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ABSTRACT Propagation of intracellular ice between cells significantly increases the prevalence of intracellular ice in
confluent monolayers and tissues. It has been proposed that gap junctions facilitate ice propagation between cells. This study
develops an equation for capillary freezing-point depression to determine the effect of temperature on the equilibrium radius
of an ice crystal sufficiently small to grow through gap junctions. Convection cryomicroscopy and video image analysis were
used to examine the incidence and pattern of intracellular ice formation (lIF) in the confluent monolayers of cell lines that do
(MDCK) and do not (V-79W) form gap junctions. The effect of gap junctions on intracellular ice propagation was strongly
temperature-dependent. For cells with gap junctions, IIF occurred in a directed wave-like pattern in 100% of the cells below
—3°C. At temperatures above —3°C, there was a marked drop in the incidence of IIF, with isolated individual cells initially
freezing randomly throughout the sample. This random pattern of IIF was also observed in the V-79W monolayers and in
MDCK monolayers treated to prevent gap junction formation. The significant change in the low temperature behavior of
confluent MDCK monolayers at —3°C is likely the result of the inhibition of gap junction-facilitated ice propagation, and
supports the theory that gap junctions facilitate ice nucleation between cells.

INTRODUCTION

Tissues are complex arrangements of multiple cells and cellsuruta et al., 1998). IIF in the constituent cells of cucumber
types that interact together to perform specific functions.(Brown and Reuter, 1974) and onion tissue (Brown, 1980)
During freezing, cell-cell and cell-matrix connections influ- was shown to be influenced by the presence of ice in
ence tissue responses at low temperatures. One of the masgijacent cells. Mapping the sequence of IIF pointed to two
dramatic effects of cell adhesion is the propagation oftypes of intracellular ice nucleation: a random process with-
intracellular ice that occurs between adjacent cells in tissuesut interference from adjacent cells and a nonrandom pro-
and tissue models. This phenomenon was first documentegkss where ice in one cell triggers nucleation in adjacent
in plant tissues (Molich, 1897; Chambers and Hale, 1932¢ells (Brown, 1980). Using high-speed video microscopy to
Luyet and Gibbs, 1937; Stuckey and Curtis, 1938; Asahinagxamine the propagation of intracellular ice in onion epi-
1956; Levitt, 1966; McLeester et al., 1969; Brown anddermal tissue, Tsuruta et al. (1998) confirmed nonrandom
Reuter, 1974; Brown, 1980; Tsuruta et al., 1998) wherantracellular ice nucleation. Acker and McGann (1998) used
researchers noted a strong relationship between cell-cej statistical approach to demonstrate that the probability of
contact and intracellular ice formation (IIF; Molisch, 1897; intracellular ice nucleation increases when an adjacent cell
Chambers and Hale, 1932; Stuckey and Curtis, 1938). Celin a3 confluent monolayer is already frozen.

cell propagation of intracellular ice has also been reported in There are two current theories describing the mechanism
muscle fibers (Chambers and Hale, 1932), insect salivaryor propagation of intracellular ice between adjacent cells.
glands (Berger and Uhrik, 1996), cultured cell monolayersgyrface-catalyzed nucleation (SCN) is based on the premise
(Larese et al., 1992; Acker and McGann, 1998; Acker et al.that the cell plasma membrane, interacting with extracellu-
1999) and intact Antarctic nematodes (Wharton and Fernsgy jce, acts as an intracellular nucleation site (Toner et al.,
1995). The increasing requirement for cryopreservation 0&990, Tsuruta et al., 1997, 1998). Although the SCN theory

natural and biosynthetic tissues has renewed interest ifa5 developed to explain intracellular nucleation by extra-
understanding the role of cell interactions and tissue archizg|ular ice, it does not preclude the possibility that intra-

tecture on IIF (Karlsson and Toner, 1996; Acker, 1997;.q|jyjar ice in an adjacent cell functions in a similar manner

Acker and McGann, 2000). _ to extracellular ice, resulting in propagation of ice between

A number of studies have demonstrated nonrandom iNizalls. This mechanism was suggested for ice propagation

tiation of IIF in tissue systems (Stuckey and Curtis, 1938;p atween adjacent fibroblasts in a confluent monolayer

Brown and Reuter, 1974; Brown 1980; Tsuruta et al., 1997(Acker, 1997; Acker and McGann, 1998).

