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Intracellular Ice Formation Is Affected by Cell Interactions
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Cell-to-cell and cell-to-surface interactions are important to the structure and function of tissues. These
interactions are also important determinants of low-temperature responses in tissués.vitommodels using
hamster fibroblast cells in tissue culture were used to investigate the influence of cell-cell and cell-surface
interactions on intracellular ice formation in these systems. The four models were: (a) single cells in suspension;
(b) cells individually attached to glass with only cell-to-surface adhesion; (c) colonies of cells attached to glass
with both cell-cell and cell-surface interactions; and (d) multicellular spheroids with extensive cell-cell
contacts. Cryomicroscopy was used to monitor the prevalence and kinetics of intracellular ice formation after ice
nucleation in the extracellular solution. The temperature for intracellular freezing in 50% of the cells was
significantly affected by both cell-cell and cell-surface interactions. There was also evidence of intercellular
nucleation through cell-cell interactions. The results indicate that cell-cell and cell-surface interactions play a
significant role in the low-temperature response of tissue systems299 Academic Press
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The formation of ice in the external environ-sues and the presence of cell interactions pre
ment of living cells induces numerous physicatlude direct application of information from
and chemical changes. Cellular injury is relatedellular systems (3, 12, 26). Cryomicroscopic
to the nature and kinetics of cellular response tobservations of real tissue systems (6, 27) have
these temperature-induced conditions. Extefiltustrated the intricacy of the low-temperature
sive studies of the response of cells in susperesponses and confirm the requirement to de
sion to cooling and warming at different rates/elop appropriate model systems and quantita
and under various conditions have resulted in#e methods of assessment (6, 12, 27).
comprehensive understanding of the effects of Intracellular ice formation (IIF) occurs when
low temperatures on cellular systems (14, 1Gells are rapidly cooled and is correlated with
21). This information has facilitated numerousgell injury (11, 16). While the mechanisms that
productive approaches for the cryopreservatiosult in IIF are unclear (11, 19), the concomi-
of a wide variety of cell types (1, 14, 21).  tant damage is almost always associated witf

While most cryopreserved cells can recovelethal injury to cells (9, 11, 14). Avoiding the
virtually full viability and function, this is sim- formation of intracellular ice is therefore an
ply not true for most tissue systems (3, 12, 26ssential element of natural and artificial cryo-
Atissue is a complex system of organized cellgrotective strategies. In cellular systems, vari-
that requires coordinated interactions betwegg),g protocols have been developed using cryo
the constituent cells, adjacent cells and the €¥rotective compounds and optimal rates of
tracellular matrix for function. Current ap-cqogling to prevent IIF while minimizing delete-
proaches to the understanding of low-tempergyoys effects of exposure to the increased con
ture responses in tissues have largely beg@nirations of solutes encountered at low tem:
based on models developed using the b'OPhyﬁ'eratures (15). In tissue systems, however
ical and physiological data collected from cellyempts to avoid intracellular ice have been
in suspension. The complexity of organized tiszmjicated by the structure and organization

inherent in tissues. Recent studies have show

Received November 30, 1998; accepted April 22, 199¢%that intercellular junctions in a tissue are sus-

363
0011-2240/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



364 ACKER ET AL.

ceptible to the toxic and osmotic effects associzrand Island, NY). For the experimental model
ated with the addition and removal of cryopro-using cells in suspension, cells in the exponen
tectants (2). Intracellular ice forms attial growth phase were harvested by exposure tt
significantly lower cooling rates in a confluenta 0.25% trypsin solution (GIBCO) for 10 min at
monolayer than in cell suspension (3), suggess7°C, washed in supplemented MEM, resus-
ing that formation of intracellular ice in tissuespended in phosphate-buffered saline (PBS
may involve additional factors. Identification of GIBCO), and kept in an ice water bath for the
these factors will facilitate an understanding ofluration of the experiments. For the experimen-
the damage induced by IIF in natural systemsal model system using individual cells attached
as well as aid in the development of strategiet® glass or colonies of cells, sterilized coverslips
for cryopreservation of complex tissues. (12 mm circle, Fisher Brand) were placed in a
The objective of this study was to characterpetri dish (Fisher Brand, 10& 15 mm) and
ize the IIF behavior of cells in various physio-covered with 20 ml supplemented MEM con-
logical states that simulated some of the stru¢aining 3 X 10> cells. The petri dishes were
tures found in organized tissues. Thencubated for 12 h to allow the cells to attach or
experimental model systems used were (a) cells days to allow the growth of a monolayer.
in suspension, characterized by no interactior8pheroids were derived from cells in suspen-
between cells and no cell-to-surface adhesiosjon and formed by culturing in a spinner flask
(b) cells attached to glass with cell-to-surfac€180 rpm) for up to 7 days at 37°C (24). Only
adhesion but no cell-to-cell interaction; (c) cellspheroids of a small diamete80 um) were
in colonies attached to glass, characterized hysed so as to facilitate ease of handling anc
cell-to-cell and cell-to-surface interactions; andssessment.
(d) cells in multicellular spheroids, a three-di- . .
mensional model with extensive cell-to-celS¢@NNINg Electron Microscopy
contacts. These different cell interactions were Scanning electron microscopy (SEM) was
produced by different tissue culture conditionsised to study the morphology of the four fibro-
which themselves could influence the freezinplast tissue models. Samples of each mode
behavior. Similarities to other observations witlwere fixed using 2.5% glutaraldehyde in Mil-
tissue culture (3) and natural systems (5, 7, 1&ning’s buffer (16.8 g NsHPO,; 3.85 g NaOH,;
18) indicate that the cell interactions are th@.05 g CaCJ; and 5.4 g glucose per liter), stored
primary determinants of the low-temperatur@vernight at 4°C, and then processed for elec
response. Experiments were conducted with teon microscopy. Processing involved three
convection cryomicroscope (8, 22) withoutwashes in Milloning’s buffer and fixation in 1%
cryoprotective additives at constant subzerosmium tetroxide for 45 to 60 min, followed by

