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Freeze'induced shrinkage of individual cells and cell-to-cell propagation of intracellular ice 
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Abstract. The formation of intracellular ice (IIF), usually a lethal event to be avoided when cryopreserving cells, 
should, however, be enforced during the cryosurgical destruction of turnout cells, i IF has been investigated so far 
only in single cells in suspension. Because cells in tissues cannot be successfully cryopreserved, in contrast to single 
cells in suspension, the mechanism of IIF in tissues may depend on factors that facilitate INF. We studied IIF in 
cell strands from salivary glands, which represent a simple form of a tissue. Their cells are connected by channels 
responsible for intercellular communication. A substantial fraction of cell dehydration during freezing occurs before 
cells are encapsulated by ice, and the degree of this pre-ice-front shrinkage appears to influence IIF. In strands with 
coupled cells IIF spread from one cell to adjacent cells in a sequential manner with short delays (200 300 ms), 
suggesting cell-to-cell propagation via intercellular channels. In strands pretreated with decoupling agents (dinitro- 
phenol, heptanol), sequential IIF was absent. Instead, formation of ice was random, with longer and variable delays 
between consecutive darkenings indicating IIF. Results suggest that the mechanism of IIF spread, and consequently 
the degree of cryodamage in tissue, can be influenced by the presence of intercellular channels (gap junctions). 
Key words. Salivary glands; cell strands; pre-ice-front shrinkage; intercellular communication; freeze-thaw cycle; 
intracellular ice. 

IIF is usually a lethal event for living cells which are 
exposed to a freeze-thaw cycle. The probability of IIF is 
increased when water exosmosis of cells, which occurs 
during the formation of extracellular ice, is insufficient 
[1]. Cell dehydration during freezing has been investi- 
gated in suspensions of isolated cells by measuring the 
reduction of their cross-sectional areas under a cryomi- 
croscope. Similar studies cannot be performed in cells 
within tissue because individual cells cannot be identified. 
It is likely that ceils which are mechanically attached to 
each other and which are connected by intercellular 
channels (nexus or gap junctions), as in tissue, will shrink 
differently from isolated cells. 
In simple cell arrangements such as cell chains or cell 
monolayers, freeze-induced reactions of interconnected 
individual ceils can be studied even when cells are covered 
with ice. Though a cell chain represents a very simple 
tissue extending only in one direction, the influence of cell 
attachments and cell communication on events during 
freezing can be expected to be similar to those in three-di- 
mensional tissue. We have studied the freeze-induced 
water exosmosis of individual cells and IIF in chains of 
cells dissected from isolated salivary glands of the larvae 
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of Chironornus thurnrni. The possibility that gap junctions 
may influence the processes of cell shrinkage during 
freezing, of IIF and of intercellular spread of ice is worth 
studying in view of the role played by gap junctions in 
normal tissue functions, cell differentiation and tumour 
growth [2] and in view of the general interest in freezing 
processes in biology and medicine (cryofixation, cryocon- 
servation, cryosurgery). 

Materials and methods 

Cell chains or gland segments consisting of 5 14 cells 
were dissected from isolated salivary glands of C. 
thurnnrni larvae under a stereomicroseope either in the 
'control medium' described by Politoff et al/[3] or in 
insect saline of the following composition (in mmol/1): 
KCI (2), disodium fumarate (28), CaC12 (5), NaC1 (28), 
magnesium succinate (7), glutamine (80), TES (N- 
Tris[hydroxymethyl]methyl-2-aminoethane sulfonic 
acid) (5), NaOH (approx. 5) for adjustment to pH 7.4 
(control medium), or NaC1 (95), KC1 (3), CaCI2 (5), 
MgC12 (7), TES (5), pH adjusted with NaOH to 7.2 
(insect saline). The excised strands usually adhered and 
became mechanically fixed to the underlying glass sup- 
port by their own saliva (fig. 1). Prior to a freeze-thaw 
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Figure 1. The sketch of the cryomicroscope freezing stage. Left: cross section. Right: top view. P = Peltier element, Cu = copper plate. 

