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The ice crystal formation is assumed as the most lethal factor for the failure of fish embryo cryopreser-
vation and intracellular ice formation (IIF) plays a central role in cell injury during cooling. The objectives
were to observe the morphological changes of red seabream (Pagrus major) embryo during the cooling–
thawing process, and to examine the effect of cryoprotectant and cooling rate on the temperatures of oil
globule ice formation (TOIF), extra-cellular ice formation (TEIF) and intracellular ice formation (TIIF) using
cryomicroscope. After thawing, the morphological changes of embryos were observed and recorded by
the video attachment and monitor under the microscope. During the cooling process, three representa-
tive phenomena were observed: oil globule gradually turned bright firstly, then the whole field of view
flashed and the embryo blackened. Cooling rate affect the temperature of both extra- and intra-cellular
ice formations. TEIF and TIIF at high cooling rate were much lower than that at low cooling rate. And the
value of TEIF � TIIF increased from 0.45 to 11.11 �C with the increase of cooling rate from 3 to130 �C/min.
Taken together, our results suggested that high cooling rate with proper cryoprotectant would be a good
option for red seabream embryo cryopreservation.

� 2009 Elsevier Inc. All rights reserved.
Introduction been carried out on cooling protocol, few studies focused on the
Research on fish gametes cryopreservation has achieved great
advances especially in fish sperm cryopreservation in the past fifty
years. Successful fish gametes cryopreservation would benefit glo-
bal germplasm shipping and supply, aquaculture, aquatic resources
conservation and scientific research [4,24]. Since the 1970s, embryo
cryopreservation has been successfully applied in some mammalian
species [14] and some marine invertebrates, such as oysters, clam
[9], sea urchins [1], and polychaete worms [31]. Many studies on fish
embryo cryopreservation have been carried out on zebrafish [23,19].
Moreover, in recent years, with the rapid development of marine fish
aquaculture, some attempts on embryo cryopreservation have been
conducted in marine fish species, especially in species with great
commercial value such as flounder [38,11], turbot [5,33], gilthead
seabream [2,6] and red seabream [13].

Despite the fact that cryopreservation of embryos for some fish
species have been attempted, successful results were not achieved
due to its complex multi-compartmental system, large content of
water, high sensitivity to chilling, large amount of egg-yolk and
low membrane permeability [10,34]. Although much work has
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mechanism of cryoinjuries in fish embryo cryopreservation. It is
well known that the embryos are subjected to a series of cryoinju-
ries which include pH fluctuation, cold shock, extra-cellular ice
crystal formation (EIF), intracellular ice crystal formation (IIF), os-
motic pressure effect, and cryoprotectant toxicity during the cool-
ing process [8]. The ice crystal formation is assumed as the most
lethal reason for the failure of cryopreservation of fish embryo
and IIF plays a central role in cell injury during cooling process
[28,30]. The understanding of the ice formation process is crucial
for developing a good cryopreservation methodology.

Red seabream (Pagrus major) is a marine fish species with consid-
erable commercial importance in the aquaculture industry in China.
In recent years, the decline in wild red seabream population has oc-
curred because of over fishing and marine pollution. Sperm of this
species has been successfully cryopreserved [26,27,25,37]. For em-
bryo cryopreservation, although improvements on optimizing cryo-
preservation protocols [13,12] and understanding toxicity effect of
single or mixture cryoprotectants [36] have been achieved, it is
not satisfactory. And research on ice crystal formation of the em-
bryos during cooling–thawing is few. Therefore, in this study we
used cryomicroscope to observe the morphological changes of em-
bryo during the cooling–thawing process, and to examine the tem-
perature of oil globule ice formation (TOIF), extra-cellular ice
formation (TEIF) and intracellular ice formation (TIIF) of the embryo
with different cryoprotectants and cooling rates. The embryo at
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heart-beat stage and four permeable cryoprotectants were used in
the experiment according to our previous work [12,36].

Materials and methods

Embryos collection

Sexually mature red seabream (8 females, 12 males; body
weight, 3–4 kg) were cultured in a 12 m3 concrete tank (tempera-
ture: 16–18 �C) with filtered seawater changed two times a day
and pumped air supply. They were fed twice a day with cooked
mussel meat. The photoperiod was fixed at L:D = 16 h:8 h. Natu-
rally fertilized embryos were collected in the morning and incu-
bated in filtered seawater with pumped air supply at 18 ± 1 �C in
a small plastic barrel. Normal heart-beat stage embryos (heart
rate: 60–90 beats/min; approximately 36 h after fertilization) were
used for experiment. Embryos at this stage had a higher tolerance
to cryoprotectants [12]. The developmental stage of the embryos
was determined morphologically using a light microscope (Ni-
kon-YS100).