Another theory (Berger and Uhrik, 1996) proposes that
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addition of chemical agents that uncoupled adjacent cells.
The rate, pattern, and cumulative incidence of IIF were
compared in confluent monolayers of cultured cells with
and without gap junctions (Acker, 1997; Acker and Mc-
Gann, 1997), and concluded that the presence of gap junc-
tions increased the induction of intracellular ice between
adjacent cells. Critical to this theory is the ability of ice to
grow through small-diameter pores the size of gap junc-
tions.

The concept of intracellular ice nucleation by ice growth
through aqueous pores was proposed by Mazur (1960, 1965,
1966), using the following equation (roughly analogous to

the Kelvin equation) to model the change in equilibrium ice
crystal radius with temperature: FIGURE 1 Schematic representation of ice propagation through a trans-
membrane pore.

water and
solutes, L
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AT 1 1 pTst
aly Q)

i . Theoretical derivation
where Mazur definedAT as the difference between the

freezing point of water in the pore of radiwsand the As dendritic ice grows in the extracellular solution, the
freezing point of a planar ice-water interfacj; o5, as concentration of solutes increases in the residual liquid, and
the interfacial tension between the ice and the liquid waterthis concentrated solution becomes trapped between den-
Vi as the molar volume of pure liquid watdras the contact  drites as the freezing proceeds. Consider the equilibrium of
angle between the ice-water interface and the pore walf€ With an aqueous solution in a capillary as shown in Fig.
measured through the liquid water; ancas the molar heat 1 When ice forms in a sufficiently small capillary, interfa-

of fusion (Mazur, 1965, 1966). Mazur calculated that theCial forces will cause the interface to assume the shape of a
equilibrium radius of an ice crystal below10°C was small ~ Spherical cap. In this case, one can assume that the ice
enough to pass through poreis®A if the contact angle of formed contains no solutes. For a spherical interface, one

the ice-water interface with the pore wall was'5°. can show that the conditions for the interface to be in
Until recently, it was not possible to prove or disprove equilibrium are:

Mazur's pore theory beca'use of a lack of accurate data on TS=T-=T, )

the physical interaction of ice and pores. However, the work

by Berger and Uhrik (1996) on the propagation of ice via ws = i (3)

gap junctions demonstrated a strong temperature depen-

dence of the propagation of ice between adjacent cells in ps _ pt— 205, cos (4)

salivary gland tissue, providing strong evidence to support

the pore theory. They defined an upper temperature above . oy
which intercellular ice induction was not observed. Al- whereT®is the temperature of the ic& is the temperature

though the nature of the experiment did not allow determi-Of th? liquid; TfP IS the_neva_freezmg p_omtp,l IS _the
nation of the exact temperature at which intracellular iceChemlcal POte”t'?' Of the 'Ce"ls's. the chemical potenha! of
propagation ceased, the observations strongly support tﬁgnedvgfl ﬁesrtlr:]eth?eggﬂlr(je %??ﬁf’" 'Suitdhe pressure of the ice,
idea that there is a critical radius, and hence, a temperature e p > 01 the fiquid. . .
Assuming that the liquid is incompressible (specific vol-

at which ice cannot propagate to adjacent cells through . f d th h
intercellular pores. Accurate determination of this temper-ume IS mdep?_ndent 0 rf)ressur_?_) and t at_oye(;t € tgmperf—
ature and its correlation with known physical properties ofgumreer;rlgreeo ﬂ:r;tﬁrti? zh‘z;ﬁf;' 'Cofen:];g%:cst;:; \?vz?enr ii ntthoe
gap junctions, would permit validation of the assumptionsl. % h ' b e P

made by Mazur using his equation and, hence, Mazur’s poréqul phase can be written.