Figure 2. Micrographs of cell strands from salivary glands. (a) Bright-field image of a cell strand. (b) Another cell strand illuminated 
with epifluorescence optics. All but one cell displayed bright fluorescence. No fluorescein leaked from adjacent cells into the damaged 
nonfluorescent cell (arrowhead) during the observation time of 30 min. (c) The axis of this cell strand was now parallel to the advancing 
ice front (not shown). Cells had accumulated less fluorescein. The ~-shaped contours of the central columns of the cells were visible. 
Clear outlines of the central cell portions as in figure 2c were only visible after the saliva between the cells - which also accumulated 
fluorescein had been washed away. Bar: 40 gm, 

cycle the strands were bathed in insect saline saturated 
with sodium fluorescein. After 15 20 rain the ftuores- 
cein-containing saline together with the saliva between 
the cells was washed out with the fluorescein-free saline. 
After this treatment all undamaged cells were fluores- 
cent when excited with blue light (fig. 2b and c). 
The cell strand resting on the glass support  was sur- 
rounded by a thin layer (10 12 mm in diameter) of  
labora tory  grease (Glisseal). The top of  this shallow 
experimental chamber was covered with a 15 x 20-mm 
glass cover (fig. 1). Fragments  from a 30-~m glass fiber 
between the bot tom and the roof  of the chamber served 
as spacers to prevent accidental compression of  the ceils 
by the glass cover. The height of the chamber was 

selected by touching the glass cover with a needle until 
the highest part  of  the strand, consisting of flat cells, 
was touched. There was always a layer of fluid above 
the strand. For  unimpeded observation of  the cells 
during exposure to low temperatures,  the upper and 
lower glass faces of  the chamber were covered with a 
layer of  glycerol. The condensing water mixed rapidly 
with the glycerol without significantly changing the op- 
tical properties of  the protective layers during a freeze- 
thaw cycle. Both ends of  the freezing chamber were 
placed on two Peltier elements for directional solidifica- 
tion [4]. Cooling one end of  the glass slide established a 
thermal gradient which created an ice front in the saline 
moving from the cooled end towards the cell strand. At  
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Figure 3. Images resulting from a stepwise application of the pixel-subtraction technique. (a) Digitized reference image of the cell strand 
before shrinkage. (b) Image of the same strand alter freeze-induced shrinkage. The gray values of each pixel o[" (b) were then subtracted 
from the gray values of the corresponding pixels of (a) using an image-processing program (JAVA). The resulting subtraction image 
(c) representing the cell regions which had shrunken during freezing was stored on the computer. After displaying (a) again on the 
screen, the gray values of the pixels of (c) (the subtraction image) were subtracted from the gray values of the pixels in (a). This 
procedure was repeated three times. The shrunken regions appeared now as black bands in the periphery of the cells (d). Bar: 40 btm. 

the beginning of  the freezing process the cooling rate of  
approx. 1 ~'C/min was used. At  subzero temperatures only 
the ice-front velocity (and not the cooling rate) was 
controlled by adjusting the temperature gradient. The 
currents to the Peltier elements were changed manually to 
keep the ice-front velocity approximately constant. Two 
ice-front velocities were used: a ' low' velocity for observ- 
ing pre-ice-front cell shrinkage (approx.  1 ram/120 s) and 
a 'high'  ice-front velocity for induction of intracellular ice 
(1 ram/60 s). Usually, with a gap between the Peltiers of  
5 6 mm, the ice-front velocity could be fairly well 
controlled by decreasing the temperature of  only one of  
the Peltier elements. The temperature difference between 
the two Peltier elements was 20-30  "C. 
Image processing. During a freeze-thaw cycle the cell 
strands were observed through a microscope with 25 -  
100x magnification. The microscopic images of the 
strand were also fed to a low-light-level camera (Sie- 
mens K 5 B, Restl ichtkamera) and were continuously 
videotaped using a commercial tape recorder. Cells were 
illuminated with epifluorescence optics with interposed 
brief periods, during which the strands were illuminated 
with bright-field optics (Nomarski  interference contrast) 
in order to detect cell darkening by IIF.  Fo r  measuring the 
degree of  shrinkage, selected images of  cell strands before 
and after freeze-induced cell shrinkage were digitized 
(Frame Grabber ,  Vision Plus) and either stored on the 
computer  or displayed on the screen of a video monitor.  
Outlines of  all individual cells of a strand were drawn 
directly on the screen. F rom the superimposed cross-sec- 
tions of corresponding shrunken and nonshrunken cells, 
the size of  the shrunken area was measured. If  the cell 
strand changed its posit ion during shrinkage or during 
re-swelling, the records were rejected. Pixel subtraction 

