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ABSTRACT

Two-cell bovine embryos become arrested in development
when exposed to a physiologically relevant heat shock. One of
the major ultrastructural modifications caused by heat shock is
translocation of organelles toward the center of the blastomere.
The objective of the present study was to determine if heat-
shock-induced movement of organelles is a result of cytoskeletal
rearrangement. Two-cell bovine embryos were cultured at
38.58C (homeothermic temperature of the cow), 41.08C (physi-
ologically relevant heat shock), or 43.08C (severe heat shock)
for 6 h in the presence of either vehicle, latrunculin B (a micro-
filament depolymerizer), rhizoxin (a microtubule depolymeriz-
er), or paclitaxel (a microtubule stabilizer). Heat shock caused
a rearrangement of actin-containing filaments as detected by
staining with phalloidin. Moreover, latrunculin B reduced the
heat-shock-induced movement of organelles at 41.08C but not
at 43.08C. In contrast, movement of organelles caused by heat
shock was inhibited by rhizoxin at both temperatures. Further-
more, rhizoxin, but not latrunculin B, reduced the swelling of
mitochondria caused by heat shock. Paclitaxel, while causing
major changes in ultrastructure, did not prevent the movement
of organelles or mitochondrial swelling. It is concluded that heat
shock disrupts microtubule and microfilaments in the two-cell
bovine embryo and that these changes are responsible for move-
ment of organelles away from the periphery. In addition, intact
microtubules are a requirement for heat-shock-induced swelling
of mitochondria. Differences in response to rhizoxin and pacli-
taxel are interpreted to mean that deformation of microtubules
can occur through a mechanism independent of microtubule
depolymerization.

embryo, early development, heat shock, in vitro fertilization

INTRODUCTION

The developmental program and survival of the preim-
plantation mammalian embryo is very susceptible to dis-
ruption by elevated ambient temperature [1–5]. Tempera-
tures as low as 39.08C in mice [6], 40.08C in sheep [7], and
41.08C in cattle [4, 8] can disrupt development, and little
is known about how such a mild heat shock can compro-
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mise cellular function of the preimplantation embryo. In
bovine preimplantation embryos, heat shock can cause de-
creased protein synthesis [2], induction of apoptosis (after
the eight-cell stage, [9]), increased synthesis of heat shock
protein 70 [10, 11], mitochondrial swelling [5], and move-
ment of organelles away from the plasma membrane [5].
The translocation of organelles toward the center of the
blastomere is suggestive of cytoskeletal reorganization be-
cause organelles are tightly associated with cytoskeletal el-
ements [12–14].

It is well documented that heat shock (albeit of a higher
temperature than that disrupting function of embryos) in-
duces alterations to the cytoskeleton. The specific cyto-
skeletal element most sensitive to heat shock varies with
cell type. For example, exposure of mouse epithelial cells
to elevated temperatures changed the organization of ker-
atin filaments and actin filaments but had no effect on mi-
crotubules [15]. Similar results were observed in 9L cells,
where heat shock caused collapse of microfilaments and
intermediate filaments, but had only slight effects on mi-
crotubules [16]. In contrast, microtubules were disrupted by
heat shock in Chinese hamster ovary cells [17] and mouse
3T3 cells [18].

The objective of the present study was to determine the
involvement of disruption in the microtubule and microfil-
ament cytoskeleton in heat-shock-induced redistribution of
organelles and other ultrastructural changes in the bovine
two-cell embryo.

MATERIALS AND METHODS

Materials
All chemicals, except as otherwise specified, were from Sigma (St.

Louis, MO). Reagents for in vitro production of embryos were obtained
as described elsewhere [4, 5]. Percoll was from Amersham Biosciences
(Piscataway, NJ). Penicillin-streptomycin and SP-TL, HEPES-TL, and
IVF-TL culture media were from Cell and Molecular Technologies (Lav-
allette, NJ) and were used to prepare SP-TALP, Hepes-TALP, and IVF-
TALP [19]. Potassium simplex optimized medium (KSOM; formulation
MR-020-D) was also from Cell and Molecular Technologies and was used
to prepare KSOM-BE1 by the addition of 3 mg/ml essentially fatty acid-
free Fraction V BSA, 2.5 mg/ml gentamicin, essential amino acids (basal
medium Eagle), and nonessential amino acids (minimum essential medi-
um) as described elsewhere [20]. Bovine steer serum was from Pel Freez
Biologicals (Rogers, AK). Glutaraldehyde, 16% (v/v) formaldehyde, os-
mium tetroxide, ethanol, acetone, EMbed-812, uranyl acetate, Reynolds
lead citrate, Butvar, and copper grids were from Electron Microscopy Sci-
ences (Fort Washington, PA). Alexa Fluor 594 phalloidin and ProLong
antifade solution were from Molecular Probes (Eugene, OR).

