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Because of their high susceptibility to chilling injury, permeabilized Drosophila embryos can not be
cryobiologically preserved by slow freezing at rates low enough to prevent the formation of intraem-
bryonic ice. Calculations indicated that to outrun the chilling injury they must be cooled and warmed
rapidly at an estimated 20,000°C/min or faster. Ordinarily, such cooling rates would inevitably produce
lethal intracellular ice. To prevent this, embryos must contain and be surrounded by sufficiently high
concentrations of glass-promoting solutes to induce vitrification on cooling and prevent devitrification
on warming. Like Steponkus et al. (Nature 345, 170, 1990) we have used ethylene glycol as the solute
and have exposed permeabilized 12-h embryos to it in two steps. (Permeabilization was effected by
exposing dechorionated embryos to a mixture of 0.3% 1-butanol in n-heptane for 90 or 110s.) The two
steps were (i) a 30-min exposure to 2 M ethylene glycol at 23°C and (ii) a 5-min exposure to 8.5 M
ethylene glycol [+10% polyvinylpyrrolidone (PVP)] at 5°C. The volumetric response to the first step
indicates that full permeation of the 2 M glycol has been approached by 30 min. The point of the second
step is to raise the intraembryonic concentration of ethylene glycol to near 8.5 M ethylene glycol by
osmotic dehydration. Survival based on hatching is some 45% at this point. When 12-h embryos in 8.5
M glycol containing 10% PVP are then cooled to —205°C at ~100,000°C/min and warmed at about that
rate, an average of about 12% survive (hatch), although in about half the runs 15-29% survive.
Survivals in the absence of PVP are usually poorer but have been as high as 40%. Currently, 5% of the
surviving larvae develop to adult flies (Steponkus er al. reported 18% hatching and 3% development
to adult). Embryos that develop but do not hatch show readily detectable abnormalities in mouth parts
and dorsal closure. Very high warming rates are much more critical to survival than are very high
cooling rates; for example, none survive when warming is 2000°C/min. The deleterious effect of slow
warming is exerted between —80 and —40°C. The lack of reciprocity between the effects of time spent
cooling and time spent warming argues against ascribing death to chilling injury. Rather, it and other
data argue for ascribing death to the devitrification during warming of cytoplasm that vitrified during
cooling. Various lines of evidence including calorimetry indicate that a warming rate of ~100°C/min is
high enough to prevent devitrification of 8.5 M ethylene glycol + PVP (54 wt % glycol). The fact that
survival requires much higher warming rates strongly suggests that that concentration of glycol is not
being attained in the embryos as a whole or in compartments within the embryos. Superimposed on the
effect of warming rate is an effect of embryo age. The survival of 14- to 15-h embryos is more than
double that of 12-h embryos. © 1993 Academic Press, Inc.

Received June 10, 1992; accepted September 9,
1992.

1 Research supported in the main by the National
Science Foundation Grant DMB8520453 and in part by
the Office of Health and Environmental Research,
U.S. Department of Energy under contract DE-ACO05-
840R21400 with the Martin Marietta Energy Systems,
Inc.

2 The U.S. Government’s right to retain a nonexclu-
sive royalty-free license in and to the copyright cov-
ering this paper, for governmental purposes, is ac-
knowledged.

World wide some 10,000 to 20,000 lines
of mutant Drosophila are maintained by
frequent repeated transfer of breeding
stocks. Maintenance of stocks in this man-
ner is time consuming and costly, and it can
result in genetic drift or the loss of stocks as
a result of poor reproductive capacity, ac-
cident, mixup, or contamination. The abil-
ity to cryobiologically preserve such stocks
indefinitely would therefore be of substan-
tial value.
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The classical approach to successful
cryobiological preservation involves slow
or equilibrium freezing. Cells tend to super-
cool even in the presence of extracellular
ice, and the supercooling establishes a
chemical potential or osmotic pressure dif-
ference between cell water and that in the
exterior. In response to this differential,
water flows out of the cell and freezes ex-
ternally. If the cell is cooled slowly enough,
the progressive osmotic efflux of water
keeps the cell near its equilibrium water
content and minimally supercooled. If the
cell is not cooled slowly enough, it becomes
extensively supercooled and eventually un-
dergoes intracellular freezing when cooled
to its nucleation temperature. Since such
intracellular ice formation is usually lethal,
a requirement for successful cryobiological
preservation by this classical approach is
that a cell or cell aggregate be cooled slowly
enough so that its water content is reduced
to near the value required to abolish super-
cooling before it has cooled to its nucle-
ation temperature. The quantitative value
of “‘slowly’’ enough can be computed from
the physical-chemical differential equa-
tions that determine the driving force for
efflux and the differential equation that de-
termines the rate of water loss in response
to the driving force (9, 12).

Although cell dehydration is necessary to
avoid intracellular freezing and consequent
death, it is rarely sufficient for high sur-
vival. Cryoprotective solutes must be
present to protect against slow freezing in-
jury, the genesis of which appears to be the
decrease in the size of the unfrozen chan-
nels in which the cells lie as water becomes
progressively converted to ice (10), the re-
sultant increased solute concentration in
those channels, or the osmotic shrinkage of
cells in response to the increased solute
concentration (19, 25). The protection con-
ferred by solutes like glycerol, ethylene gly-
col, and dimethyl sulfoxide is related to
their colligative effects on one or more of

these events. To protect, the solute must
usually be in the cells as well as around
them.

Thus, to be successfully preserved by the
slow freezing approach, the cell or cell ag-
gregate must be permeable to both water
and the cryoprotective solute. Unfortu-
nately, the intact Drosophila embryo is per-
meable to neither because of waxes in the
vitelline membrane that surround the em-
bryo proper. Fortunately, first Lynch et al.
(8) and then we (11) developed methods for
permeabilizing high percentages of 12- to
14-h embryos with high survival, in our
case by exposing them for precise times to
the alkane heptane containing low and pre-
cise amounts of alcohol. The treated em-
bryos are permeable to water and to the
cryoprotectant ethylene glycol.

This then in theory should permit them to
be preserved by the equilibrium freezing
approach just described. Myers et al. (18)
have calculated that the avoidance of intra-
cellular freezing would require a cooling
rate of <1°C/min. This point raises the sec-
ond formidable barrier to the cryopreserva-
tion of Drosophila; namely, intact (and pre-
sumably permeabilized) embryos are highly
chill sensitive in the absence of any exter-
nal or internal ice, and they become in-
creasingly sensitive as the temperature falls
toward —25°C (14, 15, 18). The sensitivity
becomes so high that intact 12- to 14-h em-
bryos are all killed by —25°C when cooled
at the low rates needed to prevent intracel-
lular freezing (15). Younger embryos are
even more sensitive. Similarly, when per-
meabilized 13-h embryos are equilibrated
with 1.5 or 2 M ethylene glycol and cooled
at these rates, none survive cooling to
—35°C (6a).

Calculations using the experimentally de-
termined activation energies between 0 and
—25°C indicate that the temperature at
which killing from chilling occurs can be
suppressed by cooling and warming at very
high rates. For example, the median lethal
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temperature will be reduced to —65°C if the
cooling and warming rates are 20,000°C/min
(15). Unfortunately, in the presence of the
usual concentrations of cryoprotectants
(~1 to 1.5 M), lethal intracellular freezing
will be induced in Drosophila at some
10,000-fold lower cooling rates. The only
way to avoid ice at such high cooling rates
is to introduce very high concentrations
(i.e., >50 wt%) of glass-inducing solutes in
and around the embryos. The solutes must
not only be permeating, but because of the
high concentrations required they must also
have low toxicity. Steponkus et al. (26) re-
ported that 8.5 M ethylene glycol partially
meets the requirements when added in two
steps: (i) 2.1 M glycol is allowed to ““fully”’
permeate the embryos at room tempera-
ture, and (ii) the intracellular concentration
of ethylene glycol is then raised to high lev-
els by the osmotic removal of water, which
is achieved by exposing the embryos to 8.5
M glycol for 5-8 min at 0°C. The embryos
are then cooled at ~25,000°C/min in nitro-
gen slush at —205°C and warmed at similar
rates. Using this approach, they were the
first to report survivals of embryos cooled
to such temperatures. Under their best con-
ditions, a mean of 18% hatched. However,
only 3% of the resulting larvae were able to
develop to adults.

In this paper we report data that confirm
their findings and further elucidate the
mechanisms of injury. They concluded that
damage could be a consequence of chilling
injury, ice formation during cooling, or ice
formation (devitrification) during warming.
We conclude that the chief cause of injury
is the third of these possibilities; namely,
that critical portions of vitrified embryo cy-
toplasm devitrify during warming because
of insufficient intraembryonic ethylene gly-
col. The chief experimental basis for that
conclusion is that survival is much more
dependent on very high warming rates than
it is on very high cooling rates. This de-
mand for high warming rates is consistent

with the existence of a deficiency in the
concentration of intraembryonic glycol.

METHODS
Rearing of Flies and Obtaining Eggs

Flies of the Oregon R-P2 strain of Droso-
phila melanogaster were maintained by the
method of Travaglini and Tartof (29) at 24—
25°C with minor modifications. To obtain
eggs for experimental use, trays of 2% agar
smeared with a paste of rehydrated active
dry yeast were placed in a fly cage for 3 h in
earlier experiments and 1 h in later experi-
ments.

At the end of the collection period, the
eggs were washed off the agar trays with
room-temperature distilled water and
passed through appropriately sized USA
Standard Testing Sieves to reduce contam-
ination by adult body parts and yeast. The
collected eggs were spread on moistened
filter paper in a 100 X 15-mm polystyrene
petri dish (Falcon 1001). Approximately
1000 eggs were then transferred by camel’s
hair or sable brush in a monolayer to each
of some 8-10 gridded Nuclepore or Poretics
polycarbonate (PC) membrane filters (25
mm diameter, 10 or 12 wm pore size). Just
prior to permeabilization, the weight of
eggs was measured and eggs were removed
or added so that the egg mass on the filter
was between 6 and 8 mg [650-850 eggs
(13)]. Mazur et al. (11) showed that perme-
abilization was impaired when the number
of eggs exceeded 1000. The PC filters were
then placed on moistened filter paper in a
Falcon 1001 petri dish.

Obtaining Embryos at the Desired
Developmental Stage

To obtain 12-h embryos [stage 14 (32)],
the dish containing the eggs was held for
combinations of time at 24, 22, and 17.5 *
0.5°C calculated to produce the desired de-
velopmental stage at about 0830 h the fol-
lowing morning, considering time 0 to be
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the midpoint of the 1- or 3-h egg-laying pe-
riod. In making these calculations the re-
spective development rates at the three
temperatures were taken from data in Ash-
burner and Thompson (1) to be 0.9, 0.75,
and 0.5 X the rate at 26°C. Staging was con-
firmed by morphological appearance of the
embryos after permeabilization (32). Most
were early stage 14. Fewer than 10% were
stage 15. At the conclusion of the overnight
incubation at 17.5°C, the dish containing
the embryos was placed in a 4°C refrigera-
tor until the initiation of permeabilization.
Storage of 12- to 15-h embryos at 0°C pro-
duces no decrease in viability for up to 16 h
(15). During the 6-7 h at 4°C, slow devel-
opment occurred as evidenced by an in-
crease in the percentage of stage 15 em-
bryos to about 25% by late afternoon.

