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Effects of Intercellular Junction Protein Expression on Intracellular Ice
Formation in Mouse Insulinoma Cells
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ABSTRACT The development of cryopreservation procedures for tissues has proven to be difficult in part because cells within
tissue are more susceptible to intracellular ice formation (lIF) than are isolated cells. In particular, previous studies suggest that
cell-cell interactions increase the likelihood of IIF by enabling propagation of ice between neighboring cells, a process thought to
be mediated by gap junction channels. In this study, we investigated the effects of cell-cell interactions on IIF using three genet-
ically modified strains of the mouse insulinoma cell line MING, each of which expressed key intercellular junction proteins (con-
nexin-36, E-cadherin, and occludin) at different levels. High-speed video cryomicroscopy was used to visualize the freezing
process in pairs of adherent cells, revealing that the initial IIF event in a given cell pair was correlated with a hitherto unrecog-
nized precursor phenomenon: penetration of extracellular ice into paracellular spaces at the cell-cell interface. Such paracellular
ice penetration occurred in the majority of cell pairs observed, and typically preceded and colocalized with the IIF initiation
events. Paracellular ice penetration was generally not observed at temperatures >—5.65°C, which is consistent with a penetra-
tion mechanism via defects in tight-junction barriers at the cell-cell interface. Although the maximum temperature of paracellular
penetration was similar for all four cell strains, genetically modified cells exhibited a significantly higher frequency of ice pene-
tration and a higher mean IIF temperature than did wild-type cells. A four-state Markov chain model was used to quantify the rate
constants of the paracellular ice penetration process, the penetration-associated IIF initiation process, and the intercellular ice
propagation process. In the initial stages of freezing (>—15°C), junction protein expression appeared to only have a modest
effect on the kinetics of propagative IIF, and even cell strains lacking the gap junction protein connexin-36 exhibited nonnegli-

gible ice propagation rates.

INTRODUCTION

The ability to store living tissue in the cryopreserved state
would enable efficient mass-production of tissue engineered
products (1) and facilitate transplantation procedures, espe-
cially when tissue from multiple donors must be pooled to
achieve a minimum therapeutic dose (2). However, although
suspended cells of various types can be successfully cryo-
preserved, cryopreservation of tissue has proven to be
more difficult (1,3-7). This discrepancy may be related to
differences in the likelihood of intracellular ice formation
(ITF), a major mode of cryoinjury (1). In particular, the prob-
ability of IIF has been shown to be lower for suspended cells
than for cell monolayers (8,9), suggesting that the latter are
more susceptible to damage during the freezing process.
Stott and Karlsson (10) have recently investigated the
effects of cell-substrate interactions on the freezing of
adherent endothelial cells, using a high-speed video cryomi-
croscopy system. Observation of the freezing of micropat-
terned single-cell constructs at submillisecond temporal
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resolution revealed two new IIF initiation mechanisms
unique to adherent cells (10). The term “peripheral-zone
initiation” was used to describe a mode of IIF in which
the intracellular crystal started growing at the distal edge
of the spreading cell (10). A second mechanism of IIF
discovered by Stott and Karlsson (10) was associated with
a precursor phenomenon termed “paracellular ice penetra-
tion” (PIP), the growth of extracellular ice crystal protru-
sions into paracellular spaces that contain supercooled
liquid. Because PIP and peripheral-zone initiation of IIF
are associated with cell-substrate interactions, and do not
occur during freezing of suspended cells, these mechanisms
may contribute to the observed increase in IIF probability
during freezing of tissue constructs. In addition to effects
of cell-substrate interactions, cell-cell interactions in multi-
cellular constructs have been shown to further enhance the
probability of IIF (9).

The promotion of IIF by cell-cell interactions has been
hypothesized to result from an ability of intracellular ice
to propagate between neighboring cells. The early evidence
for such intercellular ice propagation was derived from
anecdotal observations of nonrandom spatial patterns of
IIF, which suggested that internal ice could spread to neigh-
boring cells (8,11-14). More recently, Irimia and Karlsson
provided quantitative evidence for intercellular ice propaga-
tion by analyzing the freezing behavior of micropatterned
cell pairs (9) and linear cell arrays (15). Intercellular ice
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propagation has been suggested to result from ice growth
through gap junction channels (13,14), and evidence sup-
porting this hypothesis was obtained by Irimia and Karls-
son, who demonstrated that the rate of propagation was
significantly depressed after treatment with a gap junction
inhibitor (9).