was used to facilitate the detection of  cell shrinkage along 
the strand, as described below. 
Pixel subtraction. A digitized image of  a cell s trand with 
fluorescent cells before freezing, the so-called reference 
image, was displayed on the screen of a video moni tor  (fig. 
3a). A second digitized image was loaded of  the same 
strand after freeze-induced shrinkage (fig. 3b). An image- 
processing system (JAVA, Jandel) was used to subtract  
the gray value of each pixel in the image being loaded from 
the gray value of  each corresponding pixel currently 
displayed on the video screen. Because in most regions the 
gray values of the fluorescent cells of both images were 
almost the same, these areas were displayed as pure black 
regions in the subtraction image (fig. 3c). However, the 
nonoverlapping regions, representing the reduction of  the 
cross-sectional areas by freeze-induced shrinkage, were 
displayed as bright, bandlike areas. Here only the low 
gray values of the background had been subtracted. This 
' subtract ion image' was stored on the computer,  and the 
reference image was again displayed on the screen. By 
subtracting the pixels of  the subtraction image from the 
reference image 2 to 3 times, the shrunken regions in all 
cells became inserted into the reference image of  the 
strand as black peripheral bands with high contrast  (fig. 
3d). When images consisted of  predominant ly  dark re- 
gions, as in fig. 4b, the pixels of  the subtraction image were 
added instead of  subtracted, displaying the shrunken 
regions now as white bands for better contrast. 

Results 

After equilibrating salivary gland cells for 15-20 min 
with fluorescein-containing saline, most cells exhibited 
bright green fluorescence when excited with blue light 
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Figure 4. (a) A segment of a salivary gland with six cells numbered 1 to 6 before freezing. (b) The same segment after encapsulation 
by ice. lntracellular ice has formed in cells 1 and 2. The degree of pre-ice-front shrinkage is indicated in this micrograph by the white 
line surrounding the cell strand (marked by arrowheads). The internally frozen cells 1 and 2 had shrunken much less before the 
advancing ice front (as indicated by the narrow white band) than had cells 3-6, which did not freeze internally. Bar: 40 gin. 

through epifluorescence optics. Fluorescent cells lost the 
accumulated fluorescein in less than a minute when 
damaged by a needle. Damaged salivary gland cells also 
became opaque [5]. The loss of transparency of the cells 
was always combined with the loss of fluorescence. 
However, the leakage of fluorescein occurred several 
minutes before cells became opaque. Nonfluorescent 
cells were therefore considered to be damaged either 
during dissection or by freezing. No leakage of fluores- 
cein from adjacent cells into a damaged cell was observed 
at room temperature. This indicated rapid closure of the 
intercellular connections between the damaged cell and 
nondamaged neighbours, similar to the 'healing-over 
process' observed in cardiac muscle [6]~ 
Cell fluorescence remained visible when cells were cov- 
ered with extracellular ice. In some experiments the 
microscopic image became distorted by ice needles. After 
thawing, all cells became transiently pegmeabilize d, and 
some fluorescein leaked into the extracellular fluid. The 
intensity of the remaining' cell fluorescence after returnz 
ing to room temperature was, however, still high. In 
contrast, cells which were presumably freeze-injured as 
indicated by their coarse protoplasm, a distorted nucleus 
and their opacity, lost fluorescence within a fraction of 
a minute. The maintenance of a high-intensity level of 
cell fluorescence after a freeze-thaw cycle was taken as a 
criterion for identifying cells with nondamaged cell 
membranes. Fading of cell fluorescence and the slow loss 

probably by exocytosis d~fing ~ f r ~  o f  fluorescein 
thaw cycle required a relatively high initial concentration 
of fluorescein in the cells. Cell strands were therefore 
exposed for at least 15-20 min to the fluorescein-con- 
taining saline. After this time all cells appeared uni- 
formly fluorescent (fig. 2b). In bright-field illumination 
(fig, 2a) a columnar region of the cell can be identified 
which connects upper and lower flat lobes [7]. No such 
structural details were visible in through-focus series 

