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Abstract. 	Piezo-actuated	intracytoplasmic	sperm	injection	(Piezo-ICSI)	is	used	as	an	efficient	in vitro fertilization method 
with various animals. With this method, elongated spermatids are collected from testicular tissues and are easier to obtain 
from animals that unexpectedly die than ejaculate sperm. Additionally, elongated spermatid injection often results in the 
development	of	embryos	and	offspring.	To	develop	assisted	reproductive	techniques	(ARTs)	for	domestic	cats,	we	examined	
the	effects	of	oocyte	activation	on	cleavage	and	embryo	development	after	Piezo-ICSI	with	motile	sperm	(experiment	1)	and	
after	Piezo-ICSI	with	either	 testicular	 sperm	or	elongated	spermatids	 (experiment	2).	 In	experiment	1,	 the	proportions	of	
cleaved	embryos,	morulas,	and	blastocysts	following	Piezo-ICSI	with	ethanol	activation	were	significantly	higher	(P	<	0.05)	
than	in	the	non-activated	groups.	However,	the	proportion	of	blastocysts	and	the	blastocyst	quality	did	not	differ	significantly	
(P	>	0.05)	between	the	ethanol-activated	and	non-activated	groups.	In	experiment	2,	the	cleavage	frequencies	of	oocytes	after	
Piezo-ICSI	of	testicular	sperm	or	elongated	spermatids	and	ethanol	activation	were	higher	(P	<	0.05)	than	that	of	oocytes	
in	the	non-activated	group,	but	the	occurrence	of	blastocyst	formation	and	quality	of	blastocysts	did	not	differ	between	the	
activated and non-activated groups. In summary, cat embryos can be produced by Piezo-actuated microinjection of elongated 
spermatids.	 Ethanol	 activation	 increased	 the	 frequency	 of	 cleavage,	 but	 it	 affected	 neither	 the	 occurrence	 of	 blastocyst	
development	nor	the	quality	of	blastocysts.	These	results	represent	an	expansion	in	the	repertoire	of	ARTs	that	are	potentially	
applicable to both domestic and endangered species of cats.
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In recent years, some species of cats have been brought to the verge 
of extinction due to illegal hunting and the loss of habitats. In 

addition to habitat conservation and strategically managed breeding 
programs, another approach for maintaining biodiversity is to use 
assisted	reproductive	techniques	(ARTs),	such	as	gamete	preservation	
and	artificial	insemination	[1].	One	impediment	to	efforts	to	improve	
breeding	techniques	of	endangered	cats	is	the	limited	access	to	
gametes.	During	the	past	two	decades,	ARTs	developed	in	domestic	
cats have been successfully applied to several species of non-domestic 
species	[2].	While	previous	studies	have	shown	the	potential	utility	
of	ARTs	for	species	conservation,	these	techniques	have	not	been	as	

broadly developed and applied with laboratory and livestock species 
for several reasons, including economic and political considerations, 
and (as mentioned above) limited gamete availability. Further stud-
ies	to	improve	the	efficacies	of	current	techniques	and	to	develop	
additional methods will assist in the propagation of endangered cats 
and	cats	that	are	biomedical	models	[2].

Piezo-actuated intracytoplasmic sperm injection (Piezo-ICSI) 
shows higher survival and fertilization rates than conventional ICSI in 
mice,	humans,	rats,	cattle,	and	rabbits	[3–8].	Because	bovine	oocytes	
contain an especially large number of lipid granules, structures inside 
the ooplasm (such as metaphase II chromosomes) are invisible 
under	a	light	microscope.	Thus,	sperm	injection	by	conventional	
methods	can	be	more	difficult	than	in	species	with	oocytes	that	have	
a	lighter,	translucent	ooplasm	[6].	Piezo-ICSI	disrupts	the	oolemma	
by Piezo electrical pulses and easily injects sperm into the oocytes. 
Thus,	Piezo-ICSI	is	thought	to	be	the	most	effective	approach	for	
fertilizing	bovine	oocytes	[6].	Like	bovine	oocytes,	cat	oocytes	
have	a	dark/opaque	ooplasm	that	prevents	nuclear	visualization	
under	standard	microscopy	[9],	but	all	previous	reports	on	ICSI	in	
cats	have	involved	conventional	methods	[10–16].	Based	on	these	
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observations, it is expected that the highest proportion of blastocysts 
could be obtained via Piezo-ICSI.
In	some	species,	ICSI	requires	artificial	oocyte	activation.	In	