Permeabilization Procedure

The optimal procedure from Mazur et al.
(11, Fig. 11) was used. Embryos sand-
wiched between two Nuclepore or Poretics
filters are placed in a Millipore Swinnex
holder (SX00-02500). They are dechorion-
ated by 2.6% sodium hypochlorite and
rinsed thoroughly with 200 ml of water, and
the water is removed by isopropanol.
Traces of isopropanol were removed by 2
min air drying (a critical step), and the per-
meabilization was effected by 90 or 110 s
exposure to a mixture of n-heptane and
0.3% or 0.4% 1-butanol (time and concen-
tration of alcohol are both critical). Pure
n-heptane (15 ml) was then passed through
the filter sandwich, and the filters were sep-
arated and quickly transferred to succes-
sive washes in D-20 Drosophila tissue cul-
ture medium (3) as modified by Zalokar and
Santamaria (33) during which time it was
demonstrated the residual alkane evapo-
rated. The permeabilized sample was held
at 23-24°C in a lidded 35 X 10-mm polysty-
rene culture dish (Falcon 3001) for 45 min
(30 min in a few instances), in most cases on
the bench top, but in later experiments in a
sealed box with a relative humidity near

100%. This incubation produces higher sur-
vivals of permeabilized eggs.

Assessment of the Degree
of Permeabilization

An aliquot of 100-150 eggs was removed
from the filter by camel’s hair brush, ini-
tially prior to the 45-min incubation, but
later after the incubation, and transferred to
a second filter. This second filter was
floated with the eggs face up on a solution
of 0.1% rhodamine B in D-20 for 5 min,
during which time additional rhodamine so-
lution was gently dropped over the eggs.
The filter and adherent eggs were then
washed free of rhodamine and the eggs
were scored at 20X magnification under a
microscope to determine whether they
were ruby red, dark pink, light pink, or un-
stained. Mazur et al. (11) showed that this
color sequence correlates well with the rate
at which the embryos undergo osmotic de-
hydration in 0.75 M sucrose in D-20. This
dehydration in sucrose, which takes place
in 1-6 min in red-stained eggs, demon-
strates that they have become permeable to
water. Analogous experiments in ethylene
glycol showed that they have also become
permeable to ethylene glycol and to glyc-
erol, although permeation is substantially
slower in the latter. They appear imperme-
able to sucrose.

The parallel unstained filters at this point
were often cut in half. One-half filter from
the four to five permeabilization runs of
that day was incubated without further
treatment to determine percentage hatching
and, in some later experiments, the per-
centage of larvae that developed to adults.

Exposure to Ethylene Glycol and
Other Nonelectrolytes

Prior to cooling to cryogenic tempera-
tures, the standard treatment was to hold
embryos in 2 M ethylene glycol for 30 min
at room temperature followed by an expo-
sure for 5 min (4.5-5.5 min) on ice (sample
temperature, 5°C) to 8.5 M ethylene glycol,
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often containing 10% (w/v) of the polymer
polyvinylpyrrolidone (PVP) or occasionally
6 or 12% (w/v) bovine serum albumin
(BSA). Details are as follows: The bottom
surface of the PC filter with its adherent
eggs was wiped on the rim of the Falcon
3001 dish as it was removed from the D-20,
in later experiments placed on absorbent
paper for 2-3 s, and then floated with the
eggs face up on 2 M ethylene glycol in D-20
in a second 3001 Falcon dish. About 0.1 to
0.2 ml of additional 2 M ethylene glycol was
dropped several times onto the eggs, and
the eggs were allowed to remain in contact
with that solution at 23-24°C, usually for 30
min, on the bench top or later in the sealed
high-humidity box.

Toward the end of the exposure to 2 M
glycol, 1 ml of concentrated vitrification so-
lution (usually 8.5 M ethylene glycol and
10% (w/v) PVP) that had been prechilled to
0°C in ice was transferred with a chilled pi-
pette to a 3001 Falcon dish resting in a 140-
mm glass petri dish containing ice and wa-
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ter and in turn resting on ice. The PC filter
and adherent eggs were removed from the
dish containing 2 M ethylene glycol, wiped
on the rim, blotted ~2 s on absorbent pa-
per, and floated on the cold 8.5 M ethylene
glycol. About 0.1 to 0.2 ml portions of that
cold glycol were dropped on top of the eggs
several times. The measured temperature
of the solution after these manipulations
was 5°C. The wipings and blottings be-
tween transfers were to minimize dilution
of the target solution by carryover. The
same procedures were used for concen-
trated glycerol and sucrose solutions.

The composition of the chief concen-
trated solutions is given in Table 1 in vari-
ous units. Molar solutions were prepared
by adding D-20 solution to the required
weight of ethylene glycol, glycerol, su-
crose, PVP, or BSA to make a given vol-
ume of solution. Molal solutions were pre-
pared by adding a kilogram (or appropri-
ately smaller mass) of D-20 to the required
number of moles or grams of the above sol-

TABLE 1
Principal Solutions Used in the Study®
Molarity Molality
(mol/liter) (mol/kg) wt solute(g)/
(solution) (H,0) 100 g solute + H,O
Solute Polymer (M) (m) (wiw)%
Ethylene Glycol — 2 225 —
— 6.5 10.06 38.4
— 8.5 15.85 49.6
PVP? 8.5 18.68 53.7
— 9.0 17.69 52.3
— 9.5 19.75 55.1
Glycerol — 5 7.78 41.7
— 6.5 12.16 52.8
= 8.5 21.84 66.8
Sucrose — 1.0 1.27 30.3
— 1:5 2.21 43.1
— 2.0 3.50 54.6
— 2.5 5.43 65.0
e 3.0 8.58 74.6

a The solvent added to these solutes was D-20 (0.26 osmolal). For purposes of calculating molalities and weight
percents, a kilogram of D-20 was considered equivalent to a kilogram of water.
® The concentration of PVP in this solution is 10 g PVP/100 ml solution = 22.0 g PVP/100 g D-20.
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ute (The D-20 was considered equivalent to
water). Interconversions among molar, mo-
lal, and weight percent of ethylene glycol,
glycerol, and sucrose in water were based
on polynomial fits to density data in the
63rd edition of the Handbook of Chemistry
and Physics. Interconversions for solutions
containing PVP were based on measured
densities. Osmolalities of glycerol and su-
crose were computed using the osmotic co-
efficients determined by Scatchard et al.
(23). Osmolalities of ethylene glycol solu-
tions are based on the freezing point de-
pressions given in the Handbook for vari-
ous weight percents of solute in water. The
PVP was Plasdone C-30 from GAF. It has a
viscosity average mol wt of 38,000. The
other chemicals were HPLC or ACS certi-
fied grades, from Fisher and Sigma.

Exposure to Low Subzero Temperatures

In what we shall refer to as the standard
procedure, the Nuclepore filter with its ad-
herent embryos was removed from the con-
centrated ethylene glycol vitrification solu-
tion, wiped on the rim of the Falcon dish,
blotted once or twice for several seconds
on absorbent filter paper, and then abruptly
plunged into a mixture of solid and liquid
nitrogen (N,-slush) at about —205°C using
fine watchmakers forceps as a handle. The
N,-slush was prepared a few minutes be-
fore a run by putting boiling liquid nitrogen
(LN,) into a strip-silvered Dewar and ap-
plying laboratory line vacuum (~ 15
mmHg) to the Dewar. Evaporative cooling
resulted in the formation of a substantial
amount of solid nitrogen. Variations in the
cooling procedure included omissions of
the blotting, plunging into boiling liquid ni-
trogen, and abrupt application of the filter
to the smooth surface of a bronze or copper
cylinder that had been prechilled to
—196°C.

Some experiments involved cooling at
much lower rates. In those runs, the PC
filter and its adherent embryos were trans-

ferred from the concentrated ethylene gly-
col vitrification solution to a 1-mm circular
depression in a circular bronze plate. The
plate, which was on ice, was 89 mm in di-
ameter and 8 mm thick. A matching bronze
lid (89 mm diameter and 6 mm thick) was
applied, and the lidded plate was then
placed on an 89 X 45-mm bronze cylinder
immersed to near its top in LN,. Both the
plate and its lid had 36-gauge copper-
constantan thermocouples inserted into
small holes drilled in the rim.

Continuing with the standard procedure,
after 20-60 s in N,-slush (time at that tem-
perature is irrelevant) the Nuclepore filter
with its adherent eggs was as abruptly as
possible plunged into about 40 ml of a so-
lution of 0.75 M sucrose in D-20 at 24°C.
After ~10 s, it was then transferred to a
Falcon dish containing 1-2 ml of that same
solution where it remained for a total of 2
min. Variations in this procedure included
transfer from N,-slush to LN, before rapid
warming in D-20/sucrose, and transfer from
N,-slush or LN, to the surface of a rectan-
gular copper plate (50 X 120 X 12 mm) rest-
ing on the bench top at room temperature.

Some experiments involved warming at
much lower rates. In one variant, the lidded
bronze plate described above was trans-
ferred from the bronze cylinder at —196°C
to a bronze cylinder of the same dimensions
partly immersed in room-temperature wa-
ter. The resulting warming rate was 50°C/
min between —120 and —20°C. Another
variant used the same approach except that
the lidded bronze plate was much smaller
(57 mm diameter, 5 mm thick). The warm-
ing rate with it was ~200°C/min. The third
variant was to remove the Nuclepore or
Poretics filter from N,-slush or LN, and
hold it for 10 s in room-temperature air. The
resulting warming rate between — 150 and
—20°C was 1900°C/min. When warming
was completed in all these variants, the Nu-
clepore or Poretics PC filter was trans-
ferred to a Falcon dish with 0.75 M sucrose
in D-20 for a total of 2 min.
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Measurement of Cooling and
Warming Rates

Rates of 300°C/min and below were mea-
sured during experiments by 36-gauge cop-
per-constantan thermocouples attached to
a Leeds and Northrup potentiometric re-
corder. The measurements of higher cool-
ing and warming rates were obtained using
a Nuclepore filter through which a 40-gauge
copper constantan thermocouple had been
threaded and fixed in position with 3 ul cel-
lulose acetate (clear nail polish). A pair of
No. 5 watchmaker forceps held closed with
a small O-ring served as the handle. The
filter was subjected to the same exposure to
concentrated ethylene glycol + PVP and
the same wiping and blotting procedures as
used in the standard experimental proce-
dures. It did not contain eggs as the mass of
the nail polish was similar to the mass of
adherent eggs. The reference junction of
the thermocouple was placed in an ice bath,
and the copper leads were attached to a
Data Translation DT-707T interface panel
which in turn was connected to a DT-2805
analog and digital I/O board in a Tandy 2025
AT computer with a 286 microprocessor.
Data were acquired at a sampling rate of
2000 Hz and a gain of 500. The acquisition
control software was written in FORTRAN
5.0 (Microsoft Corp) using the Data Trans-
lation PC-LAB 3.02 subroutine library. The
acquired voltages were median-filtered
prior to being converted to temperatures on
the basis of polynomial fits to the emf-
temperature relation for copper-constantan
thermocouples given by Powell et al. (20).
Subsequent data processing was performed
with FORTRAN programs developed for
that purpose. The sampling rate during data
acquisition was sufficiently high that the
system could determine the cooling rate of
a bare 40-gauge thermocouple plunged into
N,-slush; namely, 10° °C/min.

