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Cryopreservation of Isolated Fish Blastomeres: Effects of Cell Stage,
Cryoprotectant Concentration, and Cooling Rate on Postthawing Survival

C. A. Strüssmann,*,1 H. Nakatsugawa,* F. Takashima,* M. Hasobe,* T. Suzuki,† and R. Ta
*Department of Aquatic Biosciences and†Department of Food Science and Technology,

Tokyo University of Fisheries, Konan 4-5-7, Minato, Tokyo, Japan 108-8477

The toxicity of the cryoprotectant dimethyl sulfoxide (Me2SO) to isolated blastomeres was examined in three
fish species representative of distinct environments: marine (whiting,Sillago japonica); estuarine (pejerrey,
Odontesthes bonariensis); and freshwater (medaka,Oryzias latipes). The effects of embryonic stage, Me2SO
concentration, and cooling rate on the cryopreservation of blastomeres were also studied. Whiting sheds s
planktonic eggs whereas the other two species shed large demersal eggs. Isolated blastomeres from the
species tolerated Me2SO concentrations up to 9% relatively well for over 5 h but lost viability rapidly at 18%.
Cells from later embryonic stages (512 or 1024 cells) were more tolerant of Me2SO than those from earlier stages
(128 or 256 cells). The three factors examined, alone or in combination, had a significant effect on the surv
of blastomeres after freezing and thawing, but the extent of the effect and the optimum conditions varied w
the species. In general, the highest rates of successful cryopreservation were observed with older rather
younger blastomeres, slower rather than faster cooling, and with 9–18% rather than 0% Me2SO. Survival rates
for blastomeres cryopreserved under the most effective combination of the three factors examined for e
species were 19.96 10.1% for whiting, 34.16 8.5% for medaka, and 67.46 12.8% for pejerrey. © 1999

Academic Press
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The major advantage of gamete and emb
cryopreservation in animal farming is the est
lishment of cryobanks, which allow the stora
and dissemination of valuable genetic inform
tion and the possibility of bridging temporal a
spatial gaps in the availability of gametes
assisted reproduction (3, 5, 20, 21, 24,
Cryobanks may also become instrumental
the conservation of endangered species (1
32). In fish, sperm can be relatively easily cr
preserved but there appear to be formid
constraints to the development of methods
the cryopreservation of eggs and embryos
18, 25, 26, 29). Compared to the eggs of hig
vertebrates, fish eggs are large, have l
amounts of reserve substances (yolk), a t
chorion, poorly permeable membranes, an
complex structure early in development (6, 7
11, 31, 35). Thus, successful cryopreserva
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of fish eggs and embryos remains elusive,
withstanding recent attempts to impregnate
bryos with cryoprotectant after dechorionat
(8, 12) or in the presence of mild vacuum (1

It may be possible to cryopreserve the dip
genome of fish, and hence the maternal gen
as well, by using isolated blastomeres, the e
embryonic cells, instead of intact embryos. H
vey (9, 10) pioneered this idea and success
cryopreserved blastomeres of zebra fish
2196°C, whereas attempts with whole embr
consistently failed. From the viewpoint of tec
nical feasibility, these cells are advantage
because they are much smaller than intact
bryos yet sufficiently large for easy manipu
tion and also because they lack the thick cho
and impermeable membranes of intact embr
Moreover, the usefulness of these cells in
mal production is justified by recent progres
blastomere transplantation techniques. S
techniques allow the integration of the bl
tomere germplasm into the host’s genome,
ducing a chimera, or its insertion into an e
cleated egg, producing a clone (2, 4, 17, 23,

.
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253CRYOPRESERVATION OF FISH BLASTOMERES
30, 33). In addition, these cells can be ea
transfected and function as vectors for the in
tion of genetic modifications to the germline (

