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1  | INTRODUC TION

Cows under heat stress display several physiological alterations that 
can affect reproduction (Hansen et al., 2001). In such conditions, rec‐
tal temperature may exceed 41°C (Ealy, Drost, & Hansen, 1993) and 
impact on early embryo development (Putney, Drost, & Thatcher, 
1988). Studies have shown that development of bovine oocytes is 
impaired when they are cultured in vitro under 41°C for a short time 

(Edwards, Bogart, Rispoli, Saxton, & Schrick, 2009; Roth & Hansen, 
2005). Indeed, the induction of heat shock (elevated temperature 
for 12 hr) can disturb oocyte maturation and further fertilization, 
resulting in zygotes with low developmental competence (Edwards 
& Hansen, 1997; Roth & Hansen, 2005). During in vitro maturation, 
the heat shock increases the proportion of apoptotic oocytes (Roth 
& Hansen, 2004a, 2005) but not the proportion of apoptotic cells in 
blastocysts.
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Abstract
This study investigated the influence of heat shock during in vitro maturation on 
embryo	development	following	in	vitro	fertilization	(IVF)	or	parthenogenesis	(Part).	
Immature bovine cumulus–oocyte complexes were exposed to heat shock (41.0°C) 
during	the	first	12	hr	of	in	vitro	maturation	(IVM),	followed	by	12	hr	at	38.5°C.	Control	
group consisted of in vitro maturation for 24 hr at 38.5°C. Oocytes were in vitro‐
fertilized or activated with ionomycin and cultured in vitro for 192 hr post‐in vitro 
insemination or parthenogenetic activation (hpia). There was an interaction (p < .01) 
between	temperature	of	IVM	and	method	of	oocyte	activation	(IVF	or	Part)	for	cleav‐
age at 48 hpia. Heat shock had a negative impact (p	<	.01)	on	cleavage	of	IVF	embryos,	
whereas no (p > .05) effect was found in the Part embryos. Embryo development to‐
wards	blastocyst	stage	at	168	and	192	hpia	decreased	in	both	IVF	and	Part	embryos	
derived from heat‐shocked oocytes. Heat shock increased (p < .05) the apoptotic 
index in Part blastocysts, but no effect (p	>	.05)	was	found	in	IVF	counterparts.	Heat	
shock also down‐regulated the expression of AQP3 (p < .01) and up‐regulated the 
expression of HSP70.1 (p < .01) in Part blastocysts, whereas it down‐regulated the 
expression of ATP1A1 (p	<	.05)	in	IVF	blastocysts.	In	conclusion,	the	effects	of	heat	
shock	during	IVM	on	early	embryo	cleavage	and	blastocyst	apoptosis	are	influenced	
by the method of oocyte activation and expression of some genes can be disturbed 
in embryos derived from heat‐shocked oocytes.
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The abundance of some transcripts important for maturation and 
embryo development, such as C‐MOS, GDF9 and POUF5F1, can be 
altered when oocytes at germinal vesicle stage are exposed to heat 
shock	(Gendelman	&	Roth,	2012a).	Early	in	vitro‐fertilized	embryos	
and blastocyst derived from oocytes collected at the warm season 
also displayed altered expression of POUF5F1	 (Gendelman,	Aroyo,	
Yavin,	&	Roth,	2010;	Gendelman	&	Roth,	2012b).	The	effect	of	heat	
shock on the amount of mRNA stored in the maternal cytoplasm, 
as found in bovine oocytes exposed to heat shock either in vivo 
or	 in	vitro	 (Gendelman	&	Roth,	2012a,	2012b),	 suggests	 that	heat	
shock degrades mRNA stored in the oocyte cytoplasm, which may 
be one of the causes for reduced oocyte competence. Nonetheless 
the importance of maternal factors on development post‐fertiliza‐
tion, paternal (sperm) factors can also contribute to the early embryo 
development.

Some sperm factors, such as PLC zeta 1 and post‐acrosomal 
WW‐domain binding protein, are considered to play an important 
role	 in	oocyte	activation	 (Amdani,	Yeste,	Jones,	&	Coward,	2015;	
Ross	et	al.,	2008;	Yeste,	Jones,	Amdani,	&	Coward,	2017).	Sperm	
can also deliver microRNAs or mRNAs to the fertilized oocyte 
and influence further embryo development (Boerke, Dieleman, & 
Gadella,	2007;	Hamatani,	2012).	Sperm	chromatin	may	be	import‐
ant for transcriptional activity of the pre‐implantation embryo, in‐
fluencing the synthesis of new RNAs (Bui et al., 2011). However, 
it is not known whether heat‐shocked oocytes present a distinct 
requirement for activation and/or of sperm factors, which could 
influence the early cleavages and further development. One ap‐
proach to find out potential differences is to compare the devel‐
opment of heat shock oocytes after fertilization and after chemical 
activation (parthenogenesis). Parthenote embryos are generated 
without participation of spermatozoa and thus lack sperm factors. 
In addition, some differences in mechanism of activation between 
fertilization and parthenogenesis exist (Tang, Dong, Huang, & Sun, 
2000) and may influence the development of a heat‐shocked oo‐
cyte. Thus, in this study we aimed to evaluate the development 
of both in vitro‐fertilized and parthenogenetic embryos derived 
from oocytes matured in vitro under control (38.5°C) or heat shock 
(41°C) temperature.