with the microscope in fluorescent cells treated as de- 
scribed above. In cells which were incubated for shorter 
periods than 15 min, the central cell regions became 
visible with an ~-shaped contour (fig. 2c). 
Freeze-induced cell shrinkage. When the cells were opti- 
cally sectioned using interference contrast optics, the 
degree of freeze-induced shrinkage of salivary cells was 
different in different focal planes. In the flat lobes at the 
top and bottom regions of the cell [7] the degree of 
shrinkage was larger than in the central portions. The 
freeze-induced shrinkage of fluorescent cells occurred 
preferentially at the two faces which were in contact 
with the ice or the salt profiles ahead of the ice front 
(fig. 3c and d). The length of the strands did not shorten 
very much. The observed shrinkage of fluorescent cells 
appeared to be related to the shrinkage of the upper 
lobes of the cells and was proportional but larger than 
the total shrinkage of the cell. The exact relationship of 
this apparent shrinkage to the total osmotic water loss 
Of the cells is not known. With the pixel-by-pixet Sub, 
traction technique, the spatial pattern of shrinkage 
along the strand was made visible as black marginal 
bands in the cell strands (fig. 3a-d). 
Pre-ice-front shrinkage and IIF. When the temperature 
was lowered and an advancing ice front had developed in 
the experimental chamber, in many cases cell shrinkage 
started long before the ice touched the first cell. This phase 
was caIled pre-ice-front shrinkage. Shrinkage continued 
~ n :  the c~lis ~e:re ~ncapsUlal/ed by ~ extraceliuiar ice. 
Pre-ice-front shrinkage was probably caused by the 
accumulation of solutes which build up ahead of an 
advancing planar ice front [8]. When the cell strand was in 
a horizontal position, as in figure 3, the last cell of this 
strand (consisting of seven cells) began to shrink when the 
planar ice front was still 100 pm away from the first cell. We 
estimate that the pre-ice-front shrinkage contributed a 
substantial fraction to total freeze-induced cell shrinkage. 
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Figure 5. (a) Micrograph of three cells of a strand in bright-field illumination (Nomarski interference contrast). Cell boundaries and 
intercellular spaces (IS) are visible. (,5) The same cells now covered with extracellular ice. Two cells are black, while the adjacent cell 
which had not formed intracellular ice has become darker by shrinkage and encapsulation by ice but is still much more transparent than 
the internally frozen cells. Bar: 40 ~tm. 

Cells with a small degree of pre-ice-front shrinkage also 
preferentially formed intracellular ice (fig. 4). A two- 
step image-processing procedure was used to demon- 
strate both the degree of pre-ice-front shrinkage and the 
occurrence of  intracellular ice (fig. 4b): by moving an 
ice front close to the first cell of the gland segment, the 
degree of pre-ice-front shrinkage could be assessed. The 
resulting subtraction image was stored on the computer. 
To induce IIF, the ice front was moved again towards, 
and this time across, the gland segment. Intracellular ice 
was detected in two cells. Because the bright-field image 
of the gland segment under ice was relatively dark, the 
pixels from the area of pre-ice-front shrinkage were 
added instead of subtracted (as with fluorescent cells). 
Repeating the 'adding procedure' three times made it 
possible to see both pre-ice-front shrinkage (marked by 
arrowheads in fig. 4b) and intracellular ice distribution 
on the same image. 
Internal ice formation in salivary gland cells was indi- 
cated by a sudden darkening, as reported for other cells 
[9]. Darkening of internally frozen cells was more in- 
tense than the darkening caused by dehydration or after 
the cells were covered with ice crystals (fig. 5). In cell 
strands in which the saliva had not been washed out 
from interstitial spaces, cells and frozen saliva had al- 
most the same degree of darkening, which made it 
difficult to identify internal cell freezing. 
Cell-to-cell propagation of intracellular ice. When the 
long axis of  the cell strand was perpendicular to the 
advancing ice front, cells were exposed sequentially to 
increasing solute concentration and encapsulation by 
ice. 
To expose all cells simultaneously to the same tempera- 
tures and salt profiles, the strands were placed in a 
vertical position, with the strand axis parallel to the 
approaching ice front (as in figs 2c, 6 and 7). The 
temperature gradient applied was 3.6-3.7 ~ and 
the nucleation temperature was - 1 2  to - 1 4  ~ After 