The measured cooling rates between
—20 and —150°C for a filter plunged into
N,-slush and LN, were 110,000 + 13,000

(N = 14) and 55,000 = 6000°C/min (N = 7),
respectively. The measured warming rates
between —150 and —20°C for an ethylene
glycol-treated filter subjected to the stan-
dard wipe and blot and transferred from
LN, into D-20/sucrose was 120,000 =
15,000°C/min (N = 7). We emphasize that
these rates apply to the junction of the ther-
mocouple. The rates experienced by indi-
vidual embryos could well be a factor of 2
or more different.

Assessment of Development and Hatching

Embryos that were exposed to 2 M eth-
ylene glycol solutions for times sufficient
for it to permeate were, regardless of sub-
sequent experimental treatment, finally
placed in a solution of 0.75 M sucrose in
D-20 for 2 min to permit the efflux of a por-
tion of the intraecmbryonic glycol. The PC
and adherent embryos were then trans-
ferred to three successive No. 3001 Falcon
dishes containing D-20 alone, and finally to
a third dish containing 0.2 or (later) 0.4 ml
of D-20 containing 20 pg/ml of gentamicin
(Sigma) to prevent contamination by what
was identified as Pseudomonas fluo-
rescens. Tests showed that two- to three-
fold higher concentrations of the antibiotic
were not injurious. This last dish was
capped and placed on filter paper moist-
ened with 0.14 M NaCl in a 100-mm Falcon
1001 petri dish. The larger dish was in turn
covered with its lid and placed in a sealed
30 x 30 x 30-cm Lucite box, the door of
which was clamped against gaskets on the
frame. The box contained a sheet of blot-
ting paper on the bottom side of a perfo-
rated shelf. One end of the blotting paper
was immersed in a reservoir of water and
sand to keep it saturated. The box was kept
in an incubator held at 24 + 1°C.

The embryos were incubated in this sys-
tem for 20-30 h and then scored to deter-
mine the number that remained unhatched
and a qualitative estimate of the number of
larvae. The number of observable larvae
was not used to calculate percentage sur-
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vivals, since some could not be recovered.
We also scored the number of nonhatching
embryos that showed development as evi-
denced chiefly by the appearance of air-
filled tracheal tubes or movement within
the vitelline membrane. The term ‘‘percent-
age development’’ refers to the number de-
veloping but not hatching plus the number
hatching, all divided by the total number of
embryos present.

At the time of counting, a sample of the
D-20 incubation medium was removed and
its osmolality determined with a Wescor
5500 vapor pressure osmometer to ensure
that there had been neither substantial con-
centration by evaporation nor dilution by
condensation of water in the D-20 during
the 20-30 h of incubation. In most cases the
measured osmolality was between 258 and
290 mosmolal. The osmolality of D-20 is
260 mosmolal.

It should be noted that the permeabilized
embryos were not incubated under mineral
oil as others have done because Mazur et
al. (11) determined that the percentage
hatching of permeabilized embryos was ac-
tually higher in the absence of mineral oil
provided that the above precautions were
taken to keep the air surrounding the em-
bryos at very high humidity.

Development of Larvae to Adult Flies

In late morning of the day following an
experiment, larvae that had emerged were
transferred by camel’s hair brush from the
PC filter or surrounding D-20 medium to
moistened Drosophila growth medium in 95
X 15-mm glass vials (~6 ml Formula 4-24
Carolina Biological Supply medium wet
with 6 ml glass-distilled water). (The incu-
bation of unhatched embryos on the filter
was continued until the afternoon at which
time final counts of percent hatching were
made.) Some 10 pl of a dilute suspension of
yeast (3 mg/ml) was added to the medium
and the vials were incubated at 24°C, ~65%
relative humidity. The next day, 10 nl of a
suspension containing 30 mg/ml yeast was

added to each vial. The number of adults
was determined 11-12 days later.

Assessment of the State of the Cuticle of
Treated Embryos after Incubation

The larvae were counted ~24 h after the
experimental procedure and then trans-
ferred to an area of the PC filter separate
from the unhatched eggs. Both areas were
placed in small shell-vials containing Hoy-
er’s solution (4:1 glacial acetic acid:glyc-
erol) and capped. The samples were exam-
ined by A. P. Mahowald for developmental
abnormalities in cleared cuticle prepara-
tions processed according to the method of
van der Meer (31). After the embryos had
been cleared, and mounted in Permount on
slides, they were examined by either dark-
field or phase contrast at 250x and 400X
magnification.

Controls

An aliquot of each day’s collection of
eggs was used to determine the percentage
hatching of embryos not subjected to de-
chorionation or permeabilization. About
100 eggs were placed on each of six 13-mm
Nuclepore filters which were floated on a
small quantity of water in plastic wells.
Three of the filters were incubated at 24°C
as described above for permeabilized eggs,
except incubation was 4048 h. The other
three filters were held some 18 h at 17.5°C
and the incubation was then completed at
24°C as above. Both methods yielded simi-
lar values for percentage hatching, which
ranged from 80 to 95%.

Statistical variation for N replicate sam-
ples is reported as standard errors.

RESULTS
Effect of Permeation by Ethylene Glycol

Our strategy, like that of Steponkus et al.
(26), has been first to equilibrate the em-
bryos with a moderate concentration of eth-
ylene glycol at room temperature and then
to increase the intracellular concentration
to high levels primarily by osmotic dehy-
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TABLE 2
Survival of Permeabilized” 12-h Drosophila Embryos as a Function of Concentration of Ethylene Glycol at
23 and 0°C

Approx. time for '
% Hatching

Concentration 90% to return to

ethylene glycol Temperature Exposure times isotonic vol.
M) (°C) (min) (min) Absolute  Normalized®? N
2.0 23 30 16 70 = 3 84 +3 6
25 23 30 24 68 + 8 Til 20 2
3.0 23 30 26 59 + 4 68 + 8 2
3.5 23 30 25 48 + 8 54 =7 2
2.0 0 60 59 74 £ 6 85 +2 2
2.5 0 60 59 80 £ 2 92 + 8 7
3.0 0 110 106 52 =4 60 = 1 2
3.5 0 110 100 521 60 + 4 2

“ Embryos were permeabilized by exposure to 0.3% butanol in heptane for 110 s followed by 45 min incubation
in D-20 at 24°C before treatment with ethylene glycol. The percentages of parallel samples that stained ruby red,
dark pink, and light pink with rhodamine were 80 = 1, 10 = 1, and 9 *+ 1, respectively (N = 8).

® Normalized to the hatching survival of unpermeabilized controls.

dration. Table 2 shows the survivals after
the first step. Exposure times of 30 min at
room temperature were sufficient to allow
the embryos to return to apparent normal
volume after the initial osmotic shrinkage.
A return to normal, isotonic, volume indi-
cates that the intracellular concentration of
ethylene glycol has approached the exter-
nal concentration. With 2 and 2.5 M ethyl-
ene glycol, survivals normalized to un-
treated controls were some 80%. With 3
and 3.5 M concentrations, they fell to about
60%.

Reducing the exposure temperature to
0°C might be expected to reduce chemical
toxicity, but as can be seen from column 4
that it also reduces the rate of permeation,
i.e., the time for the embryos to return to
normal volume increased two- to fourfold.
Apparently, the increase in required times
cancels out any reduction in the rate of tox-
icity injury since survivals after exposure at
0°C are similar to those at 24°C.

We selected 30-min exposure at room
temperature to 2 M ethylene glycol as our
standard treatment. Table 3 shows the ef-
fects of other variables. Our previous study
(11) concluded that mixtures of 0.3 or 0.4%
1-butanol in n-heptane produced the best

combination of a high-percentage perme-
abilization and high survivals. Table 3
shows that when permeabilization was fol-
lowed by exposure to 2 M ethylene glycol,
the 0.3% butanol mixture yielded slightly
higher survivals and equally good perme-
abilization, and so it was selected as the
standard. In later experiments we reduced
the exposure time to 0.3% butanol-heptane
from 110 to 90 s since our previous work
had shown that an exposure of 110 s repre-
sented the boundary beyond which there
was a substantial increase in injury from
permeabilization per se.

If permeabilization induced some injury,
it might exacerbate injury associated with
subsequent ethylene glycol exposure. Con-
sequently, it seemed possible that the inser-
tion of a recovery period between the two
steps would be beneficial. That proved to
be the case, for when a 45-min incubation
period was inserted between permeabiliza-
tion and ethylene glycol exposure, surviv-
als were significantly higher than when
such incubation was omitted. One concern
was that the benefit might be illusory in that
the 45-min incubation might be allowing
time for the 12-hr embryos to partially re-
store their permeability barriers and thus
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TABLE 3
Survival of Permeabilized 12-h Drosophila Embryos after Exposure to 2 M ethylene Glycol in D-20 for 30
min at Room Temperature (23°C)

% Hatching
Variable Absolute® Normalized? N
Permeabilized with heptane
+ 0.3% 1-butanol, 110 s 63 =3 76 = 3 16
+ 0.4% 1-butanol, 85 s S7iESS 69 £ 6 12
Incubation at 24°C
after permeabilization
None 54 + 4 64 + 4 12
45 min 65 =3 80 =3 16
Transferred from 2 M ethylene
glycol to 0.75 M sucrose
in D-20 for
0 min 58+6 70 = 7 8
2 min 65 =3 80 + 3 13
5 min 545 65:=:5 7
10 min® 315 376 4

Note. The 12-h embryos were permeabilized with 0.3% 1-butanol or 0.4% 1-butanol in heptane. They were
then exposed to 2 M ethylene glycol in D-20 for 30 min at 23°C either immediately after permeabilization or after
45 min incubation at 24°C. After the ethylene glycol exposure, the embryos were either returned directly to D-20
or were first exposed to 0.75 M sucrose in D-20 for 2 or 5 min.

