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Abstract

Innocuous intracellular freezing was investigated in very rapidly frozen tumor
cells of MTK sarcoma III, an ascites tumor of rat. When tumor cells in the thin
ascites layer on the coverslip were frozen very rapidly in liquid nitrogen or down
to —30°C, the cells were usually translucent as seen in intact unfrozen cells.
They, however, increasingly drakened as a result of intracellular formation of fine
ice crystals during slow warming up to temperatures above —28°C. When such
translucent frozen cells were thawed very rapidly from about —30°C in warmed
saline, a few of them remained nearly intact.

A remarkable tumor growth was noted in the ascites of all rats inoculated
with tumor cells which were rapidly frozen in liquid nitrogen or at —30°C and
then rapidly thawed after a few minutes. On the other hand, no tumor cells were
observed in the ascites of any of the rats inoculated with tumor cells which were
first rapidly frozen at —30°C, next rewarmed slowly until darkening apparently
occurred in the cells and then were rapidly thawed.

. Introduction

It has long been assumed that at very low temperatures, intracellular ice
formation in very rapidly cooled living cells is probably innocuous, since the
ice crystals formed in the cells were assumed to be too small to cause injury."?

* Contribution No. 893 from the Institute of Low Temperature Science.
*%*  Present address: Aichi Cancer Center, Nagoya.
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Luyet and his collaborators’ earlier works actually demonstrated the survival
of a few kinds of cells after very rapid freeze-thawing at and from extremely
low temperatures.®>®? This led them to the assumption that a vitreous state of
protoplasm, in which water molecules would be without any ordered arrange-
ment, might probably occur in these rapidly cooled cells. Later they also
obtained transparent solid by rapidly cooling aqueous solutions of various
organic compounds to low temperatures, and found that, when the transparent
solid was rewarmed to a certain temperature range, numerous fine ice crystals
began to form promptly in the solid, resulting in an intense darkening in
appearance.”’ Their X-ray diffraction study however revealed that such forma-
tion of fine ice crystals was not the direct result of the devitrification of the
devitrification of solidified aqueous solutions, but was rather the result of
a further development of invisible crystallites previously formed within the
solid.®

According to Rapatz and Luyet, on the other hand, very rapidly frozen
frog blood cells appeared to be as translucent as unfrozen intact ones.” Rin-
fret reported the formation of hexagonal ice crystals in rapidly frozen red
blood cells in liquid nitrogen by means of the X-ray diffraction method.®
However, data concerning the survival of such translucent frozen cells are not
yet available.

Our previous paper revealed that when tumor cells in rat ascites were
frozen rapidly they frequently appeared to be as translucent as intact unfrozen
cells at temperatures below —20°C, although formation of visible fine ice
crystals was subsequently observed within these cells.”
deals with the survival of such translucent frozen tumor cells with detailed
observations of this type of cell freezing.

The present paper

Il. Materials and Methods
Materials

The tumor cells employed in the present study are of MTK sarcoma III,
an ascites sarcoma of rat, which was artificially produced originally in the
peritoneal cavity of an inbred Wister rat in 1952 and has been maintained in
the Zoological Institute of Hokkaido University for over 1100 transplant
generations.!” The tumor cells are very prominent, owing to their large size,
which ranges usually from 11 to 17 g and sometimes as much as 30 ¢ in
diameter, as compared with all other observable cells in the peritoneal cavity.
The cells appear translucent under ordinary transmitted light except for the
several ‘lipid granules’ within them (Pl. V, fig. 20). The average life span of
the tumor-bearing rats at the time of the present work is about 10 days.
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Methods