ice had formed in one cell, it was frequently observed 
that adjacent cells also became black in rapid sequence. 
Darkening often spread from one cell in both directions 
of the strand. Propagation of  ice was interrupted by 
short delays. The average time delay between subse- 
quent cell darkening was in the range of  200 300 ms. 
The sequence of  micrographs of  figure 6 shows the 
cell-to-cell spread of intracellular ice. After extracellular 
ice had encapsulated all cells, internal freezing devel- 
oped in a cell at the lower end of the strand (fig. 6a). 
Within a fraction of  a second intracellular ice propa- 
gated perpendicular to the thermal gradient to five 
neighbouring cells (fig. 6b f). Ten out of  14 strands 
studied in this experimental arrangement showed suc- 
cessive darkenings between adjacent cells with regular 
time delays. 
Damaged (nonfluorescent) cells also darkened when 
extracellular ice was present. However, in contrast to 
the spontaneous I IF  in undamaged cells which devel- 
oped after all cells were encapsulated by ice, damaged 
cells darkened immediately after extracellular ice had 
touched them. Presumably, the extracellular ice invaded 
such cells through defects in the cell membranes. To 
eliminate this type of cell darkening from our data, the 
integrity of  the cell membranes at temperatures at which 
I IF  could be expected was frequently checked up. Only 
darkening of cells with a persistent and bright fluores- 
cence and which occurred after encapsulation by ice 
were considered to be caused by spontaneous IIF. 
I IF and intercellular coupling. Salivary gland cells are 
extensively coupled by gap-junctional (nexus) channels 
and have been frequently selected for studies of intercel- 
lular communication [10, l 1]. Channels between cells 
can be blocked by exposing the cells to dinitrophenol 
(DNP) [3] or to heptanol [12, 13]. In 6 strands in which 
cells were pretreated by 2 8 x 10 4 mol/1 of  DNP for 
40 to 60 min or in 11 strands pretreated by 3 x  10 3 
mol/l of  heptanol (cell strand parallel to-the approach- 
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Figure 6. Cell-to-cell propagation of intracellular ice. (a) The cell 
strand was covered by extracellular ice (cell boundaries have been 
redrawn). (b) Darkening in a cell numbered 1 indicates intracellu- 
lar ice formation. (c) After 200 ms intracellular ice had propa- 
gated to the adjacent cell 2. (d f )  Intracellular ice had spread 
from cell to cell and has finally reached cell 6 at the top of the 
strand. Ice propagation from cell 1 to cell 6 took less than a 
second. Time delays between sequential darkening were between 
150 and 220 ms. Bar: 40 gm. 

ing ice front), the spatial pat tern of  cell darkening was 
random, and/or  the time intervals between consecutive 
cell darkenings were irregular. Figure 7 illustrates the 
random spread of  ice along the cell strand exposed to 
DNP. Darkening began in the cell numbered 1 at the 
lower end of  the strand (fig. 7b), then occurred in a cell 
numbered 8 at the opposite end of  the strand (fig. 7c). 
After  a time delay of  more than a second, cells 6, 4 and 
7 became dark (fig. 7d), and finally cell 5 formed 
intracellular ice (fig. 7e). While the propagat ion of  ice in 
coupled cells was interrupted by time delays of constant 
duration,  decoupled cells sometimes froze simulta- 
neously, or variable time delays lasting between less 
than 50 ms and 3 s were interposed between successive 
darkenings. 
The formation of  intracellular ice was dependent on the 
velocity of  the approaching ice front (i.e. on the cooling 
rate). At  velocities between 1 mm/120 s and 1 mm/90 s 
either no intracellular ice was formed or only one or 
two cells froze internally without ice propagat ion.  How- 
ever, at velocities about  1 mm/60 s the cell-to-cell prop-  
agation of ice was a frequent event. 