@ The rhodamine staining percentages on parallel samples were

Red Dark pink Light pink Unstained N
0.3% Butanol, 110 s 84 =3 gt 8§+2 1+0.5 10
0.4% Butanol, 85 s 80 =3 10 £ 1 9+1 1+0.4 9

® Normalized to the hatching survival of unpermeabilized controls.
¢ These values are not included in calculating the mean survivals in the first four rows.

undergo less dehydration or less glycol per-
meation during subsequent exposure to 8.5
M ethylene glycol. Mazur et al. (11) had
observed that the permeabilization efficacy
of butanol-alkane mixtures dropped
abruptly when embryos became older than

14 h. To test this possibility, we compared
the rhodamine staining of permeabilized
embryos subjected and not subjected to 45
min incubation. As shown in Table 4, there
was no difference. Nevertheless we de-
cided that in future experiments we would

TABLE 4
Rhodamine Staining of Permeabilized 12-h Embryos before and after 45-min Incubation at 24°C
Percentage
1-butanol in heptane Time of

(exposure time) staining® Red Dark pink Light pink Unstained N
0.3% (110 s) Preincubation 76 =5 TiE 1 12 =3 Sik= 0 9
Postincubation 80 =2 10 £ 1 81 1.4 0.5 18

0.4% (85 s) Preincubation 79 =3 10 =1 10 = 2 1+0.5 6
Postincubation 82 +0.3 1262 Sl 1=tad] 3

@ ““Preincubation’’ means staining with rhodamine was carried out immediately after the completion of per-
meabilization. ‘‘Postincubation’’ means that embryos on polycarbonate filters were incubated for 45 min at 24°C

prior to staining with rhodamine.



COOLING AND WARMING RATE ON Drosophila EMBRYOS 55

carry out the rhodamine staining after the
incubation rather than before.

At the end of subsequent treatments, the
ethylene glycol has to be removed from the
embryos by returning them to D-20 medium
lacking ethylene glycol. In many cells,
mouse embryos for instance, the abrupt
transfer of cryoprotectant-loaded cells to
cryoprotectant-free media may cause
abrupt osmotic swelling and damage or
death. An effective way to prevent this is to
first transfer the cryoprotectant-loaded
cells into a medium that lacks cryoprotec-
tant but contains a nonpermeating solute
like sucrose at about half the osmolality of
the cryoprotectant in the cells (6). The ex-
ternal nonpermeating solute puts a control-
lable limit on the maximum osmotic swell-
ing that the cell can undergo as the intra-
cellular cryoprotectant diffuses out. After
sufficient time to allow the efflux of most of
the cryoprotectant (a time that depends on
the permeability of the cell to the cryopro-
tectant), the cell is then transferred to a su-
crose-free medium.

The bottom portion of Table 3 compares
the effect of introducing such a sucrose
treatment with its omission. A 2-min expo-
sure to 0.75 M sucrose prior to the return of
the embryos to D-20 yielded significantly
higher survivals. Interestingly, though,
longer exposures to the sucrose solutions
were decidedly detrimental. As we shall see
later, this time-dependent damage is prob-
ably a consequence of the osmotic shrink-
age that embryos undergo in the sucrose
solutions as the intraembryonic ethylene
glycol diffuses out.

Consequences of Short Exposure to
High-Concentrations of Ethylene Glycol

The second step in the vitrification strat-
egy is to raise the concentration of both ex-
tra- and intraembryonic ethylene glycol to
levels likely to prevent ice crystal forma-
tion during cooling or warming, i.e., con-
centrations sufficient to induce vitrification
during cooling and to prevent devitrifica-
tion during warming. Generally to do so,

the concentrations of glass-forming solutes
have to approach or exceed 50 wt% (5).
One could in theory simply hold the em-
bryos in the highly concentrated solutions
sufficiently long to allow the intracellular
and extracellular concentrations to ap-
proach equality. But in Drosophila em-
bryos this would require an hour or more at
room temperature and would almost cer-
tainly be lethal. The alternative strategy,
based on that first proposed by Rall and
Fahy (22), is to use the initial osmotic
shrinkage that occurs when cells are placed
in hyperosmotic solutions of permeating
solutes to bring about the required rise in
the intracellular concentration of glass-
forming solute. In practice, this means ex-
posing the embryos to concentrated ethyl-
ene glycol for short periods at reduced tem-
peratures that will allow substantial water
efflux but little ethylene glycol influx.

Table 5 shows the survivals that resulted
when 12-h embryos equilibrated with 2 M
ethylene glycol were exposed for 3 to 7 min
at 5°C to §, 6.5, 8.5, 9, or 9.5 M ethylene
glycol. As shown in Fig. 1, survivals de-
creased with increasing ethylene glycol
concentration. The effect of exposure time
is less clear, but the indications are that a
7-min exposure was more damaging than a
3- or 5-min exposure. Although 5 and 6.5 M
ethylene glycol were somewhat less damag-
ing than 8.5 M, we shall see that the 6.5 M
concentration, unfortunately, does not give
any survival after cooling to —200°C. Con-
sequently, most of our subsequent studies
have been carried out using 5 min exposure
to 8.5 M ethylene glycol, which in the ab-
sence of further treatments yields about
50% survival. In most subsequent experi-
ments, the ethylene glycol has been supple-
mented with 10% (w/v) PVP. The survivals
after 5 min exposure at 5°C to that mixture
are about the same as those with 8.5 M eth-
ylene glycol alone.

Effect of Glycerol

We carried out a few experiments in
which glycerol was substituted for ethylene
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TABLE 5
Survival (Hatching) of Permeabilized* 12-h Drosophila Embryos after Exposure to 2 M Ethylene Glycol for
30 min at 23°C Followed by Exposure to 5.0 to 9.5 M Ethylene Glycol for 3, 5, or 7 min at 5°C

Concentration % Hatching
ethylene glycol Exposure time
M) (min) Absolute Normalized® N
5.0 5) 69 =9 78 = 10 3
6.5 3 48 = 3 64 £ 3 4
A 59+4 73+ 4 14
7 38 =8 50+9 4
8.5 3 49=5 61 =5 6
5 47 =3 593 27
7 338 42 =+9 5
8.5 + 10% PVP 5 46 = 3 54 =3 19
9.0 3 34 £7 41 = 8 4
9.5 S 40 = 4 42 x5 4

@ Permeabilized with 0.3% 1-butanol in n-heptane for 90 or 110 s or with 0.4% of 1-butanol in heptane for 80

or 85 s.

» Normalized to the percentage hatching of untreated unpermeabilized controls in that experiment.

glycol in the final vitrification solution (the
embryos were preloaded with 2 M ethylene
glycol as before). As can be seen from the
bottom curve of Fig. 1, 5 min exposure to
glycerol at 5°C was far more damaging.

Survival of Embryos in Ethylene Glycol
After Rapid Cooling to —150°C and
Below and Rapid Warming

Table 6 summarizes the effects of a vari-
ety of rapid cooling and warming proce-
dures on subsequent development and/or
hatching of 12-h embryos. The column *‘de-
velopment’’ refers to embryos that devel-
oped to the point of manifesting air-filled
trachea or movement but did not hatch plus
those that did hatch. The variables included
the concentration of ethylene glycol (6.5 or
8.5 M), whether or not a macromolecule
was added to the glycol, the method of
cooling and the method of warming, details
of which are given under Methods. Several
points emerge clearly. First, survivals were
far poorer with 6.5 M ethylene glycol than
with 8.5 M. Indeed with the 6.5 M, none
hatched. Second, even with 8.5 M glycol,
survivals using isopentane at — 150°C as the
coolant gave essentially 0% hatching and
poor development (21%). Third, when the

8.5 M ethylene glycol contained PVP or bo-
vine serum albumin, both hatching and de-
velopment were higher than when the mac-
romolecules were omitted. Fourth, there
was little difference in survival whether the
coolant was boiling liquid nitrogen (LN,) or
liquid-solid nitrogen slush (N,-slush). We
emphasize this result because the former
yields a lower cooling rate than the latter, a
point to which we return later.

The greatest number of experiments [52]
have been carried out using 8.5 M ethylene
glycol containing 10% (w/v) PVP (Plasdone
C-30). This procedure yielded 12 = 1%
hatching and 54 = 2% development. That
was about as high as those produced by any
of the other combinations in the bottom half
of the table. It is difficult to discern any
significant differences among these combi-
nations, i.e., PVP vs BSA, concentration of
the macromolecule, or cooling in LN, vs
cooling in N,-slush. We also found no in-
fluence of varying the average molecular
weight of the PVP from 3000 to 360,000.

The diagonally marked bars in Fig. 2
show the frequency distribution of hatching
survivals obtained in the 52 runs using 8.5
M ethylene glycol with 10% PVP, rapid
cooling in N,-slush, and rapid warming in
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Fic. 1. Effect on the survival of permeabilized
Drosophila embryos of a 5-min exposure at 5°C to var-
ious concentrations of ethylene glycol or glycerol. The
embryos were preloaded with 2 M ethylene glycol by a
30-min exposure at 23°C to that concentration. Sur-
vival after that first step was 70% (left-most point on
the ethylene glycol curve).

0.75 M sucrose in D-20. The distribution is
bimodal. In about half the runs survivals
ranged from 15 to 29% with a modal value
of 20-24% and a normal distribution. In the
other half, survivals were less than 14%
with a mean value between 5 and 9% and a
modal value of 0 to 4%. Figure 2 also shows
that in the absence of polymer (cross-
hatched bars), the bimodal aspect was ab-
sent and the average survival shifted to
lower values. Paradoxically, however, this
latter group yielded the three highest sur-
vivals we have obtained for 12-h eggs;
namely, 30, 35, and 40%.

Possible Sources of Variability

The sources of variability could be bio-
logical, they could be physical aspects of
the procedure, or they could be both. Bio-

logical sources might include small run-to-
run differences in the developmental stage
of treated embryos. The samples in a given
experiment were aliquots of a single egg
collection, all of which were held at 17.5°C
for ~18 h in a single dish to allow develop-
ment to the proper stage. After that time,
the samples were held at 4°C for use during
the four to five runs in a day. Slow devel-
opment occurred during the ~6-h at 4°C as
evidenced by a progressive increase in the
percentage of stage 15 embryos in succes-
sive runs, the values being 7 = 1% (N =
17), 11 £ 2% (N = 12), 14 £ 2% (N = 7),
and 27 = 2% (N = S)inruns 1, 2, 3, and 4,
respectively. The average times at 4°C be-
fore each run were 0.8, 3.3, 5.0, and 5.4 h.
There was no significant correlation be-
tween the run number and the survival of
either 8.5 M ethylene glycol controls (Fig.
1) or of experimental samples subjected to
ultrarapid cooling to —205°C and ultrarapid
warming. In the latter case, however, there
was a statistically nonsignificant (P = 0.20)
trend toward higher survivals in the later
runs, a point to which we return later. We
have carried out a limited number of exper-
iments with 10-h embryos using 8.5 M
ethylene glycol and N,-slush cooling and
obtained poorer results than with 12-h em-
bryos.

