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Survival after cryopreservation has never been achieved with fish embryos, presumably
because of insufficient cryoprotectant permeation before cooling. The objective was to
determine the relative efficiency of electroporation for incorporation of cryoprotectant into
Japanese whiting embryos and survival of electroporated embryos in DMSO after freeze-
thawing. Embryos (somites stage) subjected to electroporation at 100, 200, or 300 V in
artificial sea water had similar hatching rates (94%–96%) as untreated control embryos
(0 V; 97%) and those treated with voltages between 400 and 900 had survival rates of 88%
to 0%. Embryos (somites stage) electroporated at 300 V in 10%, 20%, or 30% DMSO/artificial
sea water solutions had hatching rates of 94%, 88%, and 85%, respectively, and DMSO
contents of 10, 30, and 78 mM. Embryos treated with higher voltages had higher DMSO
uptake (up to 84 mM), but reduced survival (62%–6%). Pre-exposure of embryos to 10%
DMSO for 20 minutes before electroporation improved DMSO uptake (116 mM). Embryos
treated with DMSO and electroporated under the best conditions determined in this study
did not resume development after attempted vitrification. We concluded that electro-
poration enhanced DMSO uptake by fish embryos, but concentrations obtained with this
procedure alone were apparently insufficient to prevent internal ice formation during
cooling and thawing.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Sperm, egg, and embryo cryopreservation are desirable
tools for conservation of commercially important and
endangered fish species, ensuring a stable supply for the
aquaculture industry, and storage of genetic materials for
future study and use. Cryopreservation of fish sperm is well
established and fish gene banks (based on sperm) are in
operation in several countries. Conversely, although
tremendous efforts have been undertaken in the past
decades, there has been limited progress in cryopreserva-
tion of fish eggs and embryos. This failure has been
attributed to insufficient cryoprotectant (CPA) permeation
before cooling [1–4]. In that regard, the large size of fish
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embryos results in a low surface area to volume ratio and
reduces the total amount of CPA that can be taken up [5,6].
Consequently, insufficient internal CPA concentrations
cause physical damage to embryos, because of formation of
intra- and extracellular ice crystals, particularly during
slow cooling and thawing [7–9]. Vitrification, which can be
achieved by ultrarapid cooling of biological materials in
combination with high internal concentrations of CPAs,
might overcome ice crystal formation. However, for this
purpose, innovative methodsmust be developed to achieve
fast and uniform permeation of the CPA into the various
compartments of fish embryos while concurrently mini-
mizing CPA toxicity.

Membrane electropermeabilization (or electroporation)
is useful for introduction of membrane-impermeable xen-
omolecules (e.g., drugs, hormones, proteins, plasmids, etc.)
into living cells, and the controlled release of intracellular
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Fig. 1. Mean � SD hatching rates of whiting (S. japonica) embryos (somites-
stage) after electroporation in artificial sea water with various voltages.
Means without a common letter (a–f) differed (P < 0.05).
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substances [10,11]. Electropermeabilization is based on the
temporary increase of membrane permeability caused by
reversible electrical breakdownof the plasmamembraneon
application of external high-intensity but very short dura-
tion field pulses [12]. Because this approach was used to
incorporate trehalose into mouse myeloma cells (Sp2 line)
for cryopreservation [13], perhaps electroporation could
improve the rate of CPA permeation into fish embryos.
However, this has apparently never been reported.

The objective of the present study was to determine the
relative efficiency of electroporation for impregnation of
CPA into embryos of Japanese whiting (Sillago japonica),
a model marine fish used in our previous studies of fish
embryo cryopreservation [14,15]. Thus, we determined the
effects of electroporation conditions (voltage, number of
pulses, pre- and posttreatment exposure to CPA, and CPA
concentrations) on embryo survival and the internal
concentrations of CPA in embryos. Dimethyl sulfoxide
(DMSO) was chosen as the cryoprotectant for this study,
because it is relatively nontoxic to whiting embryos
compared with other CPAs [15] and because its concen-
tration in embryos can be accurately measured by high
performance liquid chromatography [16]. In addition, we
also compared the suitability of two embryonic develop-
mental stages (somites and tail elongation stages) for
electroporation-mediated CPA impregnation and per-
formed a preliminary cryopreservation trial using the best
conditions determined in this study.

