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Cellular responses of oocytes and embryos under thermal stress:
hints to molecular signaling
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Abstract

Reduced reproduction in domestic species has
long been a problem in tropical and subtropical areas.
How to improve thermal resistance of domestic species
and their gametes/embryos is centrally important for
efficient production in the animal industry. In response
to environmental challenges, stressed cells or embryos
have a universal heat shock response, which is tightly
modulated at the transcriptional and translational levels
in the cell. Some of these regulatory pathways may be
shared by mammalian oocytes and embryos. When a
deleterious in vitro heat shock is applied to a mature
oocyte, its membrane characteristics, configuration of
the chromatin, and meiotic spindle are altered. The

developmental competence of the oocytes after
fertilization or parthenogenetic activation is also
compromised. When heat shock occurs during

pregnancy, defective fetal development could happen.
However, the teratogenic mechanism is not clear yet.
Currently, more information is available on the
physiological responses of the cells to heat stress or
elevated temperature compared to those of mammalian
oocytes and embryos. To better understand the
mechanisms of thermal injuries or tolerance, more work
on cellular and molecular changes in oocytes and
embryos in response to heat shock is necessary. This
knowledge would be helpful in resolving or developing
strategies to mitigate the low fertility and high embryo
mortality of domestic species in the hot seasons.
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Introduction

Elevated ambient temperature is one of the
major factors responsible for reduced fertility in farm
animals (Ealy et al., 1995). It has been reported that the
viability of cow oocytes and embryos is lower during
the hot seasons than in the cool seasons (Monty and
Racowsky, 1987; Al-Katani et al., 2002). This seasonal
depression of reproductive performance may be caused
by multiple factors, including suboptimal environment
or management, as well as age and species-specific
sensitivity to those factors (Badinga et al., 1985). High
effective ambient temperature (HEAT; Baumgartner
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and Chrisman, 1987) and a combination of high
temperature with humidity which causes changes in an
animal’s physiological core temperature, is one of the
major factors responsible for low reproductive
performance in domestic animals during the hot
seasons. Therefore, improving reproductive efficiency
during periods of HEAT becomes a major challenge for
animal producers in tropical and subtropical areas.

A close correlation was found between the
rectal temperature of cows (39 °C to 42°C) and a higher
percentage of abnormal embryos recovered following
breeding (Putney et al., 1988). However, the molecular
and cellular mechanisms or etiology of heat induced cell
damage, especially the deleterious effect of HEAT on
oocyte or embryo viability, remains poorly understood.
Recent studies, applying in vitro heat shock to oocytes
and embryos, have helped in resolving the mechanism
of heat-induced changes in developmental potential or
damage to bovine oocytes and embryos. This paper
reviews the heat shock response, the regulatory
pathways of heat shock protein (HSP) expression, and
thermal tolerance of oocytes and embryos. The effects
of heat shock on the cellular and molecular changes of
cells, oocytes, and embryos are also discussed.

Heat shock proteins and heat shock response

A large group of HSPs are molecular
chaperones whose biological role is to maintain the
unfolded, newly-synthesized proteins and allow them to
traverse biological membranes or different cellular
compartments such as the endoplasmic reticulum (ER)
and mitochondria. Chaperones also prevent proteins
from denaturing and help with renaturing during and
after stresses (Ang et al., 1991).

Generally, the HSP family can be grouped into
five subfamilies based on molecular weight, these
include: HSP100, HSP90, HSP70, HSP60, and small
heat shock proteins (sHSPs) such as HSP27, oB-
crystalline (Morimoto et al., 1994) and immunophilins
(Bose et al., 1996; Duina et al., 1996; Pennisi, 1996). In
fact, the family of heat shock proteins or molecular
chaperones is expanding. Heat shock proteins can be
classified into two major groups, the constitutive and
the inducible forms. The HSPs, synthesized at a
constant rate without stimulation by stress, are termed
‘constitutive’ HSPs or heat shock cognates (HSC). The
other group of the HSP family that can only be induced
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by heat or some other stresses are designated as
“inducible” HSPs.

Heat shock proteins are actively transcribed and
translated in response to elevated temperatures, usually 5 to
10°C higher than the normal homeostatic temperature of
the organism (Maresca and Lindquist, 1991). This
phenomenon was first discovered in 1962 when active
transcription of Drosophila DNA was observed after heat
shock (Ritossa, 1962). Much more attention has been
drawn to this area in the last two decades.

At normal temperatures, HSPs are involved in
several conventional and critical cellular functions such
as protein folding and transportation, re-naturation of
protein  molecules, stage-specific regulation of
development and cellular events, control of the cell

cycle, stability of the cytoskeleton, immune responses,
and conferring thermotolerance to cells and/or embryos
after heat shock. Factors and stresses other than heat
shock that could induce the heat shock response and HSP
production include growth factors, hormones, reactive
oxygen species (ROS), hypoxia, heavy metal ions, amino
acid analogues, ethanol, disease, and viral infections
(Ananthan et al., 1986; Morimoto et al., 1992; Fig. 1). In
the case of environmental stress and certain patho-
physiological stages, each condition acting on the cell leads
to the activation of heat shock factors (HSFs) that in turn
enter the nucleus and bind to the heat shock elements
(HSEs), the DNA binding site for HSFs, in the promoter
regions of heat shock genes. This leads to the activation of
heat shock gene expression and synthesis of HSPs.
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Figure 1. A proposed model for the regulation of heat shock protein (HSP70) synthesis.
Representative classes of conditions known to result in the elevated expression of HSP70 are shown.
Environmental/pathophysiological stresses including toxic elements and diseases, and non-stressful
conditions such as cell growth and development are possible candidates. In the unstressed condition, heat
shock factor (HSF) is maintained in a monomeric, non-DNA binding form through its interactions with
HSP70 (1). Upon heat shock or other forms of stress, HSF assembles into a trimer (2), binds to specific
sequence elements (HSEs) in heat shock gene promoters, and then becomes phosphorylated (3).
Transcriptional activation of the heat shock genes leads to increased levels of HSP70 and to formation of an
HSF70 complex (4). Finally, HSF dissociates from the DNA (5) and is eventually converted to non-
DNA-binding monomers. (Modified from Morimoto et al., 1992; Morimoto, 1993).
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Transcriptional and translational
regulations of HSPs