cattle,	fertilized	eggs	and	offspring	can	be	obtained	by	Piezo-ICSI,	
but embryo development is low when using non-activated oocytes 
[17].	However,	when	artificial	oocyte	activation	treatment	is	applied,	
embryo	development	to	the	blastocyst	stage	is	significantly	improved,	
and	calves	can	be	obtained	efficiently	[7].	It	has	been	reported	that	
in	cats,	an	artificial	activation	process	is	necessary	to	increase	the	
incidence	rate	after	conventional	ICSI	[10],	but	it	is	unknown	whether	
artificial	activation	is	necessary	after	Piezo-ICSI.

Ejaculated sperm collected by electrostimulation are normally used 
for	ARTs	in	domestic	and	wild	cats	[18],	but	the	use	of	these	sperm	
is not applicable for endangered animals that could unexpectedly 
die.	Therefore,	spermatids	in	testes	from	animals	that	unexpectedly	
die can be meaningfully used to produce embryos by microinjec-
tion. In domestic cats, blastocysts have been successfully produced 
using	testicular	spermatozoa	[11,	14,	19].	However,	no	reports	have	
described embryo production via ICSI of elongated spermatids. If 
blastocysts are produced using elongated spermatids, then male 
gametes other than sperm can be secured and more fertilized oo-
cytes can be produced. Based on these collective observations, we 
performed two experiments in this study, namely we examined the 
effect	of	ethanol-induced	oocyte	activation	on	cleavage	and	embryo	
development after Piezo-ICSI with epididymal sperm (experiment 
1),	or	after	Piezo-ICSI	with	either	testicular	sperm	or	elongated	
spermatids (experiment 2).

Material and Methods

In this study, cat ovaries and testes with epididymides were collected 
from a local veterinary clinic following a routine ovariohysterectomy 
and	castration.	The	animals	were	neither	operated	on,	nor	sacrificed	for	
this	study.	The	uses	of	tissues	were	approved	by	the	ethics	committee	
of a local veterinary clinic. All cats were privately owned and the 
owners provided consent before the samples were collected.

Collection of oocytes and in vitro maturation
We collected ovaries from domestic short-haired cats that underwent 

an	ovariohysterectomy	at	a	local	veterinary	clinic.	The	ovaries	were	
maintained	in	0.8%	(w/v)	saline	solution	and	transported	to	our	
laboratory	within	6	h	at	room	temperature.	Oocyte	collection	and	
in vitro	maturation	(IVM)	were	conducted	as	previously	described	
[20].	Briefly,	cumulus-oocyte	complexes	(COCs)	were	collected	after	
cutting	ovaries	in	Medium	199	(Thermo	Fisher	Scientific,	Waltham,	
MA,	USA).	We	used	oocytes	that	were	completely	surrounded	with	
over	four	layers	of	compacted	cumulus	cells.	The	COCs	were	collected	
and	rinsed	three	times	in	IVM	medium,	which	comprised	Medium	
199	medium	supplemented	with	0.4%	(w/v)	bovine	serum	albumin	
(BSA;	Sigma-Aldrich,	St.	Louis,	MO,	USA),	10	IU/ml	17β-estradiol	
(Sigma-Aldrich),	100	µg/ml	gentamycin	(Sigma-Aldrich),	137	µg/
ml	sodium	pyruvate	(Sigma-Aldrich),	0.02	IU/ml	Follistim® (human 
recombinant	follicle-stimulating	hormone;	MSD,	Tokyo,	Japan),	and	
25	ng/ml	epidermal	growth	factor	(Sigma-Aldrich).	Then,	the	COCs	
were	incubated	for	28	h	in	100	µl	IVM	medium	droplets	covered	with	
mineral	oil	(Sigma-Aldrich)	in	an	incubator	at	38.5°C	with	5%	CO2.