The objective of this study was to clarify the role of cell-
cell interactions in IIF. In particular, we hypothesized that
the level of expression of connexins and other intercellular
junction proteins would affect the rate of ice propagation be-
tween neighboring cells. To test this hypothesis, we studied
the freezing process in pairs of adherent mouse insulinoma
cells, which had been genetically modified to express
different levels of proteins required for the formation of
gap junctions, adherens junctions, and tight junctions
(16,17). Our high-speed video cryomicroscopy experiments
revealed that IIF in adherent pairs of MING6 cells appeared to
be associated with PIP events at the cell-cell interface.
Based on these observations, we developed a theoretical
model of the freezing process, and used our model to quan-
tify the effects of intercellular junction protein expression
on the kinetics of the PIP process as well as the subsequent
IIF kinetics.

THEORETICAL BACKGROUND

As explained in the Discussion, our experimental results
suggest that IIF in tissue is mediated by paracellular
penetration of extracellular ice into compartments at the
interface between adjoining cells. Thus, to analyze our cry-
omicroscopy data, we modified the stochastic model of Iri-
mia and Karlsson (9) to account for this PIP phenomenon.

Irimia and Karlsson (9) described the freezing kinetics of
a cell pair using a continuous-time Markov chain model
with three possible states for the cell pair:

1. State 0, the completely unfrozen state;

2. State 1, the singlet state, in which the pair comprises one
frozen and one unfrozen cell; and

3. State 2, the doublet state, in which both cells in the pair
are frozen.

The probabilities of these three states within an ensemble of
cell pairs are pg, p1, and p,, respectively, the evolution of
which can be predicted by solving a Kolmogorov differen-
tial equation with a generator matrix that holds the transition
intensities of each state transition process (9).

As shown in Fig. 1, we have modified the model of Irimia
and Karlsson (9) by introducing an activated state (State 0%)
between the unfrozen state and the singlet state, to represent
PIP at the cell-cell interface. Thus, the intensity of the state
transition 0— 0* (joo-) is equal to Jprp, the average rate of
PIP per unfrozen cell pair. Following Irimia and Karlsson
(9), we classify IIF mechanisms as either independent of,
or dependent on, the state of IIF in the neighboring cell;
the latter class represents intercellular ice propagation
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FIGURE 1 Markov chain model of proposed IIF mechanisms in a cell
pair, showing the four states and associated state probabilities, as well as
the possible state transition pathways and associated transition intensities.
The cell pair schematic depicts two adjoining cells (drawn as squares)
with a paracellular space at the cell-cell interface (drawn as a thin ellipse);
open shapes represent unfrozen liquid; whereas solid shapes represent
frozen domains.

events. Therefore, the transition intensity of the singlet for-
mation reaction is given by jo-1 = 2J;, where J; is the
average rate of cell-cell-interaction-independent IIF per
unfrozen cell (9). Likewise, the doublet formation intensity
is j1» = J; + J,, where J,, is the average rate of intercellular
ice propagation per singlet (9). The modified Kolmogorov
differential equation includes the probability py- of the acti-
vated state, and becomes

Po —Jprp 0 0 0 Po
i Do | _ Jor  —2J; 0 0 Po+
dar | pi | — 0 25 —(i+J,) 0| pi
D2 0 0 Ji+J, 0 D>

6]

The model in Eq. | becomes equivalent to the original three-
state model by Irimia and Karlsson (9) in the regime Jpp >>
Ji. An analysis of the solutions to Eq. | is provided in the
Supporting Material.