theory M&(TL, PL, XZ) = I*Lg( ?pv Patm) + V%(PL - Patm)
This study is a theoretical and experimental investigation
of the temperature-dependence of ice propagation in con- +51(Tf, = T — via (T, %)

fluent monolayers to test the hypothesis that ice growth (5)
through gap junctions is a plausible mechanism for the

propagation of intracellular ice. Resolution of this questionwhere uf is the chemical potential of pure water at the
is an important element in the development of a model tgolanar freezing pointTg,) and atmospheric pressur@,(.);
describe the formation of intracellular ice in tissues. S; is the specific entropy of pure liquid water at standard
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pressure and temperatureé; is the osmotic pressure of the 50 -

K . . . L . § —— — Equation 1
solution andx, is the solute mole fraction in the liquid. Itis 3 e
assumed that the osmotic pressure of the solution is only & ,, ™~~~ AT = 2Vi 15050080
function of temperature and mole fraction of the solute. % al,

If one assumes that there are no nonisotropic stresses OE
the ice, that the ice is incompressible, and that over theE 30 1
temperature range of interest, the specific entropy of the icez

is independent of temperature, then the chemical potentiag 20 |
of ice can be written: Z )
N Equation 10 ~.
p3(TS, PS) = uf( ips Patm) + VE(PS = Pay) + s3( i ) E 10 4 AT = 205, v; Tc080 + vin' Ty ~
o alL, L,
© 3, . . . . —,
where V¥ is the molar volume of ice ansf is the specific 0 15 30 45 60 75 90
entropy of ice at standard conditions. CONTACT ANGLE (6)
According to Eg. 3 (making use of Eq. 2), at equilibrium,
Egs. 5 and 6 may be equated to give: FIGURE 2 Comparison of Egs. 1 and 10. Capillary freezing-point de-
pression is calculated for Eq. figshed ling and Eq. 10 folid line) as a
VE(PY = Pa) + Si(Th, — Tpp) — Vi (Tyy, Xo) function of contact angle for pores of radii 7.5 and 12 A.

=Vi(PS = Pu) + SATo— Typ) () _ |
. ] ) ) _ point of water in a pore is represented by the second term of
To make use of all the information contained in the condi-ihe righthand side of Eq. 10. An additional difference be-

tions for equilibrium, Egs. 2—4, the Laplace equation, Eq. 4qyeen Egs. 1 and 10 is the appearance of the molar volume
must be substituted into Eq. 7. This can not be done in a ways jiquid water in Eq. 1 rather than the molar volume of ice

that eliminates a variable unless a further assumption igq appears in Eq. 10. Eq. 10 is the correct form for the
made?. At this point, some authors (Everett, 1961; Mazurcapijiary freezing-point depression if it is assumed that: 1)
1965; Christenson, 1997; Morishige and Kawano, 1999 jiquid is maintained at atmospheric pressure; 2) the

have made the assumption that the specific volumes of thﬁ»’quid and solid water are incompressible; and 3) the molar
solid and pure liquid phases are the same, which introduce@mropieS are independent of temperature.

a~10% error in the case of water. There is no need to make \yjithout considering solute effects, Egs. 1 and 10 differ

this assumption if one assumes that either the pressure in tfw ~10%. The difference between the calculated freezing-

liquid or the pressure of the ice is controlled to be atygint depression using Egs. 1 and 10 is shown in Fig. 2. We
atmospheric pressure. Assuming that it is the liquid phasgseq Eq. 10 for all calculations presented in this paper; as it

pressure that is controlled, Egs. 4 and 7 may be combined {Qyqre precisely accounts for the conditions encountered dur-

give. ing intercellular ice propagation and does not make the
2VS05,COS b Vit _specific yolume assu_mption. However, be<_:ause of errors
T — Tp= - a + - (8) inherent in the experimental system, the difference in the
capillary freezing-point depression predicted by Egs. 1 and
From the Clapeyron equation: 10 is not significant for analysis of the data.
1 T _— : : :
o = L (9) Application of the capillary freezing-point

depression equation

whereLf IS the molar IaFent heat .Of fusion, supsututmg_ EQ. Consider the propagation of ice through a pore that connects
9 into 8 gives the following equation that describes capillary