Solutions

Four permeable cryoprotectant solutions, 10% dimethyl
sulfoxide (Me2SO), 5% glycerol, 10% methanol, 10% ethylene
Figure 1. The change process of ice formation in red seabream embryo during cooling
cooling process. (A) Initial embryo observation (after 30 min immersion in cryoprotecta
crystal forms in the whole oil globule (arrow). (D) Extra-cellular ice forms: a flash appear
forms in the embryo, the embryo suddenly blackens (circle). (F) The embryo is complet
glycol (EG), were used in our experiment. Modified Hanks solu-
tion [7] (8 g/L NaCl, 0.4 g/L KCl, 0.14 g/L CaCl2, 0.1 g/L
MgSO4�7H2O, 0.1 g/L MgCl2�6H2O, 0.06 g/L Na2HPO4�12H2O,
0.06 g/L KH2PO4, 1 g/L glucose, 0.35 g/L NaHCO3) was used as
bathing medium.

Changes of embryos during cooling and thawing process

The embryos were immersed in one of the four cryoprotectant
solutions (18 ± 1 �C) for 30 min, respectively. The cryoprotectant
concentration and the exposure time used in this study were ob-
tained from our previous studies on cryoprotectant effect [36].
After the treatment with cryoprotectant solutions, the embryos
suspended in 20 ll of cryoprotectant solution were loaded into a
small quartz holding vessel and placed onto a Linkam cryostage
(Linkam-THMS600, UK).

The embryos were cooled to �150 �C at 3, 20 or 30 �C/min and
warmed to 20 �C at 130 �C/min. The embryos exposed only to sea-
water and undergone the same cooling–thawing experiment were
made as the control group. After thawing, the embryos were trans-
ferred to a 100-mL beaker containing 80 mL filtered seawater and
incubated. Each experiment was repeated nine times. The cooling–
thawing processes were recorded using a microscope (Olympus
BX-51, Japan) with a video attachment and monitor (Nikon-E200,
Japan).
. This figure shows the representative phenomena of red seabream embryo in the
nt solution). (B) The oil globule begins to form scalelike ice crystal (arrow). (C) Ice
s and dendritic spears of ice (arrow) project in the field of view. (E) Intracellular ice
ely frozen (circle). Scale bar = 200.00 lm.
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Morphological changes of embryos after thawing

After thawing, the morphological changes of embryos were ob-
served and recorded by the video attachment and monitor under
the microscope.

Effect of cryoprotectant and cooling rate on TOIF, TEIF, and TIIF

During the process of cooling and thawing described as above,
three temperature values, the temperature of oil globule under-
gone phase change (TOIF), extra-cellular ice formation (TEIF) and
intracellular ice formation (TIIF) were recorded. TOIF was identified
as the temperature of oil globule all turned bright (Fig. 2C) in our
experiment. TEIF was identified as the temperature at which the
ice crystals formed in the bathing medium; a flash appears in the
field of view. TIIF was determined by the temperature of a sudden
blackening of the cell, which results from ice crystals formed in
the cytoplasm and yolk. The temperatures reported were obtained
by the Linkam Cryostage thermocouple.

Statistical analysis

Statistical analysis was carried out using SPSS 11.5.0 (SPSS Inc.
Chicago, Illinois, USA). The results were analyzed by ANOVA and ex-
pressed as means ± SD. The significant differences between treat-
ments in the different experiments were detected using an SNK
Figure 2. The change process of ice in red seabream embryo during thawing. This figu
process. (A) The completely frozen embryo (circle). (B) The extra-cellular thaws (arrow)
thaw (arrow). (F) Embryo is completely thawed. Scale bar = 200.00 lm.
(Student–Newman–Keuls) statistical test (P < 0.05). Two-way ANO-
VA analysis was carried out respectively for TOIF, TEIF, TIIF and
TEIF � TIIF with cooling rate and type of cryoprotectant as the param-
eters and their two-way interaction was also analyzed. Statistical
significance was judged at the level P < 0.05. And the importance
sequence was obtained by comparing their Eta Squared values.