Sperm collection and cryopreservation
Testes	were	obtained	from	a	local	veterinary	clinic.	After	removing	

external	tissues	from	testes,	we	then	separated	the	epididymides.	The	
epididymides were cut into small pieces in Dulbecco’s phosphate-
buffered	saline	without	Ca2+	and	Mg2+	(PBS	(–),	Nacalai,	Kyoto,	
Japan)	and	cultured	at	38.5°C	under	5%	CO2	in	humidified	air	for	
10	min.	After	filtering	through	a	20-µm	filter	(Nipro,	Osaka,	Japan),	
the	semen	was	centrifuged	for	5	min	at	500	×	g, and the seminal 
plasma	was	removed	by	aspirating	the	supernatant.	The	pelleted	
sperm	were	resuspended	in	m-HTF	medium	(Nippon	Medical	&	
Chemical	Instruments,	Osaka,	Japan)	to	prepare	a	sperm	suspension.
The	sperm	suspension	was	mixed	with	EYT-FC	solution,	which	

comprised	egg	yolk	supplemented	with	13	µg/ml	citric	acid	(Nacalai),	
10	µg/ml	d-fructose	(Nacalai),	24	µg/ml	Tris	aminomethane	(Nacalai),	
1000	IU/ml	Penicillin	(Sigma-Aldrich),	and	1	mg/ml	streptomycin	
(Sigma-Aldrich),	and	stored	at	4°C.	After	1	h,	EYT-FC	solution	
containing	14%	(v/v)	glycerol	(Nacalai)	was	added	the	solution	
to	obtain	a	final	concentration	of	12.5	×	106	cells/ml,	with	a	final	
glycerol	concentration	of	7%.	Then,	this	solution	was	loaded	into	
0.25-ml	straws	(Fujihira,	Tokyo,	Japan).	After	sealing,	the	straws	
were	laid	horizontally	on	a	rack	4	cm	above	liquid	nitrogen	vapor	for	
5	min,	plunged	into	liquid	nitrogen,	and	stored	in	a	liquid	nitrogen	
storage tank.

Thawing of cryopreserved sperm
Straws containing cryopreserved sperm were thawed by soaking 

in	37ºC	water	for	30	sec.	The	sperm	were	then	released	into	m-HTF	
medium.	This	solution	was	centrifuged	for	5	min	at	500	×	g, and 
resulting	sperm	were	resuspended	in	HTF	medium	(Nippon	Medical	
&	Chemical	Instruments).	The	resuspended	sperm	were	centrifuged	
for	5	min	at	500	×	g,	and	the	resulting	sperm	were	added	to	m-HTF	
medium.

Testicular sperm and extraction of elongated spermatids
After the removal of tunica, seminiferous tubules were placed in 

m-HTF	medium	and	cut	into	small	pieces	with	a	pair	of	fine	scissors.	
After	using	the	same	protocol	followed	for	sperm	collection,	the	final	
suspension contained testicular sperm and spermatogenic cells in 
various developmental stages.

Piezo-ICSI of epididymal sperm, testicular sperm, and 
elongated spermatids
Piezo	was	performed	using	an	IX71	inverted	microscope	(Olympus,	

Tokyo,	Japan)	equipped	with	a	Piezo	micromanipulator	(MB-U,	Prime	
Tech,	Ibaraki,	Japan).	Injection	pipettes	had	a	deflection	angle	of	
28°	and	a	6-µm	outer	diameter.	Holding	pipettes	had	a	10	to	15	µm	
inner	diameter	and	a	100-µm	outer	diameter,	with	a	fire-polished	tip.	
The	COCs	incubated	in	IVM	medium	were	pipetted	gently	many	
times to remove the cumulus layers. Denuded oocytes showing a 
first	polar	body	under	a	stereomicroscope	were	regarded	as	being	
in	metaphase	II	(M	II)	and	were	only	used	for	microinjection.	Two	
droplets	of	frozen	sperm–12%	polyvinylpyrrolidone	(molecular	
weight:	36,000,	Kanto	Kagaku,	Tokyo,	Japan)	in	m-HTF	suspension	
and	six	5-µl	droplets	of	m-HTF	containing	the	denuded	oocytes	were	
placed	in	the	chamber	under	mineral	oil.	The	chamber	comprised	
a	40-mm	×	50-mm	cover	glass	(Matsunami	Glass,	Osaka,	Japan)	
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bonded	to	a	50-mm	×	50-mm	slide	glass	(Matsunami	Glass)	with	
a	30-mm	diameter	hole	in	the	center.	Morphologically	normal	and	
progressively	motile	epididymal	sperm	were	used.	The	M	II	oocytes	
were	held	to	the	holding	pipette	with	the	polar	body	at	the	12	or	6	
o'clock	position	and	the	injection	pipette	at	the	3	o'clock	position	to	
avoid	damaging	the	oocytes.	The	zona	pellucida	of	each	oocyte	was	
drilled by applying several Piezo pulses to the sperm-injection pipette. 
After the sperm was pushed forward (until its head was near the tip 
of injection pipette), the pipette was advanced until its tip almost 
reached	the	opposite	side	of	the	oocyte	cortex.	The	oolemma	was	
broken by applying a single Piezo pulse, and the entire sperm was 
expelled into the ooplasm before the pipette was gently withdrawn. 
All procedures were performed at room temperature. Injected oocytes 
were	maintained	at	room	temperature	for	approximately	10	min.
Morphologically	normal	and	immotile	testicular	sperm,	as	well	as	

