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iii)

EXECUTIVE SUMMARY

This project aims to investigate the fundamental constraints associated with the
cryostorage of fish eggs and embryos. The tasks of the project were broadly
segregated into the precooling and post-cooling phases and the cryobiological factors
within each phase evaluated. In the prefreezing phase suitable tropical fish models
were identified and the permeability of embryos to water and the proportion of
intracellular water was established. The cooling phase was segmented to establish the
significance of prefreezing toxicity of cryoprotectants, chill tolerance and freezing
damage to overall cryosuccess.

Techniques for maintaining, breeding and procuring gametes were successfully
developed for the two selected model species; the zebra fish (Brachydanio rerio) and
rosy barb (Puntius conchonius). The precleavage, cleavage, epiboly, closure of
blastopore stage and heartbeat stages of zebra fish and rosy barb embryos were used.
Following each treatment embryos were incubated in Petri dishes at 28°C. \

The precooling toxic effects of cryoprotectants were ascertained using endpoints such
as osmotic damage, enzymatic activity, hatch rates and morphological deformities.
The mode of cryoprotectant administration and concentrations that were shown to be
least harmful were used in subsequent trials. Cleavage, epiboly, and closure of the
blastopore stage embryos were exposed to final a concentration of either 1, 2 or 3M
Me,SO, methanol, EG and glycerol. Cryoprotectant additions and removal were made
in up to 4 equal steps. The mode of administration, type and concentration of
cryoprotectant and embryonic stage had a significant effect on the viability of
embryos. Gradual step-wise equilibration significantly (P <0.05) increased the
tolerance of embryos to cryoprotectants, particularly at high concentrations. For all
treatments and species the cleavage stage was the least tolerant to the traumas of
cryoprotectants. Glycerol was the most toxic and embryos of all stages could not be
revived from concentrations greater that 1M.

The effect of the exposufe of cleavage, epiboly and closure of the blastopore stages
of zebra fish and rosy barb embryos to up to 4M Me,SO and EG on two metabolic
enzymes, LDH and G-6-PDH were investigated. Cryoprotectant concentration,
equilibration period and developmental stage had a significant (P < 0.05) effect on the
total activity of both enzymes. In both species the decline in enzymatic activity was
more pronounced for G-6-PDH and EG was more toxic than Me,SO. For both
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cryoprotectants the cleavage stage was the most sensitive.

The effects of the type and concentration of cryoprotectant on morphological
characteristics were investigated. Three stages of embryos were subjected to 1M
Me,SO, EG, methanol and glycerol for up to of 3h. Six body parameters were
measured at hatching. Type and concentration of cryoprotectant and embryonic stage,
had a significant (P <0.05) effect on body measurements but this varied between the
two model species. Most cryoprotectants had an adverse affect on at least one
morphological parameter. Methanol was least teratogenic and greatest effects were
observed in hatchlings originating from cleavage stage embryos subjected to all
cryoprotectants. The hatchlings originating from the embryos that were equilibrated
for the longest period were grossly deformed. The pericardial cavity was enlarged and
the spine severely deformed.

The permeability parameters of embryos to water were measured and potential
methods to manipulate them investigated. The effects of temperature (20, 25 &
30°C), dechorionation and electroporation on the rate constants, permeability
coefficient, flux, Qo and activation energy were determined. Higher temperatures
significantly (P <0.05) increased all permeability parameters in all embryonic stages.
Permeability coefficient was highest for the heartbeat stage at 30°C. All subsequent
trials were conducted at 30°C.

Dechorionation  significantly (P<0.05) reduced the permeability parameters of all
embryonic stages in both species except for the rate constant for the closure of
blastopore stage of both species. In contrast electroporation significantly (P <0.05)
increased -the permeability coefficient and flux of all embryonic stages of both
species. Unfortunately, dechorionated embryos could not withstand electroporation
and permeability characteristics could not be established.

The influence of vacuum equilibration on the permeability of embryos was
investigated. Equilibration of 4-cell stage rosy barb embryos under either normal, half
and full vacuum conditions had no significant (P>0.05) effect on either the
permeability coefficient, flux or rate constant and was therefore of little value in
facilitating successful cryopreservation.

The osmotically active fraction of intracellular water in embryos was estimated using
three methods; volume, mass and nuclear magnetic resonance spectroscopy (NMR).
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The volume method could only be successfully used for the precleavage stage
embryos. Embryos were dehydrated in up to 3M sucrose solutions for 30min and the
total egg and yolk volume and mass changes estimated. At best the yolk volume of
precleavage zebra fish and rosy barb could be reduced by 38 and 41 %, respectively.
Dehydration of zebra fish and rosy barb precleavage embryos in 3M sucrose for 30
min removed 47.0 and 51.0 % of the internal mass of water, respectively. The
volume of water that could be removed decreased with embryonic development. The
non-active volumes of precleavage fish embryos determined in this study did not
deviate noticeably from other successfully frozen animal embryos.

The effect of sucrose dehydration on pre-cleavage rosy barb embryos and their
eventual hatch rate was investigated. The hatch rate of precleavage embryos
dehydrated in 0.5 to 2.5M sucrose ranged between 80-99%. Dehydration in 3M
sucrose reduced the hatch rate to 69%. Overall, sucrose dehydration did not
noticeably reduce the viability of inseminated eggs.

The survival rates of cleavage, epiboly and closure of the blastopore zebra fish
embryos cooled from ambient to between 15 to 0°C and held at these target
temperatures for up to 5 min were investigated. Survival ranged between 35-83% and
varied with type of cryoprotectant and cooling rate. The order of cryoprotection
offered by the cryoprotectants was Me,SO > methanol > EG > glycerol. Poorest
hatch rates were obtained for embryos equilibrated in EG and glycerol. Cooling pre
heartbeat stage embryos below -5°C was fatal. Overall, these data suggest that
depending on the type of cryoprotectant, cooling rate and embryonic stage, between
20-80% of mortality can be accounted for by cold shock and not freeze damage.

Heartbeat stage embryos were most permeable to water and therefore this stage was
selected to establish freeze tolerance of embryos. For both species there was a rapid
decline in the survival of embryos cooled to below -10°C. Overall, zebra fish
embryos were more resistant to damage than rosy barb. The degree of cryoprotection
offered varied; the order of protection was Me,SO > methanol> EG> glycerol. A
reduction in temperature from -10 to -30°C significantly (P <0.05) reduced the

survival of zebra fish and rosy barb embryos, cooling below -30°C was lethal to

embryos of both species.

The incidence of intracellular ice formation (IIF) in epiboly rosy barb embryos cooled
at 0.1, 0.5 and 1.0°C/min was observed using the cryomicroscope. The incidence
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of IIF was dependant on the cooling rate between 0 and -4°C. The onset of IIF,
however, was related to the type of cryoprotectant but none of the cryoprotectants
prevented IIF below -20°C.

Isolated blastomeres from both species were successfully cryopreserved. Survival rate
of isolated rosy barb blastomeres decreased significantly (P <0.05) as the cooling rate
was increased from 0.1 to 1.0°C/ min irrespective of the type of the cryoprotectant
used. At the minimum and optimal cooling rate of 0.1°C/min rosy barb blastomeres
cooled in 1M Me,SO, methanol, EG, and glycerol showed survival rates of 65, 32,
23 and 16%, respectively.

Heartbeat stage zebra fish and rosy barb embryos were vitrified. Vitrified embryos
were morphologically intact on thawing but were non viable. Further studies are
required to develop new vitrification solutions. Several trials were conducted to
ascertain if vacuum equilibration could be applied to cryopreserve fish eggs.
Unfortunately, although post-thaw embryos were intact none were viable.

Two papers were presented at the International Low Temperature Biology conference
on embryo permeability and the determination of osmotically inactive water fraction.
In addition, a paper on the effects of cryoprotectants on embryonic enzymes has now
been published in Cryobiology.

The amount of water removed by sucrose dehydration was unexpectedly high and its
implication for cryopreservations merits further investigation.

OBJECTIVES AS SET OUT IN THE PROJECT MEMORANDUM
Procurement of broodstock and gametes from selected model finfish species.
Complete work started in previous project (R4523) on defining the importance
of various parameters believed to be constraining the successful

cryopreservation of fish eggs and embryos.

Develop techniques to assess the proportion of bound water in the eggs of
aquatic organisms. '



iv) Assess prefreezing toxicity of a range of cryoprotectants to find less harmful
materials and methods of administration of cryoprotectants.

V) Evaluate whether techniques, such as vacuum equilibration and vitrification,
have potential for the cryopreservation of fish eggs.

vi) Conclude, definitatively, whether the technical limitations indicated above will allow
fish egg conservation by cryopreservation to ultimately succeed in the foreseeable
future or whether it will require further long term strategic research.

vii)  Disseminate information about all aspects of the project to interested parties through
a wide range of scientific and popular literature.

3.  BACKGROUND AND RATIONALE

Gene banks for mammalian eggs and embryos and plant genetic resources are well
established with clear roles in conservation and/or improvements in agricultural production.
The conservation of aquatic genetic resources is less well defined but no less important.
There is growing international concern over the rate of extinction of freshwater fish species.
The limited geographic range of many species means that human developments even within
a single drainage basin or lake may result in the extinction of a number of indigenous
species.

The current technology used for the conservation of fishes is based on the cryopreservation
of milt and still relies on the use of live fish banks to maintain the female genome with all
of the concomitant problems of expense and inbreeding. The ability to freeze and store
female gametes and diploid embryos as well as milt would provide an immense impetus for
the establishment of the much needed fish gene banks in the developing countries in which
many of these fish resources are threatened. This project therefore aims to investigate the
fundamental constraints associated with the cryostorage of eggs and embryos.

Mammalian eggs and embryos are very small (20-80xm), lack any significant yolk reserves
and have proved relatively easy to freeze. In contrast all attempts to date to cryopreserve fish
eggs have been unsuccessful. The major obstacles are considered to be the relatively low
surface area to volume ratio and low permeability of fish eggs and embryos to water and



cryoprotectants. The basic data required to evaluate the significance of each of these and
other factors are limited and often available data on embryo permeability relate either to non-
cryobiological studies or relate mainly to temperate species, notably the salmonids.

4. WORK CARRIED OUT DURING THIS PERIOD

4.1  Organisation of cryobiological studies |

An understanding of the cryobiological problems associated with tropical fish eggs and
embryos demands the segmentation of the entire cryopreservation protocol to establish the
significance and constraints of each interrelated stage towards cryosuccess. Therefore, for
this project the cryopreservation procedures were broadly segregated into two phases;
kprecooling and post-cooling. The cryobiological factors and constraints influencing the
preservation of embryos within each phase were evaluated. In the prefreezing phase suitable
tropical fish models were identified, permeability of selected stages of embryos to water and
the proportion of intracellular water established and possible methods that could influence
water removal were investigated. The cooling phase was segmented to establish the
significance and contribution of precooling toxicity of cryoprotectants, chill tolerance and
freezing damage to overall cryosuccess. '

4.2 Procurement of broodstock and gametes of selected model species

Model species with ideal biological and managerial characteristics were selected to ensure
easy maintenance of the broodstock and continuous supply of relatively small sized eggs
suitable for cryopreservation investigations. Earlier studies (R 4523) suggested that tilapias
were a poor finfish model. Therefore in the present study, models with more suitable
cryobiological characteristics were considered. Two smaller non-seasonal tropical fish
species, zebra fish (Brachydanio rerio) and rosy barb (Puntius conchonius) were selected
as model species. The quality and quantity of eggs from the short and long fin varieties of
each species were compared and the best variety used as model species. The eggs of both
species are relatively small (0.8-1.2 mm) compared with the tilapias (2-3mm) and salmonids
(7-9mm) and their embryology is well documented.



4.2.1 Methods of procurement of gametes

For both species, techniques were successfully developed at Institute of Aquaculture(IOA)
to procure gametes and embryos either by natural spawning (zebra fish) or manual stripping
(rosy barb) .

To procure zebra fish embryos a prespawning female (extended belly) and three males were
held overnight in a spawning tank with plastic arena plates. Following spawning the eggs and
embryos were syphoned and incubated in filtered water in a sterile Petri dish at 28°C until
required.

Available information on the artificial propagation of rosy barbs was inadequate and
therefore in vitro techniques for manual stripping and fertilization were initially developed.
Preliminary trials were successfully conducted on suitable sedation methods, milt collection
techniques, identification and evaluation of suitable extenders for the short term storage of
gametes and optimal in vitro fertilization and incubation techniques. The low fecundity of
these species, however, necessitated the trials to be prolonged to complete all treatments
within experiments.