Discussion 

In a network of  cells arranged in three dimensions as in 
normal  tissues, individual cells usually cannot be iden- 
tified. The cell chains which have been used in this study 
lack the mechanical at tachments and connecting junc- 
tions to other cells in the second and third dimensions. 
Freeze-induced shrinkage of  cells in normal tissues may 
be different from that  in a one-dimensional strand; 
however, the cell s trand does offer the chance to ob- 
serve individual cells at tached to each other during 
freezing and to obtain experimental results that  may 
have relevance for freeze-induced cell shrinkage inside 
tissue. The influence of  intercellular channels on I IF  as 
well as the spatial extension of  freeze-induced shrinkage 
can be expected to be qualitatively similar in tissues and 

Figure 7. Micrographs showing patterns of cell darkening in 
decoupled cells. Cells of this strand had been decoupled by DNP. 
The temporal and spatial patterns of cell darkening were now 
random. After internal freezing had occurred in a cell numbered 1 
(b), the next cell, numbered 8, at the opposite end of the strand 
froze internally (c). After a time delay of more than a second, cells 
6, 4 and 7 formed intracellular ice (d). After a further delay cell 
5 darkened (e). Cells 2 and 3 did not form intracellular ice. Bar: 
40 ~am. 

strands. For  these questions we have considered the cell 
s t rand to represent a simple model of  tissue. 
Salivary glands contain large peripheral  cells which 
have frequently been used for studies of  intercellular 
coupling [10, 11]. However, the whole gland was unsuit- 
able for our experiments. During exposure to hyper- 
tonic media or during freezing, the gland shrinks in 
toto, and the resulting cell movements impeded the 
analysis of the shrinkage of  individual cells. Further-  
more, the saliva inside the gland also became fluores- 
cent after exposure to fluorescein-containing solutions, 
which obscured cell outlines. We therefore dissected cell 
strands out of  the gland, washing out the saliva prior to 
freezing. A further advantage of  using a strand is that 
these cells, in contrast  to those in the gland, are exposed 
simultaneously at their apical and basal faces to the salt 
profiles ahead of an advancing ice front. During the 
dissection procedures or during the transfer to the freez- 
ing chamber, cells may be damaged. Extracellular ice 
penetrates damaged cells, which then become black in 
bright-field i l lumination and cannot  be distinguished 
from ceils which spontaneously form intracellular ice at 
nucleation temperature. Therefore, an indicator for the 
integrity of  cell membranes before internal ice forma- 
tion had to be found. Damaged cells become opaque, 
which can be best seen under a stereomicroscope at low 
magnification. At higher magnification the loss of  trans- 
parency can hardly be detected. We observed acciden- 
tally that  noninjured salivary gland cells accumulate 
fluorescein when exposed to saline containing sodium 
fluorescein, while injured cells do not. Fluorescent cells 
lose accumulated fluorescein rapidly when damaged. 
Leakage of  fluorescein was found to occur before the 
loss of  transparency could be detected. Therefore, the 
persistence of  a bright cell fluorescence, for instance 
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after freezing, was used as an indicator for identifying 
cells with intact membranes. The mechanism by which 
fluorescein entered the cells is not known. Preliminary 
electron microscopic studies support the assumption 
that extracellular fluorescein is transported into cells via 
pinocytosis. We observed that for the identification of  
intact salivary gland cells, fluorescein diacetate (FDA) 
is not a good choice. Cells which were obviously dam- 
aged, as judged by their loss of  transparency, often 
exhibited bright fluorescence after exposure to FDA- 
containing saline. 
Pre-ice-front shrinkage was presumably caused by so- 
lute redistribution ahead of  an advancing ice front. The 
spatial distribution of  ~uch salt profiles has been exten- 
sively analysed [8]. Though we cannot correctly calcu- 
late how much of  the total freeze-induced shrinkage is 
contributed by pre-ice-front shrinkage, it appears to be 
a substantial fraction. Cells of  strands positioned as in 
figure 2c (strand axis parallel to the ice front) will be 
simultaneously exposed to decreasing temperatures and 
to the increasing solute concentration ahead of the 
planar ice front. Cells with a small degree of  pre-ice- 
front s~,rinkage often did not dehydrate as much after 
encapsulation with ice as cells which had developed 
regular pre-ice-front shrinkage. At nucleation tempera- 
ture the probability of I IF  should therefore be increased 
in cells with little pre-ice-front shrinkage. This was 
indeed observed to occur in the gland segment shown in 
figure 4b. The results suggest that pre-ice-front shrink- 
age has a significant influence on IIF and on the degree 
of cryopreservation of  tissues. 
According to the recent physicochemical model of I IF  
[14], in the presence of external ice the plasma mem- 
brane may be an energetically favourable site for het- 
erogeneous nucleation. This so-called surface-catalysed 
nucleation (as opposed to volume-catalysed nucleation) 
is active between 5 and - 2 0  ~ The temperature 
range of  - 12 to 14 ~ for intracellular ice nucleation 
observed in our experiments falls within the range men- 
tioned above. 
The main finding concerning IIF in our study is the 
demonstration of  two types of intercellular ice propaga- 
tion along the strand of  cells exposed simultaneously to 
the ice front: (1) the propagation of ice from one cell to 
the next adjacent cell with regular time intervals be- 
tween consecutive cell darkenings. This type was char- 
acteristic for cell strands prepared carefully and kept in 
a normal sal ine-- the conditions under which a high 
degree of electrical coupling between cells was observed 
[3, 10, 11] (unpubl. obs.); (2) the random spread of  ice 
jumping from one end of the strand to the opposite end 
and/or with irregular time intervals between consecutive 
cell darkenings even in case of  ice spread between adja- 
cent cells. This type was characteristic for cell strands 
exposed to DNP or hep tano l - -known uncoupling 
agents [3, 12, 13]. 