The promoter region of human HSP70 gene
contains multiple HSEs to which HSFs bind. By binding
to the multiple HSE regions, HSFs control the
transcriptional activity of both the constitutive and
inducible HSP messages which may be autoregulated. A
proposed mechanism is that transcription is controlled
by the HSFs (Ang et al., 1991). The HSFs interact with
HSP70 to form an oligopolymer. Therefore, some HSPs
are required to suppress the HSF activity. Such a
suppression is released when the titration of HSPs
decreases due to stress-induced unfolding and
denaturation of native proteins (Lindquist and Craig,
1988; Morimoto, 1993; Zou et I., 1998). Figure 1 shows
a hypothesized model of the HSF cycle, in which the
proposed regulation of HSP gene expression is depicted.
In the unstressed cell, HSFs are maintained in a non-
DNA binding state through interactions with HSP70.
Heat shock or other forms of stress activate the
phosphorylation of HSFs to form trimeric or oligomeric
structures (Morimoto et al., 1992; Morimoto, 1993),
which can then bind to the HSE in the heat shock
promoter region. Once the oligomeric HSFs bind to the
HSE, the transcriptional activity is enhanced and the
cellular concentration of HSP70 is increased. An excess
of HSP70 molecules serves as a negative regulator by
interacting with HSFs on the HSE and leading to the
formation of the HSP70-HSF complex and dissociation
of HSFs, from the DNA binding sites (Morimoto, 1993;
Baler et al., 1996). Subsequently, transcription is
reduced to the basal level in the unstressed cell. A
similar auto-regulation model was suggested in
prokaryotes (Ang et al., 1991). In the non-stressed
conditions, DnaK, a homologue molecule of HSP70 in
eukaryotes, interacts with or sequesters the HSF of
prokaryotes (632) to protect it from degradation by the
ubiquitin pathway or binding of RNA polymerase. In a
heat-stressed condition, DnaK is associated with the
damaged or denatured molecules in the cytosol. After
dissociation of DnaK, 632 can bind to the transcription
complex and initiate transcription of the heat shock
genes.

An intriguing aspect of HSP expression is the
selective transcription and translation caused by the heat
shock response. Heat shock immediately activates the
transcription of heat shock genes and RNA processing
and degradation (Yost et al, 1990). A study of
Drosophila HSP82 revealed a possible regulatory
control of HSP gene expression by different introns
compared to those of most HSP genes. Inhibition of
HSP82 expression by severely elevated ambient
temperature was found during the splicing process of
mRNA, in which immature HSP82 transcripts
accumulated in the cytoplasm without being spliced
(Yost et al., 1990).

Most eukaryotic HSPs are coded by multiple
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genes and their expression is regulated by multiple
DNA binding domains (Morimoto et al., 1992). Since
there is only one HSF found in Drosophila, regulation of
transcription is much simpler in this organism than in
vertebrates. It has been demonstrated that RNA
polymerase II (RNAP II) is associated with the heat
shock promoter at the transcription start site of the
HSP70 gene in the unstressed Drosophila cells (Gilmour
and Lis, 1986). Its transcription has actually initiated but
then arrested at about 25 RNA nucleotides without
further elongation until reactivated by heat stress
(Rougvie and Lis, 1988). Therefore, the rate limiting
step in transcription is the event subsequent to binding
of RNAP II to the promoter region (Lis, 1991). After
heat shock, the block of elongation is removed resulting
in a rapid transcriptional activation (Morimoto et al.,
1992).

The effects of HEAT on reproductive
performance of animals

Many factors affected by HEAT may
contribute to the low reproductive performance of farm
animals during hot seasons. Feed intake and digestibility
are significantly reduced by heat stress (McGuire et al.,
1991; Bonnet et al., 1997). Poor nutrition during heat
stress could impair both the immune system and
reproductive performance in cattle (Elrod and Butler,
1993; Morrow-Tesch et al., 1994; Franci et al., 1996).
An elevated ambient temperature can cause changes in
an animal’s metabolism by increasing blood flow and
respiration rate (McGuire et al., 1991; Blackshaw and
Blackshaw, 1994). Following exposure to heat, it may
take 2 to 7 weeks to acclimate cattle (Blackshaw and
Blackshaw, 1994). An animal’s inability to maintain
homeostasis at high temperatures may result in reduced
productivity or even death.

Changes of hormonal profiles, such as
increased thyroxine and insulin-like growth factors
(IGF-II) levels in the circulation of the animals after
heat shock, have also been reported (McGuire et al.,
1991). Reproduction-related endocrine profiles may also
be affected by HEAT. Rosenberg et al. (1977) reported
that progesterone (P4) levels of cycling cows were
significantly lower during the summer than during the
winter. Gilad et al. (1993) found that cows with low
blood estrogen levels were more sensitive to an
elevation of ambient temperature. The mean
concentrations of plasma gonadotropins were also
lowered by heat stress. These effects could directly or
indirectly modify maternal hormonal profiles and in
turn alter the uterine environment (Rosenberg et
al.,1977; Putney et al., 1988; Gilad et al., 1993). After
18-h of culture at 43 C°, interferon t (b-TP1, bovine
trophoblast protein-1) and protein synthesis in
postimplantation (Day 17) bovine concepti were decreased,
and the expression of HSPs and prostaglandin F (PGF2a)
secretion were increased in the endometrial tissue at a
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temperature of 39 °C (Putney et al., 1988).

Decreased reproductive performance, resulting
from a hyperthermic environment, is likely due to the
direct effect of elevated temperatures on the
reproductive tract and/or the developing oocytes or
embryos (Elliott et al., 1968; Ulberg and Sheean, 1973;
Edwards et al., 1974). When albino ICR female mice
were exposed to 34.5 °C and 65% humidity for 24 h
immediately after mating, accumulation of 2-cell stage
embryos was found at 54 h after mating. Those which
developed to 4-cell stage embryos had few blastomeres
capable of synthesizing RNA (failure of [3H] uridine
incorporation; Bellve, 1972; 1976).

Hyperthermia can cause defective development

% Embryo viability or normal development
(@]

including microcephaly, microphthalmia, and an open
neural tube in 9- to 10-day-old rat fetuses (Walsh et al.,
1987). Teratogenic development such as microcephaly
resulted when the rat embryos were heat-treated for 7.5
min at 43°C. When the heat shock temperature was
decreased to 42°C, no effect on the development was
observed, but abnormal development occurred
following 20 min of heat treatment (Walsh et al., 1987).
However, when early head-fold stage rat fetuses (9.5
days after mating) were cultured in vitro, the heat shock
response could be induced by a 10-min challenge at 41
°C. The severity of the abnormalities was evident
relative to the increase of temperature and duration of
heat shock (Walsh et al., 1987; Fig. 2).