2  | MATERIAL S AND METHODS

All chemicals were from Sigma Chemical unless stated otherwise. 
All experimental procedures followed ethical guidelines for animal 
experimentation	and	were	approved	by	local	committee	(CEUA	EGL	
02/2015 protocol).

2.1 | Experimental design

Immature bovine cumulus–oocyte complexes (COCs; n = 1,886) 
were randomly allocated into a 2 × 2 factorial design: temperature 
of in vitro maturation (control or heat shock temperatures) and 

method of activation (in vitro fertilization or parthenogenesis). The 
control temperature was 38.5°C for 24 hr, and heat shock tempera‐
ture was 41°C for 12 hr plus 38.5°C for additional 12 hr. Cumulus–
oocyte complexes matured under either temperature conditions 
were	 in	 vitro‐fertilized	 or	 parthenogenetically	 activated	 (IVF	 and	
Part groups, respectively). Cleavage rate was evaluated at 48 hr 
post‐in vitro insemination or activation (hpia) and blastocyst rates 
at 168 hr and 192 hpia, respectively. A total of 11 replicates were 
carried out. The blastocysts were fixed for total cell number and 
apoptotic cell counting. Relative abundance of transcripts of perox‐
iredoxin1 (PRDX1), ATPase, Na+/K+ transporting, alpha 1 polypep‐
tide (ATP1A1), aquaporin 3 (AQP3) and heat shock 70 kDa protein 
1A (HSP70.1) genes was compared between control and heat shock 
groups	in	IVF	or	Part	blastocysts.

2.2 | Collection, heat shock and in vitro 
maturation of oocytes

Ovaries of predominantly Bos indicus crossbred cows were obtained 
from	a	local	commercial	slaughterhouse	(Fripai)	and	transported	to	
the laboratory in saline solution (0.9% NaCl with 0.1 g/L strepto‐
mycin)	at	34–36°C.	Follicles	with	2–8	mm	diameter	were	aspirated,	
and COCs with more than three compact layers of cumulus cells and 
oocyte with homogeneous cytoplasm were randomly allocated into 
the groups, according to the experimental design. In vitro matura‐
tion	was	performed	in	tissue	culture	medium	(TCM‐199;	Gibco	Life	
Technologies, Inc.) supplemented with 20 μg/ml follicle‐stimulating 
hormone	(FSH;	Pluset,	Calier),	0.36	mM	sodium	pyruvate,	10	mM	so‐
dium bicarbonate and 50 mg/ml streptomycin/penicillin in a humidi‐
fied atmosphere of 5% CO2 in air and 100% humidity.

2.3 | Fertilization, parthenogenesis and 
in vitro culture

A pool of frozen/thawed motile spermatozoa from three Holstein 
bulls was obtained after one centrifugation at 9,000 g for 5 min in 
Percoll discontinuous density gradient (45%–90%). The pellet was 
centrifuged again at 9,000 g	for	3	min	in	Fert‐TALP	medium.	In	vitro	
fertilization was performed using 2 × 106 spermatozoa/ml for 21 hr 
in 100‐μl	drops	of	Fert‐TALP	supplemented	with	20	μg/ml of heparin 
and	6	mg/ml	of	fatty	acid‐free	BSA	fraction	V,	covered	with	mineral	
oil, in a humidified atmosphere of 5% CO2 and 38.5°C in air. After in 
vitro fertilization, the presumptive zygotes were denuded by vortex 
in	0.1%	hyaluronidase	solution.	Some	oocytes	were	fixed	after	IVF	
for pronucleus formation analysis.