On the 3rd or 4th day after transplantation into the host animal, the
ascites tumor cells were pipeted out of the peritoneal cavity by inserting a fine
glass pipet. About 0.002 m! of the ascites containing tumor cells were dropped
and smeared on a coverslip to form a monolayer of tumor cells. The process
of freezing and thawing of the ascites droplet prepared in this way was ob-
served on the stage of a special refrigerated microscope.” Before microscopic
observation was made for a freezing period longer than a few minutes, the
ascites droplet on the coverslip was covered with silicone oil. The microscope
used was a remote-controlled inverted type which was set in a cold box. On
the stage of this microscope a minimum temperature of —30°C was attainable.
The temperature of the ascites droplet on the stage was measured by inserting
the tip of a fine thermocouple directly into the droplet or into the silicone oil
layer which covers the ascites droplet on the coverslip. This was continuously

- recorded by an electronic recorder connected with a preamplifier. In order to
obtain a very high rate of cooling, the coverslip with an ascites droplet was
held with a forceps and immersed directly into liquid nitrogen, in which the
boiling ceased within one or two seconds. The other method of cell freezing
applied in the present experiment was a direct transfer of the coverslip with
an ascites droplet from room temperature to the stage of the microscope
maintained at predetermined temperatures, where the freezing of the droplet
very frequently occurred after considerable supercooling. Some of the ascites
droplets, however, froze spontaneously at temperatures higher than the predeter-
mined one. The data from such cases were excluded from the present report.
The frozen ascites droplets were, as a rule, rapidly thawed in a sufficient
amount (about 30 ml) of physiological saline at about 38°C.

The functional survival of tumor cells was determined by the following
method. The saline usually containing 20 ascites droplets which were separately
frozen and thawed in the same manner, was centrifuged to collect the tumor
cells. Saline drops of about 0.2 ml in volume, containing frozen-thawed tumor
cells were then inoculated into the peritoneal cavity of healthy ratlets. On every
1 to 3 days after inoculation, ascites was drawn from the rats to observe the
growth of the transplanted tumor cells. The tumor cells were examined by
the acetic dahlia squash method™ by comparing with those from the stock
line of MTK-sarcoma III. The viability of the frozen-thawed tumor cells was
also ascertained by the life span of the rats inoculated with these cells.
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I, Results

PROCESS OF FREEZING AND THAWING
Cells rapidly cooled in liquid nitrogen

Ascites droplets containing tumor cells were frozen rapidly in liquid
nitrogen, where they were kept for a few minutes. The ascites droplet thus
frozen was then transferred rapidly onto the stage of the microscope at —30°C.
Immediately after the transfer, all of the tumor cells in the frozen ascites
droplet showed a translucent appearance as seen in intact unfrozen cells (Pl
II, fig. 5). The frozen ascites surrounding the tumor cells was observed to
have a general pattern such as seen in frozen aqueous solutions with irregularly
distributed and irregularly branched dendrites. At the edge of the frozen
ascites droplet the dendritic pattern of ice crystals was fainter than in the
center, and sometimes was so scanty that the frozen ascites sheet appeared to
be entirely transparent (Pl. I, fig. 1 & Pl II, fig. 5).

When they were gradually rewarmed, all the tumor cells in the frozen
ascites droplet showed an increasing darkening resulting from the intracellular
formation of fine ice crystals. The process of such darkening of the cells
was apparently different from that of ‘flashing’, which is known to be the
commonest mode of intracellular freezing in previously supercooled living
cells.” With slow rewarming of the frozen ascites droplet from temperatures
around —28°C, the smooth outline of tumor cells gradually became irregular
and the homogeneous protoplasmic texture of the cells slowly changed to show
a dark granular appearance. Many small particles of a few micra in diameter
were frequently observed in the granular protoplasm. These particles were
shown to be ice by direct observation in the thawing process. It was worthy
of note that no cells contract until the beginning of their darkening when
many of them apparently became deformed and reduced in size (PL I, fig. 8,
PL III, figs. 9, 10). These changes in cell appearance took place very slowly
at about —28°C, and promptly at about —20°C in most parts of the frozen
ascites droplet except at its edge where darkening of tumor cells began to
occur much later (Pl. IV, figs. 13, 14, 15). In the tumor cells which retained
a nearly translucent appearance until they were rewarmed to a high tempera-
ture near —20°C, ice crystals of relatively large grain size suddenly appeared
during further warming (Pl. IV, fig. 15).