Hyperthermia or elevated ambient temperatures

(increasing)

Figure 2. The conceptual illustration of the impact of ambient temperatures on the viability of
mammalian embryos. The relationships between these two variables are presented as three possible

regression curves (a, b, ¢).

Thermotolerance of oocytes and embryos

Elevated ambient temperatures may directly
impair maturing and preovulatory oocytes. Mammalian
oocytes and pre-implantation embryos are known to be
sensitive to heat stress. The most vulnerable stages are
during ovulation, fertilization, within 2 days after
fertilization, and at the first cleavage division (Zavy,
1994; Ealy et al., 1995). Heat shocking bovine oocytes
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for 1 h at 40 to 42°C had no deleterious effects on
subsequent blastocyst formation after in vitro
fertilization (Ju et al, 1999). However, blastocyst
formation rate decreases when heat shock is sustained
for 12 h at 41°C (Edwards and Hansen, 1997). When the
temperature increases to 43°C, the developmental
competence of the treated oocytes is severely reduced
following a 45-min exposure (Ju et al., 1999). For 2-cell
bovine embryos, a 3-h heat shock at 40°C has no effect
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on further development, but developmental competence
decreases when heated at 41°C to 42°C for a longer period
of time (Ealy et al., 1995; Tseng et al., 2004). This effect
has been reported in porcine embryos (Ju et al., 2004).

Ulberg and Burfening (1967) investigated the
relationship between the rectal temperature at the time
of mating and the embryo survival or pregnancy rate in
sheep and dairy cows. A negative relationship was
found between embryo survival to term and pregnancy
rate and increased rectal temperatures (37.5 to 40 °C).
When bovine embryos were recovered on Day 7 after
insemination, a positive correlation between rectal
temperatures and percentage of retarded or abnormal
embryos was found (Putney et al., 1988). Also, the
survival and implantation rates of early embryos of
maternally stressed mice have a negative regression
coefficient with elevated rectal temperatures (39 to 41
°C; Elliott and Ulberg, 1971). It seems clear that the
effect of hyperthermic conditions on the viability and
developmental competence of oocytes and embryos
depends upon both the temperature and the duration of
exposure (Fig. 2).

Development of thermotolerance of embryos

Thermal sensitivity of mammalian cells may be
affected by many factors such as environmental pH
(Overgaar, 1976; Gerwech, 1977), stage of the cell
cycle (Westra and Dewey, 1971; Bhuyan et al., 1977),
presence of blood serum (Hahn, 1974), and
concentration of cellular polyunsaturated fatty acids
(Hidvegi et al., 1980; Guffy et al., 1982). When the
environmental pH drops to 6.5 to 6.7, thermal resistance
of the murine cell line L1A2 is reduced and is even
more so in Chinese hamster ovary (CHO) cells (Nielsen
and Overgaard, 1979; Gerwech, 1982). In CHO cells,
the S-phase is found to be a more sensitive stage to
thermal stress during which the inhibition of DNA
repairing enzymatic activity (DNA polymerase B in
CHO cells) can occur (Denman et al., 1982). Absence
of serum in culture medium enhances cell lysis during
or after heat shock (Hahn, 1974). Similarly,
thermotolerance of oocytes and embryos may be
regulated or enhanced by a variety of endogenous or
exognous factors including developmental stage-
specific gene expression, the heat shock response,
protection provided by intracellular/extracellular
antioxidant and antioxidative defense systems, and
perhaps the genetic modification of the animals.

Developmental-regulated thermal tolerance

As described previously, the stages of
development sensitive to elevated ambient temperatures
are the preovulatory and the mature oocyte (Curci et al.,
1987), as well as the embryos in early cleavage stages.
The thermotolerance of preimplantation embryos
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increases in further developmental stages of embryos in
swine (Omtvedt et al., 1967), sheep (Dutt, 1961), cattle
(Ealy et al., 1993; Ealy and Hansen, 1994), mice (Ealy
and Hansen, 1994), and rabbits (Alliston and Ulberg,
1965). Ealy et al. (1993) evaluated thermotolerance of
cattle embryos by introducing heat shock to the animal
on Days 0, 1, 3, 5, and 7 after insemination followed by
examination of viability and stage of embryos retrieved
from the uterus on Day 8. Starting from Day 3, embryos
acquired a greater heat resistance with the progression
of developmental stages. A substantial increase in
thermotolerance is acquired on Day 4 in bovine
embryos derived from in vitro fertilization (Ju et al.,
1999). The thermal resistance appears to be biphasic in
nature declining from the preovulatory stage to 2-cell
embryo stage and then increasing beyond that (Edwards
and Hansen, 1997).

Heat-induced thermotolerance

The heat shock response is a universal response
to increased temperature in both prokaryotes and
eukaryotes in (Craig and Gross, 1991; Georgopoulos
and Welch, 1993). Previous exposure to mildly elevated
temperatures induces the expression and accumulation
of heat shock proteins. As a result, the resistance to a
second severe elevation in temperature can be enhanced
in almost all organisms. Similarly, in mouse and bovine
in vivo produced embryos, a mild temperature increase
(40°C, 1 h) induces thermotolerance in the embryos and
increases their ability to survive after a subsequent
severe challenge (42 to 43°C for 1 to 2 h; Ealy and
Hansen, 1994; Paula-Lope and Hansen, 2002).
However, a similar study was conducted using in vitro
produced bovine embryos, but no increased
thermotolerance was observed (Ju et al.,1999).

Embryos, from the post-implantation period to
neurulation (the early organogenesis stage), were also
found to be vulnerable to hyperthermia. As mentioned
previously, when 9- to 10-day-old rat fetuses were
challenged with teratogenic heat shock (43 °C for 5 to
7.5 min), fetal abnormalities were observed in all
fetuses. A chronic elevation of temperature (40 to 41 °C
for 48 h) also retarded embryonic growth and viability
both in rats and cattle (Walsh et al., 1987; Ryan et al.,
1992), and microcephaly was observed in the 12- to 13-
day-old rat fetuses after such a treatment. In contrast, a
mild, non-teratogenic heat stress (42°C, 10 min) caused
embryos to acquire thermotolerance after a 15- min
recovery at 38.5 °C (Walsh et al., 1987). This response
may be mediated by the synthesis of HSPs. However,
many reports have suggested that thermotolerance was
not induced during HSP synthesis. Clearly, HSPs may
not be sufficient by themselves to confer
thermotolerance in post-implantation embryos in mice
(Edwards et al., 1995), rats (Harris et al., 1991), and
possibly in some other species. Although HSPs play a
central role in maintaining cellular homeostasis and
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development of thermotolerance (Nover, 1991), cells
can acquire heat resistance without HSP synthesis.
When cycloheximide, a protein synthesis inhibitor, was
used to inhibit HSP synthesis in heat-treated CHO cells,
superoxide dismutase (SOD) activity and
thermotolerance increased (Loven et al., 1985)
indicating a positive role of SOD in the development of
thermotolerance.