Parthenogenesis	was	induced	by	ionomycin	and	6‐DMAP.	After	
in	 vitro	maturation	 (IVM),	 COCs	were	 denuded	 by	 vortex	 in	 0.1%	
hyaluronidase solution and activated by exposure to 4.8 μM	iono‐
mycin	for	5	min	followed	by	4	hr	in	2	mM	6‐DMAP.	After	IVF	or	Part,	
the presumptive zygotes were cultured in a modified CR2aa medium 
with 2.5% of foetal calf serum (Nutricell Nutrientes Celulares) under 
5% CO2, 5% O2 and 90% N2 at 38.5°C.
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2.4 | Analysis of pronuclei formation in IVF oocytes

In vitro‐fertilized oocytes were examined for pronucleus formation at 
21 hr after fertilization. Oocytes were denuded by vortexing in 0.1% hya‐
luronidase solution for 5 min and then fixed overnight in a methanol:acetic 
acid solution (3:1). Afterwards, oocytes were stained with aceto‐orcein 
(2% orcein in 45% acetic acid) and analysed under phase‐contrast mi‐
croscopy at ×1000 magnification. Pronuclear status was determined by 
the presence of a single, two or more pronuclei per oocyte.

2.5 | Apoptosis analysis

Blastocysts at 192 hpia were submitted to terminal deoxyribonucle‐
otidyltransferase‐mediated dUTP‐digoxigenin nick end‐labelling (TUNEL) 
staining	 using	 a	 commercially	 available	 kit	 (DeadEnd	 Fluorimetric	
TUNEL System, Promega) according to the manufacturer's instruc‐
tions. Briefly, embryos (n = 97) were fixed in 4% paraformaldehyde at 
4°C and then permeabilized with 0.2% Triton X‐100 (Promega), both in 
PBS (Nutricell). Positive control embryos were previously treated with 
DNase (Promega). After permeabilization, positive control and target 
samples were incubated in 100‐µL drops with reagent mix containing 
enzyme solution (terminal deoxynucleotidetransferase enzyme) and 
90% staining solution (dUTP–fluorescein conjugate) for 1 hr at 37°C 
in a dark humid chamber. Negative control embryos were incubated 
only in the staining solution without enzyme solution. After that, em‐
bryos	were	stained	with	Vectashield	 (Vector	Laboratories	 Inc.)	plus	
4′6‐diamidino‐2‐phenylindole	(DAPI)	and	mounted	on	slides	for	evalu‐
ation by fluorescence microscopy. Total cell number and apoptotic cell 
number per embryo were counted, and apoptotic cell index was calcu‐
lated as the ratio of apoptotic cell/total cell number.

2.6 | Total RNA extraction and reverse transcription 
in matured oocytes and blastocysts

Blastocysts from three different replicates were frozen in liquid ni‐
trogen before RNA extraction. Total RNA was extracted from three 

pools	of	ten	blastocysts	per	treatment	using	the	RNeasy	Micro	Kit	
(Qiagen	GmbH),	 according	 to	 the	manufacturer's	 instructions,	 and	
treated with DNase I (27 units for 15 min at room temperature for 
every sample). The RNA samples were reversely transcribed using 
the	SuperScript	 III	First‐Strand	Synthesis	Supermix	 (Invitrogen)	ac‐
cording to the manufacturer's instructions, using oligo(dT)20 primers, 
dNTP	mix,	SuperScript™	III	RT,	RNaseOUT™,	MgCl2, RT buffer in a 
final volume of 20 µl. The samples were first incubated at 65°C for 
5 min and then at 50°C for 50 min. The reaction was terminated 
at 85°C for 5 min and then chilled on ice. After that, RNase H was 
added to the samples and incubated at 37°C for 20 min. The RNA 
and cDNA quantification analyses for each sample were performed 
using 1 µl of sample in spectrophotometer nd‐100 (NanoDrop).

2.7 | Relative quantification by real‐time PCR

Relative quantification was performed in triplicate using Real‐
Time PCR (ABI Prism 7300 Sequence Detection Systems, Applied 
Biosystems). Reactions were prepared using a mixture of Power 
SYBR®	Green	PCR	Master	Mix	 (Applied	Biosystems),	 primers,	 nu‐
clease‐free water and cDNA. The amount of cDNA used in the re‐
actions ranged according to the optimal concentration previously 
identified. About 600 ng cDNA per reaction for PRDX1 and HSP70.1, 
200 ng cDNA for beta‐ACTIN (ACTB), glyceraldehyde 3‐phosphate 
dehydrogenase (GAPDH), AQP3 and ATP1A1 genes and 400 ng 
cDNA for H2a gene were used. cDNA template was denatured at 
95°C for 10 min, followed by 45 cycles of 95°C for 15 s, gene‐spe‐
cific primer annealing temperature for 30 s (Table 1) and elongation 
at 60°C for 30 s. After each PCR run, a melting curve analysis was 
performed to confirm that a single specific product was generated. 
No‐template controls (NTC), comprised of the PCR mix without nu‐
cleic acid, were also run with each primer to confirm the absence of 
contaminations. Primer efficiency was calculated using LinRegPCR 
software	(Ramakers,	Ruijter,	Deprez,	&	Moorman,	2003)	for	each	re‐
action. The primer efficiency was 1.85, 1.84, 1.80, 1.86, 1.78, 1.81 
and 1.72 for ACTB, GAPDH, H2a, PRDX1, AQP3, ATPase1 and HSP70.1 