Production of Embryos
Procedures for oocyte maturation, fertilization, and embryo culture

were as described previously [4, 5]. Briefly, oocytes obtained by slashing
ovaries collected at an abattoir were matured for 21 h and then inseminated
with a cocktail of Percoll-purified spermatozoa from three different Angus
bulls; a different group of bulls was used for each replicate. At 18–20 h
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FIG. 1. Microtubule and microfilament depolymerization agents inhibit heat-shock induced movement of organelles. Shown are representative electron
micrographs of two-cell embryos cultured for 6 h at 38.5 (A–C), 41.0 (D–F), or 43.08C (G–I) with either 0.1% ethanol (vehicle; A, D, G), 1 mM
latrunculin B (B, E, H), or 10 nM rhizoxin (C, F, I). Note the large space between the plasma membrane and the nearest organelles in heat-shocked
embryos and the reduction in this space by rhizoxin at 41 and 438C and by latrunculin B at 418C. M, Mitochondrion; SM, swollen mitochondrion; V,
vesicle; ZP, zona pellucida; mv, microvilli; PVS, perivitelline space. A–I) Scale bar 5 5 mm.

after insemination, putative zygotes were denuded of cumulus cells by
suspension in Hepes-TALP medium containing 1000 U/ml of hyaluroni-
dase type IV and vortexing in a microcentrifuge tube. Presumptive zygotes
were then placed in groups of ;30 in 50-ml microdrops of KSOM-BE1.
Two-cell embryos were selected at ;28 h after insemination and placed
in fresh 50-ml microdrops of KSOM-BE1 for experiments. All cultures at
38.58C were performed in an environment of 5% (v/v) CO2 in humidified
air. The percent CO2 was adjusted in the incubators used for heat shock
treatments (7% and 8% CO2 for 41.0 and 43.08C, respectively) to maintain
medium pH at ;7.4. The CO2 contents used for each temperature were
determined experimentally to be those that maintained pH at 7.4. The
temperature of all incubators was calibrated routinely to assure accuracy
of treatments.

Effects of Microfilament and Microtubule
Depolymerization on Heat-Shock-Induced Movement
of Organelles

This experiment was designed as a 3 3 3 factorial design with three
inhibitor treatments-vehicle (0.1% ethanol), 1 mM latrunculin B (a potent
inhibitor of actin polymerization, which causes a shortening and thicken-
ing of stress fibers; [21]), and 10 nM rhizoxin (inhibits microtubule as-
sembly and also depolymerizes preformed microtubules; [22]), and three
temperatures: 238.58C (i.e., homoeothermic body temperature of the cow),
41.08C (characteristic temperature for heat-stressed cows), or 43.08C (se-
vere heat shock). Approximately 28 h postinsemination, two-cell embryos

were collected and placed in fresh 50-ml microdrops of KSOM-BE1 with
or without cytoskeletal inhibitors (5–10 embryos per drop). Embryos were
cultured for 6 h at one of the three experimental temperatures. Immediately
after treatment, embryos were processed for electron microscopy. The ex-
periment was replicated three times on different days. For statistical anal-
ysis, electron micrographs of one embryo per replicate per treatment (se-
lected at random) were used to take measurements on cellular morphology.

Effects of Microtubule Stabilization on Heat-Shock-
Induced Movement of Organelles

This experiment used a 2 3 3 factorial design with inhibitor treatments
consisting of vehicle (0.1% dimethyl sulphoxide; DMSO) or 1 mM pac-
litaxel (promotes the formation of highly stable microtubules that resist
depolymerization; [23]) and temperatures of 38.5, 41.0, or 43.08C. Two-
cell embryos (5–10/replicate) were cultured in microdrops of KSOM-BE1
with or without paclitaxel for 6 h at one of the three temperatures listed
above. Immediately after treatment, embryos were processed for electron
microscopy. The experiment was replicated three times on different days.
For statistical analysis, electron micrographs of one randomly selected
embryo per replicate per treatment were used to take measurements on
cellular morphology.

Electron Microscopy and Morphometric Analysis
of Electron Micrographs

Procedures for embryo fixation and processing were conducted as de-
scribed previously [5]. For each two-cell embryo, morphometric analysis
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FIG. 2. Electron micrographs demonstrating alterations in mitochondrial, cytoplasmic, and nuclear morphology as a result of heat shock. A, C, E)
Representative micrographs of embryos cultured at 38.58C. B Mitochondrial swelling as a result of culture at 41.08C, (D and F) protein aggregation and
chromatin degeneration of embryos cultured at 43.08C. M, Mitochondrion; SM, swollen mitochondrion; V, vesicle; CH, chromatin; G, Golgi apparatus;
AL, annulate lamellae; N, nucleus. A–B) Scale bar 5 5 mm. C–F) Scale bar 5 2 mm.

was performed on four electron micrographs obtained from one randomly
chosen blastomere. Morphometric analysis was performed using an SIS
Megaview III camera and software (Soft Imaging System, Lakewood,
CO). The distance from the plasma membrane to the organelle-containing
region of the cytoplasm was measured at 10 random locations from each
of four pictures per embryo (i.e., 40 random measurements/embryo). The
average of these measurements was used for statistical analysis. Electron
micrographs were also visually assessed to determine effects of heat shock
on other aspects of cellular morphology.