Activation of the oxidative defense system

Hyperthermia is considered to cause oxidative
stress in cells and tissues by generating the superoxide
anion (O,) or hydrogen peroxide (H,0,) (Fisher et al.,
1991). In physiological conditions, the superoxide anion
is degraded to H,O, by SOD in the cytosol and
mitochondria. Hydrogen peroxide is then removed by
either catalase or glutathione (GSH) peroxidase and
GSH transferase. When somatic cells, such as CHO
cells and ovarian carcinoma cells, are exposed to heat
shock, the SOD activity is increased in response to the
stress (Loven et al., 1985). Glutathione is a tripeptide
derived from glycine, glutamate, and cysteine and is
one of the redox buffers in living cells in which it
serves as a free radical scavenger catalyzed by GSH
peroxidase to remove peroxides (Lehninger et al.,
1994). Without these enzymes, cellular injuries can
occur in the forms of chromatin damage, lipid
peroxidation of membranes, altered cytoskeletal
structures, and other detrimental changes (Loven, 1988).
In thermal-tolerant cells, GSH levels are higher than in
thermal intolerant strains indicating that hyperthermia
can activate the antioxidative defense system and
enzyme synthesis.

Oocytes and embryos are exposed to an
oxidative environment or suboptimal environment
during in vivo development. When rat embryos were in
hyperthermic conditions, the GSH level was increased
compared to that of the control group (Harris et al.,
1991). In vitro culture systems are also an oxidative
environment for oocytes and embryos (20% oxygen
tension), compared to in vivo environments. The in vivo
environment contains only 1.5 to 8.7% oxygen tension
in the uterine tube and the uterus in several species
including hamsters, rabbits, and rhesus monkeys
(Fischer and Bavister, 1993). These low levels of
oxygen are far less than that of the regular in vitro
culture system. Therefore, when GSH was added to the
culture medium, maturation and development of oocytes
and embryos were improved in mice (Arechiga et al.,
1995) and in cattle (Ealy et al., 1993). When
Lbuthionine- S, R-sulfoximine (BSO), a GSH synthesis
inhibitor, was used in culture, the thermotolerance of
embryos decreased without affecting HSP or its mRNA
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synthesis both in mouse (Arechiga et al., 1995) and rat
post-implantation embryos (Harris et al., 1991). These
reports suggest that a similar redox system might exist
in the oocyte and embryos parallel to the protective role
of heat-induced thermotolerance.

Genetic manipulation

Thermotolerance of organisms can be altered
using recently developed biotechnology. An HSP70
gene knock-out yeast or an anti-HSP70 antibody
injected cell line has less thermal resistance than the
wild type (Riabowol et al., 1988). Similarly, injection of
anti-HSP70 mRNA or constitutive expression of HSP70
enhanced thermotolerance of rat fibroblasts (Angelidis
etal, 1991; Li et al., 1991). Conversely, microinjection
of HSP70 antibodies increased thermosensitivity of rat
embryo fibroblasts (Riabowol et al, 1988).
Microinjection of HSP mRNA was first reported to be
effective in enhancing thermotolerance of mouse
oocytes (Hendrey and Kola, 1991). Over-expression of
the glutathione peroxidase gene in mice as well as
HSP27 in hamsters (Hout et al., 1991) also contributes
to increased thermotolerance and resistance to oxidative
stress. Transgenic approaches and cloning of heat
resistant genes or breeds may be one of the potential
strategies to improve thermotolerance in domestic
species in the future.

Cellular changes and possible molecular signaling of
oocytes/embryos after heat shock

Alterations of the chromatin and cytoskeleton

Baumgartner and Chrisman (1981) reported a
differential condensation of chromatin of mouse oocytes
derived from heat-stressed females. Our recent study
also showed that direct in vitro heat shock at 41 to 42°C
for 2 to 4 h resulted in aggregation or condensation of
metaphase chromosomes in both cattle and porcine
oocytes (Fig. 3; Tseng et al., 2002; Ju and Tseng, 2004).
In some cases, the chromatin of the matured oocytes
separated into several groups after severe heat shock
(Fig. 3B). The reason for the condensation and
separation of the chromatin is not clear yet, but it might
be due to the alteration of spindle microtubules.
Although only limited information is available, previous
studies demonstrated that reduced ambient temperature
also altered the morphology of meiotic spindles (Aman
and Parks, 1994; Wang et al., 2001). Exposure of
metaphase mouse oocytes to a temperature of 25°C
induces spindle disassembly within 10 to 20 min and the
spindle is incompletely reassembled at 37°C, when
observed by Polscope (Sun et al., 2004).

Anim. Reprod., v.2, n.2, p.79-90, April/June, 2005
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Figure 3. Morphological changes of the chromatin and the spindle in porcine oocytes during heat shock
condition (1000x%). (A) Disassembly of the spindle (arrow) was observed in the matured porcine oocyte
after 2 h of heat shock at 41.5 0C. (B) The chromosomes condensed and separated into groups (arrow
heads) accompanied by complete depolymerization of the spindle microtubules following a prolonged
heat shock treatment (4 h) at 41.5 OC. (Tseng et al., 2002).

Detrimental and irreversible effects of elevated
ambient temperatures on the cytoskeleton and meiotic
spindle of mammalian oocytes have been reported.
When cattle and porcine oocytes are exposed to elevated
temperatures, depolymerization of the spindle is
prominent and the microfilament density is changed
(Tseng et al., 2004; Ju et al., 2005). It is likely that the
changes in chromatin configuration of the ooytes are
attributable, atleast in part, to the alteration in size and
morphology of the meiotic spindle after heat shock
treatment.

Apoptosis of the oocytes/embryos after heat shock

Apoptosis, or programmed cell death, is one of
the important processes for normal development and
might play a critical role in eliminating cells that are
abnormal, damaged, or misplaced during mammalian
embryonic development (Jacobson et al., 1997; Hardy,
1999; Meier et al., 2000). Apoptosis, identified by
TUNEL and caspase activity (Paula-Lopes and Hansen,
2002; Roth and Hansen, 2004a), was observed in
preimplantation bovine embryos subjected to 41 to 42°C
heat shock in a time-dependent manner.