TA B L E  1   Primer sequences used for relative gene expression analysis by real‐time polymerase chain reaction

Gene symbol Primer sequence (5′−3′) Annealing temperature (°C) Fragment size (bp) GenBank accession number

ATP1A1 F‐TGCTGCTTTCCTTTCCTACTG
R‐AGCTTCCGGACTTCGTCATA

52 129 NM_001076798

AQP3 F‐ACCGATCTAGCCCCTCATCT
R‐CCAACTCCACCGACAGAATC

53 136 NM_001079794

PRDX1 F‐TGCCAGATGGTCAGTTCAAG
R‐CCTTGTTTCTTGGGTGTGTTG

53 223 NM_174431

HSP70.1 F‐AACAAGATCACCATCACCAACG
R‐TCCTTCTCCGCCAAGGTGTTG

59 275 NM_203322

H2a F‐GCCATCCTGGAGTACCTCAC
R‐TGGATGTGTGGAATGACACC

52 176 NM_174809

ACTB F‐GACATCCGCAAGGACCTCTA
R‐ACATCTGCTGGAAGGTGGAC

53 205 NM_173979

GAPDH F‐CAGGAGCACGAGAGGAAGAGTT
R‐GGCCTTAGAGATGGAAACATGTG

52 102 NM_001034034

info:ddbj-embl-genbank/NM_001076798
info:ddbj-embl-genbank/NM_001079794
info:ddbj-embl-genbank/NM_174431
info:ddbj-embl-genbank/NM_203322
info:ddbj-embl-genbank/NM_174809
info:ddbj-embl-genbank/NM_173979
info:ddbj-embl-genbank/NM_001034034
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genes, respectively. Expression of ACTB, GAPDH and H2a genes was 
used as reference gene. Calculations of relative quantification were 
performed by the comparative Ct method. Data of control tempera‐
ture (38.5°C) were used as calibrators in order to calculate the rela‐
tive	abundance	of	transcripts	in	IVF	or	Part	blastocysts.	Values	are	
shown as fold change relative to the calibrator.

2.8 | Statistical analysis

Data of cleavage, blastocyst production and apoptosis index were 
analysed by binary logistic regression (Proc Logistic) using the SAS 
statistical software (version 9.1), in order to determine the effect of 
temperature, method of activation and interactions on the likelihood 
of development. The 95% confidence interval (CI) was used to esti‐
mate the precision of odds ratio (OR). The null hypothesis was tested 
by chi‐square test. Total cell number and apoptotic cell number were 
analysed	by	the	linear	mixed	model	(Proc	Mixed).	Proportional	data	
of	pronucleus	formation	after	IVF	were	analysed	by	chi‐square	test.	
Relative quantification analyses were performed by REST software 
(Pfaffl, Horgan, & Dempfle, 2002) and were based on primer effi‐
ciency, using a pairwise fixed reallocation randomization test using 
data of respective control group as calibrator (set to 1). Differences 
were considered significant at the 95% confidence level (p < .05). 
Values	are	illustrated	as	mean	±	standard	error	of	the	mean	(SEM).

3  | RESULTS

3.1 | Effect of temperature during IVM on pronuclei 
formation after IVF

The	elevated	 temperature	 (41°C)	 for	 first	12	hr	of	 IVM	decreased	
(p < .05) the pronuclei formation rate after in vitro fertilization (74%; 
143/193) when compared to the control group (84%; 158/187). No 
effect (p > .05) of temperature on polyspermy rate was observed 
(6.9%, 13/187; and 9.8%, 19/193, for control and heat shock oocytes, 
respectively).

3.2 | Effect of temperature during 
IVM and of method of oocyte activation on 
cleavage and blastocyst production