Localization of Microfilament by Fluorescence
Microscopy

Two-cell embryos were cultured at 38.5 or 43.08C for 6 h. Immediately
after heat shock, the zona pellucida of each embryo was removed by
incubation in 0.5% (w/v) protease from Streptomyces griseus in phos-

phate-buffered saline (PBS; 10 mM; NaPO4, pH 7.4, containing 0.15 M
NaCl) supplemented with 1 mg/ml polyvinyl pyrrolidone (PBS1PVP) for
approximately 1 min at 39.08C. Embryos were thoroughly washed in
KSOM-BE1 before a 10-min fixation with 3.7% (v/v) formaldehyde in 0.2
M NaPO4, pH 7.4, containing 0.15 M NaCl at 39.08C. After fixation,
embryos were washed three times in PBS1PVP. Embryos were then per-
meabilized with 0.1% Triton-X 100 for 5 min followed by three washes
with PBS1PVP. Embryos were incubated in 10% (v/v) normal goat serum
in PBS (PBS1S) at room temperature for 30 min followed by incubation
in Alexa Fluor 594 phalloidin for 30 min at room temperature. The phal-
loidin was prepared by diluting 5 ml methanolic phalloidin stock solution
(prepared as per manufacturer’s specification) in 200 L PBS1S. Embryos
were then washed three times in PBS1S before a second 10-min fixation
in 3.7% (v/v) formaldehyde, washing three times in PBS1PVP and place-
ment on a glass slide with a cover slip mounted with 5 ml ProLong antifade
solution. Negative controls were stained similarly except that phalloidin
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FIG. 3. Microfilament disruption by latrunculin B at 38.58C. Microfila-
ments were labeled with Alexa Fluor 594 phalloidin for embryos treated
with vehicle (0.1% ethanol, A) and 1 mM latrunculin (B, C). A–C) Scale
bar 5 10 mm.

FIG. 4. Effects of microtubule and microfilament depolymerization on
heat-induced movement of organelles. Treatments were vehicle (0.1%
ethanol), 1 mM latrunculin B, and 10 nM rhizoxin. The distance from the
plasma membrane to the organelles was taken at 10 random places in
four pictures per embryo. Bars represent the least-squares means 6 SEM
of three replicates (one embryo per replicate). There were significant ef-
fects of temperature, treatment, and temperature 3 treatment (P , 0.001).

was omitted from the solution. Embryos were viewed using a high-reso-
lution black and white AxioCam MRm digital camera connected to a Zeiss
Axioplan2 epifluorescent microscope (Carl Zeiss, Gottingen, Germany).
Images were acquired using AxioVision software (Zeiss). The experiment
was replicated three times with a total of 15–16 embryos per treatment.
Attempts were made to immunolocalize microtubules by the use of fluo-

rescent microscopy with antitubulin but tubules could not be visualized
unless mitotic spindles were present in the cell.

Statistical Analysis
Treatment effects on the distance from the plasma membrane to the

outermost organelles were analyzed by least-squares analysis of variance
using the Proc GLM procedures of SAS (SAS for Windows, Version 8e;
Cary, NC). The model included effects of temperature, inhibitor treatment,
and temperature 3 treatment. Data are presented as least-squares means
6 SEM.

RESULTS

Effects of Microfilament and Microtubule
Depolymerization on Heat-Shock-Induced Changes
in Ultrastructure

Two-cell bovine embryos are mainly composed of im-
mature mitochondria and vesicles of unknown composition
(Fig. 1). For embryos cultured at 38.58C, organelles were
evenly distributed throughout the blastomere and extended
to the plasma membrane, regardless of treatment (Fig. 1,
A–C). Heat shock at 41.0 and 43.08C resulted in movement
of organelles away from the periphery of the blastomere to
create an area devoid of organelles (Fig. 1, D and G). Other
effects of heat shock were also evident. For example, a
proportion of the mitochondria were swollen at both heat-
shock temperatures (e.g., see Fig. 2B) and the cytoplasm
of embryos cultured at 43.08C had electron dense material
(Fig. 2D). This material was throughout the cytoplasm
(Figs. 1, G–I, and 2D) and especially in close proximity to
the membranes of organelles, except vesicles. Precipitated
chromatin could also be observed for embryos at 43.08C
(Fig. 2F).

Latrunculin B was effective in causing microfilament
disruption as determined by fluorescence microscopy of
phalloidin-labeled microfilaments (Fig. 3). The morphology
of microfilaments was changed from long, irregularly
shaped thin fibers (Fig. 3A) to aggregated material with
numerous nodule-like structures (Fig. 3, B and C). A large
ring of actin-containing fibers was also present in some
blastomeres from latrunculin B-treated embryos (Fig. 3B).
While embryos cultured in vehicle possessed an intense,
narrow network of microfilaments underneath the plasma
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FIG. 5. Effect of stabilization of microtubules on heat-shock-induced movement of organelles. Two-cell embryos were cultured for 6 h at 38.5 (A, B),
41.0 (C, D), or 43.08C (E, F) with either 0.1% DMSO (vehicle; A, C, E) or 1 mM paclitaxel (B, D, F). M, Mitochondrion; SM, swollen mitochondrion;
V, vesicle; ZP, zona pellucida; mv, microvilli; PVS, perivitelline space. A–F) Scale bar 5 5 mm.

membrane (Fig. 3A), this network was no longer evident
in embryos cultured with latrunculin B (Fig. 3, B and C).