4.3  Precooling toxicity of cryoprotectants to embryos

The use of cryoprotectants to ameliorate cryoinjuries is essential. These compounds,
however, are toxic to biological systems and therefore the concentration finally used will be
a compromise between their toxicity and the cryoprotection offered during cryopreservation.
Moreover, in the case of fish eggs and embryos the use of slow cooling rates (0.01 -
2°C/min) increases the contact time between embryos and cryoprotectants. This in itself may
be toxic and may reduce post-treatment survival. Therefore, to separate the effect of
cryoprotectant toxicity and cooling injury the precooling toxicity of cryoprotectants to eggs
and embryos was initially established. The effects of the mode of administration of dimethyl
sulphoxide (Me,SO), methanol, ethylene glycol (EG) and glycerol on endpoints such as
osmotic damage, enzymatic activity, hatch rates and morphological deformities were
successfully studied. The concentrations that were shown to be least harmful were used in
subsequent trials.

4.3.1 The effect of step-wise equilibration of cryoprotectant on the viability of embryos
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introduction and removal of cryoprotectant and embryonic stage. In this section of the study,
the effects of these factors on the survival of three stages of fish embryos were investigated.
For both species, replicated samples of embryos at the cleavage, epiboly, and closure of the
blastopore stages were exposed to final concentrations of either 1, 2 or 3M Me,SO,
methanol, EG and glycerol for 60min. Cryoprotectant addition and removal was made in up
to 4 steps, each of equal cryoprotectant concentration and time. The scheme used throughout
the study for the four step addition and removal is shown in Fig. 1. Following final rinsing
the embryos were incubated and survival noted.

4.3.2 The effect of cryoprotectant on the activity of selected enzymes in embryos

In cryopreservation studies using fish embryos, the toxicity of cryoprotectants is often
ascribed as mortality and therefore the nature of such toxicity is unknown (Fahy, 1984).
Cryoprotectant induced-injury to biological systems could be caused either by osmotic,
biochemical or physio-chemical (Fahy, 1983) effects. The separation of osmotic and
biochemical components of toxicity will help to elucidate the nature of cryoprotectant
toxicity. In the previous section it was demonstrated that by slowing the rate of
cryoprotectant introduction and removal the osmotic stress can be significantly reduced and
survival increased. In the present study the least and most toxic cryoprotectants were selected
to evaluate the biochemical effects by monitoring intracellular enzymes and survival. Three
stages of embryos were exposed to 1, 2, 3 and 4M Me,SO and EG for up to 180 min and
the levels of two enzymes, lactate dehydrogenase (LDH) and glucose-6-phosphate (G-6-PDH)
were investigated. The LDH and G-6-PDH levels in replicate homogenate samples of 50
embryos/treatment were determined according to the method of Shaklee er al. (1974).
Statistical interpretation of the effect of cryoprotectant concentration, equilibration time and
embryonic stage on the total activity of the enzymes was conducted using a three way
ANOVAR. This study has now been published as a full paper in the journal of Cryobiology.

4.3.3 The effect of cryoprotectant on the morphology of hatchlings

The cumulative osmotic and biochemical effect investigated in the preceding sections was
extended to investigate the longer term effect of sublethal levels of cryoprotectant on the
morphological characteristics of hatchlings using the least toxic cryprotectant concentration.
The morphological characteristics of twenty zebra fish and rosy barb hatchlings which were
equilibrated in a stepwise manner in up to 1M of either Me,SO, EG, glycerol, or methanol



for 1, 2 and 3 h at the cleavage, epiboly and closure of blastopore stage were estimated.
Immediately after hatching, the fry were preserved in buffered formalin and their standard
length, yolk-sac width and depth, head width, eye diameter, body depth at the anus and
pectoral fin measured and typical morphological abberations photographed. The effect of
equilibration period with each cryoprotectant on each morphological character was evaluated
using one way ANOVAR and multiple range test.

4.4 The effect of temperature and chorion manipulation (dechorionation,
electroporation and vacuum equilibration) on the survival and permeability of
embryos

The failure to cryopreserve fish eggs and embryos to date is attributed to the extremely low
water permeability coefficient of fish embryos and their low surface to volume ratio.
Therefore, one objective of this project was to determine the permeability characteristics of
the model species and establish the extent to which these characteristics can be manipulated.

In the present study the potential for either manipulating temperature (20, 25 and 30°C) or
using electroporation, dechorionation and vacuum equilibration to improve the permeability
of three stages of zebra fish and rosy barb embryos was investigated. All replicated studies
were conducted using tritiated water according to Motais and Isaia (1972) and permeability
parameters such as the rate constant (K), permeability coefficient (Py), flux (k) and
activation energy (E), were calculated using a computer software package (Enzfitter,
Elsevier). Since the application of several of these techniques to alter the permeability of fish
-eggs and embryos to water were novel their effect on the tolerance of zebra fish and rosy
barb embryos were initially established prior to using the defined sublethal conditions for
determining their potential influence on permeability parameters of fish embryos. Where
possible the permeability of intact and dechorionated embryos were estimated to help
establish the significance of the different membrane barriers for successful cryopreservation.

Techniques for dechorionating embryos of the appropriate stages were successfully developed
using trypsin and the permeability of intact and dechorionated embryos compared.
Permeability measurements of dechorionated electroporated embryos were not possible. The
severity of the high intensity electric pulse at the lowest possible setting of the electroporator
(Bio-rad) was lethal.

There is anecdotal evidence to suggest that equilibration of fish eggs in cryoprotectants under
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full vacuum (-760mm Hg) prior to cooling, facilitated successful cryopreservation of fish
eggs (Leung and Jamieson, 1991) possibly by improving the permeability of the embryos to
water and cryoprotectants. This hypothesis was tested for rosy barb 4-cell embryos using
tritiated water. Embryos were equilibrated under normal, half and full vacuum conditions for
up to 180min and permeability estimated together with parallel trials to establish the outcome
of embryos cryopreserved following the above treatments.

4.5  Estimation of osmotically active and non-active water fractions in embryos

One of the major obstacles to successful fish egg and embryo cryopreservation is the inability
to remove the high internal volume of water. It is suggested that most of the intracellular
water (90% in salmonids) is in the bound or osmotically inactive form and therefore cannot
be removed. This, however, may vary with embryonic development. To establish if this is
the case for the model species used in this project, three aspects of the problem were
investigated; suitable embryonic stages were identified, appropriate techniques for accurate
estimation and comparison of internal water in fish embryos were evaluated and the
proportion of osmotically inactive and active water was calculated.

The classical application of the Boyle van’t Hoff relationship to estimate the osmotically
active water in cleavage, epiboly and closure of the blastopore stage embryos was not
feasible. The estimation of yolk volume from diameter measurements in these stages of
embryos subjected to sucrose solutions (0-3M) was not possible due to the irregular shape
of the dehydrated embryos. Therefore two other approaches were considered to measure
internal water in post cleavage embryos; air drying to a constant weight and the development
and use of NMR (nuclear magnetic resonance spectroscopy). The feasibility of measuring
volume changes in earlier stages of embryos was investigated and the osmotically active
fraction of intracellular water was estimated from volume changes in precleavage stage
embryos.

To estimate the proportion of osmotically active water precleavage embryos were dehydrated
in six concentfations of sucrose ( 0.5-3M) for up to 30min and either their diameters (total
egg and yolk diameter) or dry weight estimated. For NMR studies, the pretreated (3M
sucrose for 30min) precleavage, cleavage, epiboly and closure of the blastopore stage
embryos were introduced into a Smm diameter NMR reference tube and water content
estimated using a Bruker WPS80.
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Internal water estimates from all three techniques were statistically compared using one way
ANOVAR. The Boyle van’t Hoff relationship for precleavage embryos was established by
plotting the minimum relative changes in precleavage yolk volumes against the reciprocal of
sucrose concentration. The proportion of osmotically inactive internal water was then
extrapolated from the Y intercept. Data from the air drying and volume methods were used
to calculate and compartmentalise the dry matter, removable and non-removal water in zebra
fish and rosy barb precleavage embryos.

4.6  The effect of cold shock and subzero cooling on the survival of embryos

During cooling, eggs and embryos, notably of tropical species, may be susceptible to chill
as well as freeze damage. Therefore to separate these effects the tolerance of three stages of
embryos from both model species to pre and post-freezing temperatures were investigated.
Embryos at the cleavage, epiboly and closure of the blastopore stages were equilibrated in
IM Me,SO, methanol, EG and glycerol for 1 h and cooled at 1, 2 and 5°C/min to either 15,
10, 5, or 0°C and held at these target temperatures for 30min and then removed, warmed
and incubated and hatch rate noted.

For post-freeze studies the heartbeat stage was selected because of its relatively higher
permeability coefficient compared with cleavage, epiboly and closure of the blastopore. It
was assumed that the higher permeability may result in greater dehydration during freezing.
Heartbeat stage embryos were equilibrated in 1M Me,SO, EG, methanol and glycerol and
cooled at the lower rates of 0.1, 0.5 and 1.0°C/min to -6, -10, -15, -20 and -30 °C. The
embryos were held for 5 min at these target temperatures and then warmed to room
temperature at 25°C/min and incubated.

Cooling of heartbeat stage embryos to below -30°C was lethal. The target temperature and
cooling rate at which freezing damage occurred could not be established using the
conventional empirical approach of cooling in the programmable cooler. Therefore embryos
were cooled on the cryomicroscope to enable freezing events to be monitored. Half epiboly
stage of rosy barb and zebra fish embryos were cooled at 0.1, 0.5 and 1.0°C/min from O to -
20°C and freezing events monitored. Incidence of intracellular ice formation (IIF), in the
presence of 1M Me,SO, EG, methanol and glycerol was noted.

It



4.7  The effect of cooling rate and subzero temperature on the survival of isolated
blastomeres

Attempts to cryopreserve fish embryos during the past few years and in the present study
have been unsuccessful. An alternative approach may be to cryopreserve embryonic cells.
Chimeras have been produced in rainbow trout by transplanting post-thawed blastomeres into
recipient blastulae in rainbow trout ( Nilsson and Cloud, 1989, 1993) and zebra fish (Lin et
~al, 1992). In this study blastomeres of both model species were successfully isolated from
half epiboly embryos and the effects of cooling rates (0.1, 0.5 and 1°C/min) and subzero
target temperatures (-15, -20,- 30, -40 and -50°C) on the survival of blastomeres were
investigated. In addition, zebra fish and rosy barb blastomeres were cooled at 0.1, 0.5 and
1.0 °C/minto -50°C in 1 M Me ,SO, EG, MET and glycerol, stored for 24h in LN, thawed
and viability estimated. For all trials viability was estimated using the vital dye exclusion
test.

4.8 Vitrification of heartbeat stage embryos

The failure of fish embryos to tolerate the traumas of cryopreservation is thought to be
caused by long equilibration periods, low permeability, high surface to volume ratio, cold
shock and freezing damage. An alternative approach used for cryopreserving mammalian
embryos involves the equilibration and rapid cooling of embryos in highly concentrated
aqueous solutions of cryoprotectant (up to 6M). The high viscosity causes the solidification
of the aqueous medium without passing through the stage of ice formation, a process called
vitrification.

In the present study, zebra fish and rosy barb embryos at heartbeat stage were vitrified in
vitrification solutions (VSI) described by Rall and Fahy (1985) and post-thaw viability noted.

5. RESULTS OF FINDINGS OBTAINED BY THE PROJECT

5.1  Choice of model species and procurement of gametes and embryos

The shortfin varieties of zebra fish and rosy barb were eventually selected as model species.
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Both species were relatively easy to maintain and relatively small size of their eggs and
embryos made them very suitable for cryobiological observations. Gametes were obtained
on demand although the small quantities of eggs limited the number of treatments that could
be conducted at any one time. Long fin zebra fish embryos were easil)} obtained from natural
spawning but in common with long fin rosy barbs these inbred varieties and stocks resulted
in a high incidence of deformed fry. Therefore, for both species the short fin varieties were
used.

Rosy barb embryos could be routinely obtained from manual stripping and fertilization.
Physiological saline proved an effective extender and sperm could be held at 4°C and could
be used for up to 4 days. Eggs, however, could only be stored for up to one hour.
Fertilization rates of manually stripped and fertilized eggs were typically in excess of 90%.