Cleavage rates were evaluated at 48 and blastocyst rates at 168 
and 192 hpia. There was a significant interaction (p < .01) between 
temperature	 of	 IVM	 and	 method	 of	 oocyte	 activation	 for	 cleav‐
age	 rate	 at	48	hpia.	Heat	 shock	during	 IVM	 reduced	 (p < .01) the 
ability	 of	 IVF	 zygotes	 to	 develop	 until	 48	 hpia,	 with	 less	 chance	
to cleave for those from heat shock group when compared to the 
control group (OR = 0.53; CI 95% = 0.3, 0.7). In contrast, no effect 
of	heat	shock	during	IVM	was	found	in	the	Part	embryos	(p > .05). 
Cleavage rate was greater (p	<	.01)	in	Part	than	in	IVF	counterparts	
(Figure	 1),	with	 two	 times	more	 chance	 of	 Part	 zygotes	 to	 cleave	
(OR	=	2.02;	CI	95%	=	1.4,	2.8)	than	the	IVF	counterparts.	 In	order	
to verify whether such difference on cleavage was determined by 

embryo stages, we also compared the development of presumptive 
zygotes towards different stages (2‐cell, 4‐cell and 8‐cell) at 48 hpia. 
The	heat	shock	during	IVM	had	impact	on	development	until	4‐cell	
stages	 for	 IVF	zygotes	only;	 it	decreased	 (p < .05) the capacity of 
IVF	zygotes	to	reach	4‐cell	stage	 (29.9	±	4.7%)	when	compared	to	
IVF	control	(37.8	±	5.8%;	OR	=	0.7;	CI	95%	=	0.5,	0.9)	but	also	when	
compared	to	the	Part	control	(53.7	±	4.8%;	OR	=	0.32;	CI	95%	=	0.2,	
0.4)	and	Part	heat	shock	(56.2	±	4.1%;	OR	=	0.28;	CI	95%	=	0.2,	0.3)	
groups. However, no effect of heat shock was found (p > .05) be‐
tween Part groups. In contrast, heat shock decreased (p < .05) the 
ability	of	zygotes	to	reach	8‐cell	stage	for	both	IVF	(7.9	±	2.9%	vs.	
4.2	±	1.3%	for	IVF	control	vs.	heat	shock,	respectively;	OR	=	0.44;	CI	
95%	=	0.2,	0.8)	and	Part	(11.9	±	3.7%	vs.	7.5	±	1.5%	for	Part	control	
vs. heat shock, respectively; OR = 0.47; CI 95% = 0.2, 0.8) groups. 
No difference was found for 2‐cell stage between control and heat 
shock (p > .05), but Part control had lower rate (p	<	 .01)	 than	 IVF	
control	group	(12.3	±	1.7%	vs.	21.1	±	3%,	respectively;	OR	=	0.47,	CI	
95% = 0.3, 0.7).

Heat	shock	during	IVM	had	a	negative	impact	in	the	blastocyst	
formation	in	both	IVF	and	Part	embryos	(Figure	1).	Heat	shock	de‐
creased (p	<	.01)	the	capacity	of	IVF	zygotes	to	reach	blastocyst	stage	
at 168 hpia (OR = 0.51; CI 95% = 0.3, 0.7) and 192 hpia (OR = 0.46; 
CI	95%	=	0.3,	0.6)	when	compared	to	the	 IVF	control	group.	Heat	
shock had similar effect on development after parthenogenesis, 
with lower chance (p < .01) of Part zygotes from heat shock group 
to reach blastocyst stage at 168 hpia (OR = 0.65; CI 95% = 0.4, 0.8) 
and 192 hpia (OR = 0.54; CI 95% = 0.4, 0.7) than those from the Part 

F I G U R E  1   Cleavage and blastocyst rates at different hours 
post‐insemination or chemical activation (hpia) for embryos derived 
from	oocytes	matured	in	vitro	(IVM)	under	control	(38.5°C/24	hr)	
or heat shock (41°C/12 hr followed by 38.5°C/12 hr) temperatures. 
Control	in	vitro	fertilization	(IVF):	n	=	456	oocytes,	heat	shock	IVF:	
n = 454; control parthenogenesis (Part): n = 454; heat shock Part: 
n = 488; eleven replicates (three replicates were not evaluated at 
48	hpia).	Groups	were	compared	by	logistic	regression	(see	odds	
ratio and confidence interval in Results section); letters above bars 
within the same variable indicate differences (p	<	.01).	Means	are	
shown	as	mean	±	SEM
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control group. The blastocyst formation increased (p < .01) in Part 
when	compared	to	the	IVF	group	(Figure	1).	No	significant	interac‐
tion	between	temperature	of	IVM	and	method	of	oocyte	activation	
was found for blastocyst development (p > .05).