. i .2 two cells with intracellular ice on one side of the pore and
freezing-point depression: supercooled cytoplasm on the other (Fig. 1). We wish to
20 ViTo.COS ¢ Vit T, determine the minimum temperature difference from the
AT = + L (10)  planar freezing point that will permit the propagation of an
' ice crystal through the pore. Stated differently, what is the
The equation derived by Mazur (Eq. 1), is an approximationtemperature that will result in an equilibrium ice crystal of
for the effect of temperature on the radius of an ice crystalsmall enough size to pass through the pore? To answer this,
In his derivation, Mazur did not consider the effect of we will use the capillary freezing-point depression equation
solutes, and assumed that there was pure water on both sid@sy. 10).
of the pore. Clearly, this is not the condition that exists in  Of the parameters in Eq. 10, only the interfacial tension
biological systems. The effect of solutes on the freezingog, ) and the contact angl@)are unknown. From the work

al
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FIGURE 3 Capillary freezing-point depression as a function of pore FIGURE 4 Capillary freezing-point depression as a function of contact
radius for various contact angles. angle for three pores with defined radii.

of Fletcher (1962), Mazur proposed that the interfacialA radii) with the understanding that this may be too small or
tension for ice-pure water interfaces is in the range of4.7 too large for the cell model systems being studied herein.
1072 J/n? at —40°C to 2.0X 10 2 J/n? at 0°C (Mazur, With this information, we can calculate a temperature
1965, 1966). We will assume that the interfacial tension isange, and hence ice crystal size, where the propagation
linear with temperature. The only other unknown is theof intracellular ice through pores will be plausible. Fig. 4
contact angle of the ice-water interface. In his work, Mazurshows the capillary freezing-point depression as a func-
concluded that the contact angle is much greater than 0° arttbn of contact angle for three different pore radii. For a
may well approach 90° as a result of the unique structure opore radius of 7.5 A, and a contact angle>e80°, Eq. 10
water in transmembrane pores (Mazur, 1965, 1966). Recemptredicts that ice will be able to propagate between cells if
studies have confirmed that water in transmembrane porefe temperature is approximately 10°C or more below the
(Verkman et al., 1995; Breed et al., 1996) is highly struc-planar freezing point. For a pore radius of 12 A, or a
tured. contact angle>85°, the required temperature is approx-
With values for all parameters other than the contacimately 5°C below the planar freezing point. These re-
angle, we are able to model the behavior of intracellular icesults are in approximate agreement with those proposed
propagation via gap junctions. Using Eqg. 10 we can plot théoy Mazur (1960, 1965, 1966). Note, however, that the
capillary freezing-point depression as a function of poreequation used herein is more precisely defined and rele-
radius for various contact angles (Fig. 3). For a given poresant for this experimental system than that proposed by
radius, as the contact angle increases, the capillary freezing4azur.
point depression decreases and approaches the freezingCare must be taken when using the capillary freezing-
point of the solution at 90°. Similarly, as the pore radiuspoint depression equation, Eq. 10, for pores of too small a
increases, the freezing-point depression will decrease famadius. To our knowledge, there has been no direct experi-
any given contact angle. This means that the larger the porepental verification of the capillary freezing-point equation,
or the greater the contact angle, the higher is the temperatusdtributable to the difficulty in determining the required
that is sufficient for intercellular ice propagation to occur. interfacial tension and contact angle independently. How-
A critical piece of information that is known is the radius ever, the liquid-vapor Kelvin equation has been verified
of gap junctions. Current literature assumes that the diamdown to 4 nm (40 A; Fisher and Israelachvili, 1979). With
eter of mammalian gap junctions is approximately 1.5 nmdecreasing pore diameter, there may be significant devia-
(15 A; Loewenstein, 1981). Pore diameter is a function oftions in the microscopic interactions of water and the pore
the structure of the gap junction and is highly dependent omas one approaches molecular dimensions. For gap junctions
the connexin subcomponents. As a result, the determinatiowith a radius of 7.5 A, fewer than 5 water molecules will fit
of a suitable pore diameter for gap junctions will be highly across the entire pore. Clearly, the use of Eq. 10 to model
dependent on the cell type and species being investigatethe effect of temperature on ice crystal size for small-
From channel conductance experiments, gap junction pordiameter pores may not be accurate. Further studies are
diameters range from a minimum of 8 A for connexin 45 torequired to validate the capillary freezing equation down to
24 A for the human connexin 37 (Veenstra, 1996). For thisl nm. Nevertheless, we can show qualitatively that the
study we will assume an average pore diameter of 15 A (7.phenomenon described by Eqg. 10 can explain the experi-
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mentally observed temperature-dependent ice propagation 100 - . + . -
: MDCK
between cells in a monolayer. ~ Monolayers MDCK
0 (Std. Media)/ Monolayers
g 804 (Low Ca’*Media)
Ice growth and gap junctions: 3
. . [
experimental evidence < 60
. L ! o Y S
Eqg. 10 shows that there must be a defined upper temperaturg A4.9°C 7. 50% Incldence