To quantify the kinetics of a given state transition a — b, it
is convenient to define the corresponding cumulative inten-
sity function,

t

Nup(1) = / o ()T @

0

where j, ; is the transition intensity, and 7 is the integration
variable. Similarly, the cumulative hazards of PIP (Npp),
cell-cell-interaction-independent IIF (&;), and propagative
IIF (N,,) are defined as the time-integrals of the rate coeffi-
cients Jpip, J;, and J,, respectively. It can be shown that
the mechanism-specific cumulative hazard functions are
dependent on the cumulative intensities of the observable
phase transition events as follows:

Npip = Ny
N; = %Nom 3)
N[, = N1$2 — %N()y’l
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Thus, if the cumulative intensity functions N, ,(f) are
known, it is possible to determine the magnitude of the
rate constants Jpp, J;, and J, by estimating the time-deri-
vates of the quantities computed in Eq. 3.

MATERIALS AND METHODS
Cell lines

Experiments were performed using wild-type MIN6 cells and three
different genetically modified strains, allowing a systematic evaluation of
the effects of intercellular junction protein expression on the IIF process.
Wild-type MING cells (18) are known to express several intercellular junc-
tion proteins, including the gap junction protein connexin-36, the adherens
junction protein E-cadherin, and the tight junction protein occludin (16,17).
To create the genetically modified cell lines, Calabrese et al. (106) first stably
transfected wild-type cells with antisense RNA for connexin-36. Calabrese
et al. (17) characterized these antisense-transfected cells using a panel of
Western blots for intercellular junction proteins, revealing significantly
reduced expression of connexin-36, but also a significant downregulation
of E-cadherin and occludin. Calabrese et al. (17) therefore rescued the anti-
sense-transfected strain by restoring expression of either connexin-36 or
E-cadherin to normal levels. Thus, the four MING6 strains are: wild-type;
antisense-transfected cells (AS); antisense-transfected strain with restored
connexin-36 expression (AS+Cx); and antisense-transfected strain with
restored E-cadherin expression (AS+Ecad). The known properties of the
cell lines used in this study are summarized in Table 1.

Cell culture

All MING strains were generously provided by Dr. Paolo Meda (University
of Geneva, Geneva, Switzerland). Cells were cultured on tissue-culture-
treated plastic in high-glucose Dulbecco’s Modified Eagle’s Medium
(Invitrogen, Carlsbad, CA), which had been supplemented with 15%
(v/v) heat-inactivated fetal bovine serum (Sigma-Aldrich, Saint Louis,
MO) and 0.07 mM @-mercaptoethanol (Invitrogen), and were maintained
at 37°C in a 5% CO, environment. Media were changed every 3 days
and passages were performed weekly. To harvest cells for sample prepara-
tion or culture passage, cell monolayers were digested by exposure to
0.024% (w/v) trypsin for 5 min.

Sample preparation

For cryomicroscopy experiments, harvested MING6 cells were seeded at a
density of ~10° cells/cm® onto 12-mm diameter glass coverslips in petri
dishes and subsequently cultured for 48 h. These coverslips were then trans-
ferred into a fluorescence staining medium consisting of 2 uM SYTO13
(a membrane-permeable nucleic acid stain; Molecular Probes, Eugene,
OR) and 2 uM ethidium homodimer-1 (a membrane impermeable nucleic
acid stain; Molecular Probes) in culture medium and incubated at 37°C
for 10-60 min. Immediately before freezing, the samples were removed
from the staining medium, rinsed with isotonic phosphate-buffered saline
(with Ca%* and Mg2+; Mediatech, Manassas, VA), and inverted onto a

TABLE 1 Intercellular junction protein expression in the MIN6
cell lines

Protein Wild-Type AS  AS+Ecad AS+Cx References
Connexin-36 + - - + (16,17)
E-cadherin + — + — (17)
Occludin + - - - (17)
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16-mm coverslip, creating a coverslip sandwich with the adherent cells in
the middle.