3.3 | Effect of temperature during IVM and of 
method of oocyte activation on blastocyst total cell 
number and apoptosis

Total cell number and total apoptotic cell number were assessed by 
TUNEL	assay.	In	the	IVF	and	Part	groups,	the	heat	shock	during	IVM	
did not affect (p > .05) the total cell number and total apoptotic cell 
number in blastocysts when compared to respective control and 
there	was	 no	 significant	 interaction	 between	 temperature	 of	 IVM	
and method of activation. Nevertheless, parthenogenetic blasto‐
cysts had lower total cell number (p	 <	 .05)	 than	 IVF	 counterparts	
(Figure	2).	Heat	shock	during	IVM	did	not	influence	(p > .05) the pro‐
portion	of	apoptotic	cells	in	IVF	blastocysts.	In	contrast,	partheno‐
genetic blastocysts from heat‐shocked oocytes had greater (p < .05) 
index of apoptotic cells (OR = 1.16; CI 95% = 1.01, 1.33) than the 
control. Parthenogenesis also increased (p < .01) the index of apop‐
totic cells (OR = 1.56; CI 95% = 1.3, 1.8) when compared to in vitro 
fertilization	(Figure	2).

3.4 | Effect of temperature during IVM on gene 
expression in IVF or Part blastocysts

Relative	expression	of	specific	genes	in	IVF	or	Part	blastocysts	de‐
rived from heat‐shocked oocytes was assessed by real‐time PCR 
(Figure	 3).	 The	 expression	 of	HSP70.1 was up‐regulated (p < .01), 
whereas the expression of AQP3 was down‐regulated (p < .01) in 
Part blastocysts derived from heat‐shocked oocytes when com‐
pared to the control group. Expression of ATP1A1 was down‐regu‐
lated (p	<	.05)	in	IVF	blastocyst	derived	from	heat‐shocked	oocytes,	
and	 no	 significant	 effect	 of	 heat	 shock	 during	 IVM	was	 found	 on	
expression of PRDX1.

4  | DISCUSSION

The effect of high temperatures on oocyte developmental compe‐
tence in bovine is well documented. Heat shock during in vitro mat‐
uration reduces the ability of the oocyte to progress to blastocyst 
stage after in vitro fertilization (Edwards & Hansen, 1997; Roth & 
Hansen, 2004a). In the present study, we found that the tempera‐
ture	during	IVM	affects	the	development	not	only	of	in	vitro‐ferti‐
lized but also of parthenogenetic embryos. However, developmental 
disparities	were	found	at	48	hpia.	Cleavage	rates	were	lower	in	IVF	
embryos from heat‐shocked oocytes than in the control and Part em‐
bryos, but no difference was found between Part embryos obtained 
from control and heat‐shocked oocytes. In contrast, Part blastocysts 
derived from heat‐shocked oocytes had greater apoptotic index and 
expression of HSP70.1 gene when compared to those derived from 
control;	however,	such	differences	were	not	found	between	IVF	em‐
bryos derived from heat‐shocked and control oocytes.

F I G U R E  2   Total cell number and apoptosis for embryos 
at blastocysts stage at 192 hr post‐insemination or activation 
(hpia)	derived	from	oocytes	matured	in	vitro	(IVM)	under	control	
(38.5°C/12 hr) or heat shock (41°C/12 hr followed by 38.5°C/12 hr) 
temperatures.	Control	in	vitro	fertilization	(IVF):	n = 27 blastocysts, 
heat	shock	IVF:	n = 18; control parthenogenesis (Part): n = 27; 
heat shock parthenogenesis: n	=	25.	Groups	were	compared	by	
linear mixed model (for variables, total cell number and number of 
apoptotic cells) or by logistic regression (for apoptotic index; see 
odds ratio and confidence interval in Results section); letters above 
bars within the same variable show differences (p	<	.01).	Means	are	
shown	as	mean	±	SEM

F I G U R E  3   Relative amount of specific transcripts for in vitro‐
fertilized	(IVF)	or	parthenogenetic	(Part)	blastocysts	derived	from	
oocytes	matured	in	vitro	(IVM)	under	41°C/12	hr	followed	by	
38.5°C/12 hr (heat shock). Bars with asterisk (*) within gene differ 
(p	<	.05)	from	the	control	group	(IVM	under	38.5°C/24	hr).	Data	
of control group were used as calibrator (set to 1), and means are 
shown	as	fold	change	(mean	±	SEM) relative to the calibrator
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Similarly to our cleavage data, previous study did not find effect 
of	heat	 shock	during	 IVM	on	cleavage	at	69–74	hr	post‐activation	
with ionomycin (Rispoli et al., 2011). However, that same study re‐
ported	no	effect	of	heat	shock	on	cleavage	for	IVF	embryos,	which	
contrast to our finding. The detrimental effect of heat shock during 
IVM	on	cleavage	 rate	of	 IVF	embryos	 is	 contradictory,	 being	 sup‐
ported by some studies (Kalo & Roth, 2011; Roth & Hansen, 2004a, 
2004b), but not by others (Edwards et al., 2009; Edwards, Saxton, 
Lawrence,	Payton,	&	Dunlap,	2005;	Ju,	Jiang,	Tseng,	Parks,	&	Yang,	
2005). Nevertheless, it was reported that a lower percentage of 
oocytes developed towards 4‐cell stage at 44 hr post‐insemination 
when	IVM	was	performed	under	heat	shock	conditions,	suggesting	
that the high temperature during oocyte maturation can impair the 
second	embryonic	division	(Meiyu,	Liu,	&	Roth,	2015).	Other	study	
reported lower proportion of embryos with 3–4 cells at 70–72 hr 
post‐fertilization when in vitro maturation was performed under 
40°C (Diez et al., 2009). We found lower cleavage rate at 48 hpia 
in the heat‐shocked oocytes, which was mainly due to the low per‐
centage of 4‐cell stage embryos, supporting the concept that heat 
shock during oocyte maturation can impair the early embryonic divi‐
sion after fertilization. However, such result differs from that follow‐
ing parthenogenesis, where no alteration on cleavage rate at 4‐cell 
stage was found.