§.2  Precooling toxicity of cryoprotectants to embryos

5.2.1 The effect of step-wise equilibration of cryoprotectants on the viability of embryos

The mode of administration, type and concentration of cryoprotectant and embryonic stage
had a marked effect on the viability of embryos. Gradual step wise equilibration and gradual
dilution significantly (P<0.05) increased the tolerance of embryos to cryoprotectants,
particularly at high concentrations. For most treatments and species the cleavage stage was
the least tolerant to the traumas of cryoprotectants. Glycerol was the most toxic
cryoprotectant and embryos of all stages could not be revived from concentrations greater
than 1M. Ethylene glycol was the second most toxic cryoprotectant and overall, rosy barb
was the least tolerant of the two species. The hatch rate of embryos equlibrated in step-wise
mode to a final concentration of 1, 2 and 3 M Me,SO, methanol, EG and glycerol at the
cleavage, epiboly and closure of the blastopore stages are presented in Fig. 2 A-D.
Increasing the equilibration steps from 1 to 4 significantly (P < 0.05) increased the hatch rate
but the impact on survival varied between the cryoprotectants.

Comparing Me,SO (Fig. 2A) and methanol (Fig. 2B) the former was more toxic at all
concentrations but this was most noticeable at 3M concentration where no survival was
recorded for Me,SO except for 3-4 step equilibration. Increasing the number of steps from
1 to 3-4 Me,SO significantly (P <0.05) increased the hatch rate (Fig. 2A). The improvement
in hatch rate was correlated with developmental stage. The hatch rates of zebra fish embryos
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fish embryos equilibrated in one 60 min step in 1, 2 and 3M Me,SO were 80.0, 50.0 and
0.0% for cleavage and 82.0, 83.0 and 0.0% for epiboly stage and 93.0, 81.0 and 0.0% for
the closure of the blastopore stages, respectively. Increasing the equilibration steps to four
increased the hatch rates to 82.0, 73.0 and 13.8% for cleavage, and 90.0, 86.3 and 45.0%
for epiboly stage and 92.5, 86.3 and 80.0 % for closure of the blastopore stages,
respectively. For methanol, step-wise equilibration in 3M conferred an advantage only for
the rosy barbs (Fig. 2B).

Ethylene glycol was highly toxic to cleavage embryos of both species (Fig 2C). In both
species, with the exception of zebra epiboly stages, cleavage and epiboly stage embryos
equilibrated in 3M EG failed to survive even after four 15 min step additions. In both species
the resistance to EG toxicity increased with embryonic development. Rosy barb embryos
showed higher resistance to EG toxicity than those of zebra fish.

The effect of step-wise addition of glycerol on the hatch rates of embryos of both species are
presented in Fig. 2D. The concentration of glycerol used ranged between 0.25 and 1.0 M.
In both species an increase in the number of equilibration steps for 1M glycerol from one 60
min step to two 30min steps did not reduce the mortality of fish embryos irrespective of
stages of development. Embryonic stages from both species were equally sensitive} to

equilibration in glycerol.

5.2.2 The effect of cryoprotectant on the activity of selected enzymes in embryos

Slowing the rate of cryoprotectant introduction and removal, can significantly ameliorate
cryoprotectant toxicity and increase hatch rate of embryos. In the present study, the effects
of the exposure of cleavage, epiboly and closure of the blastopore stages of zebra fish and
rosy barb émbryos to up to 4M Me,SO and EG on two metabolic enzymes, LDH and G-6-
PDH, were investigated.

The results of this study are shown in Fig. 3A-D. Cryoprotectant concentration, equilibration
period and developmental stage had a significant (P <0.05) effect on the total activity of the
metabolic enzymes. In both species the decline in enzymatic activity was more pronounced
for G-6-PDH and EG was more toxic than Me,SO. For both species the total LDH activity
measured after 3.0h equilibration in 4.0M Me,SO and EG declined sharply. Total LDH
activity in zebra fish embryos at cleavage, epiboly and closure of the blastopore stages,
following exposure to Me,SO and EG, was reduced by 70.0 and 86.1%, 79.2 and 83.0% and
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57.0 and 75.0% for the three embryonic stages, respectively. Under similar conditions the
G-6-PDH (Fig. 3B) activity was reduced by 100 and 100%, 88.3 and 100% and 69.0 and
100%, respectively. Rosy barb embryos equilibrated in Me,SO and EG under similar
conditions showed a reduction in total activity of LDH by 89.2 and 98.8%, 85.0 and 87.1%,
80.6 and 95.4% (Fig. 3C) for the three embryonic stages, respectively. No G-6-PDH activity
was recovered following equilibration of rosy barb embryos at the cleavage and epiboly
stages. Closure of the blastopore stage embryos were most resistant and 29.8% of the total
enzymatic activity was retained under the above conditions (Fig. 3D).

In a parallel experiment the longer term effect of enzymatic denaturation on the survival of
zebra fish and rosy barb embryos was determined under similar conditions (Fig. 4A&B). The
recovery of enzymatic activity was not co-related with subsequent survival (% hatch rate).
Equilibration in 3 or 4M Me,SO and EG for 2-3 h was lethal for all stages of embryos even
though enzymatic activity was evident (see Fig. 3A-F).

All the embryonic stages were more tolerant to Me,SO when compared with EG and this was
most noticeable at the highest concentration. The hatch rates of zebra fish embryos which
were equilibrated in 1, 2 and 3M Me,SO at the cleavage, epiboly and closure of the
blastopore stages were 82, 75 and 55% for cleavage and 88, 84 and 60 % for epiboly and
88, 90 and 62% for closure of blastopore. Equilibration in ethylene glycol under similar
conditions resulted in a decline in hatch rate to 84, 58 and 0% for cleavage and 78, 59 and
0% for epiboly and 86, 60 and 0% for closure of the blastopore embryos. The tolerance of
rosy barb cleavage embryos to both cryoprotectants was lower when compared with zebra
fish. ~Ethylene glycol was lethal to cleavage stage embryos from both species following
equilibration for more than 30 min at any concentration (Fig. 4A&B).

5.2.3 The effect of cryoprotectant on the morphology of hatchlings

The cumulative osmotic and biochemical effects investigated in the preceding sections were
extended to investigate the longer term sublethal effect of cryoprotectants on the
morphological characteristics of hatchlings.

Body measurements of zebra fish and rosy barb hatchlings originating from embryos
subjected to 1M Me,SO, EG, methanol and glycerol at the cleavage, epiboly and closure of
the blastopore stage for up to 3 h are presented in Table 1 A-F. Methanol was the least
teratogenic cryoprotectant and greatest abnormalities were observed in hatchlings originating
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from embryos subjected to all cryoprotectants at the cleavage stage.

Body measurements of zebra fish hatchlings subjected to cryoprotectants at the cleavage stage
embryos are presented in Table 1A. Equilibration of cleavage stage embryos in 1M Me,SO
for 3h, reduced the mean standard length, yolk-sac width and depth, head width and body
depth at the anus and pectoral fin at hatching by 5.5, 12.8, 26.2, 31.7, 26.0 and 15.8%,
respectively, whereas methanol reduced only the yolk-sac depth by 4.7%. The body
measurements of zebra fish hatchlings subjected to cryoprotectants at the epiboly stage are
presented in Table 1B. Equilibration in Me,SO significantly (P<0.05) reduced the head
width and body depth at the anus by 40.0 and 33.0%, respectively. Both methanol and
glycerol had no significant (P> 0.05) bearing on all body measurements. Ethylene glycol,
however, significantly reduced head width by 26%. Equilibrating closure of the blastopore
stage embryos in each cryoprotectant for 3h had no detrimental effect (P>0.05) on any of
the hatchling body measurements (Table 1C).

Body measurements of rosy barb hatchlings originating from embryos exposed to 1M Me,SO
for three hours at the cleavage stage are presented in Table 1D. In common with zebra fish,
cleavage stage rosy barb embryos were the most vulnerable developmental stage to any
teratogenic effect of cryoprotectants. Dimethyl sulphoxide significantly (P <0.05) reduced
the standard length, yolk-sac width and depth and body depth at the pectoral fin by 11.5,
20.0, 19.0 and 31.0%, respectively. Methanol equilibration for the same embryonic stage
significantly (P<0.05) reduced standard length, yolk-sac width and depth, head width and
body depth the at anus by 12.0, 26.0, 24.0, 28.0 and 23.0 %, respectively. Glycerol on the
other hand, significantly (P <0.05) reduced standard length, yolk-sac width and depth, head
width and body depth at the anus and pectoral fins by 14.4 , 24.0, 34.0, 30.0, 33.3 and
13.9%, respectively. The morphological characteristics of rosy barb hatchlings subjected to
cryoprotectants at the epiboly stage are presented in Table 1E. Following an equilibration
period of three hours in 1M Me,SO the standard length, head width and body depth at the
pectoral fin was significantly (P<0.05) reduced by 14.0, 6.4 and 24.0 %, respectively.
Methanol, however, significantly (P <0.05) reduced only the head width by 51.0 % while
ethylene glycol significantly (P < 0.05) reduced the standard length, yolk-sac width and depth,
head width and body depth at the anus and pectoral fin by 20.5, 11.1, 16.0, 34.0, 15.4 and
30.0 %, respectively. Glycerol on the other hand significantly (P <0.05) reduced yolk width
and head width by 5.5 and 32.0 %, respectively. Body measurements of rosy barb hatchlings
from embryos treated with the four cryoprotectants at the closure of the blastopore stage are
shown in Table 1F. The body measurement of hatchlings originating from embryos treated
with 1M Me,SO at the closure of the blastopore stage showed a significant (P <0.05)
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reduction in head width, body depth at the anus and body depth at the pectoral fins by 30.0,
29.0 and 21.0 %, respectively. Methanol significantly (P <0.05) reduced head width and
body depth at the anus by 20.5 and 25.0%, respectively. Ethylene glycol, significantly
(P <0.05) reduced head width and body depth at the anus by 30.0 and 36.0 %, respectively.
Glycerol on the other hand significantly (P < 0.05) reduced standard length, head width and
body depth at the anus by 11.7, 22.7 and 32.0%, respectively.

Morphological abberations are also presented photographically (Fig. 5 i-v). Hatchlings from
cleavage embryos exposed to both cryoprotectants showed a clear reduction of the standard
length when compared with the control (Fig. 5i). In addition, the pericardial cavity of
hatchlings was abnormally enlarged by 25% when equilibrated at the cleavage stage for 2h
in MCZSO (Fig. 5ii) and the extent of enlargement of the pericardial cavity doubled when the
equilibration period was increased by an hour (Fig. 5iii). Deformation of the spinal cord was
also evident in many hatchlings. The effect of 0.25-1.0M EG on the gross morphology of
hatchlings under comparable conditions were more dramatic (Fig. Siv-v). The majority of
embryos equilibrated in EG for 2h failed to hatch. In those specimens that did hatch the
pericardial cavity was grossly enlarged and the spinal cord severely deformed (Fig. 5iv).
Although most of the embryos were alive, the deformations were so extensive that their
normal shape was beyond recognition (Fig. 5v).

5.3 The effect of temperature and chorion manipulation (dechorionation,
electroporation and vacuum equilibration) on the survival and permeability of
embryos

5.3.1 The effect of dechorionation and electroporation on the survival of embryos

Various stages of embryos were dechorionated using either trypsin, pancreatin or protease
at up to 2.5 mg/ml for up to 5 min. Due to rapid polymerisation of the chorion in water only
embryos up to the four cell stage could be successfully dechorionated. The average yield of
dechorionated four cell embryos using trypsin digestion was significantly (P < 0.05) higher
than those from either pancreatin or protease digestion. The digestion process had no
obvious detrimental effect on the embryos. At the maximum concentration a 5 min trypsin
digestion yielded over 90% hatch rate (Fig. 6a&b). Trypsin digestion was therefore used in
subsequent treatments. |
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The viability of embryos electroporated (embryos subjected to a momentary electric pulse)
at the three developmental stages is presented in Fig. 7. The hatch rate of three embryonic
stages in both fish species were not significantly (P >0.05) different at all field strengths. -
Maximum hatch rate of embryos subjected to a field strength of 500 v/cm and capacitance
of 0.25uF at the cleavage, epiboly at the closure of blastopore stage were 47.0, 56.0, 60.0%
and 56.0, 55.0, 66.0% for zebra fish and rosy barb, respectively (Fig. 7a&b). Several
attempts to electroporate dechorionated embryos at all developmental stages were
unsuccessful.