We turn now to physical or chemical
sources of variability, in order of the se-
quence in which they would be applicable:

Degree of permeabilization. 1t is possible
that sublethal damage resulting from too
great a degree of permeabilization might be-
come lethal during subsequent cryogenic
exposure, or it is possible that inadequate
permeabilization might lead to poor surviv-
als because of inadequate permeation of 2
M ethylene glycol or inadequate osmotic
dehydration in 8.5 M ethylene glycol. How-
ever, we find no significant correlation be-
tween the percentage of embryos that
stained ruby red with rhodamine and the
low-temperature survivals of parallel sam-
ples from that run (P = 0.20). This is in part
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TABLE 6
Survival of 12-h Embryos Subjected to Various Vitrification Procedures®
Concentration Polymer
ethylene glycol concentration Freezing Thawing
M) (W/v) method method % Hatching % Development® N
6.5 — Cu block Cu plate 00 17+ 8 9
Isopentane Cu plate 00 1+1 3
N,-slush Cu plate 0x0 0=x0 1
8.5 — Cu block Cu plate 53 22 £ 8 10
Isopentane Cu plate 0.7 +0.3 21 £ 4 3
N,-slush Cu plate 1.5 1.5 6=+ 1 2
N,-slush D-20/sucrose 9=+2 36 5 14
8.5 20% PVP LN, D-20/sucrose 10 =4 33+15 2
10% PVP LN, D-20/sucrose 10 =2 44 + 12 2
10%/20% PVP LN, Cu plate Sfsit) 34 + 4 4
5% PVP LN, D-20/sucrose 0 23 1
20% PVP N,-slush D-20/sucrose 8§+2 43 x5 8
Cu plate 21 49 1
10% PVP N,-slush D-20/sucrose 12+1 54 +2 52
5% PVP N,-slush D-20/sucrose 124 48 + 8 2
12% BSA LN, D-20/sucrose 4+3 24+ 5 2
6% BSA LN, D-20/sucrose 6+3 384 2
12% BSA N,-slush D-20/sucrose 13 £0.3 49 =5 3
6% BSA N,-slush D-20/sucrose Sit2 33+8 3

Note. In the series without polymer, the percentages of embryos in parallel samples that stained ruby red, dark
pink, or light pink with rhodamine B were 79 = 2, 10 + 1, and 8 + 1%, respectively. The percentage unstained
was 1.8 + 0.6%. In the series with polymers, the corresponding staining percentages were 80 = 1, 10 + 1, and
8 + 1%. In the series without polymers, the hatching percentages of unhandled controls, and those exposed to
6.5 or 8.5 M ethylene glycol but not cooled below 0°C were 79 + 3, 60 * 6, and 47 + 5%, respectively. In the
series with polymers, the hatching percentages of intact embryos, permeabilized embryos before ethylene glycol
exposure, and those after ethylene glycol/polymer exposure were 82 * 2, 68 * 3, and 41 * 4, respectively.

4 Embryos were permeabilized by 90- or 110-s exposure to 0.3% 1-butanol in heptane and then, after 45 min
incubation in D-20, were exposed to 2 M ethylene glycol in D-20 at room temperature for 30 min. Exposure time
to the concentrated solutions in columns 1 and 2 was 4.5 to 5.5 min at 5°C.

b percentage development is the percentage hatching plus the percentage showing tracheal air tubes but not
hatching.

respectively, and development was 47.4 =+
4.7% and 46.2 = 4.0%.

because the degree of permeabilization is
quite reproducible between runs. We have

also performed a limited number of experi-
ments (N = 4) in which exposure to 0.3%
butanol in heptane was varied from 30 to 90
s. There was no clear effect on survival af-
ter low-temperature exposure. Hatching af-
ter exposures to butanol-heptane of 30, 50,
70, and 90 s was 4, 3, 6, and 5% respec-
tively, and development was 28, 18, 34, and
27%, respectively. We carried out a de-
tailed comparison between exposures of 90
and 110 s. The hatching survivals were 10.6
+22% (N =22)and 9.2 = 2.2% (N = 9),

Survival after ethylene—glycol treatment.
There was no correlation between survival
after low-temperature exposure and the
survival of parallel controls subjected only
to 2 M plus 8.5 M (with or without PVP)
ethylene glycol. Depending on the tests and
transformations used, the correlation coef-
ficients ranged between 0.45 and 0.30, and
the corresponding P values between (.30
and 0.17.

Effects of cooling and warming rate. All
the samples to this point had been sub-
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FiG. 2. Frequency distribution of the survival of permeabilized 12-h Drosophila embryos in repli-
cate runs in which samples were cooled rapidly to —205°C and warmed rapidly. Prior to subzero
cooling the embryos were preloaded with 2 M ethylene glycol and then exposed for 5 min to 8.5 M
ethylene glycol with 10% PVP (diagonal bars) or without PVP (cross-hatched bars) at 5°C. Cooling and
warming were by abrupt immersion in N,-slush at —205°C and room-temperature 0.75 M sucrose in

D-20, respectively.

jected to very rapid cooling and very rapid
warming. Table 7 summarizes the results of
an important series of experiments in which
the effects of cooling and/or warming at
much lower rates were assessed. Four com-
binations of rates were examined: rapid
cool-rapid warm (RCRW) in which samples
were cooled in N,-slush and warmed in
room-temperature D-20/sucrose (the stan-

dard to this point), rapid cool-slow warm
(RCSW), slow cool-rapid warm (SCRW),
and slow cool-slow warm (SCSW). Slow
cooling (SC) was effected by placing the
Nuclepore filters bearing the embryos in
the large lidded bronze plate described un-
der Methods and placing the bronze plate
on a massive bronze cylinder which had
been thermally equilibrated in liquid nitro-

TABLE 7
Comparative Effects of Cooling and Warming Rates on the Survival of 12-h Embryos Exposed to —200°C“
Cooling Warming

Sequence rate rate (°C/min) % Development? % Hatching N
RCRW 110,000 120,000 46 £ 6 10=3 9
RCSW 110,000 49 0.0 0.0 6
SCRW 74 120,000 39+6 63 8
SCSW 74 49 0.5*0.5 0.0 6

% Embryos were permeabilized by exposure to 0.3% 1-butanol in heptane for 90 s. They were then incubated
45 min at room temperature, exposed to 2 M ethylene glycol in D-20 for 30 min at room temperature and then
to 8.5 M ethylene glocyl + 10% (w/v) PVP for 4.5 to 5.5 min at 5°C. They were then cooled to —196 to —200°C
and warmed thereafter at the rates indicated. The percentages of parallel samples that stained ruby red, dark
pink, or light pink with rhodamine B were 74 + 3, 15 = 2, and 9 + 2, respectively. The percentage of unhandled
intact embryos that hatched was 81 + 3%. The percentage of permeabilized eggs that hatched before and after

exposure to ethylene glycol was 82 = 4 and 59 + 8%.

® To tracheal stage or hatching.
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gen. The cooling rate between —20 and
—120°C was 74 = 8°C/min. Slow warming
of the slowly cooled samples (SCSW) was
carried out by placing the lidded bronze
plate on another massive bronze cylinder in
room-temperature water (warming rate
from — 120 to —20°C of 49 = 7°C/min). To
warm slowly cooled samples rapidly
(SCRW), the lid was removed from the
plate at —196°C, and the Nuclepore filters
were transferred to LN, and then abruptly
immersed in room-temperature D-20/
sucrose. Finally, to achieve slow warming
of rapidly cooled samples (RCSW), the Nu-
clepore filters were transferred from N-
slush to LN, and then to the large bronze
plate at —196°C. The bronze plate was then
lidded and allowed to warm as with SCSW.
The lid on the bronze plate served two im-
portant functions. One is that it substan-
tially reduced vertical temperature gradi-
ents and thus ensured that the temperatures
and the rate of temperature changes expe-
rienced by the embryos were close to those
of the bronze plate. Second, the lid elimi-
nated the formation of frost on the em-
bryos.

The results in Table 7 are clear: (i) Any
combination that involved slow warming
was lethal; (ii) when warming was rapid,
there was relatively little difference be-
tween the effects of slow and rapid cooling,
although the former was somewhat more
detrimental; and (iii) the reciprocal combi-
nations (RCSW and SCRW) yielded very
different survivals (i.e., 0 and 39% develop-
ment) even though both produced about the
same total exposure time during cooling
from —20 to —120°C and warming from
—120 to —20°C; namely, 1.4 to 2.0 min. If
chilling injury were the main contributor to
injury one would expect that time spent
during cooling would have essentially the
same effect as an equivalent time spent dur-
ing warming.

The effect of warming rate on the sur-
vival of embryos previously cooled rapidly
in N,-slush is examined in more detail in

Fig. 3. The highest and lowest warming
rates depicted are those in the RCRW and
RCSW sets described in the previous para-
graph. A warming rate of 1900°C/min (3rd
point from right) was obtained by removing
the PC filter from the N,-slush and holding
it in room-temperature air for 10 s. A rep-
resentative warming curve from that proce-
dure is compared with that achieved in the
RW procedure (warming in D-20/sucrose)
in Fig. 4A.

In the standard procedure, after the
5-min exposure to 8.5 M ethylene glycol +
10% PVP, the PC filters carrying the em-
bryos were wiped on the edge of the petri
dish and blotted once or twice to remove
excess ethylene glycol. If the wiping and
blotting were omitted, the mass of adhering
ethylene glycol/PVP increased from ~5 to
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Fi1G. 3. Effect of warming rate on the subsequent
development and hatching of embryos that had been
previously cooled by abrupt immersion in N,-slush.
Prior to subzero exposure, the permeabilized embryos
were exposed to the standard sequence of 2 M ethyl-
ene glycol followed by S min exposure at 5°C to 8.5 M
glycol containing 10% PVP. The procedures for
achieving the various warming rates are given in the
text.
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FiG. 4. (A) Examples of warming curves when PC filters previously exposed to 8.5 M ethylene
glycol plus 10% PVP in the standard manner were rapidly cooled to —196 or —205°C in LN, or
N,-slush and then warmed either by abrupt immersion in room-temperature 0.75 M sucrose in D-20 or
by holding in room-temperature air. The curves are normalized to 0 time at — 150°C. (B) Replicates of

ultrarapid warming runs.

~50 mg, and the measured warming rate
obtained when the filter was transferred
from LN, to the D-20/sucrose dropped from
124,000 to 22,000°C/min. That is the second
point from the right in Fig. 3. The greater
mass of the ethylene glycol vitrification so-
lution also lowered the cooling rate by a
comparable amount, but as seen in Table 7,
survival is much less sensitive to slower
cooling.

The effect of warming rate shown in Fig.
3 is dramatic. Lowering the rate from
100,000°C/min (— 150 to —20°C in 0.1 s) to
2000°C/min (— 150 to —20°C in 4 s) totally
abolished survival and greatly reduced the
percentage undergoing any development.