2. Materials and methods

2.1. Embryo collection and handling procedures

Sexually mature Japanese whiting were collected from
a wild population in Tateyama Bay, Japan, and reared in
1200 L recirculated water tanks under a controlled day-
night cycle (14 hours light/10 hours dark, at 25 �C).
Experiments were performed according to the guidelines
for animal care and handling of Tokyo University of Marine
Science and Technology, Tokyo, Japan. Water salinity was
adjusted to 33 psu (osmolality of 991 mmol/kg) with
dechlorinated tap water and artificial sea water (ASW) salts
(Rei-Sea Salt G, Tokyo, Japan) and the animals were fed
frozen krill twice daily. Female and male fish were kept
together at the ratio of 1:1 and spawnings were observed
nearly every day. The fertilized, buoyant eggs were
collected with a net and incubated in 500 mL ASW with
mild aeration at 25 �C until the desired developmental
stage. Two developmental stages, e.g., somites (14–16
somites; approximately 14 hours after fertilization) and tail
elongation (23–24 somites; approximately 16 hours after
fertilization) [17] were used in this study.

2.2. Electroporation conditions and experimental trials

Four experiments were conducted to determine the best
conditions of electroporation for incorporation of DMSO
intowhiting embryos. Electroporationwas performed using
a transfection chamber (Shimadzu FTC-64, electrode
distance 4 mm; Shimadzu, Kyoto, Japan) and gene transfer
equipment (Shimadzu GTE-10). The pulse length and
capacitance were 500 ms and 1 mF, respectively. Embryos
were loaded in the electroporation chamber using 0.5 mL
of ASW (adjusted to 33 psu with distilled water) or DMSO
(Wako, Osaka, Japan) solutions prepared with ASW. Unless
otherwise specified, only one pulse was applied. Each
treatment was applied to five replicate batches of 50
embryos for assessment of survival and to three replicate
batches of 30 embryos for measurement of DMSO uptake.
Embryos not subjected to electric pulse (0 V) or exposed to
DMSO were considered control groups (depending on the
experiment). The entire electroporation procedure (loading
into the chamber, application of the electric pulse, and
transfer to clean water or collection for DMSO measure-
ment)was completed in approximately 1minute; therefore,
nonelectroporated controls were subjected to 1 minute of
DMSO impregnation. After each treatment, embryos were
rinsed in ASW for 10 minutes and incubated in plastic Petri
dishes containing 5 mL of fresh ASW at 25 �C to monitor
hatching and survival for intervals up to 24 hours. Hatching,
which usually occurs 20–22h after fertilization at 25 �C,was
considered an indication of embryo viability.

In the first experiment, the effect of electroporation
voltage on survival of whiting embryos in ASW was deter-
mined. Embryos at the somites stagewere electroporated at
0 (control), 100, 200, 300, 400, 500, 600, 700, 800, or 900 V.

The second experiment examined the effects of elec-
troporation at 0 (control), 300, 400, or 500 V in DMSO (10%,
20%, or 30%) on survival and uptake of DMSO of embryos at
two developmental stages (somites and tail elongation).
The choice of voltages was based on the results of the
previous experiment; in that study, hatching rates of
somites-stage embryos electropored in ASW decreased
significantly (compared with the untreated control) at
voltages greater than 400 V (see Fig. 1).

The third experiment examined the effects of pre- and
postelectroporation exposure to DMSO on survival and
uptake of DMSO by somites-stage embryos. For pretreat-
ment, embryoswere immersed in 10%DMSO for 20minutes
at room temperature before electroporation at 300 V in 30%
DMSO. For posttreatment, embryos were electroporated at
300 V in 30% DMSO and left in the same solution for addi-
tional intervals of 3, 6, and 9 minutes.

The fourth experiment was designed to evaluate
whether multiple (periodic) electric pulses could promote
further DMSO uptake. In this trial, somites-stage embryos
were subjected to 1, 2, or 3 pulses of 300 V at 10-second
intervals in 0% or 30% DMSO solutions.
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2.3. Analysis of DMSO content of embryos

Concentration of DMSO in embryos after electro-
poration and exposure to the CPA was measured by high
performance liquid chromatography. Measurements were
performed as described [16]. The analytical system and
operating conditions included a Bio-Rad Aminex HPX-87
column (7.8 mm � 300 mm; Shimadzu, Kyoto, Japan),
Shimadzu LC-6A pump, CTO column oven (at 35 �C), SPD-
6A detector (at 210 nm), and a Chromatopac C-R6A unit.
The mean diameter of the embryos (0.68 mm) was
measured using a microscope before treatment and used
for calculation of their volume and the internal concen-
tration of DMSO.
2.4. Cryopreservation trial