5.3.2 The effect of temperature on water permeability parameters of intact embryos

The effects of temperature (20, 25 and 30°C) on mean rate constant of influx (K),
permeability coefficient (Pgy) and the flux for cleavage, epiboly, closure of blastopore and
heartbeat stages of zebra fish and rosy barb are shown in Table 2.

For all embryonic stages the permeability parameters increased significantly (P <0.05) with
temperature. Overall, for both species all the permeability parameters decreased from the
cleavage to the closure of the blastopore stage and then increased dramatically at the
heartbeat stage. At 30°C for example, the permeability coefficients for zebra fish and rosy
barb embryos at the cleavage, epiboly, closure of the blastopore and heartbeat stage,
respectively, were 24.5, 11.1, 5.0 and 17.6um/sec and 12.5, 11.6, 5.4 and 12.2 um/sec.

The activation energy (E,) of the cleavage, épiboly, closure of the blastopore and heartbeat
stage rosy barb and zebra fish embryos were, respectively, 11.0 and 27.4, 15.3 and 14.8,
9.0and 9.1 and 10.0 and 13.6 Kcal/mol. The average activation energy for the developmental
period from cleavage to heartbeat stage was 16.3+3.9 and 11.3 4 1.4 Kcal/mol for rosy barb
and zebra fish, respectively (Fig. 8a&b).

The permeability of fish embryos was very low when compared with mammalian embryos.
Overall, highest permeability was achieved at 30°C. This equilibration temperature was
therefore used in all further attempts at manipulating the membrane permeability of embryos.

5.3.3 The effect of dechorionation and electroporation on the permeability of embryos

The effects of dechorionation and electroporation on the permeability parameters were
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investigated for the cleavage, epiboly and closure of blastopore stages.

Mean permeability parameters for the different stages of embryos from both species are
presented in Table 3. Dechorionation significantly (P <0.05) reduced all the permeability
parameters of all embryonic stages in both species except for the rate constant for the closure
of the blastopore stages of both species. In contrast electroporation significantly (P <0.05)
increased the permeability coefficient and flux of all embryonic stages of both species. The
impact of both these manipulation techniques can be more easily seen in Fig. 9. The higher
permeability of intact electroporated eggs was probably due to improved permeability of the
chorion rather than any significant increase in the permeability of the vitelline membrane.
Unfortunately, dechorionated embryos could not withstand electroporation and permeability
characteristics could not be established.

5.3.4 The effect of vacuum equilibration on the permeability parameters of 4-cell stage rosy
barb embryos

Equilibration of 4-cell stage embryos under normal, half and full vacuum conditions had no
significant (P> 0.05) effect on either the permeability coefficient, flux or rate constant. The
volumes of tritiated water imbibed over the time course of 120 min are shown in Fig. 10a
and the logarithmic transformation for these time courses is shown in Fig. 10b. Equilibration
period had a highly significant (P <0.001) effect on the volume of imbibed water during the
time course of the experiment.

5.4  Estimation of osmotically active and non-active water in precleavage embryos
using various techniques

Three methods were investigated for quantifying intracellular water of fish embryos;
volumetric method, air drying and NMR.

Due to the irregular shape of advanced fish embryos during dehydration the volume
technique could only be applied to precleavage embryos. There were no significant (P > 0.05)
differences between the yolk volume estimated from direct microscopic measurements of egg
diameters and those estimated from video taped images of embryos. Since the video
technique was easier to use this method was adopted throughout the investigation.
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The volume of the yolk sphere, whole embryo and perivitelline space changed to a constant
magnitude within 30 min of dehydration (Fig. 11a&b). The minimum relative yolk volume
attained in embryos of both species were regressed with the reciprocal of the measured
osmolality to calculate osmotically inactive yolk volume. Embryos from both species obeyed
(r=0.922 and 0.95 for rosy barb and zebra fish precleavage embryos, respectively) the
Boyle van’t Hoff relationship (Fig. 12a&b). The Ponder’s R value for zebra fish and rosy
barb precleavage embryos were 0.38 and 0.41, respectively. The above data suggest that at
best the yolk volume of zebra fish and rosy barb embryos could be reduced by a maximum
of 38 and 41%, respectively. It is generally assumed that this reduction in volume is
attributable to water loss. To estimate if such volume changes represented water loss, volume
changes were compared with those estimated by the air drying mass technique.

The mass and NMR techniques were applied to estimate the osmotically inactive fraction of
intracellular water of advanced embryos. The mass of water remaining in precleavage
embryos following dehydration in up to 3M sucrose is shown in Fig. 13a&b. The volume

* changes in both species résponded in a similar manner. Increasing the concentration of
sucrose significantly (P <0.05) increased the mass of water removed. Dehydration of zebra
fish and rosy barb precleavage embryos in 3M sucrose for 30 min removed 47.0 and 51.0%
of the internal water, respectively.

The NMR technique was used to determine the water content of sucrose dehydrated
precleavage, cleavage, epiboly and closure of blastopore stage embryos of both species. A
comparison of all three techniques for estimating internal water volumes of precleavage
embryos is presented in Fig. 14. For both species the trends in the relative changes in
volume and mass estimated from the volumetric and air drying techniques were similar.

~ The maximum water removed as estimated by the volume, mass and NMR techniques was
36, 47 and 64% for zebra fish and 42, 51 and 50% for rosy barb precleavage embryos,
respectively.

The amount of water that could be removed from more advanced embryos was lower. Water
content in zebra fish and rosy barb embryos subjected to sucrose dehydration at cleavage,
epiboly and closure of blastoporé stage determined by either air drying or NMR are shown
in Fig. 15. Water content of zebra fish embryos determined by NMR and air drying
techniques were, respectively, 36 and 33 % for the cleavage, 33 and 33% for the epiboly and
32 and 32 % for the closure of the blastopore stages. Similarly, for rosy barb embryos the
volume removed by the two techniques were, respectively, 24 and 39% for the cleavage, 24
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and 37% for the epiboly and 22 and 36.0 % for the closure of the blastopore stages.

In the present study the air drying technique was used to estimate the amount of dry matter,
removable and unremovable water in precleavage embryos of zebra fish and rosy barb
embryos. In zebra fish precleavage embryos the fraction of removable, unremovable water
and the dry matter represented 34.3, 38.6 and 27.1% of the total mass of the embryo,
respectively. While in rosy barb precleavage embryos the amount of removable, unremovable
water and dry matter were 37.4, 35.9 and 26.7%, respectively (Fig. 16a&b).

In this study 47 and 51% of the total internal water mass was successfully removed from
zebra fish and rosy barb precleavage embryos, respectively, and the survival of such embryos
was in excess of 68%. These values are considerably higher than those reported for other
species. In salmonid embryos the whole embryo was reported to represent the osmotically
non-active volume (Zotin, 1965). Similarly, in neural stage sturgeon embryos this was 92.2%
(Zotin, 1965). Interestingly, the osmotically non-active water volumes of precleavage
embryos from the present study did not deviate noticeably from other systems that have been
successfully frozen. Drosophila (Steponkus et al., 1990) and sea urchin (Asahina and
Takahashi, 1978) embryos and marine rotifers (Lubzens et al.,1992) which have been
successfully cryopreserved have similar non-osmotic volumes to precleavage zebra fish and
rosy barb embryos, yet these could not be successfully cryopreserved.

Following the above trials on precooling aspects studies were focused on establishing the
response and behaviour of embryos during cooling. '

5.5  The effect of cold shock and subzero cooling on the survival of embryos
5.5.1 Cold shock

The chill tolerance of the two tropical model species was studied using sublethal precooling
conditions established in the above trials. The hatch rates of embryos cooled at various rates
and to different prefreezing temperatures at the cleavage, epiboly and closure of the
blastopore stage are summarised in Table 4 A&B. The cryoprotectant type, embryonic stage
and cooling rate influenced the survival of embryos. Embryos from both species were less
sensitive to cold shock injury when cooled in the presence methanol.

Hatch rates of zebra fish embryos cooled in methanol from room temperature to 0°C at a
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maximum cooling rate of 5.0°C/min at the cleavage, epiboly and closure of blastopore stages
were reduced to 60, 45 and 60%, respectively. Glycerol offered the least cryoprotection. In
the presence of glycerol survival was reduced to 35, 38 and 40 %, respectively (Fig. 17).

For rosy barb the hatch rates of embryos cooled in cryoprotectants at the cleavage, epiboly
and closure of the blastopore stages were reduced to 58, 64 and 67% with methanol; 52, 59
s 59% with Me,SO; 45, 48 and 42% in EG and 38, 31 and 32% in glycerol, respectively
(Table 4B).

Overall, these data suggest that depending on the type of cryoprotectant, cooling rate and
embryonic stage used between 20-80% of mortality can be accounted for by cold shock and
not freeze damage.

5.5.2 Freeze damage

The permeability coefficient of the heartbeat stage embryos was the highest when compared
with cleavage, epiboly and closure of the blastopore stages (see Table 2). Therefore this stage
was selected for subzero cooling trails. -

Survival rates of post-thaw heartbeat stage embryos cooled to various target temperatures are
presented in Fig. 16A&B. For both species there was a rapid decline in survival of embryos
cooled below -10°C and overall, zebra fish embryos (Fig. 17A) were more resistant to
damage than rosy barb (Fig. 17B) at similar subzero temperatures. The degree of
cryoprotection conferred varied between the cryoprotectants; the order of protection was
Me,SO> methanol > EG> glycerol. Zebra fish heartbeat stage embryos cooled at 0.1, 0.5
and 1.0°C/min to -20°C in the presence of 1M Me,SO exhibited survival rates of 27.0, 18.0
and 14.0 %, respectively. Rosy barb heartbeat stage embryos cooled at 0.1 and 0.5° C/min
in IM glycerol failed to survive below -15°C and at 1.0°C/min embryos failed to survive
below -10°C. .

The reduction of temperature from -10 to -30°C significantly (P <0.05) reduced the survival
of zebra fish and rosy barb embryos, cooling below -30°C, was lethal for embryos of both
species.

5.5.3 Cryomicroscopical observation of intracellular ice formation (IIF) in epiboly stage
~ embryos
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Cryomicroscopy was used to observe the freezing events of half epiboly stage embryos
cooled at various rates in 4 cryoprotectants (Table 5 A&B). Increasing the cooling rate from
0.1 to 1.0 °C/min and reducing the subzero temperature from 0 to -20°C significantly
(P <0.05) increased the number of zebra fish and rosy barb embryos that froze. Between 0
to -4°C the number of frozen embryos depended on the cooling rate. None of the
cryoprotectants prevented intracellular ice formation beyond -20°C.

5.6  The effect of cooling rate and subzero temperature on the survival of isolated
~ blastomeres

5.6.1 Subzero cooling

Attempts to cryopreserve fish embryos in the present study were unsuccessful. An alternative
approach may be to preserve isolated blastomeres.

The survival rates of post-thaw zebra fish and rosy barb blastomeres cooled in the presence
of 1M Me,SO, methanol, ethylene glycol and glycerol and cooled to -15, -20, -30, -40 and -
50°C are presented in Fig. 18A&B. Blastomeres isolated from rosy barb embryos were more
sensitive to cooling than those from zebra fish but cryoviability varied with cryoprotectants.
In common with whole embryos glycerol afforded the least protection against freeze injury.
There was an inverse relationship‘ between the cooling rate and survival of blastomeres.
Increasing the cooling rate from 0.1 to 1.0 °C/min significantly (P <0.05) reduced the
survival of the blastomeres. One-way analysis of variance showed that the survival rates of
zebra fish blastomeres cooled at 0.1 C°/min in the presence of Me,SO were not significantly
(P <0.05) different at all the subzero temperatures.

5.6.2 Post-thaw viability of blastomeres stored in LN

Post-thaw viabilities of zebra fish and rosy barb blastomeres cooled at 0.1, 0.5 and
1.0°C/min in 1M Me ,SO, methanol, EG, and glycerol and stored in LN are shown in Fig.
19A&B. Survival rates of blastomeres from both species were significantly (P <0.05)
reduced as the cooling rate was increased from 0.1 to 1.0°C/ min irrespective of the type of
cryoprotectant used. The type of cryoprotectant significantly (P<0.05) influenced the
survival rate of the blastomeres from both species. Blastomeres cooled in the presence of
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Me,SO, gave a higher survival rate than those cooled in the presence of either methanol, EG
or glycerol. At the minimum cooling rate of 0.1°C/min, 82 and 65, 42 and 32, 24 and 23
and 20 and 16 % of the post-thaw zebra fish and rosy barb blastomeres cooled in 1M
Me,SO, methanol, EG and glycerol, respectively, were viable.

