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Observations made during the freezing and thawing of mouse
and human oocytes and mouse embryos with the cryomicro-
scope suggest that physical factors as well as physkochemkal
factors may play a role in the development of lethal damage
upon thawing. The point of contact with the approaching ice
front may predispose that area to the appearance of future
cytoplasmic blebbing. The ice front distorts the oocyte and
this distortion remains during its subsequent thermal history
and is unrelated to desiccation distortion. Ice initiates the
formation of both intra- and extracellular gas bubbles which
are apparent upon thawing; with the progression of the
thawing process they can be seen to grow in volume. Growth
of these bubbles can give rise to expanding vesicles which can
totally destroy an embryo. The consequences of these physical
factors for the successful cryopreservation of oocytes,
embryos, tissues and organs are discussed.
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Introduction

A variety of physical and physicochemical events are associated
with the freezing and thawing of cells suspended in physiological
salt solutions. The interactions of cell specific cooling and thawing
rates with varying concentrations of cryoprotective agents such
as dimethyl sulphoxide (DMSO), glycerol or propanediol require
to be carefully controlled to enable optimum survival to be
achieved. This principle is particularly important for the
successful preservation of animal and human embryos (Ashwood-
Smith, 1986).

For more than 30 years the generally accepted theory of
freezing damage has been that proposed by Lovelock (1953a,b,
1954) who suggested, on the basis of freezing red blood cells,
that much of the damage could be accounted for by the increased
salt concentration in the unfrozen aqueous fraction, prior to the
separation of sodium chloride at its eutectic temperature. This
temperature is, in theory, about -21 °C, but in practice it is often
10 degrees or more lower than that predicted from phase
diagrams. Lovelock (1957) produced evidence demonstrating that
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the hypertonic salt denatured lipoproteins and that once this had
happened red cells would haemolyse. This attractive theory
explained the cryoprotective properties of small, non-toxic, water-
soluble molecules such as glycerol, DMSO, methanol and
propanediol, all of which penetrate cells easily and, in general,
with increasing efficiency in that order. The cryoprotective
properties of polymers such as polyvinylpyrrolidone, dextrans
and hydroethyl starch were less well accommodated by
Lovelock's theory (Conner and Ashwood-Smith, 1973).

Meryman and his associates proposed another theory to account
for cellular damage associated with freezing and thawing entitled,
"The minimum cell volume theory' (Meryman et al., 1977). This,
like Lovelock's, allowed that high salt concentration during
freezing was important, but was unlike Lovelock's idea in that
salt per se was held to be indirectly responsible for damage. The
high extracellular osmolarity caused cells to be desiccated beyond
their limit, that is they would shrink below their 'minimum cell
volume' and would thus be destroyed.

The apparently self evident proposition that certain physical
factors may be important, damage from the growth of ice crystals,
from pressure changes or from the formation of gas bubbles has
been largely ignored, hi the majority of studies with small cells,
evidence has either been lacking or contraindicated (Luvet and
Gehenio, 1940; Smith, 1961).

Some reports have implicated physical factors to be important
in cellular damage following freezing and thawing. Fujikawa and
Miura (1986), working with the fruiting body of a fungus,
Lyophyllum ulmarium, have shown that changes in the ultra-
structure of plasma membranes are caused by mechanical stress
during the formation of extracellular ice. Mazur and his associates
(Mazur etal, 1981), working with red blood cells, have
suggested that mechanical injury cannot be excluded as a cause
of red cell haemolysis following freezing and thawing. More
pertinent to this present study is the report by Schneider and
Mazur (1987) on the survival of mouse embryos after attempted
cryopreservation. These authors are in no doubt that mechanical
factors play an important part in the death of 8-cell mouse
embryos.

It is the purpose of this present paper to present evidence
obtained with a cryomicroscope, during the cooling and thawing
of mouse oocytes and embryos and human oocytes, that certain
physical factors are related to cell death.

Materials and methods

Mice
Adult female MFi mice were paired overnight with males and
examined the next morning for the presence of a vaginal plug
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(day 1). Oocytes surrounded by attendant cumulus cells were
recovered from the ampulla of the Fallopian tubes on day 1 and
2-cell embryos from the oviduct on day 2. Both oocytes and em-
bryos were suspended in Dulbecco's modified medium, buffered
with Hepes prior to suspension in phosphate-buffered saline (PBS,
including calcium and magnesium).

Human
Oocytes were used from the IVF programme at Bourn Hall Clinic
which had been obtained from patients undergoing standard
stimulation with clomiphene citrate and HMG (Howies et al.,
1987). Only oocytes that had not been fertilized after two days
in vitro were used. They were transferred to PBS prior to
examination in the appropriate cryoprotective medium.

Cryoprotective solutions

Various solutions containing standard cryoprotective mixtures
were prepared in PBS as indicated for a particular experiment.
In general, either 10% (v/v) methanol or 10% (v/v) DMSO were
used as cryoprotective agents in the presence of 10% dextran
(mol. wt 70 000 daltons). In the experiments illustrated in the
figures, methanol was used and the cooling and warming rates
are given in the appropriate legends. Oocytes or embryos were
equilibrated in the required solution for a period of between 20
and 30 min at room temperature (20°C) before the commence-
ment of the cooling/freezing protocol and examination with the
cry omicroscope.