The reasons for contrasting effects on early cleavages after fer‐
tilization and parthenogenesis of heat‐shocked oocytes may be re‐
lated	to	fertilization	per	se,	but	biological	differences	between	IVF	
and Part embryos can also be involved. Lower cleavage rate after 
IVF	may	 be	 due	 to	 the	 low	 ability	 of	 heat‐shocked	 oocytes	 to	 be	
fertilized. Indeed, we found lower pronucleus formation in presump‐
tive zygotes from heat‐shocked oocytes, which is in agreement with 
other study that reported a higher rate of unfertilized heat‐stressed 
oocytes (Roth & Hansen, 2005). The low fertilization can be one 
of the reasons for lower cleavage at 48 hr post‐fertilization, but it 
does not contribute much to explain the lower percentage of 4‐cell 
stage	IVF	embryos	derived	from	heat‐shocked	oocytes.	Differences	
between in vitro fertilization and parthenogenesis may also play a 
role in such contrasting effect on early development of embryos 
from	 heat‐shocked	 oocytes.	 For	 instance,	 IVF	 zygotes	 display	 an	
increased level of reactive oxygen species (ROS), whereas Part zy‐
gotes	display	a	decreased	level	(Morado,	Cetica,	Beconi,	Thompson,	
& Dalvit, 2013). As heat shock can increase the ROS production in 
oocytes (Ascari et al., 2017), the levels of ROS can reach deleterious 
levels following the fertilization of a heat‐shocked oocyte impairing 
the early cleavages, but not after parthenogenesis. Other difference 
between	IVF	and	parthenogenetic	embryos	is	the	calcium	releasing	
at oocyte activation. While the chemical activation with ionomycin 
induces	a	single	and	large	calcium	release	(Alberio,	Zakhartchenko,	
Motlik,	&	Wolf,	2001;	Jellerette	et	al.,	2006),	the	fertilization	sperm	
factors trigger a series of calcium oscillations (Alberio et al., 2001; 
Miyazaki	&	Ito,	2006),	which	effect	is	mediated	by	the	oocyte	ma‐
chinery (Alberio et al., 2001; Tang et al., 2000). Also, nuclei of fer‐
tilized one‐ and two‐cell embryos have calcium‐releasing activity 
provided by the sperm, in contrast to parthenogenetic embryos 

(Kono, Carroll, Swann, & Whittingham, 1995). In this context, heat 
shock could disturb the oocyte machinery and decrease the ability 
of oocyte to be activated by sperm factors or even disturb the cal‐
cium releasing required for the first embryonic divisions.

One aspect to consider is a male effect when analysing data 
of in vitro fertilization. Differences among bulls on cleavage and 
blastocyst	production	have	been	reported	 (Camargo,	Sa,	Ferreira,	
Viana,	 &	 Araujo,	 2002)	 and	might	 also	 influence	 the	 cleavage	 of	
heat‐shocked oocytes. In contrast, chemical activation generally 
results in steady cleavage rates. Some evidences support the role 
of paternal epigenome and other sperm factors, such as mRNAs 
and microRNAs precursors, on embryogenesis (Dadoune, 2009; 
Grandjean	 &	 Rassoulzadegan,	 2009;	 Hamatani,	 2012;	 Jenkins	 &	
Carrell, 2012; Yuan et al., 2016), but it is not well known whether 
they can vary according to the male and influence early cleavage. 
The sperm microRNA‐34c is an example of potential sperm factor; 
it is transmitted to the mouse oocyte during fertilization, but it is 
absent	in	ethanol‐activated	oocytes.	Most	of	in	vitro‐fertilized	zy‐
gotes injected with microRNA34‐c inhibitor fails to cleave, suggest‐
ing its role on first cell division; however, parthenogenetic zygotes 
can cleave in the absence of microRNA‐34c (Liu et al., 2012), which 
indicates differences between fertilized and parthenogenetic zy‐
gotes. In humans, it was found that level of sperm microRNA‐34c 
among patients with different fertilities is correlated with embryo 
quality and pregnancy but not with fertilization or cleavage (Cui, 
Fang,	Shi,	Qiu,	&	Ye,	2015).	Those	sorts	of	 sperm	factors	may	be	
affected by oocyte components. Pre‐microRNAs are cleaved into 
mature microRNAs by Dicer ribonuclease (Luense, Carletti, & 
Christenson, 2009), and the lack of Dicer function impairs oocyte 
maturation (Liu, Tang, He, & Rosenwaks, 2010) and leads to infertil‐
ity in mouse (Bernstein et al., 2003). It was shown that the expres‐
sion of Dicer protein is elevated in somatic cells exposed to mild 
heat	stress	(Oshlag,	Devasthanam,	&	Tomasi,	2013).	Modulation	of	
Dicer protein in the oocyte by heat shock could suggest an altered 
processing of potential sperm microRNAs required for the first 
cleavages; however, there are no data showing the status of Dicer 
in heat‐shocked oocytes.