57 Vitriﬁcation'of heartbeat stage embryos

In the present study heartbeat stage Zzebra fish and rosy barb embryos were vitrified in
vitrification solutions (VSI) described by Rall and Fahy (1985). The results to date have
shown that vitrified embryos were recovered intact morphologically although they failed to
survive. Further studies are required to develop new vitrification solutions.

5.8  Post-thaw viability of vacuum equilibrated embryos

Several trials were conducted to ascertain if vacuum equilibration could be applied to
cryopreserve fish eggs. Unfortunately, although post-thaw embryos were intact none were
viable.

5.9 Dissemination of information

Two papers were presented at the International Low Temperature Biology meeting on embryo
permeability and the determination of osmotically inactive water fraction (Appendix 1). In
addition the paper on the effects of cryoprotectants on embryonic enzymes has now been
published in journal of Cryobiology (Appendix 1).

During the term of this project 2 postgradute (1 MSc and 1 PhD) students researched aspects
of preservation technology of fish eggs.

6. IMPLICATION OF RESULTS

The toxicity of cryoprotectants to eggs and embryos varied with the type and concentration
of cryoprotectant, species and their embryonic stage. Given the long equilibration times
necessary for fish embryos the appropriate selection and use of cryoprotectant needs to be
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considered to eliminate or minimise this variable when evaluating problems related to cooling
of eggs and embryos.

Overall, the results of the present studies suggest that each stage of the cryopreservation
procedure contributes to the gradual decline in embryo viability. It is often suggested that the
combination of minimal dehydration and poor penetration of cryoprotectants are the key
causes of embryo death during cryopreservation. Qur studies suggest that whilst this
contributes to the fatality of post-thaw embryos, there is a gradual loss in viability during the
entire cooling protocol and depending on embryonic stage and cryoprotectant type and
concentration used between 20-80% the embryo mortality occurred before freezing.
Therefore loss in post-thaw embryo viability due to chill shock is an equally important
consideration and emphasis should also be placed on methods for ameliorating chill damage.
In this study, earlier embryonic stages were shown to be more sensitive to subzero
- temperatures. For the closure of the blastopore stage embryos, -5°C was fatal suggesting that
total damage had occurred just prior to freezing.

The permeability characteristics of the most permeable embryonic stage suggests that vacuum
equilibration has no effect on the permeability of embryos to water and consequently offers
no advantage in manipulating the dehydration and penetration of cryoprotectants.

The amount of internal water of fish embryos suggest that, contrary to several published
reports, a significant proportion of the internal water is osmotically active and can be
removed. To date we have demonstrated that around 50% of the internal water is osmotically
active and can be removed. The comparison of air drying and volumetric techniques confirm
that changes in yolk volume were in fact due to water removal. The inability to demonstrate
such high levels of osmotically active water in the past by several researchers may be related
to the embryonic stage used for such studies.

Although the freezing point of the dehydrated embryos in the present study were lowered;
the embryos still froze internally. Nevertheless, it is emphasised that the non-active volumes
of precleavage fish embryos determined in this study did not deviate noticeably from other
systems that have been successfully frozen. Drosophila (Steponkus et al., 1990) and sea
urchin (Asahina and Takahashi, 1978) embryos and marine rotifers (Lubzens et al., 1992)
which have been successfully cryopreserved have similar non-osmotic volumes to precleavage
zebra fish and rosy barb embryos. Given these results we conclude that although we have not
successfully cryopreserved embryos during this project the removal of about half the water
from precleavage embryos and the recovery of intact embryos following unsuccessful
vitrification increases the probability of successful cryopreservation in the near future. The
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rate at which this goal will be reached will depend on the availability of longer term funding
for such studies. '
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27



Appendix 2 References cited

Asahina, E. and Takahashi, T. (1978). Freezing tolerance in embryos and spermatozoa of
the sea urchin. Cryobiology, 15 :122-127.
27

Fahy, G. M. (1983). Cryoprotectant toxicity neutralizers reduce freezing damage. Cryo-lett.
4:309-314.

Fahy G. M. (1984). Cryoprotectant toxicity reduction: Specific or non-specific? Cryo-lett.
5:287-294

Leung L. K., P., Jamison, B., G., M. (1991). Live preservation of fish gametes. In Fish
Evolution and systematics: Evidence from spermatozoa (B. M. Jamieson, ed), pp 245-269.
University Press, Cambridge.

Lubzens, E., Hadani, A. and Beddig, S. (1992). Problems associated with the
development of a technique for cryopreservation of rotifers (Brachionus plicatilis).
(Abstract). Workshop on gamete and embryo storage and cryopreservation in aquatic
organisms. Paris.

Motais, R., and Isaia, J. (1972). Temperature-dependence of permeability to water and to
sodium of the gill epithelium of the eel Anguilla. J. Exp. Biol, 56: 587-600.

Nilsson, E. and Cloud, J. G. (1993). Cryopreservation of rainbow trout (Oncorhynchus
mykiss) blastomeres. Aquat. Living Resour., 6: 77-80 .

Nilsson, E. E., Cloud, J. G. (1989). Production of chimeric embryos of Trout (Salmo
gairdeneri) by introducing isolated blastomeres into reciepient blastulae. Biol. Reprod., 40
(Supp 1), abst.186.

Rall, W. F., and Fahy, G. M. (1985). Ice-free cryopreservation of mouse embryos at -196°C
by vitrification. Nature (London). 313: 573-575 .

Shaklee, J. B., Champion,M. J. and Whitt, G.S. (1974). Developmental genetics of teleost
: A biochemical analysis of chubsuker ontogeny. Developmental Biology 38: 356-382.

Steponkus, P. L., Myer, S. P., Lynch, D. V., Gardner, L., Bronshteyn, V., Leibo, S. P.,

28



Rall, W. F., Pitt, R. E., Lin, T. T. and MclIntyre, R. J. (1990). Cryopreservation of
Drosophila melanogaster embryos. Nature. 345:170-172.

Zotin, A. 1. (1965). The uptake and movement of water in embryos. Symp. Soc.
Exp. Bio. 19: 365-384.

29



Appendix 3 Tables

30



1€

[0120A1D =0 ‘100A[3 auslAyig =7 ‘[ouByRN=JN ‘OprxoydIns [Kypung=q '$3UeP0IdoLI),
(S0"0<dnueseyIp ApuesyruSis jou ore jues30sdokd yoes J0J UWNJOD YOoBD UIYNM SIONI[ JR[IWHS YIm SUBOIA
"SuljYoley [ENPIAIPUI (] UO paseq SUBIA,

£L1°0F LSO 00 F €20 900 ¥ ¥C°0 :80°0 F S€°0 000 F 8€°0 80 F LE] LLOFICE £ D
£L1°0 F 650 500 F €70 900 + ¥T°0 800 + LEO Q10 F 190 CE0F OV’ OL0 F 8€°¢ [4 O
J1°0F 090 900 F €20 «90°0 ¥ €70 [1°0 ¥ 8€°0 010 F 0 60 F 01 SLOF IPE [ D
000 ¥ 000 000 ¥ 000 000 ¥ 000 000 ¥ 000 000 ¥ 000 000 ¥ 000 000 ¥ 000 £ q
@00 F LVO qC0'0 ¥ 81°0 «C00 + ¥T0 «S0°0 F 9€°0 2500 F SE°0 £LOO F PEI L1010 F 9¢°¢ [4 q
900 F 250 00 F TTO £00 F vT0 w00 F 0v°0 700 F 8€°0 900 F LE'] 10 F 6€°€ [ q
£1°0 F 9570 900 F ¥2°0 £0°0 ¥ ST0 10 F VIO 01°0 F 0¥°0 500 F 8€°I £60 F 8€°¢ £ N
10 F LSO 800 F TTO 00 ¥ ST0 Q10 F TH0 @500 F TV0 810 F 6€°1 000 F 6¢°¢ [4 W
O1°0 F LSO 900 F ¥2°0 00 F STO o010 F S¥°0 «l00 F ¥¥°0 LIOF T 810 F v¥'e [ n
010 F 8%°0 2£0°0 F LT°O £00F €20 2500 ¥ 8C°0 00 F 180 -80°0 F €T'1 J1°0+9T¢ £ a
«L00 F 05°0 «£00 F 81°0 £0°0 F €70 2q90°0 F €£°0 700 F €0 2qC1'0 F LT1 @l00 F €€°¢ (4 a
«£0°0 F €50 w00 F61°0 «£00 F ¥T°0 w00 F 9¢€°0 V00 F LEO «S0°0 F S€'1 900 + LE'E I a
900 F LSO «£0°0 F €20 «C0°0 F STO 00 F [¥°0 00 F THO0 090 F I¥1 600 F SP'E [o1uon
uly JeI0399g snuy yideq YIPIAA I3us) )
Jdlurelp 9kyg IpIm peoy Jus-}|OA 38ue] prepuesg poLIdg ", 0K1D

18 yidop Apog

"a8eys oBeaeald ay3 Suunp (y) sporad snorrea 10j sjue3oajordoLid
Jo uonn[os Jejow | 03 pasodxa sSulYoley (0124 ODPAYILLG) YS ©IQIZ JO (ww) sjuswainseaw Apoq a3 uo swm uoneiquinbs pue | jueipaloidolss jo adA3 jo V9439 YL VI 9Iqel



[43

[01304]10 =0 1024[8 susAtg =7 ‘[oURYISIN=JA 9pIxoydns [AypwIq=C 'sjuedloIdohs,
"(S0'0<duateytp Ap3uesyruds jou are jueidsiosdoAId yoes JOJ UWN[OD YoBS UIGNM SIONO] JE[IWIS (M SUBSJA
's3ul[yoley [ENpIAIPUL O] UO PIseq SUBSIA,

£1°0 F 1§70 00 F 170 «C0°0 F ¥T0 «80°0 F LEO OI0F 6£0  LOO F SE'1 620 F 0E'¢ 13 D
600 F ¥S°0 900 F CTO <00 F ¥2°0 900 F 6£°0 K10 F EP0 10 F 6€71 600 F 6E°¢E [4 D
£LO0F €S0 00 F €T0 «£0°0 ¥ $T0 £LOOF OV'0 LOOF EF0  ZIOF IV 6T0 F 8t'E I s}
600 F 90 00 F 0T0 00 F €20 900 F T€°0 OT0F vE0  LOOF €E1 80 F 61'€ £ d
«L00 F 050 £0°0 F €270 00 F €20 oS00 F €0 OI0F 90 4800 F SE'1 280 F 0€°€ [4 d
«80°0 + 250 «£0°0 + €20 £0°0 ¥ €20 P00 F LEOD £LOOF OV0 oLOO F 8E1 fLTOF SEE I q
£1°0 F $5°0 900 ¥ TT0 00 F €T0 «LO0 + 8€°0 H900F 0P0 600 F LET 8T0 F SP'E £ W
010 F vS°0 010 F $2°0 «£0°0 ¥ ¥2°0 L0O0 F 8€°0 LI0F0OV0 870 F 8¢€°1 JdT0 F e [4 N
LO0 F 9570 :80°0 ¥ ¥2°0 «C0'0 F €20 00 F 0V'0 500 F 8E°0 . 600 F OF'I LD F LYVE I N
00 F SH°0 o£0°0 F 91°0 00 F 20 o#0°0 ¥ 920 900 F8T0 . «LI'0F 8¢'1 AT0F ICE £ a
«80°0 ¥ SS°0 «€0°0 F TT0 00 F $T0 LO0 F 9€°0 SO0 FOF0  0T0F THI 80 F PEE [4 a
600 F LSO €00 F €20 00 F STO 900 F LEO SO0 F 60 610 F 'l €0 F 9¢°E I a
«60°0 ¥ 9570 LOO F $T0 «£0°0 ¥ €T0 £LOO F €0 H00F OF0 SO0 F IH'1 JAT0 F LY'E [011u0)
ugl [eI103994 snuy yidaQg qipim Y15u9| (W)
je yidsp Apog Ijowelp akg yipim peay JuS-}[OA Yi1Suo] prepuelg pousd - 0A1D