In a recent study, Leveroni Calvi and Mais
(16) proposed a highly efficient method for
cryopreservation of rainbow trout blastome
However, systematic information on the effe
of factors likely to influence the outcome
blastomere cryopreservation such as the de
opmental stage of the donor embryos (13,
19) or the optimum cryoprotectant concen
tion and cooling rate (14, 15) is still lackin
particularly regarding warm water and mar
fish species. This paper reports the result
preliminary attempts to cryopreserve the b
tomeres from three warm water species re
sentative of marine, estuarine, and freshw
environments, respectively whiting,Sillago ja-
ponica,pejerrey,Odontesthes bonariensis,and
medaka,Oryzias latipes.These species also re
resent two different types of eggs: small pla
tonic eggs as inS. japonicaand large demers
eggs as inO. bonariensisand O. latipes. In
preliminary experiments in these species,
were unable to successfully cryopreserve in
blastula-stage embryos or any of the b
tomeres within them. Thus, our goal in t
study was to determine the most suitable de
opmental stage of the donor embryos, the o
mum cryoprotectant concentration, and the
timum cooling rate for the cryopreservation
isolated blastomeres.

MATERIALS AND METHODS

Source and Incubation of Embryos

Pairs of wild-type medaka were maintain
in aquaria at 25°C and a 14-h light/10-h d
photoperiod and fed an aquarium-fish diet (T
ramin) daily to satiation. The fish spawned da
under these conditions, usually within 1 h of the
onset of the light period. Because spawn
substratum was not provided, the eggs rema
attached by the chorionic filaments to
mother. They were collected using a wide-bo
pipette while partly immobilizing the female
a net. Pejerrey eggs were obtained from na
spawnings of 2- to 4-year-old broodstock rea
y
r-
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at 19–22°C in a recirculated-water facility
the main campus of Tokyo University of Fis
eries. Pejerrey eggs were generally she
nighttime and remained attached by their c
rionic filaments to the aeration hose. Whit
eggs were obtained from wild fish held in c
tivity at the Banda Marine Experimental S
tion, Tokyo University of Fisheries. Adult fis
collected just prior to the spawning season
1995 were transferred to indoor tanks w
flowing water and natural conditions of pho
period and water temperature. Fish were
twice daily until satiation with frozen krill. Na
ural spawnings were obtained almost daily d
ing the summer months, generally between
min and 3 h after dawn. Fertilized, buoyant e
were collected with a hand net near the sur
of the water.

After collection, normally developing em
bryos were selected and transferred in group
15–30 to Petri dishes for incubation until
desired stage. Incubation of medaka and p
rey embryos was conducted in 103 diluted
freshwater fish Ringer solution contain
traces of malachite green as a prophyla
agent whereas whiting embryos were m
tained in sea water only.

Collection of Blastomeres

For collection of blastomeres, individual e
bryos were blotted dry and mounted in ho
drilled into a plastic plate in Ca21-free, Hepes
buffered Waymouth’s culture medium M
752/1 (pH 7.4, 276 mOsm/Kg), containing 10
fetal bovine serum (FBS). The choice of t
culture medium merely reflected availabi
and does not imply that other media may no
equally suitable. The lack of Ca21 is recom

ended for easier dissociation of blastom
22, 30) whereas the presence of FBS prov
rotection against physical damage of the
embrane (24). After cutting an incision in t

horion, each embryo was transferred to a
ith the culture medium and repeate
queezed gently to expel the yolk and b
omeres through the cut in the chorion. De
nd yolk were removed as much as possible

he blastomeres were transferred to clean



ell
nta
the
ro
12
yo
in
an
ex-

ll
ara
f a
m
m
sa
ved
sid
e

ine
ake
. 1

ion
ta

een
of

em-
-
024

for
pe-
aced
or

rly
was
re-
as
ned.
ere
Be-
for
and
ber

he

uilt
uded
r a

%
g–

254 STRÜSSMANN ET AL.
ture medium. If necessary, the number of c
was counted to determine the developme
stage of the embryo (by approximation to
theoretical number of cells observable with p
gressive cell cleavage, e.g., 128, 256, 5
1024). Blastomeres from a number of embr
were processed in the same form and with
short time span (usually less than 10 min)
pooled for the toxicity and cryopreservation
periments.