temperatures. awash in distilled water. The samples were ther
dehydrated in a series of ethanol solutions, air-
MATERIALS AND METHODS dried, and mounted with silver glue on alumi-

num stubs that were later coated with a thin
Cell Models layer of gold. A scanning electron microscope
Chinese hamster fibroblasts (V-79W) weréPhillips 505) was used to examine the samples
grown at 37°C in an atmosphere of 95% air )
5% carbon dioxide in a supplemented medjurfy’Yomicroscope System
consisting of minimum essential medium The cryomicroscope used for this study is
(MEM) with Hanks’ salts, 16 mmol/L sodium described in detail elsewhere (19). Briefly, it
bicarbonate solution, 2 mmol/lL.-glutamine, consisted of a Zeiss light microscope (Carl
10% fetal bovine serum, and antibiotics (peniZeiss, Germany), an RGB video camera (Sony
cillin G (50 units/ml), streptomycin (50.g/ml)) XG-711, Japan), a video recorder (Panasonit
(all components from GIBCO Laboratories,GX4, Japan), a time stamp and title generatol
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FIG. 1. Electron micrographs of the four tissue models used in this study. (A) Cells in suspension; (B)
individual cells attached to glass; (C) cells in colonies; and (D) cells forming a spheroid.

(For-A Company TG-170, Japan), and a con-13°C in the absence of ice. A constant tem-
vection cryostage (8, 22). A computer progranperature was maintained while ice formation
was developed to monitor the temperature anslas initiated at the side of the coverslip using a
provide an output for proportional control of thecopper wire cooled in liquid nitrogen. The seed-
heating element. The coverslips with cells ating conditions for the four tissue model systems
tached to the glass and cells in colonies wengere identical ensuring that the extracellular ice
inverted on the cryostage with a thin layer ofjrowth was consistent in each experimental
medium between the cells and the cryostaggoup. The cooling power of the stage was
surface. Observations were made within 0.2 misufficient to remove the latent heat of fusion
of the thermocouple junction to minimize thewithin 1 s after ice initiation. The occurrence of
effects of thermal gradients on the stage. intracellular freezing was indicated by a sudden
darkening of the cytoplasm (17, 23). The small
size of the spheroids used in this study permit-
The samples were cooled at50°C/min to a ted the identification of IIF in all of the constit-
predetermined temperature betweet8 and uent cells.

Freezing at Constant Subzero Temperatures
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TABLE 1
Total Number of Cells Studied

Total number of

Cells in Cells attached Cells in Cells in
Temperature (°C) suspension to glass colonies spheroids
-3 42
-4 130 22 650 90
-5 160 49 323 273
-6 228 73 1742 1078
-7 197 90 2398 474
-8 240 98 1764 135
-9 76 121 1347 50
—-10 75 26 480
—-11 57 28
—-12 200 40
—-13 19
Number of replicate experiments 5 6 6 3
at each temperature
Statistical Analysis —13°C. The total number of cells examined and

The effects of cell interactions on intracellu-N€ .number of experiments perfor'meq is sum-
lar ice formation were compared by nonlineafarized are Table 1. The cumulative incidence
regression and one-way repeated measurgs!!F during a constant subzero holding tem-
ANOVA in conjunction with Tukey’s multiple perature is shown in Fig. 2._ Expenmental_data
comparison test. The level of significance waB00led from multiple experiments were fitted

set at 5%. with a five-parameter Iogi;tic eqqation using the
least squares method. This nonlinear regressio