The microfilament and microtubule depolymerization
agents affected the movement of organelles as a result of
heat shock. Results of quantitative analysis of the distance
between the plasma membrane and the nearest organelle
are illustrated in Figure 4, while representative electron mi-
crographs illustrating the phenomenon are shown in Figure
1, D–I. Both depolymerization agents reduced the heat-
shock-induced movement of organelles (temperature 3
treatment interaction, P , 0.001). However, latrunculin B
blocked the effect of heat shock at 41.08C but not at 43.08C
(see Fig. 1, B, E, and H), while rhizoxin blocked the move-

ment of organelles at both temperatures (Fig. 1, C, F, and
I).

Rhizoxin, but not latrunculin B, also altered mitochon-
drial changes induced by heat shock. In particular, the in-
crease in the number of swollen mitochondria caused by
heat shock at both 41.0 and 43.08C was absent for embryos
treated with rhizoxin.

Effects of Microtubule Stabilization on Heat-Induced
Movement of Organelles

Representative electron micrographs of embryos treated
with paclitaxel or vehicle (0.1% DMSO) are shown in Fig-
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FIG. 6. Representative electron micrograph illustrating intranuclear for-
mation of intermediate filament bundles in embryos cultured at 43.08C
for 6 h. The arrow points to aggregated chromatin. M, Mitochondrion; V,
vesicle; N, nucleus; IF, intermediate filaments. Scale bar 5 2 mm.

ure 5. As for the previous experiment, heat shock caused
organelles to redistribute away from the plasma membrane
(Fig. 5, A, C, and E) and increased the proportion of mi-
tochondria with a swollen morphology. Furthermore, sev-
eral of the embryos at 43.08C (but not at 38.5 or 41.08C)
possessed structures resembling intranuclear intermediate
filament bundles (Fig. 6).

Treatment with paclitaxel caused changes in the ultra-
structure of embryos at 38.58C, consistent with its action
as a stabilizer of microtubules. In the absence of paclitaxel,
the occasional microtubule was observed in the cytoplasm
(Fig. 7A). In contrast, embryos treated with paclitaxel pos-
sessed numerous macrotubules (bundles of microtubules) in
the cytoplasm (Fig. 7C). Tubulin paracrystals were also ap-
parent (Fig. 7E). In addition, paclitaxel caused alignment
of mitochondria into vertical columns organized along the
nuclear-plasma membrane axis (Figs. 5B and 8, E–F). This
observation was unlike other treatments at 38.58C (vehicle,
latrunculin B, or rhizoxin), where mitochondria were even-
ly distributed throughout the cytoplasm (Fig. 8, A–D). Fur-
ther, paclitaxel caused accumulation of organelles at the cell
margin (Fig. 5B) and blastomere fragmentation (Fig. 7, D
and F).

Results of quantitative analysis to determine whether
paclitaxel affected the actions of heat shock to cause or-
ganellar movement is shown in Figure 9, while represen-
tative electron micrographs illustrating the phenomenon are
shown in Figure 5. The movement of organelles was pro-
gressively increased by heat shock in a temperature-depen-
dent manner (temperature; P , 0.01). While addition of
paclitaxel reduced the distance between the plasma mem-
brane and the nearest organelle (P , 0.01), the inhibitor
did not prevent movement of organelles away from the
plasma membrane in response to heat shock (there was no
temperature 3 treatment interaction). Paclitaxel also did not
prevent the induction of mitochondrial swelling caused by
heat shock at 41.0 or 43.08C (Fig. 8H).

Microfilament Reorganization in Heat-Shocked Cells

Localization of microfilaments using fluorescently la-
beled phalloidin was performed to determine whether heat

shock of 43.08C caused changes in microfilament mor-
phology.

Microfilaments at 38.58C were observed throughout the
blastomere as irregularly shaped fibers (Fig. 10, A, C, and
E) with a relaxed and entangled (meshlike) appearance. Mi-
crofilaments were particularly prominent in the microvilli
around the periphery of blastomeres (Fig. 10E) and under-
neath regions of the plasma membrane where blastomeres
were apposed (Fig. 10A). Heat shock of 43.08C caused re-
organization of the actin cytoskeleton (Fig. 10, B and D).
In contrast with the more diffuse localization pattern in em-
bryos at 38.58C, the matrix of microfilaments appeared
thinned in heat-shocked embryos and individual microfil-
aments were more distinct in appearance, with individual
short fibers being prominent. While fibers in embryos cul-
tured at 38.58C were usually straight, with bending seen
occasionally (Fig. 10E), actin filaments in the heat-shocked
embryos were shorter, with a rod-like appearance, and
showed breakage (Fig. 10F). In heat-shocked cells, more-
over, the band of microfilaments along the boundary of
blastomeres was broader and less dense as compared with
control cells and the microvilli were no longer apparent
(Fig. 10, A–D).