Assessment of Blastomere Viability

Determination of blastomere viability in a
cases was based on examination of the ch
teristics of the cell membrane and uptake o
vital stain. For this purpose, an aliquot fro
each treatment was mixed with an equal volu
of 0.1% trypan blue in phosphate-buffered
line, incubated for about 10 min, and obser
under a microscope. Blastomeres were con
ered viable when the cell membrane was w
defined and the cytoplasm remained unsta
whereas the opposite characteristics were t
as an indication of damaged/dead cells (Fig

Toxicity of Me2SO to Isolated Blastomeres

We focused the toxicity and cryopreservat
trials on the blastula stage because at this s

FIG. 1. (A) Typical appearance of damaged (le
trypan blue for 10 min. (B) Spread showing app
thawing. Bars under the letters indicate 20mm (A) a
s
l
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-
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ge

the cells had attained a size (diameter betw
15 and 60mm) comparable to that of the cells
successfully cryopreserved mammalian
bryos. The toxicity of Me2SO to isolated blas
tomeres was estimated at the stages of 1
cells for whiting, 128, 256, and 512 cells
medaka, and 128, 256, and 1024 cells for
jerrey. Blastomeres at these stages were pl
directly in wells containing 0.5 ml of 0, 9,
18% (v/v; also 3 and 6% for whiting) Me2SO in
culture medium at room temperature. At hou
intervals up to 5 h, 0.4 ml of the supernatant
temporarily removed from each well, the
maining fluid was gently stirred, an aliquot w
taken, and the supernatant was then retur
Between 70 and 500 cells per aliquot w
examined for viability as described above.
tween one and three trials were performed
each combination of species, embryo stage,
cryoprotectant concentration (the actual num
of trials per combination is indicated in t
figures).

Freezing Apparatus and Freezing and
Thawing Conditions

Freezing was performed with a specially b
portable apparatus because the study incl
trials in two different locations where neithe

and intact (right) blastomeres after incubation in 0.05
mately 65% viable pejerrey blastomeres after freezin
0mm (B).
ft)
roxi
nd 3
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255CRYOPRESERVATION OF FISH BLASTOMERES
programmable freezer nor liquid nitrogen co
be employed. The apparatus consisted of a
ries of metal cylinders of different diamete
filled with variable amounts and types of in
lation materials (generally polyurethane) wh
allowed cooling at different rates when i
mersed in a dry ice/ethanol bath (Fig. 2). N
the center of each pipe, the insulation mate
had four to five vertical holes that permitted
tight insertion of 250-ml French cryopreserv
tion straws. For cryopreservation, the cylind

FIG. 2. Diagram of the portable apparatus used
reezing fish blastomeres at different cooling rates. O
wo cylinders are shown in this transverse view.

FIG. 3. Actual (dots) and nominal cooling rates
different amounts and types of insulation mate
The nominal cooling rates were standardized by
and260°C.
e-

r
l

were allowed to equilibrate at room tempera
(about 25°C), the straws were inserted, and
assembly was then transferred to the dry
ethanol bath. The cooling rate characteristi
each cylinder was determined in advance
inserting a thermocouple into a straw contain
the same amount and type of medium as for
cryopreservation trials but without sample a
recording the temperature every 10 s from
start of cooling until the attainment of a plate
(usually around275°C). The actual and nom
nal (21.0, 214.2, 220.1, 234.3, 2128.7°C
min) cooling rates with the five cylinders us
in the cryopreservation trials are shown in F
3. Seeding was not performed. All samples w
maintained at the plateau temperature for a
riod of 1.5 h before thawing. Thawing of froz
blastomeres was by immersion of the straw
a 20°C water bath for 1 min.