Cells rapidly cooled down to —30°C on the stage of the refrigerated
microscope

The coverslip with an ascites droplet was directly transferred to the stage



40 E. AsamiNa, Y. Hisapa and M. EMURA

of the microscope at temperatures around —30°C, where the ascites droplet,
even without any oil cover, was observed to undergo considerable supercooling,
usually for 20 to 40 seconds. Freezing of the ascites droplets which frequently
took place at temperatures about —30°C, was observed as an instantaneous
change of transparency of the ascites layer in a very small fraction of a second.
All the tumor cells in the ascites droplet appeared to be translucent immediately
after freezing, except for a few cells in which ‘flashing’ or blacking out had
taken place (PL I, fig. 1). These translucent cells retained nearly the same
appearance even for 30 minutes or more at temperatures below —28°C with-
out any contraction. When they were slowly rewarmed, all the translucent
cells invariably darkened. The process of the cell darkening, 7. e., intracellular
formation of visible ice crystals, appeared to be the same as in cells rewarmed
from liquid nitrogen temperature (PL I, figs. 2, 3, 4). The rate of increase in
number of darkened cells was, however, apparently slower than when rewarmed
from liquid nitrogen temperature. For example, when they were rewarmed at
a rate of about 0.5°C per minute, the darkening cells increased appreciably at
temperatures around —25°C, and remarkably at about —20°C (Pl I, fig. 4).
If the ascites droplet containing tumor cells was not very thin, the pattern
of ice crystals forming in the rapidly frozen droplet showed a slight difference
from these described above. Upon freezing many slender ice platelets instan-
taneously occupied the entire ascites droplet. The ice platelets thus formed
frequently were arranged in parallel with each other and between them many
tumor cells were embedded, which were slightly contracted although they were
translucent in appearance (Pl. III, fig. 11). When they were rewarmed to
about —20°C, all the tumor cells in the frozen ascites droplet invariably
darkened as in the other rapidly cooled cells described above (Pl. 11, fig. 12).

Thawing

The ice crystals formed in the darkened tumor cells increased in grain
size and decreased in number as the rewarming proceeded. The dendritic
texture of ice crystals in frozen ascites began to show a coarser texture when
the ascites droplet was rewarmed to a temperature higher than —20°C (Pl V,
fig. 17). During these processes the structure of tumor cells was completely
destroyed (Pl. V, fig. 18). Immediately after thawing all the tumor cells in
the ascites were invariably observed to cytolyse (Pl. V, fig. 19).

On the other hand, in saline in which rapidly frozen ascites drops at
temperatures below -—30°C were rapidly thawed, a few of the tumor cells
usually remained nearly intact although many of them were observed to be
in the course of cytolysis.
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SURVIVAL OF RAPIDLY FROZEN-THAWED TUMOR CELLS

A preliminary experiment showed evidence of the functional survival of
rapidly frozen-thawed tumor cells.’® Of three rats receiving the inoculation of
tumor cells frozen in liquid nitrogen and then thawed, one produced abundant
newly-grown tumor cells in the ascites and died on the 19th day after the
inoculation. In a rat inoculated with tumor cells rapidly frozen at —30°C and
thawed, newly grown tumor cells were observed in the ascites on the 10th
day, but on the 15th day they perished. No tumor cells were found in the
ascites of any of the rats inoculated with frozen-thawed tumor cells at and
from temperatures between —20 and —25°C.*®