RESULTS analysis was used to determine the temperatur

Scanning Electronic Microscopy at which 50% of the cells freeze intracellularly

Scanning electron micrographs of the foufoT“F)' The *T values calculated are-9.4,
—7.4,—-6.9, and—6.6°C, respectively, for cells

tissue models used in this study are shown ilr#l nsion. individual cells attached to al
Fig. 1. Figure 1A shows a typical hamster fi- suspension, ual cefls atacned 1o giass
ells in colonies, and cells in a spheroid. A

broblast in suspension, demonstrating itgt tistical . £ th | Fio. 3
roughly spherical shape. Figure 1B shows tha austical comparnson ot these vajues (Fig. 3)
ows that cell adhesion significantly increasec

morphology of the same cell type when attacheﬁﬁ1

to glass. The cytoplasm is distributed in a thi Pe<ttce)n(1)[())<;re}|'fulr(e for |n|ttra|cellular n_ucle?tmtn
layer with an extended cell membrane. Cells i 005, Tukey's multiple comparison test)

colonies (Fig. 1C) show extensive interceIIuIaFlnd that there was no significant difference in

5 Co
interactions. Figure 1D shows a spheroid grow[’ggh;"iovalgj:: S:ﬁ\g ?r?ncc;lrl)dr:gcsiuilr ((::lellss i{;t 4
in suspension culture. 9 ’ '

spheroid.
Comparison of IIF Behavior in the Four
Tissue Model Systems Intracellular Ice Formation as a Function of

The incidence of IIF in hamster fibroblasts 1iMe after Ice Nucleation

was determined for each of the subzero temper- Figure 4 shows that there is a kinetic aspect tc
atures studied in the range betweer8 and the formation of IIF at a constant temperature
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FIG. 2. Cumulative prevalence of IIF in hamster fibroblasts as a function of temperature for the four tissue
models: cells in suspensiof]; individual cells attached to glas®); cells in a colony 4); and cells in a
spheroid @). Lines are logistic curves fitted to the data using the least squares method.

(—8°C). This response pattern was consistent &irm immediately in an adjacent cell. This re-
all experimental temperatures. Experimentadulted in clusters of cells displaying intracellu-
data was fitted with a five-parameter logistidar ice, randomly dispersed within the colony.
equation using the least squares method amdhile difficult to quantify, this observation sug-
used to determine the time to reach 50% of thgests that cell-to-cell contacts facilitate intracel-
final fraction of cells forming IIF as a function lular nucleation.
of the temperature of ice nucleation (Fig. 5).
There is a statistically significant difference be-
tween the time to reach 50% of IIF for cells in During cooling, ice forms initially in the ex-
suspension, single attached cells, and cells tracellular solution, resulting in an increased
colonies P < 0.05, Tukey’s multiple compari- concentration of solutes in the residual liquid
son test). While cells in colonies form intracel-and an osmotic efflux of water from the cell.
lular ice almost immediately after nucleation]ntracellular nucleation can occur under condi-
cells in suspension and cells attached to glasiens where the cytoplasm is in a supercoolec
require time before ice will form intracellularly. state. Normally this occurs during cooling at
Cell interactions clearly influenced the inci-rates where osmotic efflux of water from the
dence of intracellular ice formation in V-79W cell is too slow to prevent increasing supercool-
hamster fibroblasts. ing of the cytoplasm. In this study, ice was
A pattern to the formation of intracellular icenucleated in the supercooled extracellular me-
was observed for cells in colonies, where, aftedium at a constant experimental temperature
one cell froze, intracellular ice would oftencreating an osmotic pressure gradient across th

DISCUSSION
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FIG. 3. Average temperature for 50% intracellular ice formatitit ) for the four tissue models. Error bars
denote the standard error of the mean.

plasma membrane while the cytoplasm ressmotic transport, then current theories on the
mained supercooled. For cells in suspensidiormation of intracellular ice (11) would predict

under these defined conditions, intracellulaa corresponding increase in the prevalence o
freezing was first observed at6°C and the IIF. It has, however, been shown that although
prevalence followed a sigmoidal curve withhalf the surface area of the cell is unavailable
50% intracellular freezing at 9.4°C, tempera- for osmotic transport in attached cells, the
tures much higher than the35 to —45°C ice change in morphology on attachment results in
nucleation temperature previously reported foan exposed surface area similar to that of spher
hamster fibroblast cells (15, 16). ical cells in suspension (3). The increased for-
mation of intracellular ice in single attached
cells is therefore not likely a result of a de-

creased effective surface area for osmotic trans
port, but rather to the adhesion of cells to the