Blastomere Cryopreservation: Effects of
Embryonic Stage, Me2SO Concentration,
and Cooling Rate

Blastomeres from 256- and 512-cell embr
of whiting and blastomeres of the same sta
that were used in the toxicity trials with meda
and pejerrey embryos were used for cryopre
vation. The cells at each stage were divi

ained with five cylinders of different diameter filled with
ls. Each dot represents the means of two recordin
ar regression of actual values between room tempera
obt
ria
line
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256 STRÜSSMANN ET AL.
between two and three wells with appro
mately the same numbers in each well and w
incubated at room temperature in 0.4 ml
culture medium containing Me2SO at concen
rations of 0 and 9% for whiting and 0, 9, a
8% for medaka and pejerrey. Because the

city trials indicated that blastomeres lost v
ility rapidly in 18% Me2SO, especially thos

from 128- and 258-cell stages (see below),
pregnation was performed in ascending con
trations of the cryoprotectant, each increm
being1

3 of the final concentration every 10 m
nd then at the final concentration for 10 m
ollowing impregnation with cryoprotecta
lastomeres were concentrated by discar

he supernatant, suspended by agitation,
oaded in volumes of 70ml into 250-ml cryo-
preservation straws. The straws were froze
explained before using four cooling rates fr
214.2 to2128.7°C/min for whiting and21.0
and214.2°C/min for medaka and pejerrey. T
lowest cooling rate (21.0°C/min) was not ava
able at the time of the trials with whiting. Als
cooling rates exceeding214.2°C/min were no
tested with medaka and pejerrey because
liminary trials showed that slower rates w
more effective than faster ones. After be
thawed, blastomeres were divided in two gro
and processed for viability determination imm
diately or 1 h after dilution of the blastome
medium mixture (only available for medaka a
pejerrey); in this case, sufficient clean cult
medium was added to reduce the concentra
of Me2SO in the medium to 1%. Between tw
nd four trials were conducted with each co
ination of species, embryo stage, cryop

ectant concentration, and cooling rate. The
ual numbers of trials for each combination
ndicated in the figures. Viability was dete

ined in at least 200 cells from each straw

tatistical Analyses

Differences between treatments and poss
nteractions between factors were analyzed

ultiple ANOVA and statistical significanc
as defined asP , 0.05.
e
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RESULTS

Toxicity of Me2SO to Isolated Blastomeres

Blastomeres from 1024-cell-stage embr
of whiting tolerated concentrations of Me2SO
up to 9% for 5 h with survival generally ov
90% but they lost viability rapidly after 2 h at
18% (Fig. 4). The viability of 128- and 256-c
blastomeres of medaka (Fig. 5) and 128-
blastomeres of pejerrey (Fig. 6) incubated
culture medium without cryoprotectant was
duced to 60–80% after 3 h whereas the viab
of older blastomeres of the two species
mained above 90% for the duration of obse
tion. The toxicity of 18% Me2SO for medak
nd pejerrey blastomeres was apparent so
nd more abruptly in 128- and 256-cell sta
ut was less marked in the 512-cell stage
edaka and the 1024-cell stage of pejerre

oncentration of 9% Me2SO did not impair vi
bility as judged by comparison with incubat
t 0% Me2SO for blastomeres of medaka.

pejerrey, 9% caused considerable loss of b
tomere viability at 1 h in the 256-cell stage a
at 3–4 h in the 128-cell stage.

Cryopreservation of Blastomeres

The following results of blastomere viabil
after freezing and thawing are based on ob
vations made immediately after thawing. Wh
ing blastomeres frozen without cryoprotect
had viability rates usually below 5% at all co