Ice propagation between adjacent cells has also been 
observed in fibroblasts, and it has been reported that 
cell-to-cell contact facilitates intracellular nucleation be- 
tween adjacent fibroblasts [15]. One may argue that the 
apparent cell-to-cell propagation of  ice between adja- 
cent cells in strands prepared under normal conditions 
was in fact no propagation but may have been caused 
by a time-shifted spontaneous development of  internal 
freezing in adjacent cells. However, it appears unlikely 
that this event occurs in a strand of  6 to 10 adjacent 
cells with short and regular time delays. We therefore 
consider a cell-to-cell propagation of  intracellular ice 
via nexus (gap-junctional) channels to be a more likely 
explanation. The whole experimental setup in our study 
did not allow current monitoring of cell coupling with 
electrical measurements or with diffusion of  dyes. 
The possibility of  the penetration of ice crystals through 
pores in the cell membrane has been analysed and 
discussed by P. Mazur [16, 17]. According to his calcu- 
lations, ice crystals from extraceilular ice will not grow 
through ion channels which have radii of  0.3 0.4 nm. 
His calculations were, however, based on several as- 
sumptions. Changing the assumed value of  the contact 
angle between ice and the pore wall from 0 ~ to 75 ~ 
would permit ice crystals to grow through channels with 
a radius of  0.7 nm. Intercellular nexus channels have 
radii of 0.8-1.0 nm in mammalian cells and 1.0-1.5 nm 
in insect cells [18 20] and may therefore allow the 
growth of ice crystals from one cell to adjacent cells. 
Differences between nexus channels are due not only to 
interspecies differences but to differential expression of 
connexins [21]. The different pattern of  connexin distri- 
bution and its importance for the control of secretory 
cell function have been described in a comparative 
study of 10 exocrine and endocrine glands [22]. 
The mechanism of I IF  as discussed recently [14, 23] is 
relevant to the formation of ice in one cell. When this 
has happened, we assume that the ice crystals can 
penetrate the gap-junctional channels in the manner 
suggested by Mazur [16, 17]. 
If  the spread of  intracellular ice also occurs in other 
tissues during freezing, it would contribute to the freeze 
injury of the tissues. The number of  lethally freeze-dam- 
aged cells would be increased by the propagation of  
intracellular ice. One would expect a higher survival rate 
for cells which were frozen when isolated from each 
other than for cells which are connected by channels as 
in most tissues. For cardiac muscle, in which the cells are 
coupled by numerous junctions, this phenomenon has 
indeed been observed. Survival rates of isolated cardiac 
muscle cells frozen in suspension were high [24]. How- 
ever, when cardiac muscle cells were frozen in small 
muscular bundles, all cells suffered from severe freezing 
damage and could no longer be activated [25, 26]. 
In conclusion, we believe that the results obtained in this 
study are relevant for both cryoconservation of cells 
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in t i s sue  a n d  c r y o d e s t r u c t i o n  o f  m a l i g n a n t  t u m o u r  cells. 

w h i c h  in m o s t  cases  a re  d i s t i n g u i s h e d  by  d e p r e s s e d  

i n t e r ce l l u l a r  c o u p l i n g  [2]. 
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