DISCUSSION
One of the major functions of the cytoskeleton is posi-

tioning of organelles in the cell [12, 13]. The present study
demonstrates that the previously reported movement of or-
ganelles away from the periphery of the blastomere induced
by heat shock [5] is caused by actions of heat shock on
microtubule and microfilament organization. In addition,
the swelling of mitochondria following heat shock was also
found to require intact microtubules. These results indicate
that disruption of the cytoskeleton is one of the major ef-
fects of heat shock on the preimplantation embryo and is
likely to be a key reason for the disruption of development
caused by heat shock. Although less extensive than at
43.08C, cytoskeletal changes in ultrastructure were induced
by heat shock at 41.08C, a temperature frequently experi-
enced by heat-stressed, lactating cows [5, 8]. Thus, the cy-
topathological changes described here are likely to occur in
embryos exposed to elevated temperatures in vivo.

Alterations in cytoskeletal organization in response to
heat shock have been reported in a variety of cell lines in
culture [14, 15, 24]. In addition, redistribution of organelles
to the perinuclear region has been observed upon heat
shock [15]. The effect of heat shock on the three compo-
nents of the cytoskeleton, namely microtubules, microfila-
ments, and intermediate filaments, is different for different
cell types [25]. Moreover, the effects of heat shock on the
organization of the cytoskeleton are most likely dependent
on the severity of the heat shock and duration of treatment.
Here it is demonstrated that the control of organellar move-
ment caused by heat shock depends on temperature. At
41.08C, organellar movement away from the periphery of
the cell could be blocked by either microfilament or micro-
tubule depolymerization. Such a result indicates that dam-
age to both components of the cytoskeleton is required for
organellar movement at this temperature. In contrast, at the
more severe heat shock of 43.08C, microtubule depolymer-
ization action with rhizoxin blocked organellar movement
but microfilament depolymerization had minimal effects on
movement of organelles from the cell periphery. Heat shock
at 43.08C was sufficient to disrupt microfilament structure,
as revealed by studies using a phalloidin fluoroprobe to
localize actin. The actin rods forming during exposure to
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FIG. 7. Representative electron micrographs demonstrating effects of paclitaxel on cellular ultrastructure. A, B) Micrographs from embryos treated with
vehicle (Veh., 0.1% DMSO). Note the occasional microtubule (arrowhead in A) found in the cytoplasm. C–F) Images of various structures induced by
paclitaxel (Pacl.), including macrotubules (C), tubulin paracrystals (E), and blastomere fragments (D, F). Arrowheads point at microtubules (A), macro-
tubules (C), or paracrystals (E), and asterisks denote blastomere fragmentation (D, F). M, Mitochondrion; SM, swollen mitochondrion; V, vesicle; ZP,
zona pellucida; mv, microvilli; PVS, perivitelline space. A, C) Scale bar 5 500 nm, (B, F) scale bar 5 5 mm, (D) scale bar 5 10 mm, (E) scale bar 5
2 mm.

43.08C have previously been documented in several mouse
cell lines exposed to elevated temperatures [26]. Presum-
ably, movement of organelles occurred in embryos treated
with latrunculin B because the disruption in microtubule
structure at 43.08C was so extensive as to cause movement
of organelles even when microfilaments were depolymer-
ized by latrunculin B.

The fact that paclitaxel did not exert the same effects as
rhizoxin to block effects of heat shock on redistribution of
organelles away from the plasma membrane (or, as dis-
cussed below, on mitochondrial swelling) implies that the
movement of organelles and swelling of mitochondria in-
duced by heat shock requires intact microtubules but does

not require microtubules to be capable of depolymerization.
Thus, even though elevated temperature can induce depo-
lymerization of microtubules in cell-free suspension [27],
this phenomenon does not seem to be important for disrup-
tion of the microtubule network in the heat-shocked blas-
tomere because changes occurred in the presence of pacli-
taxel. Perhaps heat shock causes denaturation of microtu-
bules in a way that alters their shape and position in the
cell. Alternatively, heat shock could distort the function of
molecular motors on microtubules such as dynein. Such
actions of heat shock could conceivably also occur when
depolymerization is inhibited by paclitaxel.

Among the effects of heat shock is an increase in the
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FIG. 8. Representative electron micro-
graphs illustrating distribution of mitochon-
dria as affected by heat shock and cyto-
skeletal disruption agents. Shown are im-
ages from embryos cultured at 38.5 (A–F)
or 43.08C (G, H) in 0.1% ethanol (A),
0.1% DMSO (B), 1 M latrunculin B (C), 10
nM rhizoxin (D, G), or 1 mM paclitaxel (E,
F, H). Note the alignment of mitochondria
and vesicles into columns oriented along
the nucleus-periphery axis that occur
when embryos are cultured in 1 mM pacli-
taxel (E–F) as compared with those with
other treatments (A–D). Culture of embry-
os at 43.08C induced mitochondrial swell-
ing in the presence of paclitaxel (H) but
not in the presence of the microtubule de-
polymerization agent rhizoxin (G). M, Mi-
tochondrion; SM, swollen mitochondrion;
V, vesicle; ZP, zona pellucida; mv, micro-
villi. A–H) Scale bar 5 5 mm.

number of swollen mitochondria at both 41.0 and 43.08C.
Mitochondria are arranged along microtubules [28, 29], and
intracellular distribution and appearance of mitochondria is
regulated by association with microtubules [30, 31] and al-
tered when microtubules are disrupted [28, 32, 33]. The
importance of microtubules for mitochondrial positioning
was illustrated in the current study by the reorganization of
mitochondria into columns along the nuclear-periphery axis
upon treatment with paclitaxel. The swelling of mitochon-
dria in response to heat shock appears to require intact mi-
crotubules because this phenomenon was blocked by rhi-
zoxin.