It is known that induction of thermotolerance
with a parallel increase of HSPs inhibited heat-induced
apoptosis in many cell lines (Mosser and Martin, 1992;
Buzzard et al., 1998; Mosser et al., 2000). Cleavage of
caspase 3 polymerase is also inhibited in HSP70-
expressing cells (Gabai et al., 1997; Buzzard et al,,
1998) indicating that HSPs can block the apoptotic
processes of the cells. Although the apoptotic
phenomena of cattle embryos (Roth and Hansen,
2004a;b, 2005) have been reported as mentioned
previously, little information is available on the
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expression of HSPs and apoptosis, and the precise
mechanisms of HSP signaling pathway during in vivo
thermal stresses of oocytes and embryos are still largely
unknown.

There have been many studies on the molecular
signaling of cells in response to heat shock. Cellular
stresses such as osmotic shock, arsenite, and heat shock
could act as a signal to activate one of the MAPK
pathways through upstream molecules such as Raf-1,
Braf, mos and MAPK kinase kinase (MEKK; Moriguchi
et al., 1996). Nevertheless, the evidence suggests that
heat shock and other stresses activate their downstream
molecules through a different and, perhaps, a specific
kinase cascade (Dorion and Landry, 2002; Zhang and
Liu, 2002).

Other MAPK homologues or its subfamily of
kinases, Jun kinase (JNK) and reactivated kinase (RK)
or p38 (Rouse et al., 1994), are stress-activated protein
kinases (SAPKs), which relay heat shock and oxidative
stress signals in mammalian cells (Fig. 4). Reactivated
kinase and classical MAPK (p42 and p44) molecules
share about 50% homology in their amino acid
sequence. The upstream molecule to RK is RK kinase
(RKK), which is activated by cytokines and cellular
stressors including arsenite, osmolarity, or heat shock.
The kinase that activates RKK, possibly RKK kinase,
has not been identified (Rouse et al., 1994; Guay et al.,
1997). The molecule downstream of RK, MAPK
activated protein  kinase-2 (MAPKAP-2), can
phosphorylate small heat shock proteins HSP25 and/or
HSP27 (Stokoe et al., 1992; Cuenda et al., 1995), and in
turn, stabilize or repair the microfilament structure of
cells (Lavoie et al., 1995; Guay et al., 1997). When the
concentration of HSP27 is elevated extraordinarily, it
could cause abnormal actin polymerization, extensive
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cell blebbing, or apoptosis (Deschesnes et al., 2001; Fig.
4). Therefore, RK appears to be separated from the
classical MAPK cascade in signaling a heat stress that
might eventually lead to apoptosis. More work is
required to further clarify this notion. To our

knowledge, little information about the signaling
pathways of these kinases in oocytes and embryos is
available. It would be an interesting line of research for
further understanding the physiologic responses of
gametes and embryos under thermal stress.
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activated protein kinase 2; MAPKKK: MAPK kinase kianse; Trx: thioredoxin. Green arrows represent
possible different pathways from black arrows. (Modified from Dorion and Landry, 2002; Zhang and

Liu, 2002).

In  conclusion, increasing reproductive
efficiency under elevated ambient temperatures is a high
priority for the animal industry in tropical and
subtropical areas. Enhancement of thermotolerance of
oocytes and embryos appears to be one of the solutions
to this problem. However, based on the current
understanding, thermotolerance of the oocyte and the
embryo may not be simply correlated with the synthesis
of HSPs. Decreased development of oocytes and/or
embryos subjected to heat stress could be caused, at
least in part, by heat shock-induced apoptosis and
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alterations of the chromatin and spindle microtubules.
Heat-elevated free radicals in the oocyte or embryos
may also contribute to their low developmental
competence (Hansen et al., 2001; Rivera and Hansen,
2001). Some other factors, such as anti-oxidative
defense system, uterine environment and circulating
hormonal profile of the animal are also involved. In
addition, heat shock may cause calcium ion elevation in
the cell (Stevenson et al., 1986) and could activate a
large proportion of mature mouse oocytes (Komar,
1973). It is still premature to speculate if intracellular
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Ca®" elevation leads to apoptosis of the oocytes and
embryos and the link between heat shock and oocyte
activation could be through MAPK cascades. However,
to resolve the mechanisms of thermotolerance in
oocytes and embryos, it would be pivotal to identify
whether the heat shock-induced Ca®’ elevation and
MAPK signaling pathways occur in mammalian oocytes
and embryos.

Acknowledgments

The completion of this manuscript was
supported by NSC grants, Executive Yuan, Taiwan,
ROC. All illustrations in this paper were prepared by
Mr. Gimn-Tin Chen.

References

Al-Katani, YM, Paula-Lopes FF, Hansen PJ. 2002.
Effect of season and exposure to heat stress on oocyte
competence in Holstein cows. J Dairy Sci, 85:390-396.
Alliston CW, Ulberg LC. 1965. In vitro culture
temperatures and subsequent viability of rabbit ova. J
Anim Sci, 24: 912. (abstract).

Aman RR, Parks JE. 1994. Effect of cooling and
rewarming on the meiotic spindle and chromosomes of
in vitro-matured bovine oocytes. Biol Reprod, 50:103-
110.

Ananthan J, Goldberg AL, Voellmy R. 1986.
Abnormal proteins serve as eukaryotic stress signals and
trigger the activation of heat shock genes. Science,
232:522-524.

Ang D, Liberek K, Skowyra D, Zylicz M,
Georgopoulos C. 1991. Biological role and regulation
of the universally conserved heat shock proteins. J Biol
Chem, 266:24233-24236.

Angelidis CE, Lazaridis J, Pagoulatos GN. 1991.
Constitutive expression of heat shock protein 70 in
mammalian cells confers thermoresistance. Eur J
Biochem, 199:35-39.

Arechiga CF, Ealy AD, Hansen PJ. 1995. Evidence
that glutathione is involved in thermotolerance of
preimplantation murine embryos. Biol Reprod, 52:1296-
1301.

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

Baler R, Zou J, Voellmy R. 1996. Evidence for a role
of hsp70 in the regulation of the heat shock response in
mammalian cells. Cell Stress Chaperones, 1:33-39.
Baumgartner AP, Chrisman CL. 1981. Cytogenetic
analysis of ovulated mouse oocytes following
hyperthermic stress during meiotic maturation. Exp Cell
Res, 132:359-66.