Results

Changes of embryos during cooling and thawing process

The results demonstrated that the phenomena of embryo trea-
ted with the four cryoprotectants and three cooling rates were sim-
ilar. And the change process of ice crystal formation in red
seabream embryo is shown in Fig. 1. Oil globule was the first to
form crystal. With the temperature decreased the oil globule first
form some scalelike crystal (Fig. 1B) and the crystal crept gradu-
ally, till the whole oil globule turned bright (Fig. 1C). Then a flash
appeared in the whole field of view under microscope and den-
dritic spears of ice were observed (Fig. 1D), which means the ex-
tra-cellular ice formed. After EIF, the embryo blackened within
seconds, intra-cellular ice formed (Fig. 1E). Immediately, the ex-
tra-cellular ice obscured the details of the embryo and the obscu-
ration increased with the declining temperature (Fig. 1F).

The change process of embryo during thawing is shown in
Fig. 2. With the temperature increasing the ice was thawed from
re shows the representative phenomena of red seabream embryo in the thawing
. (C–D) The intracellular ice thaws rapidly (arrow). (F) The oil globule is the last to



Figure 3. Morphological changes of red seabream embryo after thawing. This figure describes the morphological changes of red seabream embryo after thawing. (A) Embryo
with normal morphology. (B) Embryo with minor blebs (arrow). (C) Embryo with cupped chorionic (arrow). (D) Embryo with both minor blebs and cupped chorionic (arrow).
Scale bar = 200.00 lm.
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the outside solution to the embryo (Fig. 2A–D) and oil globule was
the last to thaw (Fig. 2E).

Morphological changes of embryos after thawing

In this experiment, about 130 embryos treated with different
cryoprotectants and cooling rates were observed after thawing.
Embryos were identified according to their damage state (Fig. 3):
(A) embryo with normal morphology; (B) embryo with minor
blebs; (C) embryo with cupped chorionic; (D) embryo with both
minor blebs and cupped chorionic. The detail data regarding the ef-
fect of cryoprotectants and cooling rates on embryo morphology
are shown in Table 1. No embryo survived to hatch after incubating
in the seawater.
Table 1
The morphological changes of embryo treated with different cryoprotectants and
cooling rates.

Cryoprotectant Cooling rate (oC/min) A B C D Total

Control 130 3 0 2 3 8
20 0 0 2 6 8
3 0 0 0 8 8

10% Me2SO 130 6 0 3 0 9
20 4 0 5 0 9
3 2 2 0 5 9

5% Glycerol 130 4 0 3 2 9
20 3 0 6 0 9
3 0 3 0 5 8

10% Methanol 130 6 0 3 0 9
20 3 0 6 0 9
3 1 0 8 0 9

10% EG 130 6 0 3 0 9
20 3 3 0 3 9
3 2 1 1 5 9

A–D represents the four morphological changes, respectively. (A) Embryo with
normal morphology. (B) Embryo with minor blebs. (C) Embryo with cupped cho-
rionic. (D) Embryo with both minor blebs and cupped chorionic.
Effect of cryoprotectant and cooling rate on TOIF, TEIF and TIIF

The TOIF, TEIF and TIIF of embryo treated with the four cryoprotec-
tant solutions and three cooling rates are shown in Table 2. TOIF of
embryos treated with the four different cryoprotectants showed no
significant difference compared to their own control at each cool-
ing rate. No significant difference was found between TEIF of cryo-
protectant groups and that of control group at the cooling rate of
3 �C/min except that in 10% Me2SO. At 20 �C/min cooling rate, TEIF

in 10% Me2SO and 10% EG were decreased significantly (P < 0.05).
All the TEIF in cryoprotectant groups showed significant depression
at the cooling rate of 130 �C/min (P < 0.05). For TIIF, only that in 10%
Me2SO and 10% EG at the cooling rate of 20 �C/min decreased sig-
nificantly (P < 0.05) in compare with their own control.

The result of two-way ANOVA was shown in Table 3. Cooling
rate (a) was statistically significant (P < 0.001) in relation to all
the three temperatures, TOIF, TEIF and TIIF. The type of cryoprotectant
(b) was statistically significant in relation to TEIF (P < 0.001) and TIIF

(P < 0.05). Their interaction (a � b) was statistically significant only
in relation to TIIF (P < 0.05). For TOIF and TIIF, their importance se-
quence was a > a � b > b; and for TEIF, their importance sequence
was a > b > a � b.