Cryomicroscopy

Our high-speed video cryomicroscopy system has been described previ-
ously (10). It consists of a microscope (Eclipse ME600; Nikon, Tokyo,
Japan), a temperature-controlled microscope stage (FDCS-196; Linkam
Scientific Instruments, Tadworth, Surrey, United Kingdom), and a high-
speed video camera (Phantom v4.3; Vision Research, Wayne, NJ). After
loading a sample into the cryomicroscope stage chamber, it was first cooled
to —2°C at 50°C/min and held at this temperature for 1 min. During this
time period, the sample was brought into contact with a cold-spot built
into the cryomicroscope stage, to initiate formation of extracellular ice.
The sample was then heated to —1.5°C at 10°C/min and held at this temper-
ature for ~90 s, during which time a field of view was randomly selected
that contained a single cell pair (as determined by visualization of two
distinct nuclei using SYTO13 fluorescence) with intact cell membranes
(as determined by lack of ethidium homodimer-1 fluorescence). The sample
was then cooled rapidly to —60°C at 130°C/min. During this rapid cooling
process, images were acquired at a sampling rate of 3000-4000 Hz,
enabling visualization of the intracellular ice growth process, which mani-
fested as a directional wave with a timescale of ~3 ms (10). IIF locations
were classified into three groups: cell-cell interface; perimeter (of the
cell-substrate contact area); or interior. In some cases extracellular ice
obscured the cells, preventing unambiguous identification of the location
of IIF initiation. These cell pairs were excluded from analysis of the IIF
location. PIP was identified as a sudden darkening at the cell-cell interface,
with a timescale of the order of ~100 ms. The cumulative IIF probability
was determined from the cryomicroscopy data by dividing the number of
frozen cells by the total number of cells. In addition, the time and temper-
ature associated with the state transitions illustrated in Fig. 1 were deter-
mined for each video recording.

Statistical analysis

Unless otherwise noted, experimental data are reported as averages and
standard error of the mean. For normally distributed data and equal vari-
ances, the data were analyzed by analysis of variance (ANOVA), followed
by Tukey’s tests. When data were nonnormal or groups had unequal vari-
ances, the data were analyzed using a nonparametric Kruskal-Wallis
ANOVA, followed by Dunn’s method for pairwise comparisons. For fre-
quency data resulting from classification of events into categories (i.e.,
IIF location, incidence of PIP), the standard deviation was estimated as
the square-root of the number of observations in each category, as expected
for a Poisson process. Such categorical frequency data were analyzed using
x? tests. For comparison of the slopes of best-fit lines, a two-tailed #-test was
used. Differences were considered to be significant at a confidence level of
95% (p < 0.05).

The cumulative hazards of PIP, cell-cell-interaction-independent IIF,
and intercellular ice propagation were determined from Eq. 3, using esti-
mates of the cumulative intensity functions N, ,(). For each state transition
a— b depicted in Fig. 1, N, ,(f) was estimated from experimental observa-
tions of the corresponding event in an ensemble of cell pairs. In particular,
we used a modified form (19) of the Nelson-Aalen estimator (20,21) for
multiplicative intensity models, as follows:

1 Mg (1) 1 1
Noplt) =5 > <—+—+)> “)

k=1 na(tk ) na(tk

where M, ,() is the total number of state transitions a — b that have been
observed at time #; n,(t) is the total number of cell pairs found in state a
(i.e., the risk group) at time t; #; represents the time of the kth state transition
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event of type a— b; and the superscript signs indicate left-hand (—) and
right-hand (+) limits, respectively.

RESULTS

Effect of intercellular junction protein expression
on IIF initiation

The cumulative IIF probability is shown in Fig. 2 A for each
of the MING strains. These data represent the combined
effects of all IIF mechanisms. As shown in Fig. 2 A, the
wild-type cells exhibited a cumulative IIF probability distri-
bution different from the trends that were observed for each
of the genetically modified strains. In particular, wild-type
cells underwent IIF at a significantly lower temperature
(=23.2 = 0.4°C, p < 0.05) than did AS, AS+Ecad, and
AS+Cx cells (—14.6 = 0.3°C, —13.2 = 04°C, and
—13.0 * 0.4°C, respectively). To further characterize the
effect of the genetic modifications on IIF, we determined
the probability of the initial IIF event (i.e., formation of the
singlet state) during freezing of ensembles of MIN6 cell
pairs. As shown in Fig. 2 B, the mean temperature of the
initial IIF event was significantly lower in wild-type cells
(—22.5 = 0.6°C, p < 0.05) than in the genetically modified
clones (—14.0 = 0.4°C, —12.1 = 0.5°C,and —12.3 = 0.5°C
for AS, AS+Ecad, and AS+Cx, respectively). Because the
initial ITF event is not dependent on intercellular ice propaga-
tion (9,15), the results in Fig. 2 B indicate that the effects of
intercellular junction protein expression on IIF kinetics
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FIGURE 2 (A) Cumulative overall probability of IIF and (B) cumulative
probability of the initial IIF event in each cell pair during rapid cooling
to —60°C. Data are shown for observations of 196 pairs of wild-type cells
(circles), 213 AS pairs (squares), 114 AS+Ecad pairs (triangles), and 106
AS+Cx pairs (diamonds).
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(Fig. 2 A) cannot be entirely attributed to differences in prop-
agation kinetics, as originally hypothesized.