morphologically	normal	elongated	spermatids	(Fig.	1) were injected 
into oocytes as described above.

Activation
After microinjection, oocytes were blindly divided into two groups. 

Oocyte	activation	was	conducted	as	described	[10].	One	group	
was	treated	for	10	min	at	38.5°C	under	5%	O2	with	HTF	medium	
containing	7%	(v/v)	ethanol.	The	other	group	was	not	treated.

Embryo culture
After microinjection and activation, oocytes were cultured in 

Only-One	medium	(Nippon	Medical	&	Chemical	Instruments)	
supplemented	with	0.3%	(w/v)	BSA	for	2	days	at	38.5ºC	with	5%	
O2,	5%	CO2,	and	90%	N2.	Subsequently,	cleaved	embryos	were	
washed	and	cultured	for	5	days	in	Only-one	medium	containing	5%	
(w/v)	fetal	bovine	serum	(Biosolutions	International,	Melbourne,	
Australia)	at	38.5ºC	with	5%	O2,	5%	CO2,	and	90%	N2.	The	percent-
ages of cleaved embryos, morulas, and blastocysts (related to the 
number	of	injected	oocytes)	were	determined	on	days	2,	5,	and	7	after	
microinjection.	All	blastocysts	were	rinsed	twice	with	PBS	(–).	Then,	
the	blastocysts	were	fixed	and	stained	in	100%	ethanol	including	
25	µg/ml	bisbenzimide	(Hoechst	33342,	Sigma-Aldrich)	for	2	to	3	
h	at	4°C.	Stained	blastocysts	were	examined	under	a	fluorescence	
microscope to determine the numbers of cells.

Statistical analyses
All experiments were repeated independently at least 4 times. 

Results	are	expressed	as	the	mean	±	the	standard	error	of	the	mean	
(SEM).	Statistical	differences	were	evaluated	by	analysis	of	variance	
and	the	Tukey-Kramer	method	(Statcel	3;	OMC	Publishing,	Saitama,	
Japan).	In	all	cases,	differences	were	considered	significant	when	
P	<	0.05.

Experiment design
Experiment	1:	in vitro embryo development after Piezo-ICSI
In	experiment	1,	morphologically	normal	and	progressively	motile	

sperm	were	used.	A	total	of	334	M	II	oocytes	was	divided	among	
three	groups:	1)	activated	oocytes	(N	=	140),	2)	non-activated	oocytes	
(N	=	124),	and	3)	sham-treated	oocytes	(injection	without	sperm,	N	
=	70)	to	serve	as	the	control.	The	developmental	competence	of	the	
microinjected oocytes was assessed in terms of cleavage, morula 

and	blastocyst	formation	percentages	on	days	2,	5,	and	7	of	in vitro 
culture	(day	0	=	ICSI),	respectively.	Only	embryos	with	≥	32	cells	
and	a	visible	blastocoel	cavity	were	classified	as	blastocysts.
Experiment	2:	in vitro embryo development after Piezo-ICSI with 

testicular sperm and elongated spermatids
In experiment 2, morphologically normal and progressively motile 