These results encouraged us to make a more thorough examination of the
survival of rapidly frozen tumor cells. The following four experiments were
therefore made: (1). Tumor cells in ascites were rapidly frozen in liguid
nitrogen and then rapidly thawed after 1 minute. The thawed tumor cells in
saline were inoculated into 5 rats. (2). After the same freezing procedure as
described in experiment (1), frozen ascites containing tumor cells was trans-
ferred onto the stage of the refrigerated microscope at —30°C. Almost all of
the tumor cells were observed to be translucent. After 2 minutes, they were
rapidly thawed. The final measurable freezing temperatures of the ascites
droplets were less than —28°C. The thawed cells were inoculated into 5 rats.
(8). Tumor cells in ascites were directly transferred from room temperature
onto the stage of the microscope at —30°C. Nearly all of the tumor cells in
the ascites droplets froze translucently except for a few cells which underwent
flashing. After 2 minutes, they were rapidly thawed. The final measurable
freezing temperatures of the ascites drops were about —29°C. The thawed
cells were inoculated into 4 rats. (4). After the same freezing procedure as
described in experiment (3), the frozen ascites droplets were gradually rewarmed
until darkening or intracellular ice crystallization was clearly observed in the
tumor cells. The final measurable freezing temperatures of the ascites droplets
were ranged between —20 and —24°C. These cells were rapidly thawed and
then were inoculated into 2 rats.

The results of these four experiments are summarized in table 1. An
abundant growth of tumor cells was observed in the ascites from all of the
rats in experiments (1) and (3) within about 10 days after inoculation, while
in the ascites from the rats in experiment (4) no tumor cells were found. In
the case of experiment (2) a few tumor cells were usually observed in the
ascites from 4 of the 5 rates inoculated, during the first week after the inocu-
lation, but these tumor cells disappeared thereafter. The rats used in experi-
ments (1) and (3) died 16 to 23 days after the inoculation, while in experiments



Table 1. Frequency of occurrence of tumor cells in ascites of rats inoculated
with rapidly frozen-thawed tumor cells
. . Rats used Days after inoculation Host
Experi- | Freezing of Body survival
ment No.| tumor cells |Mark weight | 1 2 3 4 5 7 10 12 15 time
(g) (days)
| !
*\ CA B 120 1.00* 0.90 2.20 3.66 2.02 112 517 ¢ — — 19
| - B3 100 0.76 0.53 0.46 1.70 1.00 491  2827@ — — 16
In liquid
1 ) ,C 3 110 0.45 0.95 0.27 1.16 0.94 134+ 28824 — — 19
nitrogen Do 9% 079 042 060 102 139  147() 375064y  — — 16
‘1 IE ¢ 80 0.54 0.34 1.30 163 169 6604y 3741 4h — — 16
“ i
. 1 F3 70 0.40 0.40 040  0.40 1.18 very few 0 — - 11
In lig. N. -
Observation | G ¢ 70 045 042 052 094 036  veryfew 0.99 — - —
2 at about "Hs 75 0.80 0.74 165 361 0.50 very few very few  — — —
—80C for 1o 70 037 037 054 046 098 032 047 - - —
2 min BN ? ? v e ? ? ? — — —
l At —30°C. K 3 60 | very few very few very few very few  — — 112 49.20 90 <y 23
5 . Obsirvation L& 70 | very few very few very few very few  — — 741640 3941 ¢h 90<¢h 17
at about :
—30°C for Mg 70 | very few very few very few very few = — — 3.16 37.36 4h 90<dp 17
2 min N 60 | very few very few very few very few — — 2.57 40.88 4p 90< @b 19
At —30°C
Observation ¢ ¢ 0 0 0 0 — — 0 0 0 —
4 (fior 10 min !
uring : .
rewarming | P9 60 0 0 0 0 - 0 0 0 —
to —20°C i
*  Percentage of tumor cells in total number of cells in ascites droplets observed
ok (b, about 1% ; @b, more than 2%

Percentage of dividing cells in total number of tumor cells observed.
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(2) and (4) no rats succumbed to tumor growth.