Paracellular ice penetration at the cell-cell
interface

To explore the reasons for the differences in the kinetics of
IIF initiation, we examined, in slow-motion playback, high-
speed video recordings of the time interval preceding the
first incidence of IIF in each cell pair. In a majority of videos
(>70%), we observed sequential darkening of multiple
small (~1 um) domains located along the interface of the
two adjoining cells. Such interfacial darkening sequences
progressed over a timescale of ~100 ms (whereas each indi-
vidual darkening event was <10 ms in duration), and
appeared to frequently precede and colocalize with the sub-
sequent IIF initiation events. For example, in the represen-
tative cryomicroscopy video shown in Movie S1 in the
Supporting Material (see Fig. 3 for corresponding still
images), multiple microscale darkening events can be seen
at the cell-cell interface over an 80-ms interval, starting
when the temperature reached —14.8°C (Fig. 3, A-C).
Shortly afterward, in one of the cells, IIF manifested as an
advancing semicircular solidification front with an origin
at the darkened cell-cell interface (Fig. 3 D; also see Movie
S2). This was followed by IIF in the second cell, manifest-
ing again as an advancing ice front with an initiation site at
the darkened portion of the cell-cell interface (Fig. 3 E; also
see Movie S3). As explained in the Theoretical Background
and in the Discussion, we have hypothesized that the IIF
precursor events observed at the cell-cell interface represent
a form of paracellular ice penetration, a phenomenon previ-
ously described by Stott and Karlsson (10). Thus, herein-
after we will use this terminology (PIP) to describe the
interfacial darkening events observed in MING6 cell pairs.

To determine the prevalence of paracellular ice penetra-
tion during freezing of MING6 cell pairs to —60°C, we sys-
tematically reviewed ~100 cryomicroscopy videos for
each of the four MING strains. In the wild-type strain, PIP
occurred in 47% of cell pairs, whereas 79% of cell pairs
from the AS strain exhibited PIP; the frequency of PIP in
the AS+Ecad and AS+Cx strains was even higher (91
and 84%, respectively). A % analysis of the entire data
set revealed that the effect of intercellular junction protein
expression on the incidence of PIP was statistically signifi-
cant (p < 0.001). In pairwise comparisons, each of the
genetically modified MING6 strains was found to have a
significantly higher incidence of PIP than did wild-type cells
(p < 0.001). The incidence of PIP was also higher for
AS+Ecad cells than for the AS strain (p < 0.05).

To quantify the kinetics of PIP, we analyzed the transition
between the unfrozen and activated states (see Fig. 1) using
Eqgs. 3—4. The resulting cumulative hazard of PIP is
plotted in Fig. 4. With the exception of some scatter in the
low-temperature data for the AS+4+Cx group, all MIN6
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FIGURE 3 Still images from a high-speed video recording that depicts
the freezing of a MING6-AS cell pair; slow-motion playback of the full video
can be seen in Movie S1 in the Supporting Material. (A) Video frame
acquired at —14.8°C, just before paracellular and intracellular freezing
events. Dotted lines mark the cell boundaries; scale bar: 10 um. (B) Initial
manifestation of paracellular ice penetration; arrowhead marks the location
of the first darkening event at the cell-cell interface. (C) Continuation of the
paracellular ice penetration process, comprising multiple localized dark-
ening events at the cell-cell interface (arrowheads). (D) Initial IIF event,
manifesting as a solidification front (arrowheads) advancing from an initi-
ation site at the cell-cell interface (asterisk); slow-motion video of this event
is shown in Movie S2. (E) IIF in the second cell, with the associated solid-
ification front (arrowheads) also originating from a site at the cell-cell
interface (asterisk); the corresponding video is shown in Movie S3. (F)
Completion of the IIF process, at —15.1°C. All time stamps are relative
to the initial video frame (A).