Baumgartner AP, Chrisman CL. 1987. Embryonic
mortality caused by maternal heat stress during mouse
oocyte maturation. Anim Prod Sci, 14:309-316.

Anim. Reprod., v.2, n.2, p.79-90, April/June, 2005

Bellve AR. 1972. Viability and survival of mouse
embryos following parental exposure to high
temperature. J Reprod Fertil, 30:71-81.

Bellve AR. 1976. Incorporation of 3H uridine by mouse
embryos with abnormalities induced by parental
hyperthermia. Biol Reprod ,15:632-646.

Bhuyan BK, Day KJ, Edgerton CE, Ogunbase O.
1977. Sensitivity of different cell lines and of different
phases in the cell cycle to hyperthermia. Cancer Res,
37:3780-3784.

Blackshaw JK, Blackshaw AW. 1994. Heat stress in
cattle and the effect of shade on production and
behavior: a review. Aust J Exp Agric, 34:285-295.
Bonnet S, Geraert PA, Lessire M, Carre B,
Guillaumin S. 1997. Effect of high ambient
temperature on feed digestibility in broilers. Poultry Sci,
76:857-863.

Bose S, Weikl T, Bugl H, Buchner J. 1996. Chaperone
function of Hsp90-associated proteins.  Science,
274:1715-1717.

Buzzard KA, Giaccia AJ, Killender M, Anderson
RL. 1998. Heat shock protein 72 modulates pathways of
stress-induced apoptosis. J Biol Chem, 273:17147-
17153.

Craig EA, Gross CA. 1991. Is hsp70 the cellular
thermometer? TIBS, 16:135-140.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P,
Gallagher TF, Young PR, and Lee JC. 1995. SB
203580 is a specific inhibtor of MAP kianase
homologue which is stimulated by cellular stresses and
interleukin-1. FEBS, 364:229-233.

Curci A, Bevilacqua A, Mangia F. 1987. Lack of
heatshock response in preovulatory mouse oocytes. Dev
Biol, 123:154-160.

Deschesnes RG, Huot J, Valerie K, Landry J. 2001.
Involvement of p38 in apoptosis-associated membrane
blebbing and nuclear condensation. Mol Biol
Cell,12:1569-1582.

Denman DL, Spiro 1J, Dewey WC. 1982. Effects of
hyperthermia on DNA polymerases alpha and beta:
relationship  to  thermal cell  killing  and
radiosensitization. In: Cancer therapy by hyperthermia,
drug, and radiation, the 3rd international symposium.
Washington, DC: US Department of Health and Human
Services, NIH publication. pp.37-39.

Dorion S, Landry J. 2002. Activation of the
mitogenactivated protein kianse pathways by heat
shock. Cell Stress Chaperon, 7:200-205.

Duina AA, Chang HC, Marsh JA, Lindquist S,
Gaber, RF. 1996. A cyclophilin function in Hsp90-
dependent signal transduction. Science, 274:1713-1715.
Dutt RH. 1961. Critical period of early embryos
mortality in ewes exposed to high ambient temperature.
J Anim Sci, 22:713.

Ealy AD, Hansen PJ. 1994. Induced thermotolerance
during early development of murine and bovine
embryos. J Cell Physiol, 160:463-468.

Ealy AD, Drost M, Hansen PJ. 1993. Developmental

87



»

Ju. Heat shock on oocytes and embryos.

changes in embryonic resistance to adverse effects of
maternal heat stress in cows. J Dairy Sci, 76:2899-2905.
Ealy AD, Howell JL, Monterroso VH, Arechiga CF,
Hansen PJ. 1995. Developmental changes in sensitivity
of bovine embryos to heat shock and use of antioxidants
as thermoprotectants. J Anim Sci, 73:1401-1407.
Edwards JL, Hansen PJ. 1997. Differential responses
of bovine oocytes and preimplantation embryos to heat
shock. Mol Reprod Dev, 46:138-145.

Edwards JL, Ealy AD, Hansen PJ. 1995. Regulation
of heat shock protein 70 synthesis by heat shock in the
preimplantation murine embryo. Theriogenology,
44:329-337.

Edwards MJ, Mulley P, Ring S, Wanner RA. 1974.
Mitotic cell death and delay of mitotic activity in
guinea-pig embryos following brief maternal
hyperthermia. J Embryol Exp Morphol, 32:593-602.
Elliott DS, Ulberg LC. 1971. Early embryo
development in the mammal. 1. Effects of experimental
alterations during first cell division in the mouse zygote.
J Anim Sci, 33:86-95.

Elliott DS, Burfening PJ, Ulberg LC. 1968.
Subsequent development during incubation of fertilized
mouse ova stressed by high ambient temperature. J Exp
Zool, 169:481-486.

Elrod CC, Butler WR. 1993. Reduction of fertility and
alteration of uterine pH in heifers fed excess ruminally
degradable protein. J Anim Sci, 71:694-701. Fischer F,
Bavister BD. 1993. Oxygen tension in the oviduct and
uterus of rhesus monkeys, hamsters and rabbits. J
Reprod Fertil, 99:673-679.

Fisher PR, Karampetsos P, Wilczynska Z,
Rosenberg LT. 1991. Oxidative metabolism and heat
shock-enhanced chemiluminescence in Dictyostelium
discoideum. J Cell Sci, 99:741-750.

Franci O, Amici A, Margarit R, Merendino N,
Piccolella E. 1996. Influence of thermal and dietary
stress on immune response of rabbits. J Anim Sci,
74:1523-1529.

Gabai VL, Meriin AB, Mosser DD, Caron AW, Rits
S, Shifrin VI, Sherman MY. 1997. Hsp70 prevents
activation of stress kinases. A novel pathway of cellular
thermotolerance. J Biol Chem, 272:18033-18037.

Guay J, Lambert H, Gingras-Breton G, Lavoei JN,
Huot J, Landry J. 1997. Regulation of actin filament
dynamics by p38 map kinase-mediated phosphorylation
of heat shock protein 27. J Cell Sci, 110:357-368.
Georgopoulos C, Welch WJ. 1993. Role of the major
heat shock proteins as molecular chaperones. Annu Rev
Cell Biol, 9:601-634.

Gerwech LE. 1977. Modification of cell lethality at
elevated temperatures: the pH effect. Radiat Res,
70:224-235.

Gerwech LE. 1982. Effect of microenvironmental
factors on the response of cells to single and
fractionated heat treatments. In: Cancer therapy by
hyperthermia, drug, and radiation, the 3rd international
symposium. Washington, DC: US Department of Health

88

and Human Services, NIH publication. pp.19-26.