FIG. 4. Toxicity of Me2SO to isolated whiting bla
tomeres at room temperature. Data are shown as the su
rates in one trial with blastomeres at the 1024-cell sta
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257CRYOPRESERVATION OF FISH BLASTOMERES
ing rates whereas those incubated in
Me2SO, with the exception of those frozen
2128.7°C/min, had mean viabilities betwe
10 and 20% (Fig. 7). The slowest cooling r
available for this species (214.2°C/min)
seemed to produce slightly better results t
the other rates. No marked differences in
bility after cryopreservation were observed
tween the blastomeres from 256- and 512-c
stage embryos. Mean viabilities above 1
with a maximum of about 55% could be o
tained only in medaka blastomeres cryop
served at21.0°C/min in the presence of 9
Me2SO and seemed to increase with progres
embryonic development (Fig. 8). Viability w
below 5% at all combinations of cooling ra

FIG. 5. Toxicity of Me2SO to isolated medaka
survival rates6 SE in two to three trials with blas

FIG. 6. Toxicity of Me2SO to isolated pejerrey b
survival rates6 SE in one to three trials with blas
n
-
-
l-

-

e

and embryonic stage in the absence of cryo
tectant and in cells of all embryonic stag
frozen at214.2°C/min with 18% Me2SO. Pe
errey blastomeres impregnated with

e2SO had similar viability following freezin
at either of the two cooling rates, but the res
with 18% Me2SO were far better at21.0°C/min
han at214.2°C/min (Fig. 9). Viabilities up t
5% (mean6 SE of 67.46 12.8%) were ob

ained with 1024-cell-stage blastomeres fro
t 21.0°C/min in the presence of 18% Me2SO.
f blastomeres cryopreserved without Me2SO,

only the 1024-cell stage frozen at21.0°C/min
had a viability above 5%. The viability of bla
tomeres kept in culture medium for 1 h af
thawing was markedly reduced in all groups

tomeres at room temperature. Data are shown as me
eres at different embryonic stages.

tomeres at room temperature. Data are shown as me
eres at different embryonic stages.
blas
tom
las
tom
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258 STRÜSSMANN ET AL.
comparison to determinations made imm
ately after thawing in medaka and pejer
(Figs. 8 and 9).

Multiple ANOVA analyses revealed signi
cant effects of cryoprotectant concentration
blastomere viability after cryopreservation
the three species, of cooling rate for medaka
pejerrey, and of embryonic stage for pejer
(data not shown). Significant interactions w
found between cryoprotectant concentra
and cooling rate for medaka and pejerrey
well as between cooling rate and embryo
stage for pejerrey blastomeres.

DISCUSSION

The present trials on the cryopreservation
fish blastomeres, which to the best of
knowledge include the first reported trial w
blastomeres of a marine species, yielded
cessful results for the three species exami
Survival rates for blastomeres cryopreser

FIG. 7. Survival of isolated whiting blastomeres fr
zen–thawed at various combinations of embryonic st
Me2SO concentration, and cooling rate. Bars indic
means6 SE immediately after thawing (n 5 number o
trials per combination).
-

d

s

f
r

c-
d.
d

under the most suitable combination of emb
onic stage, Me2SO concentration, and cooli
ate for each species were 19.96 10.1% for
hiting, 34.16 8.5% for medaka, and 67.46
2.8% for pejerrey. These rates are consider

ower than those recently obtained by Lever
alvi and Maisse for rainbow trout blastome

16), but any comparison of these two stud
ust take into consideration the differences

ween the species examined and methodo
for example, in cryoprotectant type and c
entration and cooling and thawing metho
ee below). Nonetheless, this and other (16
tudies confirm the technical feasibility of bl
omere cryopreservation, as introduced by H
ey (9, 10). Thus, blastomere cryopreserva
s a useful alternative for preserving the dipl
sh genome, at least as an alternative u
uccessful methods for intact embryos are
eloped. In addition, a comparison of exp
ents with intact embryos and isolated b

omeres may help clarify the requirements
uccessful cryopreservation of the former
10) for a thorough discussion on this possibili

Although limited in scope, the current exp
ments, together with published informatio