"a3e1s Kjoqrds o3 Surmp (y) sporad snouea Joj sjuedsiordokio
Jo uounjos Jejow | o3 pasodxe sSulyorey (01404 ODPAIVAG) sl ©IGZ JO (WIUI) SIUSWIAINSEIW Apoq ay3 uo sy uoneiqinbs pue JueiosjordoA jo adAy jo 190 syl g1 sqel



1313

[0194]D) =D ‘109K suslAg =7 ‘[ouyIdIN=JA ‘oprxoydins [Aypwig=C :suePs301dolI),
"(S0°0<d)waIoyIp Apueoyrudis 1ou are jue3aiordoAd yoes JOJ UWIN[OD YOEd UIYlIM SIS Je[IWUIS UYHM SUBdIN
"sSuIydzeY [ENPIAIPUI O] UO paseq SUBSA,

00 F 1S°0 €00 F €2°0 00 F $2°0 900 F 9€°0 LOO F LEO  LITO0F pE1 ST0 F SEE 13 D
£1°0 F 1670 «$0°0 F 0T0 900 F €20 000 F 8€°0 OI0FOV0  OE0F LET SL0 F 8E€E [4 )
£L1°0F 160 «$00 ¥ 070 900 ¥ €C0 600 F 8€°0 OI0F 0V0 080 F LET SL0F 8E€E I D
10 F LYVO «00 F 61°0 «$0°0 ¥ 920 L00 F €€°0 900 F TE0 600 F I€°1 SE0 F 61°€ 13 q
£1°0 F 60 900 F LI°O «$0°0 ¥ 920 00 F 9€°0 SO0 FSE0 - £10F SE'T SE0F pEE [4 d
F1°0 F TS0 «£00 F TCT0 00 ¥ 9T0 «€0°0 F 8€°0 SO0 F9€0 WLIOTF LET JdT0 F 9€°€ I q
10 F €50 900 F €T0 «C0°0 F $T0 «80°0 F €0 JT0F PEQ0 610 F vE'T J1°0 F 8€°€ € W
10 F €50 L00 F ¥TO «$0°0 F €20 600 F €€0 JT0F PEO - 670 F SE'T SLOF OPE [4 W
10 F 650 900 F €0 L00 F vT0 £L0°0 F ¥T°0 10 F wm.o. JEOF LET 9L0F LYE [ N
600 F €570 00 F ITO «LO0 F €TO L00 F 9€°0 £LOOF LEO  CI'0F 1€ £C0 F 6€°€ £ a
LOO F $S°0 00 F 20 «$0°0 F €TO 800 F LEO 000 F 6£0 800 F SE'I WCO0F IVE [4 a
600 F 6570 900 F €20 S0°0 F STO «80°0 ¥ 8€°0 900 FOP0 910 F LET 070 F v¥'e I a
000 ¥ §S°0 £LO0 F ¥T0 500 F €70 600 F LEO 010 F 860 00 F LEL 9L0 F or'E [onuod
uij [eI0109d snuy pdagq W\PIM y1su9] )
1 ydap Apog Io1wRIp 9AH yIpim pesyy 2BS-}[0 X 1Suo] prepuelg pousd  °,0A1D

"a8e3s arodojselq ay1 yo ainsofd ay3 Suunp (y) spouad snouea ioj suePII01doAId
Jo uonnjos rejow [ 0} pasodxs sSullyoey (0124 oppAyov.g) ysiy 1qez Jo (wwr) sjUdWRINSEIW APOq Yl UO S uoneiqiinbe pue  jue109101d0A1d Jo 9dA) Jo 1OYS YL DI 9qel



ve

[01304]D =0 ‘1024[3 suolAyig =g ‘[oueyldN=]N ‘opixoydns [Aypung=q 'sjueatoadods,
"(S0'0<d)ua10pyip Appueoyiudis j0u ore 3ur9301doAId YIRS JOJ UWN[OD YOS UIYIM SIS0 JEJIWIS UM SUBSIA
"S3Ul[YoTeY [ENPIAIPUL O] UO PIseq SUBSA,

9I'0F 290 900 F 0C'0 «S0°0 F IC0 «80°0 F T€0 ol 1°0 F 8€°0 80 F 6T 2890 ¥ 16°C £ D
910 F ¥9°0 «$0°0 ¥ 020 «90°0 + CCT'0 01°0 F SE0 l'0F TV 0 ol€°0 F 671 @fL'0 F 60°€E < D
€1°0 + 690 o$0°0 F 2T0 00 F 2T0 6600 F LEO o1°0 F S¥0 oCt0 F 9¢'1 @SLO0 F ¥I'E I D

- - - - - - - £ q
ST0F LSO +S0°0-F 61°0 o$0°0 F IT0 800 ¥ 670 OI'0 FZ¥0 oLTOF TTI q19°0 F §9°C C q
@91°0 F ¥9°0 500 F CT0 q50°0 ¥ 0T0 4600 F ¥€°0 J1°0 F S¥°0 oCt0 F LT 14090 F 6S°C I q
910 F 990 4900 ¥ €T0 00 F IT0 4600 F €€°0 J1°0F #¥0 6T0 F 9T'1 0L°0 F 66'C £ W
910 F 890 4S0°0 F 2T0 00 F [0 4600 F 9€°0 J1°0F $¥0 €0 F 9C'1 €L'0 F 00°€E C W
910 F 890 eS0°0 ¥ 2T0 00 F ITO 4600 + 9€°0 J1°0F SP0 0 F LT ell0F CO'E I W
260°0 F 0S°0 00 F LTO «C0°0 + 61°0 900 F LEO 00 F LV'O 81°0 F 9¢°1 880 F I0°E £ ¢
2¢90°0 F 8S°0 00 F LTO <00 F 61°0 800 F 6€°0 €EI'0 F €50 oLTO F V0 @l€0 F 60°€ [4 ¢
900 F 19°0 W00 F 670 «¢0'0 ¥ 00 900 F ¢F'0 600 F SS°0 @900 F LS'I e€€0 F 61°¢ I ¢
800 F 2L°0 500 F 0€°0 «C0°0F TT0 00 F 9%°0 +0°0 F 860 01°0 + 0L'1 900 F Ov'€ [o13u0)
Uy [eI0pag snuy dag YIpIm y13uol )

e yidap Apog JoPwRIp 94 YIpim pesH 2BS-3[O A paepueg pouad 041D

Jo uonnjos Jejow [ 03 pasodxs sFuljyorey (smpuoyouod smiung) qaeq Asor Jo (WIwr) SjuSWLINSEAW Kpoq oy uo swin

"a8e1s oFeaes)d ayy Surmnp (y) sporad snourea 10] sjuepajosdolid
uouelqiinba pue juesjordodin jo adAy jo 1993y0 Syl (I 9[qel



13

10130410 =0 ‘[09A[3 ud[Ayg =7 ‘[oueyON=A ‘opixoydins [AylPwI=q :suepoIdohs)
(S0 0<dnuamp Apuesyusis jou afe 1ueydajoidoAn (oes 10j UWNOD YIBS UNYIM SIS)O] JR[IWIS UM SUBIN
. 's3ur[yojey [enpIAIpUl O] UO paseq SUBIIA,

S0 F LSO 900 F IT0 900 F €20 480°0 ¥ TE€0 £1°0 F 0¥'0 080 F SE'1 690 F 60°¢ 13 D
10 F 860 900 F IT0 900 ¥ €T0 010 F S€0 £1°0F vP0 @l€0 + 8¢€°1 L0 F CI'E [4 D
J1°0 F 6570 900 F 170 900 F €T0 OI'0 F9¢0 J10F SPO @l€0 F I¥1 SLOF PUE 1 D
SE1°0 F LYO 900 F TTO 900 F £T0 180°0 F 1€°0 JU0F LEO HCT0 F LTT q59°0 ¥ 89°C 13 d
@fl’'0 F §S°0 900 F IT0 900 F €0 4600 ¥ ¥€0 L0 F I¥0 «0€°0 F TE'1 90 ¥ 28T [4 d
aPl’0 F 650 900 F TTO 900 F £T0 010 F 9€0 10 F €¥0 @l€0 F 8¢'1 q59°0 ¥ 88°C . d
10 F 790 900 F 1T0 600 F £€°0 900 F €70 J1°0 F 190 OE0 F €€°1 ..K.o + L0°E 13 N
J10 F v9°0 900 F IT0 900 F £T0 600 F €0 - £1°0 F €V0 J€°0 F 8¢°1 «SL0F 80°€ [4 W
ST0F L9 900 F ITO 900 F £€T°0 010 ¥ 9¢°0 10 F SP0 JdE0F IV OL0 F 60°€ 1 N
10 F IS0 L0°0 F STO 900 F €20 l'0 F v¥0 <10 F 0V0 €0 F SET 4690 ¥+ 06°C 3 a
10 F £6°0 L0°0 F STO 900 F €C0 10 F PP 0 Jd1°0F 1¥°0 Jd€°0 F 9E°1 0L0 F 0l'¢E [4 a
@910 F 6570 £LO0 F 670 «C0°0 ¥ 0T0 «1'0F SYO £1°0F 2P0 @900 + LS'1 ¢80 F 0€°¢ I a
910 F L9O 90°0 ¥ 9T0 SO0 F CTO 10 F LYO 10 F vV 0 €0 F V1 LLOF LEE fonuo)

U1y [eI01ag snuy yidaQ yIpIm yI3us| W

18 pdsp Apog Jojoteip oAy ypIm pesHq OBS-Y[OA yi8usr] paepuelg pousd " 0A1D

"a3e3s Kjoqids ay3 Surmnp (y) sponad snowea 103 Ss3uR99301doLId
Jo uonnjos rejour | o3 pasodxe s3uljyorey (smruoyou0s sniung) qreq Asol Jo (W) SJUSWAINSESW Apoq ay3 uo swn uoneiqimbs pue  jueist0idofd Jo adAl Jo aye syl I dqeL



9¢

10130410 =D ‘[094[3 dud[Aypg =7 ‘[oueyRN=JA ‘opixoydins jApowng=Q :sIueI0al01doh1),
"(S0°0<d)uasayyip A[juesiyrudis jou are JuUd9301doAId Yoes J0J UWN[OD YOBD UIYIM SIONS[ JR[IUIS YIM SUBSIA
"S3uI[yoleY [eNpIAIpUL (] UO PIseq SUBIA[,

10 F 650 oS00 F 61°0 900 F €70 600 F ¥€°0 U0 F IF0 - 10 F9€°1 2§90 F 88°C £ D
JI10F €90 4900 ¥ IT0 900 F €20 010 F 9€°0 SLI0F 0 1€°0 F 8¢€°1 El’0 F 60°€ [4 O
S1°0 F 690 900 F IT0 900 F €20 @010 F 9€°0 SO F SY0.  R1€0 F 6€°1 @Cl’0F II'E I D
FI1°0 F 650 »50°0 ¥ 81°0 900 F €20 4600 F [€0 Q00 F LEO  .8T0F TTI JLOF 60°€ £ q
S0 F 190 2q50°0 F 0T°0 900 F €T°0 4600 F $€°0 LI0F EV0  6C0 F ST LLOFOI'E [4 q
F1'0 F 290 4900 ¥ 1T0 900 F €20 @010 F 9€°0 L0 F VPO - 600 F LTI SLOF 61°E I q
170 F090 900 ¥ 170 900 F €20 010 F S€0 €10 F9E0 - TE0 F 9€1 EL°0F 66'C £ W
10 F T90 a90°0 F 170 900 F €20 «01'0 F 9€°0 €10 F LSO  LI€0F 8CT L0 F T0E C W
S1°0F €90 900 F 1T0 900 F €70 «01'0 F 9€°0 €T°0F 650 LIE0F 11 L0 F COE 1 W
oC1°0 F 8Y°0 a90°0 F 0T°0 900 F ¥T°0 800 F 1€°0 000 F 060 800 F LTI 890 F 60°¢ £ a
«V'0 F €50 oS00 ¥ TTO 900 F vT0 2600 F €0 SO0 FSE0 - 6C0 F I€1 O0L'0 F 6I°¢ [4 d
wSI0F LSO @LOOF ETO :90°0 F ST'0 60’0 F 6£°0 8600 F 9¢°0  LO€0 F vE0 JIL0F €TE I ¢
910 F 190 900 F 8C°0 +90°0 ¥ STO 010 F $¥°0 OI0F IP0  HE0F 8E1 L0 F 9TE Jonuo)
uy [e10303d snuy yidog PPIM y1Sua] ®

e yidop Apog Iajewelp 9Ag YyIpim peoly JBS-3[0 X y18uo] prepuels polled " 0AI)

*

"a8e3s a10dojselq oy Jo ansopo Yy Suunp (y) spouad snora 10] sjue3oajordodro

Jo uonnjos Jejow | 03 pasodxa sSuiyorey (snuoyouod smung) qieq Asor Jo (W) sjuswoInsEsW Apoq A UO duIn uoneiqiyinbe pue  juede101doL1o jo od4A1 Jo 1aye SyI A1 9lqel



(§0°0<d) 3ua1oyIp Apuesyrudis jou are a3es SUOAIQUIS Yors UIYNIM PuB Sinjeladws) JUSIOHIp je Iojourered yoes 10j syduos.