IV. Discussion
Type of cell freezing

It has been assumed that cells very rapidly frozen to a considerably low
temperature would appear entirely the same as intact unfrozen cells, since the
ice crystals formed in the cells were assumed to be too small to interfere
with the ordinary transmitted light. Concerning this problem Luyet and his
collaborators made a remarkable contribution. According to their reports on
the freezing of aqueous solutions of crystalloids and colloids, rapid freezing,
at intermediate and high concentrations of all solutes, produced a transparent
solid state of these solutions.” Such a solid state represents a type of incom-
plete or interrupted freezing with special crystallization units. called ‘evanescent
spherulites’® When the transparent solid containing ‘evanescent spherulites’
was rewarmed to a certain temperature range, which could be determined
primarily by the molecular weight of the solute, a remarkable change in
appearance, from transparent to intensely opaque, occurred in the solid, as
a result of a further development of crystallittes. Such an opacity change or
darkening was called irruptive recrystallization.'

In the case of our tumor cells, translucent frozen cells were obtained by
rapid cooling to temperatures around —30°C or below. At a temperature
range between —20 and —28°C, many tumor cells also froze translucently, the
remainder in the same ascites droplet underwent ‘flashing’” or entire darkening
at the time of freezing. ‘Flashing’ occurred in nearly all of tumor cells in
the ascites droplet which was seeded with ice at temperatures between —15
and —18°C.» In glycerolated frog blood frozen rapidly to temperatures from
—20 to —160°C, translucent frozen blood cells were also observed by Rapatz
and Luyet.”

Although no ‘evanescent spherulites’ were so far determined to form in
these translucent frozen cells in both frog blood and rat ascites, the behavior
of these frozen cells during rewarming seems to suggest an occurrence of an
incomplete state of freezing of protoplasm in these cells. With slow rewarming,
a remarkable darkening occurred in these cells. The protoplasmic pattern of
these cells changed from a homogeneous translucent appearance into a remark-
able granular one. The small particles, occurring in the granular protoplasm,
were identified as ice. At the beginning of cell darkening, the size of these
ice particles was comparable with those observed in the ‘opacity cloud’ formed

by irruptive recrystallization in ‘evanescent spherulites’.”® The darkening of
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the translucent frozen cells may probably be interpreted to be the result of
migratory recrystallization of very fine ice crystalls, which had been nucleated
in the cells at the time of rapid cooling, but had not enough time to allow
for the nuclei to grow into ice particles of observable size before rewarming.
The sudden formation of a few large ice grains in translucent tumor cells at
temperatures near —20°C, may suggest that migratory recrystallization very
promptly proceeds at such high temperatures in the frozen protoplasm (Pl. 1V,
fig. 15). Contraction or deformation of the translucent frozen tumor cells at
the time of cell darkening does not suggest an occurrence of extracellular
freezing, but rather a very easy migration of ice crystals in the cells only
during recrystallization (Pl I, fig. 8, Pl III, figs. 9, 10). The translucent
appearance of rapidly cooled tumor cells is by no means assumed to be the
result of true vitrification of protoplasm, since the translucent protoplasmic
state can be brought about even at temperatures as high as —30°C or above
and the aqueous fluid in the present tumor cells is without any artificial
additives, having a concentration as low as about 320 milliosmoles per liter.

Tumor cells in relatively thick layer of ascites, on the other hand, actually
underwent extracellular freezing to some extent even when they were cooled
rapidly to —30°C (PL III, fig. 11). This can be explained to be a result of
a slight slowing down in cooling rate of the tumor cells due to the heat
release by freezing of ascites. However the period of slowing down in cooling
rate was assumed to be so short that the extracellular freezing cells could
not reach the final state of cell contraction or dehydration at the exposed
temperature and intracellular formation of invisible ice crystals also occurred
in the partially dehydrated tumor cells, since the typical recrystallization process
was invariably observed in these slightly contracted cells following rewarming

(PL III, fig. 12).