Cell-specific actions of heat shock on intermediate fila-
ments probably reflect that intermediate filaments are com-
posed of a multigene family of proteins that are expressed
in cell-type-specific patterns [34]. Whether heat shock af-
fects intermediate filaments in preimplantation embryos is
unknown. Indeed, there is disagreement as to the presence
of intermediate filaments in the early mammalian embryo
[35]. Intermediate filaments existing as fibrous sheets of
keratin filaments have been described in bovine oocytes and
preimplantation embryos [36], and what appeared to be in-
tranuclear intermediate filament bundles were observed in
some of the embryos exposed to 43.08C in the present



1860 RIVERA ET AL.

FIG. 9. Effects of microtubule stabilization on heat-induced movement
of organelles. Treatments were vehicle (0.1% DMSO) and 1 mM paclitax-
el. The distance from the plasma membrane to the organelles was taken
at 10 random places in four pictures per embryo. Bars represent the least-
squares means 6 SEM of three replicates (one embryo per replicate).
There were effects of temperature (P , 0.01) and treatment (P , 0.01)
but no temperature 3 treatment interaction.

study. Similar structures composed of cytokeratin have
been described in preimplantation embryos of the hamster
[37]. Perhaps the presence of this fibrillar structure in the
nucleus following heat shock is indicative of disruption of
intermediate filaments.

Induction of swelling in mitochondria by heat shock is
a well-known consequence of heat shock [38–40] and has
been recently reported to occur in bovine two-cell embryos
exposed to heat shock [5]. As mentioned earlier, the finding
that rhizoxin prevented this phenomenon implicates micro-
tubules in this process. Mitochondrial swelling results from
loss of membrane potential as a result of the opening of the
high-conductance PTP on the inner mitochondrial mem-
brane [41]. Opening of the PTP is typically promoted by
the accumulation of excessive quantities of Ca21 [42, 43].
The loss of membrane potential allows unselective diffu-
sion of large molecules into the matrix [42] to cause os-
motic imbalance and swelling.

There are several possible ways in which microtubules
might interact with mitochondria to control opening of the
PTP following heat shock. As previously mentioned, open-
ing of the PTP is typically promoted by the accumulation
of excessive quantities of Ca21 [43]. Heat shock of 43.08C
results in increases in intracellular calcium ions due to an
influx into the cytoplasm from both internal stores and the
extracellular medium [44]. The ability of mitochondria to
buffer calcium influx in cells is critically dependent on the
microtubule-dependent spatial distribution of mitochondria
[33], and changes in distribution of mitochondria caused by
heat shock may increase vulnerability of this organelle to
insults. Alternatively, opening of membrane pores in the
mitochondria may depend on proteins linked to microtu-
bules. One such protein is Bim (Bcl-2-interacting mediator
of cell death). This Bcl-2 family protein involved in apo-
ptosis exists either as sequestered to microtubules through
binding to the dynein motor complex or in the mitochon-
drial membrane in association with Bcl-2 [45]. Upon an
apoptotic stimuli like microtubule reorganization, Bim is
released from the microtubules and translocates to the mi-
tochondria, where it binds Bcl-2, a protein tightly associ-
ated with the voltage-dependent anion channel that repre-
sents one of the most abundant PTP components [46, 47].
Perhaps treatment with rhizoxin interferes with the ability

of microtubule reorganization to induce PTP opening
through Bim or another protein.

In conclusion, heat shock of two-cell bovine embryos
results in changes to the microfilaments, microtubules, and
possibly intermediate filaments. In addition, the damage of
cytoskeletal components leads to organizational changes in
the spatial organization of organelles within the cell and
contributes to the swelling of mitochondria. The fact that
organelles move toward a perinuclear direction implies that
the secretory and absorptive functions of the embryo are
impaired by heat shock. Changes in mitochondrial distri-
bution may increase the vulnerability of this organelle to
insults such as Ca21 [33, 42] and facilitate PTP opening
and swelling [42, 43]. Other large-scale pathological chang-
es are seen in blastomeres exposed to 43.08C, including
protein and chromatin denaturation as evidenced by elec-
tron-dense material in the cytoplasm and nucleus.

A major question that arises from these conclusions is
the extent to which changes in the cytoskeleton and mito-
chondrial function caused by heat shock at the physiolog-
ically relevant temperature of 41.08C contributes to the in-
hibition of development caused by this mild heat shock.
Recent unpublished results demonstrate that embryos are
capable of continued cleavage after a heat shock of 41.08C
for 6 h before they block in development at the eight-cell
stage. Because embryos can recover from heat shock to the
point where two more cell divisions are possible, it is likely
that much of the damage to the cytoskeleton caused by
exposure to 41.08C can be repaired, as described for other
cells [24, 48].

