C, Massie B. Role
of human heat shock protein HSP70 in protection against heat-induced
apoptosis. Mol Cell Biol 1997; 17:5317–5327.

41. Hendry JJ, Kola I. Thermolability of mouse oocytes is due to lack of
expression and/or inducibility of HSP70. Mol Reprod Dev 1991; 25:
1–8.

42. Stojkovic M, Macado SA, Stojkovic P, Zakhartchenko V, Hutzler P.
Mitochondrial distribution and adenosine triphosphate content of bo-
vine oocytes before and after in vitro maturation: correlation with
morphological criteria and developmental capacity after in vitro fer-
tilization and culture. Biol Reprod 2001; 64:904–909.

43. Sun QY, Wu GM, Lai L, Park KW, Cabot R, Cheong HT, Day BN,
Parther RS, Schatten H. Translocation of active mitochondria during
pig oocyte maturation, fertilization and early embryo development in
vitro. Reproduction 2001; 122:155–163.

44. Acton BM, Jurisicova A, Jurisica I, Caspar RF. Alteration in mito-
chondrial membrane potential during preimplantation stages of mouse
and human embryo development. Mol Hum Reprod 2004; 10:23–32.

45. Van Blerkom J, Davis PW, Lee J. ATP content of human oocytes and
developmental potential and outcome after in vitro fertilization and
embryo transfer. Hum Reprod 1995; 10:415–424.

46. Cohen J, Scott R, Alikani M, Schimmel T, Munne S, Leveron J, Wu
L, Brenner C, Warner C, Willads S. Ooplasmic transfer in mature
human oocytes. Mol Hum Reprod 1998; 4:269–280.

47. Wang X. The expanding role of mitochondria in apoptosis. Gen Dev
2001; 15:292–2933.

48. Perez GI, Trbovich AM, Gosden RG, Tilly JL. Mitochondria and the
death of oocytes. Nature 2000; 403:500–501.

49. Su YQ, Denegre JM, Wigglesworth K, Pendola FL, O’Brien MJ, Ep-
pig JJ. Oocyte-dependent activation of mitogen-activated protein ki-
nase (ERK1/2) in cumulus cells is required for the maturation of the
mouse oocyte-cumulus cell complex. Dev Biol 2003; 263:126–138.

50. Thomas RE, Armstrong DT, Gilchrist RB. Bovine cumulus cell-oocyte
gap junctional communication during in vitro maturation in response
to manipulation of cell-specific cyclic adenosine 3,9 59-monophoso-
phate levels. Biol Reprod 2004; 70:548–556.

51. Vaughan ATM, Betti CJ, Villalobos MJ. Surviving apoptosis. Apo-
ptosis 2002; 7:173–177.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/71/6/1898/3028821 by guest on 10 April 2024



1906 ROTH AND HANSEN

52. Matwee C, Betts DH, King WA. Apoptosis in the early bovine em-
bryo. Zygote 2000; 8:57–68.

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

54. Mathias S, Pena LA, Kolesnick RN. Signal transduction of stress via
ceramide. Ceramide also plays a pivotal role in stress-induced apo-
ptosis. Biochem J 1998; 335:465–480.

55. Lee KK, Lee HS, Wee KI, Park JS, Han JS, Koo DB, Yang YK, Han
YM. Effect of sphingosine-1-phosphate on in vitro maturation of por-
cine oocytes. Theriogenology 2003;59;491 (abstract).

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/71/6/1898/3028821 by guest on 10 April 2024