Cryomicroscopy

Direct observations of cells during freezing and thawing were
carried out on a cryomicroscope conduction stage, similar to that
previously described (McGrath, 1987) except that an Apple 1 le
microcomputer was used as controller. The conduction stage was
placed on a modified table of a Leitz Dailux 22 microscope with
phase contrast objectives. Information was recorded on a Sony
U-matic recorder (VCO-5630) using an Hitachi HV-65 camera
in conjunction with a video time generator (Panasonic WJ-810).
The recorded information was played back for analysis on a video
monitor and photographs were taken from the video screen with
a Polaroid Land Camera (model CU-5; film type 665).

Embryos or oocytes were micromanipulated into the centre of
the cryomicroscope stage. A coverslip, supported by vasoline,
was placed carefully over the thin film of medium in such a way
as to avoid any mechanical injury. In all experiments, samples
were cooled on the cryomicroscope stage from 25 to 5°C at
2.5°C/min, held at 5°C for 30 s and then cooled at different linear
rates to sub-zero temperatures. Cells were maintained iso-
thermally at the lowest temperature for 1 min and then warmed
at either 50 or 100°C/min to +20°C.

A total of 45 mouse oocytes and eight mouse embryos were
examined. Fewer human oocytes (unfertilized after 2 - 3 days)
and embryos were available, but observations were made on 22
oocytes and two embryos at the 2-cell stage which had arisen
from the division of two multipronucleate oocytes. The events
portrayed in Figures 1, 2 and 3 were seen to a greater or lesser
extent, in many of the observations, depending on the exact
position of cells within the field of vision and the manner in which
the ice front progressed across the field. A statistical evaluation

of the events is clearly impossible, but their nature and subsequent
effects on the embryos or oocytes in question is not in doubt.

Results

Deformation of oocytes and embryos associated with the
crystallization of ice

The effect of a slowly advancing ice front on a mouse oocyte
and its surrounding mass of cumulus is illustrated in Figure 1.
The ice front (left) can be seen approaching the oocyte cumulus
complex (Figure IB) with the clear deformation of the oocyte.
The distortion occurs at the moment the ice crystals make contact
with the oocyte. This deformation becomes more apparent during
the continuation of the cooling process but the general distorted
outline remains (Figure 1C and D). At - 14°C, the supercooled
oocyte freezes intracellularly in < 0.1 s (Figure IE), easily seen
by the change in refractive index and manifested by a black flash.
The general distorted outline can still be seen and the misshapen
oocyte retains this shape upon thawing (Figure IF). Several intra-
and extracellular gas bubbles are also apparent. As the cell
undergoes lysis (not shown) the misshapen image disappears.

The collision of growing ice crystals with a human oocyte is
shown in Figure 2. Ice crystals from the left of the picture are
seen approaching the oocyte (Figure 2A) and making contact in
Figure 2B at -3.5°C. In the next three photographs, Figure 2C,
D and E at temperatures - 5 , - 7 and -7.5°C, respectively,
the ice sheet can be seen to grow over and under the oocyte and
the subsequent distortion is not unrelated to the initial points of
ice contact. Supercooling in this particular series of photographs
did not occur and intracellular ice formed at — 7.5°C (Figure
2E; bottom right) and then spread rapidly throughout the oocyte
and was complete by ~ —9°C. The distorted shape of the
oocyte, the configuration of which was apparent by -7°C (Figure
2D), remained throughout the entire sequence of freezing and
thawing. Figure 2F is a photograph of the ice encasing an
intracellularly frozen oocyte at -50°C.

When this human oocyte was thawed, blebbing of cytoplasm
was apparent (Figure 2G) and was mainly confined, in the initial
stages, to that part of the oocyte which was primarily associated
with the first contact of the advancing ice front. The presence
of three gas bubbles which grow with time were clearly discern-
ible (Figure 2G and H). Two gas bubbles, external to the oocyte,
were also seen to enlarge after thawing (Figure 2H).

Gas vacuoles in embryo destruction

The appearance of intracelluar gas bubbles or vacuoles very soon
after thawing has already been noted. The freezing of a 2-cell
mouse embryo and its subsequent demise, associated with a
gigantic gas vacuole, is illustrated in the sequence of photographs
(Figure 3). Unlike the events shown in Figures 1 and 2, the
formation of ice in the medium in this experiment was essen-
tially instantaneous from the supercooled state. No growth from
the side or top of the cryomicroscope stage occurred (Figure 3B).
This was followed within a fraction of a second by the formation
of ice in the fluid surrounding the blastomeres and contained by
the zona pellucida (also Figure 3B). Almost contemporaneously
with this occurrence, flash intracellular freezing occurred at
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Fig. 1. Observations during the freezing and thawing of an unfertilized mouse oocyte (plus cumulus). A, +8°C; B, -3.5°C; C, -5°C; D,
-7°C; E, -14°C; F, -2°C. Oocyte in PBS + 10% methanol + 10% dextran. Cooling rate: 2.5°C/min to -35°C; 50°C/min to -80°C.
Thawing rate: 100°C/min.

-14°C (Figure 3Q. As the temperature continued to fall, so
the black outlines of the frozen blastomeres sharpened (not
illustrated). This phenomenon of increased optical clarity with
decreasing temperature in the frozen state is nearly always
observed and may have practical application in many forms of
microscopy.

During thawing at -2.5°C a small gas vacuole can first be
seen on the periphery of the right blastomere (Figure 3D). Within
a minute and with the temperature now at 20°C (Figure 3E),
the outline of the blastomere is less distinct and it would appear
that the two blastomeres have fused. The disruption of the two
blastomeres is evident in Figure 3F. During the thawing process,
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