ACKNOWLEDGMENTS

The authors thank William Rembert for collecting ovaries, Jose Quei-
jeiro for technical assistance, and Hagar Gil Roth and Dr. Zvika Roth for
library assistance. The authors extend special thanks to the following for
their generosity: Marshall, Adam, and Alex Chernin, and employees of
Central Beef Packing Co. (Center Hill, FL) for providing ovaries, Scott
A. Randell of Southeastern Semen Services (Wellborn, FL) for donating
semen, and Mike Ruff of Carl Zeiss Inc. for loaning the 1003 microscope
objective used for fluorescence studies.

REFERENCES

1. Alliston CW, Howarth B Jr, Ulberg LC. Embryonic mortality follow-
ing culture in vitro of one- and two-cell rabbit eggs at elevated tem-
peratures. J Reprod Fertil 1965; 9:337–341.

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

3. Ozawa M, Hirabayashi M, Kanai Y. Developmental competence and
oxidative state of mouse zygotes heat-stressed maternally or in vitro.
Reproduction 2002; 124:683–689.

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

5. Rivera RM, Kelley KL, Erdos GW, Hansen PJ. Alterations in ultra-
structural morphology of two-cell bovine embryos produced in vitro
and in vivo following a physiologically-relevant heat shock. Biol Re-
prod 2003; 69:2068–2077.

6. Gwazdauskas FC, McCaffrey C, McEvoy TG, Sreenan JM. In vitro
preimplantation mouse embryo development with incubation temper-
atures of 37 and 39C. J Assist Reprod Genet 1992; 9:149–154.

7. Dutt RH. Critical period for early embryo mortality in ewes exposed
to high ambient temperature. J Anim Sci 1963; 22:713–719.

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

10. Edwards JL, Ealy AD, Monterroso VH, Hansen PJ. Ontogeny of tem-



1861CYTOSKELETON IN HEAT-SHOCKED EMBRYOS

FIG. 10. Alterations in actin localization patterns caused by heat shock at 43.08C. Shown are representative epifluorescent images from embryos
cultured at 38.5 (A, C) or 43.08C (B, D) for 6 h. Microfilaments were labeled with Alexa Fluor 594 phalloidin. At 38.58C, microfilaments were observed
throughout the blastomere as irregularly shaped fibers with a relaxed and entangled (meshlike) appearance (A, C). Microfilaments were particularly
prominent in the microvilli around the periphery of blastomeres (E, a 3.2-fold digital enlargement of C) and underneath regions of the plasma membrane
where blastomeres were apposed (A). In contrast with the more diffuse localization pattern in embryos at 38.58C, the matrix of microfilaments appeared
thinned in heat-shocked embryos and individual microfilaments were more distinct in appearance, with individual short fibers being prominent and
sometimes showing breakage (B, D, F; note F is a 4.1-fold digital enlargement of the image in D). Also, the band of fibers along the regions of the cell
in apposition to neighboring cells was thicker and less intense at 43.08C (B) and a ring of actin delineating the edge of blastomeres not in apposition
with other cells could no longer be observed (compare C and D). mv, Microvilli; MF, microfilament. Ovals demarcate broken fibers. A–D) Scale bar
5 10 mm.



1862 RIVERA ET AL.

perature-regulated heat shock protein 70 synthesis in preimplantation
bovine embryos. Mol Reprod Dev 1997; 48:25–33.

11. Chandolia RK, Peltier MR, Hansen PJ. Transcriptional control of de-
velopment, protein synthesis, and heat-induced heat shock protein 70
synthesis in 2-cell bovine embryos. Biol Reprod 1999; 61:1644–1648.

12. Stebbings H. Microtubule-based intracellular transport of organelles.
In: Hesketh JE, Pryme IF (eds.), The Cytoskeleton, Role in Cell Phys-
iology, vol. 2. Greenwich, CT: Jai Press; 1996:113–140.

13. Kamal A, Goldstein LSB. Connecting vesicle transport to the cyto-
skeleton. Curr Opinion Cell Biol 2000; 12:503–508.

14. Goode BL, Dubrin DG, Barnes G. Functional cooperation between
the microtubule and actin cytoskeletons. Curr Opin Cell Biol 2000;
12:63–71.

15. Shyy TT, Asch BB, Asch HL. Concurrent collapse of keratin fila-
ments, aggregation of organelles, and inhibition of protein synthesis
during heat shock response in mammary epithelial cells. J Cell Biol
1989; 108:997–1008.

16. Wang TT, Chiang AS, Chu JJ, Cheng TJ, Chen TM, Lai YK. Con-
comitant alterations in distribution of 70 kDa heat shock proteins,
cytoskeleton and organelles in heat shocked 9L cells. Int J Biochem
Cell Biol 1998; 30:745–759.

17. Coss RA, Alden ME, Phyllis R, Wachsberger PR, Smith NN. Re-
sponse of the microtubular cytoskeleton following hyperthermia as a
prognostic indicator of survival of Chinese hamster ovary cells. Int J
Rad Oncology Biol Phys 1996; 34:403–410.

18. Lin PS, Turi A, Kwock L, Lu RC. Hyperthermic effect on microtubule
organization. Nat Cancer Inst Monogr 1982; 61:57–60.

19. 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.