FIG. 8. Survival of isolated medaka blastomeres froz
thawed at various combinations of embryonic stage, Me2SO
oncentration, and cooling rate. Bars indicate means6 SE
mmediately (light) or 1 h (dark) after thawing (n 5 numbe
f trials per combination).
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259CRYOPRESERVATION OF FISH BLASTOMERES
permit some generalizations concerning the
ther development of cryopreservation meth
for fish blastomeres. First, it is likely that t
successful cryopreservation of fish blastom
requires cooling rates around or slower t
21.0°C/min, the lowest rate employed in t
study (see also 10, 16, 22) . Second, our re
reinforce the view that the addition of a cry
protectant is vital for successful cryopreser
tion (14, 15, 29) (unfortunately, neither Nilss
and Cloud (22) nor Leveroni Calvi and Mais
(16) reported attempts to cryopreserve c
without cryoprotectant). Because of the tra
off between cryoprotection and toxicity w
most permeating cryoprotectants (this study
11, 31), further experiments are required w
various kinds and dosages of permeating as
as nonpermeating cryoprotectants. Moreo
future studies must also address the possib
that blastomeres could be cryopreserved
rapid cooling without cryoprotectant, as sho
in Apis mellifera(34). Third, there seem to

FIG. 9. Survival of isolated pejerrey blastomeres froz
thawed at various combinations of embryonic stage, Me2SO
oncentration, and cooling rate. Bars indicate means6 SE
mmediately (light) or 1 h (dark) after thawing (n 5 numbe
f trials per combination).
-
s

s

ts

-

s
-

,

ll
r,
y
y

species-specific variations in at least som
the factors affecting the success of cryopre
vation. For instance, isolated blastomeres
pejerrey were most successfully cryoprese
with 18% Me2SO whereas those of medaka

ot tolerate this concentration. Thus, the o
um conditions for cryopreservation will ha

o be worked out on a species-by-species b
ourth, tolerance to Me2SO and to freezing an

hawing seemed to increase with developme
tage. It is unclear why blastomeres from m
dvanced stages tolerated higher concentra
f Me2SO than those from younger stag

However, the fact that older blastomeres to
ated freezing better than younger ones is
agreement with observations for mamma
(13, 19) and fish (16) cells. These findings co
have practical implications for the choice of
embryonic stage for cryopreservation. Thus,
older and smaller cells may be easier to c
preserve, but the choice of stage for cryopre
vation will also have to consider the increa
possibility of loss of totipotency or even plu
potency in older cells (see (2, 28)).

The optimum values determined for the th
factors examined in this study are only prel
inary determinations; significant improveme
in the success rate of blastomere cryoprese
tion may be achieved by examining the sa
parameters in further detail. For example,
use of different cooling rates for different sta
of freezing (e.g., before and after seeding)
the use of seeding are recommended. Ano
point that deserves attention is the loss of
bility observed with time after thawing. Th
phenomenon can be only partly attributed
cryoprotectant toxicity since it was observ
also in cells frozen without Me2SO. One poss
le cause could be “volume effects,” or cryo

uries due to large and sudden changes in
olume, which are particularly common af
hawing (14). Cryopreserved cells are gener
ypertonic due to the addition of cryoprotect
nd/or dehydration caused by ice formation

he extracellular medium. The cells theref
end to swell upon thawing, stretching and da
ging the cell membrane (14). Indeed, Leve
alvi and Maisse did not observe any sign
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260 STRÜSSMANN ET AL.
cant decrease in viability with time after tha
ing, which could be attributed to the use o
step-wise dilution method for cryoprotectant
moval (16). Thus, the removal of cryoprotect
swiftly and with minor cell volume chang
after thawing is an important consideration
probably is the composition of the culture m
dium and the methods for manipulation of bl
tomeres. Finally, the loss of differentiation ab
ity expected in older cells, as discussed ab
could greatly restrict the practical application
fish blastomere cryopreservation for fish p
duction and conservation of resources. Thu
addition to cryopreservation methods, furt
studies should examine the extent of integra
of the donor’s and host’s genomes and the lim
for full-term development following insertio
of blastomeres of different embryonic sta
into enucleated eggs.
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