limit where the equilibrium curvature of an ice crystalistoo & 40 4
large to pass through a pore. Using directional solidifica- &8
tion, Berger and Uhrik (1996) demonstrated the existence 0B ,, |
such a temperature, but did not provide sufficient informa- 2
tion to calculate the temperature.

In this study, three different experimental model systems 0 2 a 5 3 10 12
were used to determine the temperature at which ice prop-
agation through gap junctions occurs. Hamster fibroblast
(V-79W) and Madm-Darby canine kidney (MDCK; CCL FIGURE 5 Incidence of IIF in three experimental model systems.
34, ATCC, Rockville, MD) cells were cultured to conflu- wean+ Sem ( = 6).
ency on glass coverslips over 3 days at 37°C in supple-
mented media. The first model system was the V-79W
confluent monolayer, where under standard culture condimonolayers (Larese et al., 1992; Acker, 1997; Acker et al.,
tions, gap junctions are not present (Yang et al., 19961999). The incidence of intracellular ice was different for
Acker and McGann, 1998; Acker et al., 1999). The secondhe MDCK monolayers cultured in standard media, where
model system was the MDCK monolayer cultured to con-50% of the cells formed intracellular ice at1.9°C. At
fluency in standard culture media, resulting in the exprestemperatures below 3°C, there was complete formation of
sion of gap junctions (Yang et al., 1996). The formation ofintracellular ice in all cells of the confluent MDCK mono-
intercellular junctions, including gap junctions, can be in-layer when gap junctions were present, and the incidence of
hibited by reducing the concentration of calcium in theintracellular ice decreased sharply at temperatures above
culture media to Jumol/L (Peracchia and Peracchia, 1980; —3°C. In the absence of gap junctions (low’Camedia),
Armitage and Juss, 2000). Thus, MDCK cells with gapthe incidence of intracellular ice in the confluent MDCK
junctions (standard media) and without gap junctions (lowmonolayer increased as the temperature decreased between
Ca&* media) represent the second and third experimentat-3° and —7°C, with aT, of —5.1°C. Fig. 5 provides a
model systems. The confluent monolayers were stainedtatic picture of intracellular ice nucleation.
with 12.5uM SYTO 13 (Molecular Probes, Eugene, OR) to  The patterns of lIF and intercellular ice propagation were
assist in the detection of intracellular ice (Acker, 1997;determined from analysis of sequential video frames. Figs.
Acker and McGann, 2000). Cell monolayers on glass cov6—8 show schematic representations of the propagation of
erslips were transferred to a convection cryomicroscope anhtracellular ice. In confluent V-79W monolayers (Fig. 6),
cooled at 25°C/min to a predetermined subzero experimerthere was initially a random dispersion of spontaneous IIF,
tal temperature where ice was nucleated in the extracelluldobllowed by a nonrandom propagation of ice to adjacent
solution with a cold copper probe. The cooling power of thecells as previously reported (Acker, 1997; Acker and Mc-
cryomicroscope was sufficient to remove the latent heat ofsann, 1998; Acker et al., 1999). This pattern was the same
fusion within 0.5 s after extracellular ice nucleation so thatat all temperatures examined. An examination of the iso-
the cells remained approximately isothermal during freezthermal kinetics of intracellular freezing have been pre-
ing. The occurrence of intracellular ice was indicated by asented elsewhere (Acker, 1997; Acker and McGann, 1998;
sudden darkening of the cytoplasm (Chambers and Haléicker et al., 1999).