LE

* 98eis 1eOq 1eOY ., otodolse|q JO QInsSOPd
Jodns reqruis Suimoys (p=u ‘WHSTF) SUBI,

81°0F6C°C a60°0FS9°1 OLU0FTE | 2S6°0FVT T 6V 0FC8'8 J1S0FLOL 2SO0FPO'T  4€0°0F8L0 90°0F9°0 ®q'H,,
CL'OFIOT  @60°0F16L°0  01'0FI9°0 CEO0FIV'S0  SPOFLT Y WS 0F6T'E 80°0FLO'T  £1°0F96°0 s0C’0F08°0 2Inso[y,
290°0FLI'T aCO0F9E’1 +S00FY6'0 JEOFVY 11 QI 0FPEL 6C0FT0°S oC0°0F68°0 . (00°0F1S°0 S0'0FSTO Ajoqidy

8V 0FVE'T oP0 0F8Y’1 FO0FIT | HE0FLY'TI 0CTOFLYL +CCOFEL9 oCO'0FZ80  4l0°0FSH0 +C0'0F9¢°0 ageaed|D qreq Asoy
0L 0F6T € LU0FSI'T  L80°0FSS'I QI IFISLL - E€9°0FCS'II SPO0FCE'S OU0F8I'T  ~ qb0'0FSLO +£0°0FCS0 ®3qQ'H,,
oL0'0F€6°0 y0'0F6L0  +PO'0FSH0 JV0F96V0 - ITOFET Y +69'0F96'C JJOOFISO  oCO'OFFLO Jd1°0F6T0 oInsory,
60°0¥01°C a€0°0FTII [00F£6°0 SYOFIITIL 91'0F109 +90°0F96'¥ 2£0°0FCT0 L LO'0F8Y 0 «00°0FSE°0 A1oqidg

0T 0F8S'P aSO'0FTI’I «C0'0FC0°1 LU TFSPT aST'0789°8 L 1'0F8Y'S JOOFLLT  obO'0FHS0 :10°0F9C°0 ageaed|D ysy eiqaz

Ja0€ ST 00T J.0¢t JaST J.0T Ja0¢ ST J.0T

o8eig o

(,unwqu) xnpyg (swn) o x #Pg (W -oAIquig so1oadg

(smuoyouod sniung) qreq Asoi1 jo saSers sruokiquis sa1y; u (;urwiqu) xny pue “(**g) Anpiqeswusad peuorsnipip (3[) JuBISUOD 3jBI  ueawt ay3 uo

‘(01424 oupPAYODLG) YSl} ©IQEZ pue
‘(Do) dInierodwial Jo 199139 oYL ¢ dIqel



8¢

"(§0°0 <d) ua1gyp Apueoyiudis jou are ‘mol yoed ulynm ‘sydudsiadns Jejrwis yim (p=u ‘NHSF) SUBA,

pajeuo
JOOFLI'O  (0L°0FTEI0 8T 0F8T1 -CO'0F81°0 299°0F9¢€°1 61°0F8T°1 2£0°0FPT0 LEL0F8L'T oSTOFCS'| -Hoyag
pajelo
ol T'0F8S°1 J[90FEP'80 FIOFCTI oPIFS6T  (ETOF69ST 90 0F9€'[ SEOFIEY  9TTFSYTT ET0FISTT -nohﬁo_m
WCL'OFI0'] oCEOFIF'SO  80°0FLO’I HD00FLI'T  PEOFVILI «C0'0F68°0 SYOFPET - 6E0FLY'TI +C0'0+C8°0 [o1uoD qreq Asoy
: pajeuo
2CO0FIT'0  6T0FPL00 LT 0F98°0 »C00FPI0 £V 0FC0°1 F1°0F68°0 »C0'0F81°0 6V 0FEE'] LI T0FLO'T -Loyasg
v pajero
€T0FLTT  oL9°0F0890  I1°0F6I1'1 o80°0F9I'E  (TH'OFLS 91 el '0F61°1 OTOFLL'S = S6'0FE80E ¥V 0F8TTO -donosig
LOOFE6'0  IV'0FI6H0  HOOFISO 60°0F01'C  PYOFIILII :C0'0FC0'1 0C°0F8SP [ TF0SPT HO0FLL' | [043U0D 4sy eiqaz
A_.w.E:v A_.w.E:v A_.m.E:v
(,.urwyu) w0l X (;-urwipu) 01 X (,.unwipu) 01 X
xnjg #*q ()| xnjg g G-WA xnjg g (WA
a1odojse|q JOo aInso[D Aroqidg a8eAea]) juswIeal ], so1adg

‘(01424 O1UDPAYOVAG) YSl) BIQIZ PUR (SMIUOYOUOD Sniuny)
qreq Asos jo saSels oruokique sa1yy up ‘(,.unwu) xny pue (** 4) jusidyyeod Ajiqesuusd feuorsnyIp ¢ (3)) ULISUOD 2l ,ueawt ay; uo uorejndivew uoLIOYd JO 199JJ0 SYJ, € 9IqEL



6t

(uruy),) eyer Surooos = YD
(0°0<d) werepip Apueoiyiudis jou axe spduosiodns yeptwis yum o8e]s Yoo J0J MOI SRS A Ul @SUEON
[0100A[8=p ‘[00AI3 sus[Ae=¢ ‘Jourifow=7 ‘opixoydins [Aiounp=| 0k1) .

«0'T0F0°0OF W0 SOFOLE W0'80F0'6€ «0'S0F0'SE +0'90F0'8¢€ 0'SO0F0'SP W0'SOFO'EY O E0F0PE O POFOSE W0 T0F0°TE +0'90F0°6¢ OP0FO°LE 0's
«0'80F0°SH OTIFOLE «0'LOFO' 9P 0'90F0°LY O'v0FO'PY «0'S0F0'9¢ 0'v0F0' 61 «0°'LOFO6S O'v0FO' 1Y «0'S0F0'9Y «0'S0F0'8p .o..voﬂo.vn 0T
OLIFO'6E O0IF0'6€ O0IF0'LY «0'90F0°LS 0'v0F0'8€ «0'60F0'8¢ #0'€0F0°6S W0°L0OF0'69 0'SOF0'PP «0'90F0°0§ «0'90F0°€S O TIF0'9¢ 0l yOATO
«0'Y0FO'6€ 0'v0F0'9p 0'60F0°LS «0'TOFO'ES O’ TIF009 «0'T0F0'9 0'S0F0'6€ 0'60F0'PS 0'80F0°LY 0'€0F0'9¢ 0 TTFOIS «0'S0F0'0Y 0's
+0'90F0°9¢ O'P0F0'0¢ 0°S0F0IS 0°'01F0°0L «0'90F0' 9 S0'v0F0°08 0'SOFO'IS 0'01F0°0L 10°90F0° 0 O'POFOPS «0'TOFO'SS +0'90F0°69 0T
0 STFO'TS O'LOFO'ES O'VIFOP9 0'91F0'S9 +0'90F0°08 +0'80F0°8¢ «0'80F0°0L O'POFOSL O TIFO'PS O TIF0'6S «0VIFO'S9 0 V0F0'9L (11 ATOH
«0'01F0°09 «0'S0F0°09 «0'90F0°8¢ 0'80F0°LY 40'10F0° S w0'v0FO'LS +0'€0F0'99 +0'90F0°69 «0'€0F0°09 «0'80F0°09 «0'€0F0'SS 0 10F0°19 (189
«001F0°TS 0'80F0°LS 0 €0F0°6¢ W0'90F0°19 0'S0FO'LS 0'SOF0SL 0'E€0F0°LS «0'90F0°€L q0'€0F0°LS «0'L0F0LS w0 POFO'EL +0'€0F0°08 0T
001F0'19 +0'90F0°8¢ «0'LOF0'6¢ 0'60F0°L9 +0'90F0°89 J0'€0F0°LL +0'80F0°0L . W0'S0F0°T8 O EIF0€9 HO'SIF0E9 O CIFOIL O'0FO'6L 01 HLIN
«0'SO0F0°LS 0'0IF01L «0'LOFO0L +0'80F0°¢9 «0'80F0'99 «0'S0F0°T9 0'S0F0°LY «0'LOF00L 0'LOFO'TS 0'T0F0'SS «0'S0FO0°LS +0°LOF0' €9 0’
«0'LOFO'P9 +0'80F0°09 +0'80F0°79 «0'80F0°08 «0'90F0°LS O'TIF009 «0'01F0'6¢ W0'$0F0'08 q0'€0F0'9¢ 0’ 10F0'99 «0'€0F0'89 «0'LOFO'8L 07
«0'80F0°19 «0'60F0°T9 0'01F0'¥9 0 LOFO'6L 0'€0F0'19 «0'€0F0°09 WO0IF0 €L «0'S0F0' €8 O EIFO'E9 0’ TIF0°09 0'SOFO'PL «0'v0F0'69 o'l 1OSINd
00 0's 001 0'sI 00 0'¢ 001 [1XY 00 0§ 001 oSl
a10dojse]q Jo oInso[0 Aroqrdy afeara]) <¥qD RS
(4289

wmoamoidoAin dnaj Uy moy auo sog uonwsqiinbs esimders Fumoyoy

‘(opa4 ojunpAifovag) Ysy ¥iqaz Jo seBuis sruokiquie 9siy) Jo (94) era yajey (o WAST) uvows a1 vo (0,) sampwiaduie) Jodiv) ooz 1eou pur sjus Suloos Jo 048 Sy, Y o[qul,



ov

: (urwy),) eyex Fuljoo) = YD
($0°0<d) Wagp Apueoyiudis jou ore syduosiodns ye[ruats ypm oFeys Yors Joj MoJ SUIES ) UT SUBSN
Joxo0A[8=p 100413 susjAyig=¢ Jouriowi=7 ‘opixoydins jAypounp=1 0kry

0°¢ F0TE 09 F0'9¢ O F 08E 09 F0LT OPFOLIE  OSFOPY 08 F 067 0P FOLE Ot F 08¢ O€ F OPE OTFOBT LOEFOIE 0§
0T F09€ NS FOIP OC FOSY OEFOIP OPFOEE JOTFOEE OrFOLP DI FOIY OF FOCT € F0EE OCFOLIE  09F0TE 0T
0T F09€ O'€ F 0'8E 0§ FO0p 01 F0'pp O F09E  STFOLE SLFOEP JLFOIP LSFOVT S F 061 OTFOIE 8 FO0€E 01 y OATO
OEFOTP O°C F 08P OE€EFOTS OEFOIS OEFO8F  66FO0PS «O°€F 00§ OEFOTP OS FOSH O'Y F 08¢ WLFOYY O6FOHY 0§
O T FOSH +0'6 F 0°LS 09 F 0TS 0T FOES O9FOIP  OPFOPY Ot F 08P OLFOTS OTFOY OY F 09 OEFO8  LOTFOSH 0T
O'Y F 009 0T FO8Y 09 F 0°9¢ 0P F0°LS OTFOTP  HSFOEY <SP F 0TS SPFOTS 0°C F0er B FOPE LIFOBE - L9FO00S 0’1 ATOH
LOTFOLY OEF 0L O'€F 0L 0°S F0¢9 OCFOV9  JOEFOT9 0°S F 068 0¢ FOEL P F 08¢ 0T F0°6¢ OTFO09S OPFOI9 0§
O F 08¢ Ot F 06§ 08 ¥ 0°¢S OTFOSL OV F08  OPFOI9 0°€F 09 OLFOLL 06 F0°6§ 0 F 08¢ OTFOLY  OEFOES 0T
0°¢ F0€9 OTF 09 wO'SFOIL 09 F0¢8 DLFOOL 80 F 099 £'€F 089 «£LF 099 H89F079 6'SFO0E9 LTFOES 69 F00L 0’1 HLAN
Ot F 06§ OTFOTUL «0°¢ F 089 OEF0E9 OV FO6S WOTFOTL 0°¢ F0'89 OEF 0'¢9 OY F 0TS O FOE9 OEFOPY  OLFOB9 0§
08 F0°T9 WO'L F 068 «0'9 F 0°¢9 OTFO08L OSCFOPI 08 F 009 OLFOLY «0'8 ¥ 0'89 0L F 09 OTFOEL OI9IFOEL O FOOL 0T
+0°S 099 »9'8 ¥ 0'89 0’8 ¥ 089 0 F099 SEFLB  SYFOUL 99 F 0SS 0L F 069 1€ F 099 9L F 089 6'€F 069 L8 F 089 0’1 {OSNd
00 0'¢ ool oSt 00 0'¢ 0°01 (1X91 00 0§ 001 0°¢t1
SICUGISE[q JO oImnso]) Ajoqidy sdeAa]) o JOAID