To gain information on the temperature
range at which slow warming became le-
thal, we performed the following experi-
ment. Embryos on Nuclepore PC filters
were rapidly cooled in N,-slush and then

transferred to the smaller version of the
bronze plate referred to above that had
been precooled to —196°C in LN,. The
small plate was then lidded and transferred
to a large bronze cylinder immersed either
in a dry-ice alcohol bath at ~ —75°C or in an
ice bath, depending on the upper tempera-
ture limit desired for warming. In the
former case, when the temperature of the
lidded plate rose to —120 or —100°C, the
plate was transferred from the cylinder in
the dry-ice bath back into LN,. In the latter
case, it was transferred from the cylinder in
the ice bath back into LN, after it had
slowly warmed to —80, —60, or —40°C.
The warming rates to these temperatures
were 140 to 250°C/min, some three to four
times that in the experiments of Table 7.
Afterbeingreturned to ~ — 196°C, all Nucle-
opore filters and their adhering embryos,
including one that underwent no warming,
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were removed from the lidded plate, trans-
ferred to LN,, and then warmed rapidly in
D-20/sucrose. This procedure of returning
all samples to —196°C prior to the final
rapid warm ensured that the rate of the final
rapid warming would be similar in all sam-
ples. Figure 5 shows the resulting percent-
age development as a function of the tem-
perature at which the initial slow warming
was terminated. There was no adverse ef-
fect of slow warming from —200 to —80°C,
but when slow warming was continued to
higher temperatures, development dropped
sharply to 1% by —40°C. The damage from
exposure to —60 and —40°C had to have
developed rapidly since the embryos only
spent some 30 s or less at temperatures
above —80°C.

The hatched region between —90 and
—65°C gives the range of temperatures
over which vitrified 8.5 M ethylene glycol/
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FiG. 5. Temperatures over which the slow warming
of rapidly cooled embryos becomes injurious. The in-
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in the text.

PVP solutions begin to undergo devitrifica-
tion when warmed at between 1 and 200°C/
min based on differential scanning calorim-
eter (DSC) measurements (24). The
temperature of onset increased with in-
creased warming rate, possibly due to in-
strumental lags. The glass transformation
temperature 7T, (the temperature at which
the liquid solution becomes converted to a
glass or vice versa) is about — 120°C.

The trend in Fig. 3 suggest that survivals
might be higher if warming rates were
higher than 100,000°C/min. Warming rates
would be increased if the temperature of
the D-20/sucrose bath were raised above
the usual 24°C. However, increasing the
temperature of the D-20/sucrose to 28 or
30°C did not affect survival, and increasing
it to 35, 45, or 58°C resulted in hatching
dropping to 0% even though in the latter
three cases the immersion in the warm so-
lutions was held to ~4 s. Increasing the
D-20/sucrose temperature by 5-10°C should
not actually increase the warming rate sub-
stantially at subzero temperatures since it
represents only a small increase in the early
temperature differential between filter and
bath. Steponkus et al. (26) used small cop-
per electron microscope grids as the sup-
port for cooling and warming some 25 em-
bryos at a reported 25,000°C/min in N,-
slush. They did not report the warming
rate, but it was presumably similar. How-
ever, when we substituted these grids for
the PC filters, we obtained 1% hatching and
32% development after cooling and warm-
ing.

Dehydration, Toxicity, and Vitrification

The presumed effect of the brief 5 min
exposure to 8.5 M ethylene glycol at 5°C is
to raise the internal concentration of glycol
from 2 to ~8.5 M by dehydrating the em-
bryo. As shown in Fig. 1, over 40% of the
embryos survive this treatment. Yet when
8.5 M glycerol is substituted for 8.5 M eth-
ylene glycol, only 5% survive. The in-
creased damage could be related to toxicity
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of the glycerol or it could be a consequence
of the lower permeability of embryos to
glycerol (8, 11). The lower permeability
would result in greater embryo shrinkage
during the 5-min exposure time at 5°C.
The cells of Drosophila embryos, like
most cells, are essentially impermeable to
sucrose (8, 11). Sucrose, then, permits one
to study the consequences of osmotic de-
hydration uncomplicated by permeation of
the external osmoticum. The first series of
experiments examined the effects of 5 min
exposure at 5°C to concentrations of su-
crose in D-20 ranging from 0.75 to 3 M on
embryos that had not been preloaded with 2
M ethylene glycol. As shown in Fig. 6A, the
response is a sigmoidal drop in survival
with increasing molar concentration. Os-
motic response, however, is related to so-
lution osmolality more than to molarity. In
Fig. 6B we plot survival as a function of the
computed residual water content of the em-
bryos after exposure to the several sucrose
solutions. First molarities were converted
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to molalities (Table 1) and then to osmo-
lalities using osmotic coefficients published
by Scatchard et al. (23). If the embryos be-
have like ideal osmometers (and Lin et al.,
(7) report that they do), then the water con-
tent as a fraction of the isotonic water con-
tent is 0.260/(osmolality of sucrose plus
D-20). The total osmolalities of 0.75, 1, 1.5,
2, 2.5, and 3 molar sucrose in D-20 were
1.22, 1.68, 2.93, 4.91, 8.28, and 13, respec-
tively (the last being an extrapolated value).
Remarkably, 40% survived the removal of a
calculated 95% of their intracellular water
by 2 M sucrose. The extreme dehydration
was qualitatively confirmed under the mi-
croscope.

Since a 20-fold dehydration will produce
a large increase in the osmolality of internal
endogenous solutes, we wondered whether
that by itself would be sufficient to induce
vitrification during rapid cooling and pre-
vent devitrification during rapid warming.
It was not sufficient; no embryos sus-
pended in the 2 M sucrose solution (+10%
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FIG. 6. (A) Effect of a 5-min exposure to various concentrations of sucrose in D-20 at 5°C on the
survival of 12-h permeabilized embryos. The embryos were not exposed to any ethylene glycol. (B)
Survival as a function of the extent of dehydration produced by sucrose D-20 calculated under the
assumption that the embryos behave as ideal osmometers (see text).
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PVP) hatched, or even developed, after
rapid cooling in N,-slush and rapid warming
in D-20/sucrose. The conclusion is clear:
Ethylene glycol (or its equivalent) must be
present within the embryos to obtain sur-
vival with vitrification procedures.

Consequently, we examined the effect of
5 min exposure at 5°C to 0.75, 1.5, 2, 2.5,
and 3 M sucrose in D-20, but this time on
embryos that had been preequilibrated with
2 M ethylene glycol. Figure 7A shows
hatching survivals as a function of sucrose
molarity and Fig. 7B shows survival as a
function of the calculated volume of in-
traembryonic water assuming that osmotic
reequilibration has occurred solely by wa-
ter loss and not by efflux of intraembryonic
ethylene glycol. Although this is a reason-
able approximation since the permeability
of permeabilized embryos to water is higher
than that to ethylene glycol (8, 11), it likely
underestimates the extent of embryo dehy-
dration during the S5-min exposure to su-
crose. As soon as the embryos are trans-
ferred from the 2 M ethylene glycol to the
glycol-free sucrose solution, ethylene gly-
col will begin to diffuse out of the embryos,
and as it does, there will be a concomitant
efflux of intraembryonic water to maintain
osmotic equality between the embryo and
its surroundings. A given concentration of
sucrose in these experiments produces sub-
stantially less dehydration than a given con-
centration in the experiment in Fig. 6B be-
cause the intraembryonic ethylene glycol
has increased the internal osmolality from
0.26 to 2.54 and has consequently reduced
the ratio of the external osmolality to inter-
nal osmolality. In Fig. 6B, in which em-
bryos were not preloaded with 2 M glycol,
76% survived a sucrose-induced reduction
of their water content to 20% of isotonic. In
Fig. 7B where the embryos were preloaded,
only 13% survived that same degree of de-
hydration.

In Fig. 1 we noted that 5 min exposure to
5 to 8.5 M glycerol at 5°C produced far
lower survivals of embryos preequilibrated
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FiG. 7. (A) Effect of a 5-min exposure to various
concentrations of sucrose in D-20 at 5°C on the sur-
vival of 12-h permeabilized embryos. Here, unlike Fig.
6, the embryos were preloaded with 2 M ethylene gly-
col prior to the exposure to sucrose. (B) Survival as a
function of the intraembryonic water volume produced
by the exposure to sucrose assuming ideal osmotic
response and assuming no efflux of intraembryonic
glycol; i.e., the relative embryo water volume is cal-
culated as the total intraembryonic osmolality prior to
sucrose exposure divided by the osmolality of the ex-
ternal sucrose/D-20 solution. The intraembryonic os-
molality is taken as equal to the osmolality of the 2 M
ethylene glycol/D-20 solution with which had previ-
ously been equilibrated; namely, 2.54 osmolal. The to-
tal osmolality of the external 1.5, 2, 2.5, and 3 M su-
crose solutions in D-20 was 2.93, 4.91, 8.28, and 13
osmolal, respectively as in Fig. 6. Also shown in B
(dashed line) is survival as a function of computed
water content when the solute in the external medium
is glycerol rather than sucrose. The curve is derived
from the bottom curve in Fig. 1 which shows survival
of embryos preloaded with 2 M ethylene glycol after a
S-min exposure at 5°C to 5, 6.5, or 8.5 M glycerol in
D-20. The corresponding molalities are 7.78, 12.16,
and 21.84 molal. The total osmolalities of the glycerol/
D-20 solutions are 8.52, 13.3, and 24 osmolal, respec-
tively, with the last being an estimate since Scatchard
et al. (23) do not report osmotic coefficients for mola-
lities above 14 molal.

with 2 M ethylene glycol than did exposure
to 5 to 8.5 M ethylene glycol. When glyc-
erol molarity is translated to the corre-
sponding osmotic water loss, the open cir-
cles in Fig. 7B show that dehydration by it
produces a similar reduction in survival as
dehydration by sucrose.

Development to Adult Flies

Toward the latter portion of this investi-
gation we began determining the fraction of
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emerged larvae that are capable of develop-
ing into adult flies. To date, in 34 runs in
which 12-h embryos in 8.5 M ethylene gly-
col + 10% PVP were subjected to rapid
cooling to —205°C and rapid warming, and
in which 16.8% hatched, 35/721 or 4.8% of
the resulting larvae developed to adult flies
for an overall efficiency of 0.8%. So far
there is no correlation between the percent-
age of embryos that hatched in a given run
and the fraction of larvae developing to
adults. In runs in which hatching was 10%
or less, 5/99 or 5.1% developed to adults. In
runs where hatching was 20% or greater,
22/416 or 5.3% developed to adults. We
have not yet determined the survival to
adulthood of embryos older than 12 h. Nor
have we yet determined whether the adults
are fertile since most of the individual runs
produced only a single survivor or the sur-
vivors were the same sex. As of now, 72%
of the adults were males.

We also have preliminary data for the ef-
fects of treatments prior to low-tempera-
ture exposure on the percentage of larvae
from 12-h embryos capable of developing to
adult flies. About 60% of larvae from intact
untreated embryos develop to adults. Per-
meabilization in heptane containing 0.3%
butanol drops that percentage to 35%. Ex-
posing the permeabilized embryos to 2 M
ethylene glycol for 30 min at room temper-
ature with or without subsequent exposure
to concentrated ethylene glycol vitrification
solutions for 5 min at 5°C drops the percent-
age to around 20%, but the results are too
variable and the number of replicates is too
small to draw definitive conclusions about
the significance of differences among the
various glycol treatments. The sex ratio
was close to 50:50 and the adults were fertile.