Embryos at the somites stage were used to test the
effectiveness of electroporation-mediated CPA impregna-
tion for actual cryopreservation. Embryos were exposed to
a single 300 V electric pulse in 30% DMSO solution, with or
without pretreatment with 10% DMSO solution for
20 minutes before electroporation in 30% DMSO solution.
Electroporated embryos were then loaded in 0.25-mL
straws and plunged directly into LN2 in a 2 L Dewar flask
for 40 to 60 minutes. Straws were subsequently removed
from LN2, thawed for 5 seconds at 40 �C, and their
contents transferred to clean ASW at 25 �C for observation
of embryo morphology and survival. Conditions for
thawing were determined empirically to minimize the
probability of recrystallization during thawing. Each
treatment consisted of seven replicates with approxi-
mately 30 embryos each.
2.5. Statistical analyses

All numeric results are expressed as means � SD. The
statistical significance of differences among mean internal
DMSO concentrations in embryos from various treatments
was analyzed by one-way ANOVA, followed by the Tukey
multiple comparison tests using GraphPad Prism 4 soft-
ware (GraphPad Software, La Jolla, CA, USA). Differences
with a P value of <0.05 were considered statistically
significant.
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Fig. 2. Mean � SD hatching rates of whiting (S. japonica) embryos (somites and ta
concentrations. Means without a common letter (a–g) differed (P < 0.05).
3. Results

3.1. Survival and DMSO content of embryos after
electroporation

Hatching rates of somites-stage embryos after electro-
poration in ASW at different voltages are summarized
(Fig. 1). Embryos subjected to 100, 200, or 300 V had
hatching rates similar to that of controls (94%–96%).
Hatching rates decreased slightly at 400 V (88%) and
markedly from 500 to 900 V (47%–0%).

Hatching rates of somites- and tail elongation-stage
embryos after electroporation in various concentrations
of DMSO at 300, 400, and 500 V are summarized (Fig. 2).
Hatching rates were at least 85% and 77% for somites and
tail elongation embryos, respectively, after electroporation
in 10% to 30% DMSO solutions at 300 V. Survival decreased
rapidly with increased DMSO concentration and electro-
poration voltage. In general, the somites stage was more
tolerant to electroporation in DMSO solutions than the tail
elongation stage. The uptake of DMSO by embryos
increased with increasing concentration of the CPA and
electroporation voltage (Fig. 3), although it could not be
measured in some cases (30% DMSO at 400 and 500 V)
because of massive embryo mortality. The highest internal
CPA concentrations were recorded after electroporation in
20% DMSO at 500 V and 30% DMSO at 300 V in tail
elongation-stage embryos. Somites-stage embryos gener-
ally had less internal DMSO than embryos at the tail elon-
gation stage.

Embryos pre-exposed to 10% DMSO for 20 minutes
before electroporation (300 V) in 30% DMSO had survival
similar to electroporated, unexposed controls (Fig. 4). All
embryos left in 30% DMSO after electroporation died
within 6 minutes after treatment, whereas only 9%
survived a postexposure of 3 minutes. Pre-exposure of
embryos to 10% DMSO for 20 minutes enhanced internal
content CPA concentration after electroporation compared
with unexposed embryos (116 vs. 82 mM; Fig. 4). Post-
electroporation exposure to DMSO caused heavy mortality
and therefore was not considered further for measurement
of internal DMSO content.

Hatching rates of embryos after multiple electric pulses
in ASW were 89%, 90%, and 83% for one, two, and three
pulses, respectively, whereas those in 30% DMSO decreased
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gradually (58%–6%) with an increased number of pulses
(Fig. 5). The uptake of DMSO was not measured in this trial,
because it became evident that multiple pulses were highly
lethal to embryos.

3.2. Cryopreservation trial

Embryos plunged into liquid nitrogen after
electroporation-mediated CPA impregnation had varying
appearances after freeze-thawing, ranging from an appar-
ently intact morphology to evident damage including
breakdown of the chorion and leakage of contents (results
not shown). Proportions of intact embryos were not
apparently different between batches pretreated with 10%
DMSO and those not treated. However, even embryos with
an apparently intact morphology did not have any devel-
opmental ability during incubation.

4. Discussion

Fish embryo cryopreservation is still not feasible either
by slow, controlled cooling or by rapid cooling such as
during vitrification. Insufficient impregnation of CPAs into
fish embryos has been considered the major constraint
to achieve successful cryopreservation [1–4]. To the best
of our knowledge, this was the first report regarding
140
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electroporation as a tool to promote membrane perme-
ability and cryoprotectant permeation in fish embryos.