(W 1) siumoegordoks

Inoj ul moy suo Jof uonesqiinba asimdeis Suimojjoy (smuoysuos smyung) qreq Aso1 jo sedeys oluokIquio 901y Jo (95)91e1 Yorey (@WAST) ueow a1y uo (J,) exmessdwis) Joire) oIz reou pue sjer 3utjooo Jo walje oYL g oJqel



= 9 ‘024[3 swdlyyg = ¢ ‘oprxoydyns [Apowng = ¢ ‘agex 8urjoo) = ¢ ‘sjuer901dof1) =

v

"(S0°0 < d) a1y Ip Apueoyrusis jou are Mox yoes ur 3duosiadns IE[IUIS I SHBIN

10120410 = £ ‘[OUBIIN

7 UONBULIO) 301 IBNJ[39BNUI JO 35UIPIAI JUIMOYS SOAIQUID JO SIAQUINU = |

0°0F0°001 JL'9F L 98 7 €L FL99 el 9FEEE 00FL9T 0 11F0°0C 01
#0°0F0°001 w9 11F0°08 wl9FL'99 «9° 11F0°09 *l’'9FL9T fLIFEET 0
s0°0F0°001 -0°0F 001 V' ELFL 98 b ETFEES P E1F0T «0°0F0°00 1'0 OAID,
s0°0F0°001 «L'9FL98 el 'LIFEEL oV ETFEES 9 11F0°08 O LTIFL99 01
s0'0F0°001 L 9FEEE6 <9 T1F0°08 qeL’'9F$9 99 0°0F0°0F 00F0°0F 0
«0°0F0°001 0°0F0°001 0°0F0°001 S EIFL98 O TIF00r 0°0F0°0r 10 LHW,
0°0F0°001 «0'LFL 98 9 11F0°08 a9 11F0°09 LOFL LY fLLVFLOY 01
s0°0F0°001 JL'9FEE6 «9'T1+0°08 sl 9F L799 al 9F L9V STLFO0F 0
0°'0F0°001 40°0F0°001 L' 9FEE6 £L9FL 99 O LIFEEE 99FEEE 1'0 DH,
0°0F 07001 S9FL98 aLYFEEL oV EIFEES £L9FLOY 99F0EE 0’1
0°0F0°001 wL'9FEE6 9 11F+0°08 &9 11F €09 0°0F0°0r fL9FEEE . 0
s0°'0F0°001 0°0F0°001 A eTFL'98 aP ETFEES wl 9FEEE O 11F0°0T . 10 OS%I,
0z- 91- zI- 8- v- 0
(D,) aamyesadway, 19818, A0 041D,

(01424 0quppdYyIv4g) YSY ©1GZ J0 381s Kjoqrda Uy UOTRILIOY P01 IRM[SORIIUL JO (%), Aouapiout uo (D,

“SJUe}9101doA1o SNOLIEA JO A | JO souasaxd S Ul pajood

) aamvaadua) 398183 pue (uru/D,) a1ex furood Jo 109553 AL VS 9[qeL



(44

“(S0°0 < d) tus1ayyIp Apueoyrudis jou ore mox goes ur 3duosiodns Ie[Iuns [m SuBSy
TOIOAID) = [ ‘JOUBIN
= 9 ‘J024I8 susiApy = ¢ ‘opixoydns [Aypownq = p ‘oler 3uro0) = ¢ ‘swes301dofr) = 7 woneuwoy 901 IENJ[30RIFY JO SDUIPIAD FUIMOYS SOAIqUII JO SISQWNU = |

0°0F0°001 oL'9FL'98 zv.mﬂﬂh.ow «+0'0F0°0r 0°0F0°0C 0°0F0°0C
20°0F0°001 «9 11F0°08 el 9F L°99 «9 TTF0°09 el 9F € € 0°0F0°0C
0°0F0°001 -0"00F 001 sL'9FL°99 L' 9FEEE £L9FEET L9FEET I'0 JA1D,
0'0F0°001 L' 9FL98 «0°'0F0°001 aV ETFL798 S EIFEEL S 9FL°09 01
20'0F0°001 L 9FEEE6 I9'T1F0°08 «L'9F$9°99 L9FEEE Jh.oH £ee §0
20°0F0°001 0°0F0°001 LLTFEEL W ETFEES $9FL9T $9F L 9T I'0 LW,
0'0F0°001 0’ LF L 98 wl LTFEEL e=L'9F0°99 8°9F L9y O T1F00r 0’1
-0'0F0°001 JL'9FE €6 «9 T1F0°08 el 9F L 99 S TIFO O S TIF00F 0
0°0F0°001 20°0F0°001 L 9FEE6 9 I1+0°09 oS TIFO 0V 99F € € 10 DF;
0'0F0°001 «x$'9FL98 Wl LTFEEL oV ETFEES O 11F0°0v L 9FL 9T 01
0°0F0°001 AL'9FE €6 «9° TT1F0°08 «9' T1F+€°09 L9FEEE .h.;oﬂh.om 0
20'0F0°001 20°0F0°001 P €1 FL798 P €I FEES 00F0°0C L9FEEL 10 OS®N,
0Z- 91- CI- 8- V- 0
(D,) ameraduwra], 1031e] A De 01D,

snpund) qreq 4sox jo agess Kjoquds ur (17) UOTRULIO 901 EE:SQE 3o (%),

“$1Ue193301d0A10 snowrea Jo N 1 Jo ouasaxd o ur pajood (snuoyIUed

aouaprout wo (D,) amersdwa) 32318y pue (urw;),) k1 U005 JO 193139 YL gS Qe L



Appendix 4 Figures

43



equilibration period (min)
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Fig.1 General method used for the 4 step equilibration procedure of
cryoprotectants. Embryos were equilibrated in four 15 min steps each of equal
concentration and the cryoprotectants were removed using the reverse
procedure.



-

"""""""" SN &
s
£
''''''''''' R
B Y
w i
£ 8 8 2 8 8 3 8 § & o g
A R Y, ~ & AR ©
5
- I
P ~
= = i
g £ 8 8 = 8 8 ¢ 8 8 ¢ o
: 3 o3 3 % 3
m =D B8O
R A ° g SRR .
T g
=
~ 3 ARy
- TR
.. g
£ % 8 8 8§ 8 ¢ 8 8§ ¢ o

(tonuod jo %) sgex yxyey uespy

(1011103 J0 &) ayes yxEYy UL

Equilibration steps

Equilibration steps

Equilibration steps

Fig. 2A Hatching rate (x+SE) of (i) zebra fish (Brachydanio rerio), and (ii) rosy barb (Puntius conchonius) embryos equilibrated at the (a)
cleavage (b) epiboly and (c) closure of the blastopore after 4 step equilibration for 1 h (4 x 15 min) in 1, 2, and 3 M Me,SO in fish Ringer

solution. Means hatch rate (xSE) based on four replicates.
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Equllibration steps

Equllibration steps

rerio) and (ii) rosy barb (Puntius conchonius) embryos equilibrated at the (a)
ep equilibration for 1 h (4 x 15 min) in 1, 2, and 3 M methanol in fish Ringer

Equilibration steps

Fig. 2B Hatching rate (x+SE) of (i) zebra fish (Brachydanio

cleavage (b) epiboly, and (c) closure of the blastopore after 4 st
solution. Means hatch rate (+SE) based on four replicates.
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lastopore after 4 step equilibration for 1 h (15 x 4 min) in 0.25

Fig. 2D Hatching rate (x+SE) of (i) zebra fish (Brachydanio rerio) and (ii) rosy barb (Puntius conchonius) embryos equilibrated at the (a)

cleavage (b) epiboly and (c) the closure of b

and 1 M glycerol in fish

four replicates.

Ringer solution. Means hatch (+SE) rate based on
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Figure 5

Morphological abnormality of rosy barb hatchlings (Magnification x 40) equilibrated
in 4 equal steps.

i) Control

it) 1 hin 2 M Me,SO

iii) 3 h in 2 M Me,SO

iv) 1hin2 M EG

v) 3hin2 MEG

Arrows show enlargement of pericardial cavity (ii-iv), and deformation of the spinal

cord (iv)..
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Fig. 6 The effect of five minute enzymatic digestion of 4-cell embryos on hatch rate
of (a) zebra fish and (b) rosy barb. All means based on four replicates and they were
relative to a control of 100 %.
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Fig. 7 Effect of electroporation at various field strengths and 0.25 u F capacitance
on mean hatch rate of three embryonic stages: (a) zebra fish and (b) rosy barb. All
Means based on four replicates and they were relative to a control of 100 %.
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Fig. 8 Arthenius plot of Ln permeability coefficient (Pdiff) versus the inverse absolute temperature

at (@) cleavage, (0) epiboly, () closure of blastopore, and (@) heart beat stage in (a) zebra fish and (b) 108y
barb.
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400

—&— 0 mmHg
—o— 380 mmHg

——— 760 mmHg

Imbibed water (nl/embryo)

0 T T T T
0 30 60 90 120 150
Time (min)

b = 5.8747 - 1.5217e-2x R"2 = 0.979
6.0 = 5.7377 - 1.9150e-2x RA2 = 0.892
6.0115 - 2.4833e-2x R*2 = 0.990
5.0 1 B 0 mmHg
o~ © 380 mmH
o 9
o ® 760 mmHg
g 4.0 4
)
)
-
3.0
2.0 T T T T
0 30 60 90 120 150
Time(min)
Fig1o The effect of vacuum equilibration on (a) the uptake and (b) the rate

constant of tritiated water in rosy barb embryos (precleavage) under the respective
vacuum conditions.
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Fig12

in (a) zebra fish and (b) ros
various sucrose solutions.

The effect of osmolality on the relative yolk sphere volume

y barb embryos after 30 min dehydration in
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Fig.13  Water content in precleavage embryos of (a) zebra fish and (b) rosy
barb determind by mass and volume methods.
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Fig.14 Comparison of water content between volumetric, mass and NMR methods

following 30 min equilibration of precleavage rosy barb and zebra fish embryos
in 3 M sucrose solution.
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Fig.15 A comparative study of water content in three embryonic stages of zebra fish
and rosy barb at (1) cleavage (2) epiboly (3) closure of blastopore using NMR and
conventional air drying techniques . Embryos were either dehydrated for 30 min in 3
M sucrose solution or air dried for 24 h. Means + SE based on three replicates.
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Fig.16 Percentage of removable and unremovable water and dry matter in (a)

zebra fish and (b) rosy barb precleavage embryo.
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Fig.17B The effect of cooling rates and target temperature on the survival of heart

beat stage of rosy barb embryos after 1 h step wise equilibration in 1 mol:
dimethylsulphoxide (Me2SO), methanol (MET), ethylene glycol (EG) and glycer:
cooled at (a) 0.1, (b) 0.5, (¢) 1.0 C/min. Means + SE based on three replicates.
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Fig.18B The effect of cooling rates and target temperature on the survival of isolate
rosy barb blastomers after 30 min step wise equilibration in 1 molar dimethylsulphoxic
(Me2S0), methanol (MET), ethylene glycol (EG) and glycerol cooled at (a) 0.1, (b) 0.
(c) 1.0 C/min. Means + SE based on three replicates.
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Fig.19 The effect of cooling rate on the survival of (a) zebra fish and (b) rosy barb
blastomeres, cooled to -50 C at different rates in various cryoprotectants before plunged

into liquid nitrogen. Means + SE based on three replicates.
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