sperm, morphologically normal and immotile testicular sperm, and 
morphologically normal elongated spermatids were used. A total of 
635	M	II	oocytes	was	divided	among	the	five	treatment	groups,	as	
follows:	1)	Piezo-ICSI	with	testicular	sperm,	plus	ethanol	activation	
(N	=	113),	2)	Piezo-ICSI	with	testicular	sperm,	no	ethanol	activation	
(N	=	123),	3)	Piezo-ICSI	with	elongated	spermatids,	plus	ethanol	
activation	(N	=	123),	4)	Piezo-ICSI	of	elongated	spermatids,	no	
ethanol	activation	(N	=	122),	and	5)	Piezo-ICSI	of	epididymal	sperm	
without	ethanol	activation	(N	=	154)	to	serve	as	the	control.	Cleavage	
and embryo development were evaluated as described above.

Results

In vitro embryo development after Piezo-ICSI
As	shown	in	Table	1,	in	experiment	1,	the	proportions	of	cleaved	

embryos, and morulas after Piezo-ICSI with ethanol activation were 
significantly	higher	(P	<	0.05)	than	in	the	non-activated	groups.	
However, the proportions of blastocysts in the ethanol-activated 
and	non-activated	groups	were	similar	(P	>	0.05).	In	addition,	the	
blastocyst	quality	in	terms	of	the	average	number	of	cells	did	not	
significantly	differ	(P	>	0.05)	between	blastocysts	in	the	ethanol-
activated and non-activated groups. No blastocyst development was 
observed in the sham group.

In vitro embryo development after Piezo-ICSI with testicular 
sperm and elongated spermatids
As	shown	in	Table	2, in experiment 2, the percent cleavages of 

testicular spermatozoa in the activated group and the elongated 

Fig. 1. An elongated spermatid shown with an elongating tail from the 
centrioles	of	 the	cell	 (arrow:	magnification,	×	400).	The	 tail	of	
the	sperm	is	elongating	from	the	centrioles	of	the	cell.	The	scale	
bar	represents	20	µm.
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spermatids	in	the	activated	group	were	significantly	higher	(P	<	0.05)	
than	those	in	the	non-activated	groups.	The	proportion	of	morulas	in	
elongated	spermatids	in	the	activated	group	was	significantly	higher	
(P	<	0.05)	than	that	of	testicular	sperm	and	elongated	spermatids	in	
the	non-activated	group.	The	blastocyst-formation	rates	were	not	
different	in	any	of	the	groups.	Blastocysts	generated	with	sperm	and	
blastocysts generated with elongated spermatids were not morphologi-
cally	different.	In	addition,	the	blastocyst	quality	as	measured	by	
the	number	of	cells	in	each	blastocyst	were	not	different	in	any	of	
the	groups	(Figs.	2A–C).

Discussion

In	experiment	1,	the	percentages	of	cleaved	embryos,	morulas	
and	blastocysts	significantly	increased	in	the	Piezo-ICSI	group	as	
compared with the sham group. Because oocytes in the sham group 
did not develop into blastocysts, we succeeded in obtaining blastocysts 
without	parthenogenesis	by	Piezo-ICSI.	In	addition,	over	9%	of	M	
II oocytes developed into blastocysts after Piezo-ICSI, which is 
substantially higher than that reported by Bogliolo et al.	[10],	who	
showed that conventional ICSI yielded blastocysts at a proportion 
of	5.4%.	Thus,	Piezo-ICSI	does	not	cause	damages	due	to	oocyte	
deformation, increased internal pressure, or ooplasm suction, which 
do	occur	with	conventional	ICSI	[4].	Therefore,	Piezo-ICSI	appeared	

Table 1.	 Developmental	competence	of	cat	embryos	after	Piezo-ICSI	using	epididymal	sperm	(experiment	1)

Treatment Number of oocytes
Stage	of	development	(%)

Blast cells, N
Cleavage Morula Blastocyst

Activation 140 81.4	±	3.8	a 30.3	±	4.3	a 9.1	±	2.8	a 144.8	±	36.1
No activation 124 50.4	±	5.6	b 16.1	±	3.6	b 9.2	±	2.6	a 116.0	±	12.1
Sham 70 14.4	±	2.5	c 2.4	±	2.4	c 0	b N.D.