Fish embryos tolerated electroporation voltages up to
400 V fairly well, whereas higher voltages were obviously
detrimental. It was also evident from the hatching rates
of embryos electroporated in ASW and DMSO solutions
that mortality after electroporation was enhanced in the
presence of CPA. Thus, high voltages were detrimental,
probably also because they induced higher internal CPA
concentrations in embryos, leading to CPA toxicity. For
example, hatching rates of somites-stage embryos elec-
troporated at 300 V were higher than 85% (>87% of the
untreated controls) at all DMSO concentrations (0% to 30%)
whereas those of embryos electroporated at 400 V dropped
sharply from 88% (91% of the controls) at 0% DMSO to 15%
(16% of the controls) at 30% DMSO. This conclusionwas also
supported by DMSO uptake. For example, internal CPA
concentrations in embryos electroporated in 20% DMSO
increased nearly three-fold between 0 and 500 V, and was
associated with a drastic decrease in hatching rates (from
93% to 6%) in this range of voltages.

It is frequently suggested that cell viability decreased
with increasing voltage and pulse length [18–20]; therefore,
optimization of electroporation conditions is imperative for
its successful application. Many embryos electroporated
using voltages >300 V in both ASW and DMSO solutions
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began to sink within 10 minutes after the procedure, which
is the first indication of loss of viability. In this study,
embryos electroporated in 30% DMSO had reduced
hatching rates when more than one pulse was applied.
Similarly, additional exposure to 30% DMSO solution after
an electric pulse in this solution caused marked loss of
embryo viability. The loss of embryo viability caused by
multiple pulses or prolonged exposure to DMSO solution
could be because these conditions induce excessive DMSO
uptake and toxicity, as discussed earlier in this article.
Differences in survival between developmental stages were
not as marked as those between voltages; regardless,
embryos at the tail elongation stage were slightly less
tolerant to the procedure than somites-stage embryos,
probably because they are naturally more permeable and
uptake higher concentrations of the CPA. Such stage-
dependent permeability in embryos was reported in
medaka [21], turbot [22,23], winter flounder [24], and in
our previous studies withwhiting [25]. Increasing diameter
of chorion canals during embryo development could have
accounted for enhanced CPA permeation [26].

In this study, the DMSO content of the embryos
increased with increasing concentration of DMSO in the
impregnation medium. For example, the DMSO content
of embryos (somites-stage) electroporated at 300 V in 10%,
20%, or 30% DMSO solutions were 10, 30, and 78 mM,
respectively. Concentration-dependent permeation was
also reported in nonelectroporated embryos by Magnus
et al. [27], Suzuki et al. [16], Cabrita et al. [22], and Rahman
et al. [25], for carp, medaka, turbot, and whiting embryos,
respectively. Embryos treated with higher voltages (400 or
500 V) had even greater DMSO uptake but poorer viability,
as previously mentioned. Conversely, pre-exposure of
embryos to DMSO solution before electroporation not only
improve DMSO uptake, but also minimized embryo mor-
tality compared with other strategies. Thus, somites-stage
embryos pre-exposed to 10% DMSO for 20 minutes fol-
lowed by electroporation in 30% DMSO had a 41% increase
in CPA uptake compared with those without pre-exposure
and approximately a 152% increase compared with those
treated with only 10% DMSO for 20 minutes [25]. Pre-
exposure with DMSO might equilibrate the water and CPA
movement between intra- and extraembryonic fluid [28].
Nevertheless, even embryos treated under the optimum
conditions established in this study did not tolerate rapid
cooling to cryogenic temperatures and only a few embryos
had apparently normal morphology after thawing. There-
fore, we inferred that the internal DMSO concentrations
attained with our treatments were not sufficient to prevent
damaging ice formation during cooling and thawing. Thus,
further studies should attempt to combine the advantages
of electroporation with those of other methods previou-
sly shown to increase CPA uptake, e.g., impregnation in
the presence of inorganic salts (CaCl2 or MgCl2) and pre-
treatment of embryos with nonpermeating agents, e.g.,
trehalose [25].
4.1. Conclusions

The best results in terms of embryo viability and DMSO
uptake were obtained when whiting embryos were
exposed to electroporation at 300 V in 30% DMSO. Pre-
exposure of embryos to 10% DMSO solutions before elec-
troporation further enhanced cryoprotectant permeation
into the embryos without compromising viability. Overall,
we inferred that electroporation might be effective to
promote CPA uptake by fish embryos, but it might require
a combination with other treatments to attain sufficient
internal CPA concentrations to prevent cryoinjuries during
cryopreservation.
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