Survival of translucently frozen and thawed tumor cells

The present observation clearly demonstrated that some of the translucent
frozen tumor cells produced by rapid cooling were alive, and at tempera-
tures below —29°C these frozen tumor cells could survive at least for a few
minutes. As already mentioned these translucent cells can be safely assumed
to be intracellularly frozen cells with very fine ice crystals too small to be
seen. So far as the writers are aware, innocuous intracellular freezing in the
cells of vertebrated animals has so far been reported on twice. Sherman
observed the functional survival in the cells of mouse skin and parakeet tumors
both of which were assumed to have been intracellularly frozen at —75°C.®
However, his data as presented may possibly be explained as the result of
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tumor growth derived from a small number of extracellularly frozen cells
which had not clearly been detected among an incomparably larger number of
intracellularly frozen cells.” Losina-Lozinsky reported the survival of ascites
carcinoma cells of rat following intracellular freezing and thawing at and from
—79 and —196°C."” Judging from the description, his experiment could not
apparently exclude contamination with extracellularly frozen carcinoma cells,
although some of the cells might possibly be frozen intracellularly under his
experimental conditions. The survival of extracellularly frozen mammalian
tumor cells at very low temperatures, even without any cryoprotective addi-
tives, has already been well demonstrated.®%!

In our tumor cells, their survival following freezing and thawing was also
determined in the same manner as described by the above mentioned authors,
in other words, by the tumor growth in the ascites of rat inoculated with
frozen-thawed tumor cells. In the present case, however, all the ascites droplets
containing tumor cells were directly observed under refrigerated microscope
to determine the type of cell freezing, except for experiment (1) in which the
ascites droplets were rapidly frozen-thawed at and from liquid nitrogen tempera-
ture. The fact that no tumor cells were found in the ascites of any of the
rats inoculated with rapidly frozen-thawed tumor cells at and from tempera-
tures between —20 and —25°C might reasonably lead to the assumption that
contamination with extracellularly frozen living cells was entirely excluded
from all of our four experiments, since at these high temperatures the occur-
rence of extracellular freezing, if possible, would certainly be easier than at
lower temperatures.

An interesting result was obtained from experiment (2), in which tumor
cells were first frozen in liquid nitrogen, transferred to about —30°C, observed
for 2 minutes and then were rapidly thawed. The thawed cells were inoculated
into 5 rats. In the ascites of 4 of the 5 rats a few tumor cells were usually
observed through 5 or 10 days after inoculation, but the tumor cells disappeared
thereafter. All the rats used in this experiment became healthy except one
(Rat F in Table 1) which died 11 days later, but could not be assumed to
have succumbed to tumor growth. These results may be explained as {ollows :
Some of the tumor cells might probably be alive after {reeze-thawing. How-
ever, their viability was subnormal or the survivors were too small in number
to increase in the peritoneal cavity of a new host.

In experiment (3), on the other hand, all the rats inoculated with frozen-
thawed tumor cells were killed by tumor growth (Table 1). This suggests
that the treatments in experiment (2) was more dangerous for the tumor cells
than those in experiment (3). The most remarkable difference in experimental
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conditions between experiments (2) and (3) might be the difference in tempera-
ture at which initial freezing took place in tumor cells. The initial freezing
temperatures in experiments (2) and (3) were —196 and —30°C respectively.
This may possibly cause the difference in recrystallization temperature in the
translucent frozen cells. Rapatz and Luyet observed in rapidly frozen frog
blood cells that, when they were rewarmed to a high subzero temperature,
the lower the initial freezing temperature, the more conspicuous the migratory
” In our translucent frozen tumor cells, the process
of darkening or recrystallization following rewarming to temperatures around
—28°C was actually observed to proceed much slower in the cells initially
frozen at —30°C than in those frozen in liquid nitrogen. Perhaps in the
translucent frozen tumor cells in experiment (2), fine crystallites might grow,
before rapid thawing, to a certain size which was large enough to cause some
injury to the fine structure of the cell protoplasm.