Effect of cryoprotectant and cooling rate on TEIF � TIIF

The TEIF � TIIF of embryo treated with different cryoprotectants
and cooling rates are shown in Table 2. The TEIF � TIIF of embryo
treated with cryoprotectants except 5% glycerol at cooling rate of
20 �C/min decreased significantly (P < 0.05) in compare with their
own control at each cooling rate. However, the TEIF � TIIF increased
significantly (P < 0.05) with the increase of cooling rate. The mean
value of TEIF � TIIF at the cooling rates of 3, 20, 130 �C/min was 0.45,
1.71 and 11.11 �C, respectively.

The result of two-way ANOVA was shown in Table 3. All the ana-
lyzed parameters, cooling rate (a), type of cryoprotectant (b) and
their interactions (a � b) were statistically significant (P < 0.001
and P < 0.05) in relation to TEIF � TIIF. And their importance sequence
was a > b > a � b.



Table 2
TOIF, TEIF TIIF and TEIF � TIIF of embryo treated with different cryoprotectants and cooling rates.

Cooling rate Cryoprotectant TOIF TEIF TIIF TEIF – TIIF

3 �C/min Control �9.00 ± 1.30a �19.37 ± 2.03a �22.63 ± 0.55ab 3.27 ± 1.52a

10% Me2SO �9.00 ± 1.73a �23.00 ± 2.90b �24.03 ± 2.31b 1.03 ± 0.64b

5% Glycerol �8.37 ± 0.72a �20.40 ± 0.46ab �21.13 ± 0.67a 0.73 ± 0.25b

10% Methanol �9.77 ± 0.58a �20.33 ± 0.59ab �20.63 ± 0.49a 0.30 ± 0.1b

10% EG �10.23 ± 0.68a �21.77 ± 2.17ab �22.47 ± 2.07ab 0.70 ± 0.10b

20 �C/min Control �11.33 ± 1.53a �20.67 ± 1.53a �25.43 ± 3.01a 4.77 ± 1.80a

10% Me2SO �10.67 ± 0.58a �26.47 ± 1.36c �28.33 ± 1.53c 1.87 ± 0.81bc

5% Glycerol �10.43 ± 0.51a �23.00 ± 0.66ab �26.43 ± 0.68ab 3.43 ± 0.29ab

10% Methanol �10.33 ± 0.96a �23.10 ± 1.22ab �24.37 ± 1.10ab 1.27 ± 0.21c

10% EG �12.67 ± 1.34a �25.33 ± 0.75bc �26.43 ± 1.19bc 1.10 ± 0.46c

130 �C/min Control �19.97 ± 0.06a �23.67 ± 2.08a �42.00 ± 2.00a 18.33 ± 3.21a

10% Me2SO �20.33 ± 1.15a �29.67 ± 1.53b �40.00 ± 0.00a 10.33 ± 1.53b

5% Glycerol �20.25 ± 1.50a �27.56 ± 0.98b �40.22 ± 0.75a 12.70 ± 1.37b

10% Methanol �22.73 ± 2.10a �29.07 ± 0.55b �42.37 ± 2.04a 13.30 ± 2.25b

10% EG �20.17 ± 0.47a �28.50 ± 2.85b �38.03 ± 2.29a 9.53 ± 1.30b

Values with different letters within the same column at each cooling rate are significantly different (P < 0.05) (means ± SD).

Table 3
Analysis of variance of different cooling rate (a), type of cryoprotectant (b) and their
interactions on TOIF, TEIF, TIIF and TEIF � TIIF.

Source of variation a b a * b

TOIF Df* 2 4 8
Mean square 583.676 3.317 2.576
F-Snedecor 430.501** 2.447**** 1.900****

Eta squared 0.965 0.240 0.329
TEIF Df* 2 4 8

Mean square 173.788 35.403 2.478
F-Snedecor 78.218** 15.934** 1.119****

Eta squared 0.830 0.666 0.219
TIIF Df* 2 4 8

Mean square 1477.277 6.264 8.221
F-Snedecor 661.034** 2.803*** 3.678***

Eta squared 0.976 0.254 0.471
TEIF � TIIF Df* 2 4 8

Mean square 644.905 34.438 6.460
F-Snedecor 346.258** 18.490** 3.468***

Eta squared 0.956 0.698 0.464

* Degrees of freedom.
** Significant P < 0.001.