20. 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.

21. Spector I, Shochet NR, Blasberger D, Kashman Y. Latrunculins—
novel marine macrolides that disrupt microfilament organization and
affect cell growth: I. Comparison with cytochalasin D. Cell Motil
Cytoskeleton 1989; 3:127–144.

22. Takahashi M, Iwasaki S, Kobayashi H, Okuda S, Murai T, Sato Y.
Rhizoxin binding to tubulin at the maytansine-binding site. Biochim
Biophys Acta 1987; 926:215–223

23. Schiff PB, Horwitz SB. Taxol stabilizes microtubules in mouse fibro-
blast cells. Proc Natl Acad Sci U S A 1980; 77:1561–1565.

24. Glass JR, DeWitt RG, Cress AE. Rapid loss of stress fibers in Chinese
hamster ovary cells after hyperthermia. Cancer Res 1985; 45:258–262.

25. Coss RA, Linnemans WAM. The effects of hyperthermia on the cy-
toskeleton. Int J Hyperthermia 1996; 12:173–196.

26. Iida K, Iida H, Yahara I. Heat shock induction of intranuclear rods in
cultured mammalian cells. Exp Cell Res 1986; 165:207–215.

27. Turi A, Lu RC. Effect of heat on the microtubule disassembly and its
relationship to body temperature. Biochem Biophys Res Commun
1981; 100:584–590.

28. Heggeness MH, Simon M, Singer SJ. Association of mitochondria
with microtubules in cultured cells. Proc Natl Acad Sci U S A 1978;
75:3863–3866.

29. Yaffe MP. The machinery of mitochondrial inheritance and behavior.
Science 1999; 283:1493–1497.

30. Nangaku M, Sato-Yoshitake R, Okada Y, Noda Y, Takemura R, Ya-

mazaki H, Hirokawa Y. KIF1B, a novel microtubule plus end-directed
monomeric motor protein for transport of mitochondria. Cell 1994;
79:1209–1220.

31. Smironova E, Shurland DL, Ryazantsev SN, van der Bliek AM. A
human dynamin-related protein controls the distribution of mitochon-
dria. J Cell Biol 1998; 143:351–358.

32. Summerhayes IC, Wong D, Chen LB. Effect of microtubules and in-
termediate filaments on mitochondrial distribution. J Cell Sci 1983;
61:87–105.

33. Wang GJ, Jackson JG, Thayer SA. Altered distribution of mitochon-
dria impairs calcium homeostasis in rat hippocampal neuron in cul-
ture. J Neurochem 2003; 87:85–94.

34. Herrmann H, Aebi U. Intermediate filaments and their associates: mul-
ti-talented structural elements specifying cytoarchitecture and cyto-
dynamics. Curr Opin Cell Biol 2000; 12:79–90.

35. Gallicano GI. Composition, regulation, and function of the cytoskel-
eton in mammalian eggs and embryos. Front Biosci 2001; 6:d1089–
1108.

36. Gallicano GI, Larabell CA, McGaughey RW, Capco DG. Novel cy-
toskeletal elements in mammalian eggs are composed of a unique
arrangement of intermediate filaments. Mech Dev 1994; 45:211–226.

37. Plancha CE, Carmo-Fonseca M, David-Ferreira JF. Cytokeratin in ear-
ly hamster embryogenesis and parthenogenesis: reorganization during
mitosis and association with clusters of interchromatinlike granules.
Differentiation 1991; 48:67–74.

38. Cole A, Armour EP. Ultrastructural study of mitochondrial damage in
CHO cells exposed to hyperthermia. Radiat Res 1988; 115:421–435.

39. Welch WJ, Suhuan JP. Morphological study of the mammalian stress
response: characterization of changes in cytoplasmic organelles, cy-
toskeleton, and nucleoli, and appearance of intranuclear actin fila-
ments in rat fibroblasts after heat-shock treatment. J Cell Biol 1985;
101:1198–1211.

40. Funk RHW, Nagel F, Wonka F, Krinke HE, Golfert F, Hofer A. Effects
of heat shock on the functional morphology of cell organelles ob-
served by video-enhanced microscopy. Anat Rec 1999; 255:458–464.

41. Halestrap AP, McStay GP, Clarke SJ. The permeability transition pore
complex: another view. Biochimie 2002; 84:153–166.

42. Ichas F, Mazat JP. From calcium signaling to cell death: two confor-
mations for the mitochondrial permeability transition pore. Switching
from low- to high-conductance state. Biochim Biophys Acta 1998;
1366:33–50.

43. Duchen MR. Contributions of mitochondria to animal physiology:
from homeostatic sensor to calcium signaling and cell death. J Physiol
1999; 516(1):1–17.

44. Itagaki Y, Akagi K, Uda M, Tanaka Y. Role of intracellular calcium
concentration on tumor cell death from hyperthermia. Oncol Rep
1998; 5:139–141.

45. Mollinedo F, Gajate C. Microtubules, microtubule-interfering agents
an apoptosis. Apoptosis 2003; 8:413–450.

46. Tsujimoto Y, Shimizu S. The voltage-dependent anion channel: an
essential player in apoptosis. Biochimie 2002; 84:187–193.
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