1932; Luyet and Gibbs, 1937) and the presence of a hon- For confluent monolayers of MDCK cells with gap junc-
eycomb pattern in the fluorescent staining (Acker, 1997tions (Fig. 7), the freezing pattern depended on the temper-
Acker and McGann, 2000). The entire freezing procedureature of nucleation. Below-3°C, IIF occurred in a well
was videotaped for later analysis. defined, wave-like manner from the initial site of IIF (Fig.

The incidence of intracellular ice in V-79W and MDCK 7). A wave of intracellular ice nucleation in 100% of the
confluent monolayers as a function of temperature is showwells followed the extracellular ice front across the field of
in Fig. 5. For V-79W cells, there is an increase in theview. This is similar to the pattern of IIF reported for a
incidence of intracellular ice between5 and—11°C. The number of tissues (Stuckey and Curtis, 1938; Wharton and
temperature in which 50% of the cells in the monolayerFerns, 1995; Berger and Uhrik, 1996; Tsuruta et al., 1997,
have formed intracellular ic&{§) was—7.3°C. These data Tsuruta et al., 1998), including MDCK monolayers (Acker,
are consistent with those previously reported for V-79W1997; Acker and McGann, 1997). At temperatures above

V-79W
Monolayers

TEMPERATURE OF NUCLEATION (°C)
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FIGURE 6 A schematic representation of the pattern of IIF in V-79W FIGURE 7 A schematic representation of the pattern of IIF in MDCK

confluent cell monolayers. Ice forms initially in a random number of cells confluent cell monolayers (standard media) frozen bete@’C. As the

that are dispersed throughout the monolayst This is followed by the  extracellular ice front passes through the field of view, intracellular ice will

nonrandom propagation of intracellular ice to adjacent céls ( form in a cell @). This is followed by the propagation of intracellular ice
to adjacent cells in a wave-like patterB)(

—3°C, ice formed initially in a number of single cells in the
sample and then propagated to a portion of the adjacentill induce intracellular nucleation in all adjacent cells.
cells. This pattern of IIF in confluent MDCK monolayers However, for MDCK monolayers without gap junctions,
(Fig. 8) above—3°C was quite different from the pattern in V-79W monolayers, and MDCK monolayers with gap junc-
MDCK cells below—3°C (Fig. 7), but similar to the pattern tions above—3°C, cells may remain unfrozen even with an
for V-79W (Fig. 6). adjacent cell containing intracellular ice. These observa-
Upon suppression of gap junction formation in MDCK tions indicate that ice grows more readily between cells
confluent monolayers using a low concentration of extrawhen gap junctions are present, and the temperature is
cellular calcium, the pattern of IIF was also different from below —3°C.
that observed in the MDCK monolayer with gap junctions. To quantify IIF in V-79W and MDCK confluent mono-
In the absence of gap junctions, intracellular ice formedayers, we determined the number of independent nucle-
initially in a number of single cells randomly dispersed ation sites from the cryomicroscope video images. An in-
throughout the sample, and then intracellular ice propagatedependent nucleation site was defined as a cell that froze
from these cells to a portion of the adjacent cells. Thisintracellularly with no adjacent cells already frozen. The
pattern of IIF was as shown for the V-79W monolayers (Fig.number of independent nucleation sites as a function of
6) and for MDCK monolayers with gap junctions that were temperature is expressed as a percentage of the total number
nucleated above-3°C (Fig. 8). For the MDCK monolayers of cells in the sample that formed intracellular ice at that
with gap junctions below-3°C, nucleation of ice in a cell temperature (Fig. 9). A high percentage of nucleation sites
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FIGURE 9 Percentage of independent nucleation sites as a function of
the temperature of nucleation for the three experimental model systems. An
independent nucleation site is defined as a cell that forms intracellular ice
without any contact with an already frozen cell. The percentage of inde-
pendent nucleation sites is calculated as the total number of independent
sites divided by the total number of cells that form intracellular ice.
Mean = SEM (h = 6).