Very recently Sakai and his collaborators made striking observations on
rapidly frozen-thawed cells of cortical parenchyma from winter twigs of mul-
berry tree.®? When thin tissue sections were rapidly frozen-thawed at and
from a series of predetermined low temperatures, the most dangerous freezing
temperature at which the cells in the sections were promptly killed was found
to be around —30C°® They suggested that the rate of growth of intracellular
crystallization nuclei formed during the rapid cooling became maximal at tem-
peratures around —30°C. Their electronmicrograph clearly showed numerous
cavities left after ice removal in the cells which were rapidly frozen at —30°C
and kept at the same temperature for 5 seconds.?
cells, however, the apparent recrystallization temperature in translucent frozen
cells, in both frog blood and rat ascites was observed to be much higher than
—30°C. Although the temperature of maximal rate of crystal growth in the
frozen cells may possibly be lower than that of apparent recrystallization, the
most dangerous temperature range in translucent frozen tumor cells may
certainly be above —30°C, since at this temperature they could be kept alive
at least for 2 minutes.

The karyotype of the tumor cells produced by the serial transplantation
of rapidly frozen-thawed tumor cells in the present experiments was investigated
by Hisada. She observed that the chromosomes of the tumors underwent no
alteration both numerically and morphologically, after the treatment.®

recrystallization in the cells.

In the case of animal

V. Summary and conclusion

Innocuous intracellular ice formation in rapidly cooled living cells was
determined by the use of the tumor cells of MTK sarcoma III, an ascites
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sarcoma of rat, as material.

A small volume of the ascites containing tumor cells were dropped and
smeared on a coverslip to form a monolayer of tumor cells. The tumor cells
on the coverslip prepared in this way were invariably used for freezing in the
present experiments. A very high rate of cooling was obtained by immersing
the coverslip with tumor cells directly into liquid nitrogen. The.other method
of rapid freezing was direct transference of the coverslip from room tempera-
ture to the stage of a refrigerated microscope at about —30°C, where the
freezing of the ascites droplet very frequently occurred after it had been
considerably supercooled.

The ascites droplets frozen in liquid nitrogen was transferred, after a few
minutes, rapidly to the stage of the microscope at —30°C. Immediately after
the transfer, all the tumor cells in the ascites droplet appeared translucent as
seen in intact unfrozen cells. This was also the case of the tumor cells
frozen rapidly on the stage of the microscope at —30°C, except for a few
cells in which ‘flashing’ or blacking out took place. With slow rewarming
all the translucent frozen cells increasingly darkened as a result of intracellular
formation of fine ice crystals. In relatively thick ascites layers tumor cells
frequently froze extracellularly to some extent even at —30°C, showing slight
contraction or dehydration of themselves. Such partially contracted cells,
however, invariably underwent intracellular freezing showing a translucent
appearance and darkening was always observed in these cells during rewarming.

The process of the darkening in translucent frozen cells was observed as
follows: With slow rewarming from about —28°C, the smooth outline of
the tumor cells became gradually irregular and the homogeneous protoplasmic
texture of the cells slowly altered into a dark granular appearance. Many
small particles of a few micra in diameter frequently appeared in the granular
protoplasm. These particles were proved to be ice. The darkening in re-
warmed cells took place slowly at about —28°C and promptly at about —20°C.
In the cells frozen initially at —30°C the darkening also proceeded at about
—28°C which is much slower than in the cells frozen initially in liquid
nitrogen. These behavior of translucent frozen cells may be interpreted as
a result of migratory recrystallization of very fine ice crystals which had been
nucleated in the cell at the time of rapid cooling, but did not have sufficient
time to grow into ice particles of visible size before rewarming.