Gilad, E., Meidan R, Berman A, Graber Y,
Wolfenson D. 1993. Effect of heat stress on tonic and
GnRH-induced gonadotrophin secretion in relation to
concentration of oestradiol in plasma of cyclic cows. J
Reprod Fertil, 99:315-321.

Gilmour DS, Lis JT. 1986. RNA polymerase II
interacts with the promoter region of the non-induced
hsp70 gene in Drosophila melanogaster cells. Mol Cell
Biol, 6:3984-3989.

Guffy MM, Rosenberger JA, Simon |, Burns CP.
1982. Effect of cellular fatty acid alteration on
hyperthermic sensitivity in cultured L1210 murine
leukemia cells. Cancer Res, 42:3625-3630.

Hansen PJ, Drost M, Rivera RM, Paula-Lopes FF,
Al-Katanani YM, Krininger CE, Ill, Chase CC, Jr.
2001. Adverse impact of heat stress on embryo
production: causes and strategies for mitigation. A
review. Theriogenology, 55:91-103.

Hendrey J, Kola 1. 1991. Thermolability of mouse
oocytes is due to the lack of expression and/or
inducibility of hsp70. Mol Reprod Dev, 28:1-8.

Hahn GM. 1974. Metabolic aspects of the role of
hyperthermia in mammalian cell inactivation and their
possible relevance to cancer treatment. Cancer Res,
34:3117-3123.

Hardy K. 1999. Apoptosis in the human embryo. Rev
Reprod, 4:125-134.

Harris D, Juchau MR, Mirkes PE. 1991. Role of
glutathione and Hsp 70 in the acquisition of
thermotolerance in postimplantation rat embryos.
Teratology, 43:229-239.

Hidvegi EJ, Yatcin MB, Dennis WH, Hidvegi E.
1980. Effect of altered membrane lipid composition and
procaine on hyperthermic killing of ascites tumor cells.
Oncology (Basel), 37:360-363.

Hout J, Roy G, Lambert H, Chretien P, Landry J.
1991. Increased survival after treatments with
anticancer agents of Chinese hamster cells expressing
the human Mr 27000 heat shock protein. Cancer Res,
51:5245-5252.

Jacobson MD, Weil M, Raff MC. 1997. Programmed
cell death in animal development. Cell, 88:347-354.

Ju JC, Tseng JK. 2004. Nuclear and cytoskeletal
alterations of in vitro matured porcine oocytes under
hyperthermia. Mol Reprod Dev, 68:125-133.

Ju JC, Parks JE, Yang X. 1999. Thermotolerance of
IVM-derived bovine oocytes and embryos after
shortterm heat shock. Mol Reprod Dev, 53:336-340.

Ju JC, Jiang S, Tseng JK, Parks JE, Yang X. 2005.
Heat shock reduces developmental competence and
alters spindle configuration of bovine oocytes.
Theriogenology, (in press).

Komar A. 1973. Parthenogeneticc development of
mouse eggs activated by heat-shock. J Reprod Fertil,
35:433-443.

Lehninger AL, Nelson DL, Cox MM. 1994. In:
Principles of biochemistry. 2nd Edition. New York:

Anim. Reprod., v.2, n.2, p.79-90, April/June, 2005



»

Ju. Heat shock on oocytes and embryos.

Worth Publ.

Li GC, Li LG, Liu YK, Mak JY, Chen LL, Lee
WMF. 1991. Thermal response of rat fibroblasts
transfected with human 70 KD heat shock
proteinencoding genes. Proc Natl Acad Sci USA,
88:1681-1685.

Lindquist S, Craig EA. 1988. The heat-shock proteins.
Annu Rev Genet, 22:631-677.

Lis JT. 1991. Transcriptional activation of Drosophila
heat shock genes. In :Nover L (Ed.). Heat shock
response. Boca Raton, FL: CRC Press. pp.3-8.

Lavoie JN, Lambert H, Hickey E, Weber L, Landry
J. 1995. Modulation of cellular thermoresistance and
actin filament stability accompanies
phosphorylationinduced changes in the oligomeric
structure of heat shock protein 27. Mol Cell Biol
15:505-516.

Loven DP. 1988. A role for reduced oxygen species in
heat induced cell killing and the induction of
thermotolerance. Med Hypoth, 26:39-50.

Loven DP, Leeper DB, Oberley LW. 1985.
Superoxide dismutase levels in Chinese hamster ovary
cells and ovarian carcinoma cells after hyperthermia or
exposure to cycloheximide. Cancer Res, 45:3029-3033.
Maresca B, Lindquist S. 1991. In: Nover L (Ed.). Heat
shock response. Boca Raton: CRC Press. pp.V-VIL.
McGuire MA, Beede DK, Collier RJ, Buonomo FC,
DeLorenzo MA, Wilcox CJ, Huntington GB,
Reynolds CK. 1991. Effects of acute thermal stress and
amount of feed intake on concentrations of
somatotropin, insulin-like growth factor (IGF)-1 and
IGF-II, and thyroid hormones in plasma of lactating
Holstein cows. J Anim Sci, 69:2050-2056.

Meier P, Finch A, Evan G. 2000. Apoptosis in
development. Nature, 407:796-801.

Monty DE, Racowsky C. 1987. In vitro evaluation of
early embryo viability and development in summer
heat-stressed, superovulated dairy COWS.
Theriogenology, 28:451-465.

Moriguchi T, Gotoh Y, Nishida E. 1996. Roles of the
MAP kinase cascades in vertebrates. Adv Pharmacol,
36:121-137.

Morimoto RI. 1993. Cell in stress: transcriptional
activation of heat shock genes. Science, 259:1409-1410.
Morimoto RI, Sarge KD, Abravaya K. 1992.
Transcriptional regulation of heat shock genes. J Biol
Chem, 267:21987-21990.

Morimoto RI, Tissieres A, Georgopoulos C. 1994.
Progress and perspectives on the biology of heat shock
proteins and molecular chaperones. In: Morimoto RI,
Tissieres A, and Georgopoulos C. The biology of heat
shock proteins and molecular chaperone. Cold Spring
Harbor, NY: Cold Spring Harbor Lab Press. pp.1-30.
Morrow-Tesch JL, McGlone JJ, Salak-Johnson JL.
1994. Heat and social stress effects on pig immune
measures. J Anim Sci, 72:2599-2609.

Mosser DD, Martin  LH. 1992. Induced
thermotolerance to apoptosis in a human T lymphocyte

Anim. Reprod., v.2, n.2, p.79-90, April/June, 2005

cell line. J Cell Physiol, 151:561-570.