sites. This is different from observations for confluent
MDCK monolayers without gap junctions and for confluent
V-79W monolayers.

DISCUSSION

It has been proposed that during freezing gap junctions in
FIGURE 8 A schematic representation of the pattern of IIF in MDCK the, plasma memprane faC”It,ate the pa'ssage.of Ice betw,een
confluent cell monolayers (standard media) frozen abeg8eC. Ice forms adjacent cells. Using the caplllary freezmg-pomt depressmn
initially in a random number of cells that are dispersed throughout theequation (Eq. 10), we have shown that it is plausible for
monolayer 4). This is followed by the propagation of intracellular ice to there to exist a relatively high subzero temperature where an
adjacent cells ). This pattern is identical to that observed in V-79W jca crystal of equilibrium curvature is of sufficient size to
confluent monolayers. . . .
propagate between adjacent cells through gap junctions.
Experimentally, we observed a significant change in the
formation and propagation of intracellular ice in confluent
indicate that a large proportion of cells formed intracellularmonolayers with and without gap junctions that were nu-
ice independent of freezing in an adjacent cell. A low valuecleated at—3°C. As this temperature is within the range
indicates a high degree of interaction between adjacent celisredicted by the capillary freezing equation with interme-
resulting in intercellular ice nucleation. Fig. 9 shows differ- diate contact angles, we believe the observed behavior at
ences in the percentage of independent nucleation sites fthis transition represents the inhibition of gap junction-
the three experimental model systems. For V-79W monofacilitated ice propagation. In this study we have qualita-
layers and MDCK monolayers without gap junctions (low tively coupled the predictive value of the capillary freezing-
C&" media), the percentage of independent sites increasqubint equation with experimental evidence to support the
with increasing temperature. In the MDCK monolayer with proposed theory that gap junctions can facilitate the inter-
gap junctions (standard media), there were no independecetllular propagation of intracellular ice. Note, however, that
nucleation sites (in the cryomicroscope field of view) at ornot all the parameters are known well enough to make a
below —3°C. Above—3°C, the percentage of independent quantitative comparison, with the least well known param-
nucleation sites increased with increasing temperature. eter being the contact angle.
In confluent MDCK monolayers with gap junctions, there  Although the data presented herein strongly support the
is a transition at-3°C in the incidence of IIF, the pattern of involvement of gap junctions in the propagation of intracel-
propagation and in the percentage of independent nucleatidalar ice, the complete mechanism of such action is still

Biophysical Journal 81(3) 1389-1397



1396 Acker et al.

unresolved. We provide evidence to support the theory thatence of IIF in tissue systems. Clearly, further work is
intercellular ice growth occurs when intracellular ice phys-required to understand these mechanisms and to integrate
ically propagates through gap junctions. However, alternathem into our understanding of the complex low-tempera-
tive mechanisms may account for the observed changes inre response of tissue systems.
IIF in MDCK confluent monolayers. Mazur (1966) pro-
posed a model for the response of two membrane-bound
compartments connected by a narrow pore where the foREFERENCES
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