‘When the translucent frozen tumor cells were rewarmed until they ap-
parently darkened and then thawed, they were invariably observed to cytolyse,
while in saline in which translucent frozen tumor cells were rapidly thawed,
a few of them remained nearly intact although many of them were in the
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course of cytolysis.

A remarkable growth of tumor cells was observed in the ascites from all
rats inoculated with tumor cells which were rapidly frozen in liquid nitrogen
or at —30°C and then rapidly thawed after a few minutes. No tumor-bearing
animal was found in any of the rats inoculated with tumor cells which were
rapidly frozen at —30°C, rewarmed slowly until darkening occurred in the
cells and then were rapidly thawed. These results clearly indicate that some
of the translucent frozen tumor cells obtained by rapid cooling were alive and
at temperatures of about —30°C they could survive freezing at least for a few
minutes. This is perhaps an undeniable demonstration of innocuous intra-
cellular freezing. The assumption that the tumor growth in the rats inoculated
with the frozen-thawed tumor cells in the present experiments may probably
be derived from extracellularly frozen tumor cells contaminated with the trans-
lucent frozen ones, may safely be discarded, since no tumor growth was
observed in the rats inoculated with rapidly frozen-thawed tumor cells at and
{from temperatures between —20 and —25°C, at which temperatures the
occurrence of extracellular freezing would be easier than at lower temperatures.
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Plate

Fig.

Fig.
Fig.

Fig.

I

Tumor cells in an ascites droplet frozen rapidly at —30°C

Ascites droplet, 5 min after spontaneous freezing at —30°C following
supercooling for 40 sec. White pointer indicates the margin of the
frozen ascites droplet. . X210

Lower right part of Fig. | at —28°C, 17 min after freezing. X800

Central part of the same frozen droplet as in Fig. 1 at —28°C, 26 min
after freezing. X800

The other field in central part of the same frozen droplet as in
Fig. 1 at —20°C, 52 min after freezing. X800
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Plate

Fig.
Fig.

Fig.
Fig.

I,

Tumor cells in ascites droplets frozen rapidly in liquid nitrogen and
transferred to —30°C

Edge of an ascites droplet at —27°C, 8 min after the transfer. X425

Central part of an ascites droplet at —30°C, 1 min after the transfer.
x 800

Same field as Fig. 6 at —29°C, 4 min after the transfer. X800

Same field as Fig. 7 at —28°C, 8 min after the transfer. X800
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Plate Il1.

Fig. 9.

Fig. 10.

Fig. 11

Fig. 12.

Tumor cells in rapidly frozen ascites droplets

Same field as Fig. 8 in Plate II at —27.5°C, 10 min after the transfer.
x 800

Same field as Fig. 9 at —27°C, 17 min after the transfer. x800

Relatively thick layer of ascites droplet frozen rapidly at —30°C,
2min after freezing. Note slightly contracted cells embedded bet-
ween many ice platelets. X425

The other part of the same frozen droplet as in Fig. 11 after gradual
rewarming to —18°C. Darkening occurs in all cells. x425
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Plate V.
Fig. 13.
Fig. 14.
Fig. 15.

Fig.

Successive stages of recrystallization in translucent frozen tumor
cells. X800

Edge of the same frozen ascites droplet as in Fig. 6 in Plate II at
—25.5°C, 24 min after the transfer to —30°C

Same field as Fig. 13 at —24.5°C, 28 min after the transfer
Same field as Fig. 14 at —23°C, 36 min after the transfer

Same field as Fig. 15 at —20°C, 40 min after the transfer
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Plate

Fig.

Fig.

Fig.
Fig.

Thawing of tumor cells in rapidly frozen ascites droplets. X800

The same field as in Fig. 16 in Plate 1V, after gradual rewarming
to —8°C

Ascites droplet rapidly frozen at —25°C and gradually rewarmed to
—-3°C

Same field as Fig. 18, 6 min later, immediately after thawing

Control, unfrozen tumor cells in ascites at room temperature
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