Histological Manifestations of Injury

Head involution and dorsal closure are
major developmental events occurring dur-
ing the 12-h stage we are studying (predom-
inantly stage 14). We have used the Hoyer
method to examine the state of the cuticle

in two samples of 175 embryos that failed to
hatch after our standard procedure (rapid
cool to —205°C/rapid warm in 8.5 M ethyl-
ene glycol + 10% PVP). Forty-seven per-
cent of these embryos underwent develop-
ment to air-filled trachea. Of the 175 un-
hatched embryos, 13% appeared normal,
64% had defective mouth parts, 61% mani-
fested defective dorsal closure, and 15%
showed other severe defects or no develop-
ment. Some showed more than one defect.
Twenty of the 22 larvae that had emerged
and were recovered in these experiments
had normal cuticle. However, we have
noted that larvae emerging from embryos
exposed to —205°C often manifested im-
paired motion.

Survival as a Function of
Embryonic Stage

We pointed out earlier that slow develop-
ment occurred during the 5-6 h that 12-h
embryos were held at 4°C in a given day and
that survival after low-temperature expo-
sure showed a nonsignificant tendency to
increase in successive runs. To investigate
this trend, experiments have recently been
performed in which the initial 12-h embryos
were held at 17.5 or 24°C instead of 0°C
until the initiation of permeabilization 1.5, 4
to 4.5, and 6.2 to 6.5 h later. We calculated
the embryo age at those times by assigning
a relative growth rate of 0.5 and 0.9 for the
two temperatures, respectively (see Meth-
ods). Figure 8 shows the percentages of em-
bryos that developed or hatched after the
standard exposures to ethylene glycol and
ultrarapid cooling and warming. There was
a marked increase in hatching and develop-
ment as embryo age increased from 12 to 15
h, and then a precipitous drop as it in-
creased further to 15.5 and 17.7 h. The
hatching in one sample of 14- to 15-h em-
bryos was 49%, the highest we have ob-
served to date. Two other samples gave 41
and 43%. The percentage of permeabilized
embryos (those staining ruby red with
rhodamine) showed a slow decline from 85
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FiG. 8. Permeabilization and survival of ‘vitrified”’
Drosophila embryos vs developmental age. The em-
bryos, immersed in 8.5 M ethylene glycol/10% PVP,
were rapidly cooled to —205°C and rapidly warmed in
the standard manner.

to ~75% as embryo age increased from 12
to 15 h, but then dropped precipitously in
older embryos in parallel with the drop in
survival after cryogenic exposure. By 17.7
h, 96% of the embryos did not stain at all.
When embryos were permeabilized at the
12- to 14-h stage and then allowed to de-
velop to the 16-h stage, there was no im-
provement in the percentage staining with
rhodamine at 16 h. It is possible that the
permeability barrier reformed during the 2-
to 4-h incubation. But that seems remote
because we know that it does not reform
with 45 min incubation at room temperature
(Table 4).

Hatching survivals of controls that were
exposed to 2.M and then to 8.5 M ethylene
glycol (+10% PVP) at age 15 h were 52 *
10%, close to the values in Table 5 and Fig.
1 for 12-h embryos held at 4°C. But the sur-
vivals of the 12-h control embryos in Fig. 8,
which were held at 4°C for ~10 min were
substantially lower (16 = 5%).

DISCUSSION

The extreme sensitivity of 12-h embryos
to chilling injury (15) precludes their being
cryobiologically preserved by standard
slow-freezing procedures designed to avoid
intracellular freezing. Aithough chill sensi-
tivity was studied in intact embryos, there
is no reason to believe that permeabilized
embryos are less sensitive. Cooling rates
high enough to outrun the accelerating
chilling injury ordinarily result in lethal in-
traecmbryonic ice formation. The only way
to avoid such a result is to introduce suffi-
ciently high concentrations of glass-
promoting solutes in the embryos to induce
the vitrification of their cytoplasm. The
concentrations have to approach or exceed
50 wt %, concentrations that are likely to be
toxic.

Rall and Fahy (22) and Rall (21) solved
the problem of achieving these high con-
centrations in mouse eight-cell embryos
without lethal toxicity by introducing the
glass-promoting solute in two steps. First,
the embryos were placed in solutions of the
solute at concentrations about one-fourth
of that ultimately required for vitrification
for periods of time long enough to allow the
solute to fully permeate. This exposure was
not damaging. Then the embryos were
placed for short times at 0°C in the full-
strength solution, the result of which was to
osmotically dehydrate the mouse embryos
and thereby increase the concentration of
intracellular glass inducer to close to the
value in the exterior. The dehydration also
increases the concentration of endogenous
macromolecules, which Rall (21) suggests
assists in inducing vitrification. High per-
centages of the embryos survive subse-
quent cooling to —196°C and warming if
cooling is some 10°C/min or faster and if
warming is some 100°C/min or faster. These
cooling rates are presumably high enough
to induce vitrification of the mouse embryo
cytoplasm and the warming rates are high
enough to prevent devitrification, although
there is not direct evidence to that effect.
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Steponkus et al. (26) opted for a similar
two step procedure to vitrify 13-h Droso-
phila embryos using ethylene glycol plus
6% bovine serum albumin as the glass-
inducing solute. Ethylene glycol was pre-
sumably chosen because studies by Lynch
et al. (8), later confirmed by us (11), show
permeabilized embryos to be substantially
more permeable to glycol than, for exam-
ple, to glycerol. They exposed permeabi-
lized embryos to 2.125 M ethylene glycol
for 20 min and then exposed them to 8.5 M
ethylene glycol plus 6% BSA for 5-8 min at
0°C, before placing them on electron micro-
scope grids and cooling them at a reported
25,000°C/min in N,-slush. The warming
rates presumably were equally high. They
report that these procedures yielded a mean
hatching of 18%, and that 3% of the result-
ing larvae developed to adult flies.

We have essentially confirmed their re-
sults. The percentages of 12-h embryos
found by us to survive the previtrification
steps of permeabilization (we used heptane;
they used hexane), exposure to 2 M ethyl-
ene glycol for 30 min at room temperature,
and exposure to 8.5 M ethylene glycol with
or without polymer are closely similar to
the values reported by them. The mean per-
centage hatching we obtain for 12-h em-
bryos after cryogenic exposure under our
current optimal conditions is 12% vs their
value of 18% for 13-h embryos. Both we
and they obtained instances of higher sur-
vival (30—41% in our case). In both our ex-
periments and theirs a similar percentage of
larvae develop to adult flies (5 and 3%, re-
spectively).

Causes of Damage from Cooling
to —200°C

The two most likely causes of damage
and death are chilling injury and intraem-
bryonic ice formation. Mazur et al. (15)
have shown that the rate of chilling injury
accelerates as the temperature falls so that
by —25°C, nearly all embryos are killed in

about 20 min in the absence of any detect-
able ice formation. If chilling injury contin-
ues to accelerate at lower temperatures
with the same very high activation ener-
gies, computations indicate that the em-
bryos would have to be cooled and warmed
at some 20,000°C/min for half of them to
survive cooling to —65°C.

The extent of chilling injury was shown
to be a function of time at given tempera-
tures and not of cooling rate per se; conse-
quently, it ought to be independent of
whether that time is expended during cool-
ing or warming; that is, the effects of cool-
ing rate and warming rate ought to be sym-
metrical. But the results in Table 7 show
that the effects are highly asymmetrical:
Slow warming at 50°C/min when preceded
by very rapid cooling is far more damaging
than slow cooling at 75°C/min when fol-
lowed by very rapid warming. Indeed, as
shown in Fig. 3, warming at even 1900°C/
min is far more damaging than cooling at
75°C/min even though in the latter case the
embryos spend some 80 s between —20 and
—120°C whereas in the former case they
spend only ~3 s.

Although such marked asymmetry be-
tween the effects on survival of cooling and
warming rate is not easily explicable on the
basis of chilling injury, it is consistent with
the formation of ice in vitrified systems. It
is well known (4) that the cooling rates re-
quired to induce vitrification in aqueous so-
lutions, including cytoplasm, are substan-
tially lower than the warming rates required
to prevent the devitrification (freezing) of
the glassy solution. Our hypothesis, then, is
that the prime factor responsible for the in-
jury or death of rapidly cooled-rapidly
warmed embryos is the formation of in-
traembryonic ice in a critical portion of the
embryo by devitrification during warming.

We noted in connection with Table 6 that
when the concentration of ethylene glycol
in the second step was lowered from 8.5 to
6.5 M, there was no survival after cooling to
—150°C or below and little or no develop-
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ment. There is no reason to believe that the
kinetics of chilling injury would be influ-
enced by such a change in the concentra-
tion of ethylene glycol, but there is every
reason to believe that in the 6.5 M solution,
the probability of vitrification during cool-
ing would be substantially reduced, and
that even if vitrification were induced, the
probability of devitrification during warm-
ing would approach unity (see below). [A
concentration of 6.5 M is, in fact, sufficient
to induce the vitrification of glycerol solu-
tions (21), but the ability of a solute to in-
duce vitrification and prevent devitrifica-
tion depends more on the weight percent of
solute present than on its molarity, and 6.5
M glycerol is about the same weight per-
cent as 8.5 M ethylene glycol (Table 1).]

We also noted in connection with Table 6
that the percentage of embryos undergoing
hatching and development was about the
same when samples were cooled in liquid
nitrogen as when they were cooled in nitro-
gen-slush, even though the cooling rate in
the former was about half that in the latter
(50,000 vs 110,000°C/min). This finding is
consistent with the relative insensitivity
to cooling rate noted several paragraphs
above.

Why does survival require warming rates
of 100,000°C/min? Work with mouse em-
bryos exposed to solutions of glycerol or
other solutes with weight percents compar-
able to those used here have shown that the
warming rates required to obtain high sur-
vival (and presumably prevent devitrifica-
tion) are a thousandfold lower than the
~100,000°C/min required in the present
study (21). Furthermore DSC measure-
ments by Schreuders et al. (24) show that
8.5 M ethylene glycol + 10% PVP vitrifies
during cooling at <200°C/min and does not
devitrify during warming at 200°C/min.

Our assumption has been that at the con-
clusion of the two step exposure to the first
2 M ethylene glycol at 23°C and then 8.5 M
ethylene glycol at 5°C, the intraembryonic

and intracellular concentration of ethylene
glycol is close to 8.5 M. At the end of the
30-min exposure to the first 2 M step, the
embryos appear to have returned to normal
volume after an initial shrinkage. That
ought to mean that the intracellular ethyl-
ene glycol concentration is close to 2 M.
Relatively little ethylene glycol should per-
meate the embryo during the second step
involving exposure to 8.5 M ethylene glycol
both because the exposure time is short (5
min) and the temperature is low (5°C). But
osmotic water efflux in response to the
strongly hypertonic external solution
should, and in fact does, occur—the em-
bryos become highly flattened. The pre-
sumption is that this dehydration raises the
intracellular ethylene glycol concentration
to 8.5 M.