Cell adhesion to glass increased both thglass.

prevalence and the incidence of intracellular The mechanisms for ice nucleation in the
freezing. Single cells attached to glass exhibit supercooled cytoplasm have not been deter
higher *’T, and an increased rate of IIF whenmined, but there are several theories on the
compared to cells in suspension. The flattenagknesis of intracellular ice. A recent hypothesis
morphology of single attached cells restricts thél9, 20) proposes that the frictional drag of
movement of water and solutes to the apicalsmotically driven water efflux leads to a rup-

membrane surface. If the attachment of cells tre of the plasma membrane, allowing extra-
glass results in a decreased surface area follular ice to propagate into the supercooled

Cell-to-Surface Adhesion Increased the
Temperature and Kinetics of Intracellular
Ice Formation
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FIG. 4. Cumulative prevalence of intracellular ice formation as a function of time after ice nucleation at
—8°C for cells in suspensioriy), individual cells attached to glas®) and cells in a colony/). Data points
are the average values determined from multiple experiments, with error bars representing standard error of the
mean. Lines are logistic curves fitted to the data using the least squares method.

cytoplasm. The extended morphology of fibrofore more definitive statements can be made ol
blasts attached to glass creates conditions ftre effect of cell-to-surface adhesion on the
tension from local adhesions of the cell to glasprevalence and incidence of IIF.

during osmotic shrinkage, rendering the mem-

brane more fragile to rupture. A higher prevaC€ll-to-Cell Contact Increased the
Temperature for 50% Intracellular Ice

lence and incidence of IIF would result under ]
these conditions. Formation
Another recent theory (25) proposes that in- Cell-cell contact resulted in an increased
tracellular ice is surface-catalyzed by theéemperature for 50% IIF when compared to
plasma membrane in the presence of extracelells in suspension. THET . is not significantly
lular ice. Deformations to the plasma membrandifferent for cell-surface or cell-cell adhesion.
that occur in the presence of extracellular ic&canning electron micrographs demonstrate
increase the contact angle of the plasma merthat the packing of the cells in spheroids could
brane, which makes intracellular nucleatiorsubstantially reduce osmotic water transport
more likely (10, 25). Cell adhesion to glass mawcross the plasma membrane. It is therefore nc
alter the contact angle of the extracellular ic@ossible to determine whether the increase ir
with the plasma membrane, providing a moré’T,. is due to cell-cell contact per se or to the
effective nucleating site for IIF. reduced surface area for osmotic transport.
While both of these theories offer a conve- There is a kinetic component associated with
nient explanation, further work is required bedlF. On nucleation of ice in the extracellular
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FIG. 5. Time to 50% of final IIF as a function of the ice nucleation temperature. Results are defined from
the data for cells in suspensidnl), individual cells attached to glase), and cells in a colonyX). Data points
are averages with error bars representing standard error of the mean.

solution, a proportion of the cells rapidly frozecells, intercellular contacts are likely to be re-
intracellularly. Over the next few seconds, morsponsible for enhanced prevalence and inci
cells froze internally until the process was comeence of intracellular ice in tissues.
plete after 10-20 s. The time after nucleation of These study show that it is insufficient to
extracellular ice before intracellular freezing issimply assume that techniques to successfull
strongly dependent on cell interactions. IIF oceryopreserve cells in suspension can be applie
curred in individual cells attached to glass sigto the same cells in an organized tissue. We
nificantly more rapidly than cells in suspensionhave presented data that demonstrate a diffel
Similarly, cells in colonies showed IIF moreence in the IIF response when cells adhere to
rapidly than both cells in suspension and indisubstrate and form cell-cell interactions. We
vidual cells attached to glass. have proposed that the morphology influences
In colonies of cells with cell-cell contacts,the IIF response and have presented possibl
the observation that intracellular ice in a celmechanisms whereby this may occur. Clearly,
increased the likelihood of intracellular freezinghe effects of cell-to-surface adhesion and cell-
in adjacent cells implies ice nucleation througho-cell interactions are important determinants
junctions between cells. This is similar to othepof the cellular responses during freezing in tis-
reports of induction of intracellular ice betweersues and organs. Further investigation into the
adjacent cells (4, 5, 7, 13, 18). In plant systemsature of these effects could provide valuable
(4, 7,13, 18), lIF in one cell, after a brief delay,insight into low-temperature responses of tis-
is followed by the freezing of an adjacent cellsues and organs and guide strategies for cryc
By facilitating the induction of ice in adjoining preservation.
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