Data	 are	 expressed	 as	 the	mean	±	 the	 standard	 error	of	 the	mean	 (SEM).	Different	 superscripted	 letters	
indicate	significant	differences	(P	<	0.05).	N.D.	means	not	determined.

Table 2. Developmental competence of cat embryos after Piezo-ICSI using testicular sperm and elongated spermatids (experiment 2)

Treatment Number of oocytes
Stage	of	development	(%)

Blast cells, N
Cleavage Morula Blastocyst

Testicular	sperm Activation 113 77.8	±	3.2	a 20.5	±	2.3	a, b 11.3	±	4.3 132.8	±	8.7
No activation 123 50.2	±	4.1	b 10.0	±	2.1b 7.6	±	2.0 151.8	±	26.3

Elongated spermatid Activation 123 71.8	±	3.7	a 22.2	±	2.7	a 4.1	±	2.5 151.0	±	33.2
No activation 122 43.7	±	5.5	b 9.0	±	4.2	b 4.4	±	1.4 117.8	±	13.8

Sperm 154 50.5	±	6.7	b 14.0	±	2.9	a, b 12.2	±	2.8 151.8	±	20.8

Date	are	expressed	as	the	mean	±	the	SEM.	Different	superscripted	letters	indicate	significant	differences	(P	<	0.05).

Fig. 2.	 Cat	blastocysts	stained	with	bis-benzimide	(Hoechst	33342)	were	visualized	under	a	fluorescence	microscope	(magnification,	×	200).	(A)	Blastocyst	
derived from Piezo-ICSI with a sperm cell. (B) Blastocyst derived from Piezo-ICSI with a testicular sperm. (C) Blastocyst derived from Piezo-ICSI 
with	an	elongated	spermatid.	The	scale	bar	represents	30	µm.
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to be very useful for fertilizing feline oocytes.
In experiment 2, blastocysts were produced by Piezo-ICSI with 

testicular sperm. A previous report showed that the percentage of 
cleavage	was	39.7%	and	that	the	proportion	of	blastocysts	was	
5.5%	[11],	using	conventional	ICSI.	In	contrast,	the	percentage	of	
cleavage	was	50.1%	and	the	proportion	of	blastocysts	was	7.6%	in	
experiment 2. In addition, we succeeded in producing blastocysts 
with	elongated	spermatids	for	the	first	time	in	cats.	These	results	can	
be explained by considering that Piezo-ICSI can activate oocytes 
[4]	and	that	conventional	ICSI	may	cause	more	damage	to	oocytes	
than Piezo-ICSI by penetrating the zona pellucida and the oocyte 
membranes	with	a	sharpened	needle	at	the	tip	[3].

In this study, we found that the blastocyst-formation rate and 
cell	numbers	were	not	different	when	using	elongated	spermatids	or	
sperm.	A	frequently	used	measure	of	blastocyst	quality	is	to	count	the	
number	of	cells	visible	by	fluorescence	[14].	Here,	we	demonstrated	
that blastocysts produced by Piezo-ICSI with elongated spermatids 
had the same number of cells as those of blastocysts derived from 
sperm. In rabbits, blastocyst formation rate and number of cells/
blastocyst from oocytes injected with elongated spermatids were 
lower	than	those	of	oocytes	injected	with	sperm	[21].	In	this	study,	
we demonstrated the feasibility and potential utility of producing cat 
embryos by Piezo-ICSI of elongated spermatids. Furthermore, it has 
been reported that elongated spermatids from humans and members of 
the Mastomys	genus	can	be	frozen	[22,	23].	Thus,	cryopreservation	of	
elongated spermatids can potentially enable the preservation of genetic 
material of feline species. In addition, in the common marmoset, 
elongated spermatids could be collected from immature male tests 
[24].	In	cats,	it	is	also	possible	to	collect	elongated	spermatids	from	
immature individuals. If elongated spermatids from immature male 
cat can be used for Piezo-ICSI, then more male gametes can be 
secured and more fertilized oocytes can be produced.
In	both	experiments	1	and	2,	the	percent	cleavage	of	all	activated	