Despite	 the	 early	 cleavage	 disparity	 between	 IVF	 and	 Part	
embryos,	 the	 heat	 shock	 during	 IVM	 reduced	 the	 blastocyst	 pro‐
duction	 in	both	 IVF	and	Part	groups.	The	negative	 impact	of	heat	
shock	during	 IVM	on	blastocyst	production	after	 in	vitro	 fertiliza‐
tion is in agreement with other reports (Edwards & Hansen, 1997; 
Roth & Hansen, 2004a). In vitro‐fertilized blastocysts derived from 
heat‐shocked oocytes did not exhibit alterations on total cell num‐
ber, proportion of apoptotic cells and expression of HSP70.1 gene, in 
spite of the lower blastocyst rate when compared to the respective 
control. Indeed, early study reported that blastocyst derived from 
heat‐shocked oocyte may display no alteration on apoptotic index 
(Roth & Hansen, 2004a). As an elevated expression of HSP70.1 can 
be considered a response to cellular stress and injuries (Silver & 
Noble, 2012), the absence of alteration on expression of that gene 
might	indicate	that	the	IVF	blastocysts	from	heat‐shocked	oocytes	
were no longer under the effect of heat shock. However, the low 
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expression of ATP1A1 gene, which encodes a protein important for 
active ion transport across the trophectoderm and fluid movement 
to the blastocoel (Watson, Westhusin, Sousa, Betts, & Barcroft, 
1999),	could	affect	the	ability	of	IVF	blastocyst	to	expand	the	blasto‐
coel, compromising the embryo hatching. Thus, an effect of heat 
stress	during	IVM	may	still	persist	as	an	epigenetic	modification.	In	
contrast	to	IVF	blastocyst,	Part	blastocysts	had	lower	total	cell	num‐
ber and higher apoptotic index demonstrating the effect of chemi‐
cal activation and absence of paternal genome on embryo quality. 
Interestingly, the heat shock increased the apoptotic index and ex‐
pression of HSP70.1 and decreased the expression of AQP3 in those 
Part blastocysts only. AQP3 encodes a protein that plays role on em‐
bryo cavitation allowing water movement across the trophectoderm 
(Barcroft, Offenberg, Thomsen, & Watson, 2003) and disturbs on its 
expression may impair osmosis regulation in Part blastocyst. Those 
findings	suggest	that	heat	shock	during	IVM	can	have	a	greater	im‐
pact	on	quality	of	Part	blastocysts	than	in	IVF	counterparts.

Overall, this study shows the influence of method of activation 
on early development of embryos derived from heat‐shocked oo‐
cytes, which is represented by lower ability to cleave after in vitro 
fertilization than after parthenogenesis. Such divergent effect may 
be a consequence of low fertilization rate or a more efficient chem‐
ical activation, which may attenuate the effect of heat shock during 
IVM	on	early	development.	Other	possibility	is	a	low	ability	of	heat‐
shocked oocytes to process sperm factors required for activation 
and early cleavage. Nonetheless, better quality blastocyst can be 
found after in vitro fertilization than after parthenogenesis of heat‐
shocked	oocytes,	although	it	is	still	unclear	whether	IVF	blastocysts	
from heat‐shocked oocytes are able to keep their full competence 
since expression of some genes in those embryos might be influ‐
enced by the heat shock before fertilization. Our data highlight the 
need to study the factors involved in the activation of heat‐shocked 
oocytes and whether they can be modulated in order to enhance 
early embryo development in regions where heat stress is an issue 
for in vitro embryo production systems.
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