But these assumptions may not be quan-
titatively accurate. We cannot at 30X mag-
nification, for example, detect the shrink-
age of embryos in D-20 solution that is
115% of isotonic. Consequently, since wa-
ter content is the reciprocal of external os-
molality, this is tantamount to saying that
embryos that appear to have returned to
normal volume might in fact contain only
85% of their normal water content. Further-
more, physiological processes like volume
regulation might intervene. Volume regula-
tion refers to the tendency of many aniso-
tonic cells to return to isotonic volume by
pumping ions in or out as required (6). If
that occurs in Drosophila then the attain-
ment of isotonic volume would not repre-
sent equality of intra- and extraglycol con-
centrations. Finally, the embryo may have
compartments that are poorly penetrated
by ethylene glycol.

Suppose, then, prior to being plunged in
N,-slush, the intraembryonic concentration
of ethylene glycol is not uniformly 8.5 M.
What would be the consequences with re-
spect to devitrification? As shown in Fig. 9
the warming rate required to prevent devit-
rification in solutions is very sensitive to
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F1G. 9. Warming rate required to prevent the devit-
rification of vitrified solutions of various concentra-
tions of ethylene glycol and other solutes (modified
from Fahy, 4).

the weight percent concentration of glass-
inducing solute present. A 5% decrease in
the weight percent concentration increases
the warming rate requirement about 5000-
fold. With respect to water, the weight per-
cent of ethylene glycol plus PVP in the 8.5
M glycol/10% PVP solutions is 54 wt % (Ta-
ble 1). According to curve E of Fig. 9, the
warming rate needed to prevent devitrifica-
tion of such a solution is about 50°C/min, a
value consistent with Schreuders et al.’s
(24) DSC findings. But if the intraembry-
onic solution were 5 wt % lower with re-
spect to ethylene glycol and if it behaves
like curve E, the warming rate required to
prevent devitrification would jump about
5000-fold to about 200,000°C/min. This
would be consistent with our finding that
warming rates have to be on the order of
100,000°C/min to obtain significant surviv-
als.

The Role of PVP and Other Polymers

We have noted in connection with Table
6 and Fig. 2 that average survivals of 12-h
embryos after very rapid cooling to —205°C
and warming are higher when the 8.5 M eth-
ylene glycol contains 10% (w/v) PVP. Per-
haps more important than the average sur-
vival is that in the presence of PVP, the
modal survival was 20-24%. In the absence
of PVP, the modal value was less than 5%.
The superior results with 10% PVP appear
not to be unique to that polymer or that
concentration. Thus, survivals with 8.5 M
ethylene glycol containing 5% PVP or 12%
BSA were similar to those with 10% PVP.
A small number of runs with higher and
lower molecular weight PVPs yielded simi-
lar results. Steponkus et al. (26) obtained
their optimal 18% hatching with 6% BSA. It
seems safe to assume that neither PVP nor
BSA can penetrate the permeabilized em-
bryo, especially in only 5 min at 5°C. Al-
though it is possible that the two macromol-
ecules confer protection by, for example,
reducing the rigidity of the extraembryonic
glass and thereby reducing thermal
stresses, a simpler explanation is that they
confer a degree of protection by increasing
the osmolality of the external medium,
which in turn leads to greater osmotic de-
hydration of the embryos during the 5-min
exposure at 5°C than would occur in 8.5 M
ethylene glycol alone. The greater dehydra-
tion would cause the concentration of gly-
col to rise from 2 M to a higher value than
would be the case in the absence of the
PVP. We see from Table 1 that in an 8.5 M
ethylene glycol solution without PVP, the
molality of ethylene glycol is 15.8 and the
weight of ethylene glycol per 100 g of eth-
ylene glycol plus water is 49.6%. In an 8.5
M ethylene glycol that contains 10% PVP,
the molality rises to 18.7 and the weight of
ethylene glycol per 100 g ethylene glycol
plus water rises 4% to 53.7%. The higher mo-
lality in the latter case means a higher os-
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molality and osmotic pressure. (The os-
motic contribution of 10% PVP is small be-
cause of its high average molecular weight.)
Even though the embryo will not contain
PVP, it does contain nonaqueous compo-
nents amounting to 25% of the normal wet
weight (13). A substantial portion of those
components will be proteins and other mac-
romolecules, and they too will be concen-
trated several fold by the dehydration oc-
curring during the 5-min exposure to the
concentrated ethylene glycol.

It is a common observation that mixtures
of inorganic compounds vitrify more
readily and devitrify less readily than do the
compounds individually (30). The same is
true of aqueous solutions of organic sol-
utes. Thus, Sutton (27, 28) has found that
the critical cooling rate required to induce
vitrification of a given concentration of bu-
tane-2,3-diol is markedly reduced by the
addition of PVP, and especially by 400- to
8000-dalton polyethylene glycol (PEG). Put
differently, the weight percent of butane-
diol needed to prevent crystallization at a
given cooling rate is reduced by more than
10% in the presence of PEG and other sol-
utes. Although not measured by Sutton, the
mixed solutes probably exert similar effects
on the warming rate required to prevent de-
vitrification.

Relative Importance of Dehydration vs
Intraembryonic Ethylene Glycol to the
Induction of Vitrification and the
Avoidance of Devitrification: Toxicity of
Intraembryonic Ethylene Glycol

We pointed out in connection with Fig. 6
that even though 40% of embryos survived
the osmotic removal of 95% of their water
that is calculated to occur in 2 M sucrose,
none of these embryos hatched after subse-
quent ultrarapid cooling and warming, or
even showed development. Clearly, al-
though dehydration may be an important
component to obtaining survival by induc-
ing vitrification and avoiding devitrifica-

tion, it is not sufficient. Ethylene glycol (or
some other glass-inducing agent) must be
present within the embryo.

Although the permeation of 2 M ethylene
glycol in the first step is not damaging, the
rise in the concentration of intraembryonic
ethylene glycol occurring as a result of os-
motic dehydration during the exposure to
8.5 M glycol in the second step is somewhat
damaging; i.e., survival drops to about
45%. That decrease appears more ascrib-
able to the rise in the concentration of in-
traembryonic ethylene glycol than to the
dehydration that causes that rise. From a
polynomial fit to the data on p. D-237 of the
Handbook of Chemistry and Physics (63rd
ed.), the osmolality of 8.5 M ethylene gly-
col solution is 19.07 plus 0.26 for the D-20.
When embryos preloaded with 2 M glycol
are transferred to that solution, the cells as
a maximum would shrink until their relative
water volume was 2.54/19.3 or 13% of iso-
tonic. When embryos that do not contain
glycol are shrunken to that extent in su-
crose (Fig. 6) some 75% survive.

Pertinent to this point is that when em-
bryos preloaded with 2 M ethylene glycol
are dehydrated by exposure to high concen-
trations of glycerol or sucrose for 5 min at
5°C, the survivals are far lower than when
they are dehydrated by comparable molali-
ties of ethylene glycol (Figs. 1 and 7). This
may well be related to the fact that the em-
bryos are more permeable to ethylene gly-
col than to glycerol or sucrose. A higher
permeability means a lower reflection coef-
ficient and as the reflection coefficient
drops, the maximum initial cell shrinkage is
reduced, as is the time the cells remain in
that maximally shrunken state. A priori, if
the shrinkage is less, the intraembryonic
ethylene glycol will become less concen-
trated. But because of the cross couplings
between water and ethylene glycol fluxes,
an analysis by irreversible thermodynamics
would be required to determine whether
this is in fact so.
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Role of Developmental Stage

Because we had determined that alkane/
alcohol permeabilization became substan-
tially less effective in embryos older than 14
h (11) and because permeabilization was es-
sential, we used 12-h embryos until late in
the study. But it now appears that superim-
posed on the critical role of warming rate is
an important contribution of developmental
stage. Survival after ultrarapid cooling and
warming is substantially higher in 14- to
15-h embryos. We suggest two explana-
tions. One possibility is that less devitrifi-
cation occurs in the older embryos because
all regions are more effectively permeated
by ethylene glycol. The other is that older
embryos may be more tolerant of small
amounts of intraembryonic ice. The two are
not mutually exclusive. With respect to the
second, we note that the critical embryo-
logical steps of dorsal closure and head in-
volution are essentially complete by 15 h,
and that it is these events that were patho-
logical in a high proportion of treated 12-h
embryos.

Although the older experimental em-
bryos did not receive prior exposure to 4°C
as did the 12-h embryos in our other exper-
iments, that does not explain their superior
survivals after subsequent exposure to
—205°C. The 12-h embryos in Fig. 8 were
held at 4°C for only 10-20 min, and yet their
survival, if anything, was poorer than that
of embryos in the other experiments that
were maintained at 4°C for 1 to 6 h (Fig. 2)
prior to permeabilization and cryogenic ex-
posure. Interestingly, in the case of 12-h
controls subjected to 8.5 M ethylene glycol
10% PVP but not to —205°C, the omission
of =1 h at 4°C prior to permeabilization and
exposure to glycol was decidedly deleteri-
ous; the survivals (16%) were only a third of
those in other experiments that received
longer exposures at 4°C (Fig. 1). However,
this heightened sensitivity vanished in 15-h
embryos. It may be that =1-h exposure to

4°C protects 12-h embryos from ethylene
glycol and associated osmotic dehydration
by virtue of inducing the synthesis of stress
proteins. Exposure at 0°C is known to in-
duce such synthesis in Drosophila larvae
(2). Myers and Steponkus (18) and Mazur et
al. (15) have noted that exposure to 0°C
confers a small degree of protection against
chilling injury below —15°C. But that pro-
tection does not seem relevant here be-
cause it disappears in a few minutes when
embryos are returned to room temperature
as occurs during permeabilization and the
subsequent 45-min incubation. The basis of
the higher hatching survivals of 14- to 15-h
embryos exposed to —205°C is being pur-
sued.

Although overall survivals to adulthood
are currently less than 1% (No. adults/No.
embryos cryopreserved) it should be em-
phasized that the Drosophila embryo is
among the more complex systems that have
survived exposure to cryogenic tempera-
tures to any degree. The 12- to 15-h stages
being frozen contain some 50,000 cells that
have differentiated into highly organized
tissues and organ systems.
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Note added in proof. Since the submission of this
paper, P. Steponkus and S. Caldwell have confirmed
that hatching survivals after cryogenic exposure im-
prove as embryos age from 12 to 15 h; namely, from 18
to 49-55%. [Annual meeting, Society for Cryobiology,
June 14-19, 1992 (Cryobiology 29, 763, 1992, ab-
stract)]. They also report that with minor changes in
permeabilization procedure, 11% of the resulting lar-
vae developed to adults. More recently, P. Mazur, K.
Cole, P. Schreuders, J. Hall, and A. Mahowald report
(Science 258, 1932-1935, 1992) that with a developmen-
tally more precise way of staging the embryos and with
modifications in post-treatment culture techniques, 60—
75% of treated Oregon R embryos survive, and a mean
of 40% of the resulting larvae develop to fertile adults.
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