groups	was	significantly	higher	than	that	of	the	non-activated	groups.	
The	proportion	of	morulas	in	elongated	spermatids	in	the	activated	
group	was	significantly	higher	than	that	of	testicular	sperm	and	
elongated spermatids in the non-activated group. In contrast, the 
incidences of blastocyst formation in the activated groups were not 
significantly	different	from	that	in	the	non-activated	group.	During	
fertilization, oocyte activation with Ca2+ oscillation is needed to 
resume	oocyte	meiosis	[25].	In	a	previous	study,	pronuclear	forma-
tion	in	sperm-injected	bovine	oocytes	and	subsequent	blastocyst	
development were inhibited because the maturation-promoting 
factor	(MPF)	activity	of	oocytes	was	temporarily	elevated	at	4	h	after	
microinjection	[26].	The	MPF	activity	decreased	and	the	incidence	
of	blastocyst	development	was	increased	by	artificial	activation	at	4	
h	after	microinjection	[26,	27].	However,	in	rabbits,	the	incidence	of	
blastocyst formation was increased by oocyte-activation treatment 
before	microinjection	[28].	Therefore,	the	optimal	time	for	artificial	
activation	of	oocytes	may	be	species-specific.	In	these	experiments,	
with	reference	to	a	previous	report	[10],	the	activation	treatment	
was performed immediately after microinjection; however, it is 
possible that the optimal timing for the activation treatment depends 
on multiple variables. It was reported that treatment with ethanol 
activated	74.2%	of	bovine	oocytes,	whereas	cat	oocytes	were	only	
activated	at	a	rate	of	34.1%	[29].	Ethanol	activates	oocytes	by	causing	

a transient increase in the intracellular Ca2+	concentration	[30].	The	
results of several reports show that Ca2+ oscillations led to normal 
embryonic	development	and	an	increased	frequency	of	blastocyst	
formation	[31–33].

In addition, elongated spermatids of several species can cause 
oocyte	activation,	but	their	activation	abilities	show	species-specific	
differences.	In	rabbits,	over	75%	of	oocytes	injected	with	elongated	
spermatids were activated and Ca2+	oscillations	were	induced	[34].	
For this reason, artificial activation has not been carried out by 
microinjection	using	elongated	spermatids	in	rabbits	[21,	35].	Although	
89%	of	oocytes	injected	with	elongated	spermatids	were	activated	
in mice, Ca2+ oscillations were not observed and only a few Ca2+ 
rises	observed	[34].	However,	mouse	oocytes	injected	with	elongated	
spermatids	can	develop	into	offspring	at	high	rate	without	artificial	
stimulation	of	oocytes	[36].	Therefore,	a	few	Ca2+ rises were suf-
ficient	for	mouse	oocyte	activation	[36].	In	rats,	only	39%	of	oocytes	
were activated after microinjection with elongated spermatids, and 
artificial	activation	was	necessary	for	embryogenesis	[34].	In	cats,	
a comparison of the oocyte-activation ability of testicular sperm 
with that of elongated spermatids has not been reported. In this 
study, cleavage was observed, but many embryos did not develop 
into blastocysts. Activation methods include strontium, ionomycin, 
electric stimulation, and other methods besides ethanol. Few reports 
have	described	the	use	of	artificial	stimulation	for	ICSI	in	cats.	In	
this study, we used the ethanol activation because a previous report 
described	it	use	for	conventional	ICSI	in	cats	[10].	Consequently,	
ethanol	activation	may	be	insufficient	as	an	activation	treatment	
for cat oocytes. In the future, it will be necessary to investigate 
the timing of the activation treatment for Piezo-ICSI in cats and 
to perform multiple stimulations with electrical pulses, or to test 
several	reagents	(alone	or	in	combination)	to	artificially	induce	Ca2+ 
oscillations as an activation method.

In summary, we produced cat blastocysts by Piezo-ICSI with greater 
efficiency	than	reported	previously	by	conventional	microinjection	of	
testicular sperm. In addition, we succeeded in obtaining blastocysts 
using	elongated	spermatids	for	the	first	time.	The	techniques	described	
in our report represent an expansion in the availability of assisted 
reproductive technologies that have potential application to enhancing 
propagation of both domestic and endangered cats.
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