*** Significant P < 0.05.
**** Significant P > 0.05.
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Discussions

During the cooling and thawing process, the embryo usually
undergoes some representative phenomena. In the process of cool-
ing, when extra-cellular ice formed, a quick bright flash was ob-
served and dendritic spears of ice appeared in the field of view.
James F. Guenther et al. also reported that EIF was manifested by
dendritic spears of ice projected across the field of view in the
study of ice formation in Xenopus laevis oocytes [17]. After the
appearance of extra-cellular ice, intracellular ice formed immedi-
ately, which was manifested by the embryo blackened quickly.
This phenomenon was also observed in the study of ice nucleation
temperature in zerbrafish embryos [19] and starfish oocytes [21].
In addition, oil globule was the first to form crystal during the cool-
ing process, possibly due to its high freezing point. As all know,
neutral fat is what oil globule contains most. To our knowledge,
no study has been conducted on the freezing point of oil globule
in fish embryos. On the other hand, no embryo survived to hatch
after incubation. Since the hatching rates of embryos did not de-
crease significantly after immersing in the cryoprotectant for 30
min, we speculated that the ice formation may be one of the lethal
factors for the red sea bream embryo cryopreservation.

Cryoprotectant plays a very important role in cell cryopreserva-
tion. The addition of cryoprotectants can minimize cell damage
associated with ice formation and influence the temperature of
ice formation [22,32]. In our results, TOIF and TIIF decreased little,
only TEIF decreased significantly. The addition of cryoprotectants
depressed TIIF greatly in the mouse oocytes [29], but it could not
depress TOIF and TIIF significantly in our experiment. We speculated
that little cryoprotectant penetrated in the red seabream embryo
due to its multi-compartmental system, large amount of egg-yolk
and/or low membrane permeability [10,34]. The yolk syncytial
layer (YSL) has been reported to be the primary barrier that blocks
cryoprotectant entry into the yolk [18], so cellular water contained
within the yolk may not obtain the necessary degree of cryoprotec-
tion, which may results in lethal ice crystal formation in the em-
bryo. In the study of zebrafish embryos [19,20] and starfish
oocytes [21], TIIF in cryoprotectant groups had not decreased signif-
icantly compared to their control, either.

An optimal cooling rate is crucial to protect cells from injuries
during the process of cooling. In our experiment, high cooling rate
showed the best result. Besides, TOIF, TEIF and TIIF were all decreased
significantly (P < 0.05) with the increasing of cooling rate. The re-
sults showed that it was the cooling rate rather than cryoprotec-
tant solutions depressed the temperature of ice crystal formation.
Similar result that TIIF was cooling rate dependent has also been re-
ported in bovine oocytes cryopreservation [35].

TEIF and TIIF are two main factors many researchers focus on in
the study of cryoproservation, especially the depression of TIIF. In
our result, TEIF � TIIF decreased with the addition of cryoprotectants
at each cooling rate, but increased along with the increase of cool-
ing rate. Slow cooling rate usually increases TEIF � TIIF largely in
mammal oocytes or embryos and contributes to successful cryo-
preservation [15,16,3]. However, it was not the case for zebrafish
embryos [19] and starfish oocytes [21]. Similar result was obtained
in our study; TEIF � TIIF was significantly higher (11.11 �C) at the
cooling rate of 130 �C/min than that (0.45 �C) at 3 �C/min. The pro-
portion of morphologically intact embryos at high cooling rate was
significantly higher than that at low cooling rate, too. In conclu-
sion, high cooling rate may be a good option for the cryopreserva-
tion of red seabream embryos.

In the present study, we observed the change process of extra-
and intra- cellular ice formation and analyzed the effect of different
cryoprotectants and cooling rates on TOIF, TIIF, TEIF and TEIF� TIIF. We
found high cooling rate could depress the ice formation tempera-
ture. The results would be useful for further understanding of the
ice formation during the process of cooling, and useful for optimiz-
ing cryopreservation protocol of fish embryos. It should be note
that, the highest cooling rate we obtained was 130 �C/min, and
only three cooling rates were tested. Therefore, further study is still
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required to investigate the effect of cryoprotectants and cooling
rate on embryo cryopreservation.
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