Mosser DD, Caron AW, Bourget L, Meriin AB,
Sherman MY, Morimoto RI, Massie B. 2000. The
chaperone function of hsp70 is required for protection
against stress-induced apoptosis. Mol Cell Biol,
20:7146-7159.

Nielsen OS, Overgaard J. 1979. Effect of extracellular
pH on thermotolerance and recovery of hyperthermic
damage in vitro. Cancer Res, 39: 2772-2778.

Nover L. 1991. Heat shock response. Boca Raton: CRC
Press. Boca Raton.

Omtvedt IT, Nelson RE, Edwards RL. 1967.
Influence of heat stress during early, mid and late
pregnancy of gilts. J Anim Sci, 32:312.

Overgaard J. 1976. Influence of extracellular pH on
the viability and morphology of tumor cells exposed to
hyperthermia. J Natl Cancer Inst, 56:1243-1250.
Pennisi E. 1996. Expanding the eukaryote’s cast of
chaperones. Science, 274:1613-1614.

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

Putney DJ, Drost M, Thatcher WW. 1988.
Embryonic development in superovulated dairy cattle
exposed to elevated ambient temperatures between days
1 to 7 post insemination. Theriogenology, 30:195-209.
Putney DJ, Malayer JR, Gross TS, Thatcher WW,
Hansen PJ, Drost M. 1988. Heat stress-induced
alterations in the synthesis and secretion of proteins and
prostaglandins by cultured bovine conceptuses and
uterine endometrium. J Reprod Biol, 39: 717-728.
Riabowol KT, Mizzen LA, Welch WJ. 1988. Heat
shock is lethal to fibroblasts microinjected with
antibodies against hsp70. Science, 242: 433-436.
Ritossa F. 1962. A new puffing pattern induced by
temperature shock and DNP in Drosophila. Experientia,
18: 571-573.

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

Rouse J, Cohen P, Trigon S, Morange M, Alonso-
Llamazares A, Zamanillo D, Hunt T, Nebreda AR.
1994. A novel kinase cascade triggered by chemical
stress and heat shock which stimulates MAP
kinaseactivated protein kinase-2 and phosphorylation of
the small heat shock proteins. Cell, 78:1027-1037.

Roth, Z, Hansen PJ. 2004a. Involvement of apoptosis
in disruption of developmental competence of bovine
oocytes by heat shock during maturation. Biol Reprod,
71:1898-1906.

Roth Z, Hansen PJ. 2004b. Sphingosine 1-phosphate
protects bovine oocytes from heat shock during
maturation. Biol Reprod, 71:2072-2078.

Roth Z, Hansen PJ. 2005. Disruption of nuclear
maturation and rearrangement of cytoskeletal elements
in bovine oocytes exposed to heat shock during

89



»

Ju. Heat shock on oocytes and embryos.

maturation. Reproduction, 129:235-244.

Rougvie AE, Lis JT. 1988. The RNA polymerase 11
molecule at the 5’ end of the un-induced hsp70 gene of
D. melanogaster is transcriptionally engaged. Cell,
54:795-804.

Rosenberg M, Herz A, Davidson M, Folman Y. 1977.
Seasonal variations in post-partum plasma progesterone
levels and conception in primiparous and multiparous
dairy cows. J Reprod Fertil, 51:363-367.

Ryan DP, Blakewood EG, Lynn JW, Munyakazi L,
Godke RA. 1992. Effect of heat-stress in bovine embryo
development in vitro. J Anim Sci, 70:3490- 3497.
Stevenson MA, Calderwood SK, Hahn GM. 1986.
Rapid increases in inositol trisphosphate and
intracellular Ca2+ after heat shock. Biochem Biophys
Res Comm, 137:826-833.

Stokoe D, Engel K, Campbell DG, Cohen P, Gaestel
M. 1992. Identification of MAPKAP kinase 2 as a
major enzyme responsible for the phosphorylation of
the small mammalian heat shock proteins. FEBS,
313:307-313.

Sun XF, Zhang WH , Chen XJ , Xiao GH, Mai WY,
Wang WH. 2004. Spindle dynamics in living mouse
oocytes during meiotic maturation, ageing, cooling and
overheating: a study by polarized light microscopy.
Zygote, 12:241-249.

Tseng JK, Chen CH, Chou PC, Yeh SP, Ju JC. 2004.
Influences of follicular size on parthenogenetic
activation and in vitro heat shock on the cytoskeleton in
cattle oocytes. Reprod Dom Anim, 39:146-153.

Tseng JK, Tang PC, Liu CT, Chiou CM, Ju JC.
2002. The effect of hyperthermia on the cytoskeleton

and development of oocytes. J Agri Assoc China, 3:337-
354.

Ulberg LC, Burfening PJ. 1967. Embryo death
resulting from adverse environment on spermatozoa or
ova. J Anim Sci, 26:571-577.

Ulberg LC, Sheean LA. 1973. Early development of
mammalian embryos in elevated ambient temperatures.
J Reprod Fert (suppl), 19:155-161.

Walsh DA, Klein NW, Hightower LE, Edwards MJ.
1987. Heat shock and thermotolerance during early rat
embryo development. Teratology, 36:181-191.

Wang WH, Meng L, Hackett RJ, Odenbourg R,
Keefe DL. 2001: Limited recovery of meiotic spindles
in living human oocytes after cooling-rewarming
observed using polarized light microscopy. Hum
Reprod, 16:2374-2378.

Westra A, Dewey WC. 1971. Variation in sensitivity to
heat shock during the cell cycle of Chinese hamster
cells in vitro. Int J Radiat Biol, 19:467-477.

Yost HJ, Petersen RB, Lindquist S. 1990. RNA
metabolism: strategies for regulation in the heat shock
response. Trends Gen, 6:223-227.

Zavy MT. 1994. Embryonic mortality in cattle. In:
Zavy MT, RD Geisert (Ed.). Embryonic mortality in
domestic species. Boca Raton: CRC Press. pp.99-140.
Zhang W, Liu T. 2002. MAPK signal pathways in the
regulation of cell proliferation in mammalian cells. Cell
Res, 12:9-18.

Zou J, Guo Y, Guettouche T, Smith DF, Voellmy R.
1998. Repression of heat shock transcription factor
HSF1 activation by HSP90 (HSP90 complex) that forms
a stress-sensitive complex with HSF1. Cell, 94:471-480.

90

Anim. Reprod., v.2, n.2, p.79-90, April/June, 2005