variants exhibited approximately linear trends in Nppp at tem-
peratures <—6°C, indicating that the magnitude of the rate
Jpip undergoes a step change upon reaching this temperature.
Linear regression of the data between —6 and —12°C yielded
best-fit PIP rates of 0.111 = 0.004 s~ ' for wild-type cells,
0.466 + 0.006 s ' for AS cells, 0.850 *+ 0.008 s~ for
AS+Ecad cells, and 0.609 + 0.007 s~! for AS+Cx cells.
All pairwise comparisons of slopes yielded differences that
were statistically significant (p < 0.001). In contrast, all
linear regressions intercepted the time-axis (Nppp = 0)
at approximately the same temperature, representing an
extrapolated maximum temperature for PIP (T3). Specif-
ically, the intercepts were T35 = —5.69°C for wild-type
cells, with a 95% confidence interval (CI) from —5.92
to —5.43°C; Tt = —5.77°C (CI: —5.84 to —5.69°C) for
the AS strain; Tpp* = —5.66°C (CI: —5.71 to —5.62°C) for
the AS+Ecad strain; and Tpy* = —5.48°C (CI: —5.54
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FIGURE 4 Estimated cumulative hazard of PIP (Nppp) for cell pairs con-
sisting of wild-type (circles), AS (squares), AS+Ecad (triangles), or
AS+Cx strains of MING6 (diamonds). Solid lines represent linear fits to
data in the temperature range —6 to —12°C.

to —5.41°C) for the AS+Cx strain. Thus, the average inter-
cept value (—5.65°C) can be taken as an approximate upper
bound, above which PIP is (generally) not observed in any
of the MING strains.

Correlation between PIP and lIF

The relative magnitude of the rates of PIP for the four
groups (shown in Fig. 4) is consistent with the trend in
mean temperatures of the first IIF event in paired MING6 cells
(i.e., wild-type < AS < AS+Cx < AS+Ecad), as shown in
Fig. 2 B. This is significant because the first IIF event in a
cell pair is, by definition, independent of intercellular ice
propagation, so the probability of the first IIF event is a
function of the cell-cell-interaction-independent rate pro-
cess (J;), as shown in Fig. 1. Therefore, the correlation
observed above suggests that PIP may play a role in the
cell-cell-interaction-independent mechanism of IIF.

To further characterize the apparent correlation between
PIP and IIF, we examined the spatial distribution of IIF initi-
ation sites for the singlet formation events (i.e., state transi-
tion 0* — 1 in Fig. 1). As shown in Fig. 5 A, the majority of
such IIF initiation sites were located at the cell-cell inter-
face. For cell pairs constructed from any of the four MIN6
cell variants, the proportion of initial IIF events that origi-
nated from the cell-cell interface was significantly higher
than the proportion of initial IIF events that originated
from either the cell perimeter or the cell interior (p <
0.001). Because all PIP events observed in adherent MIN6
pairs also occurred at the cell-cell interface, these data
demonstrate that the cell-cell-interaction-independent mech-
anism of IIF (J;) is spatially correlated with the PIP process.

A temporal association between PIP and cell-cell-interac-
tion-independent IIF was also verified, as illustrated by
correlating the temperatures of PIP and the initial IIF events
in each cell pair (Fig. 5 B); because experiments were
conducted using a constant rate of cooling, a correlation
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FIGURE 5 Evidence for correlation between PIP event at cell-cell inter-
face and the first IIF event in cell pairs consisting of various MING strains.
(A) Spatial distribution of IIF initiation sites, categorized as located either
on the perimeter (i.e., the outer boundary of the substrate area occupied
by the adherent cell pair), on the cell-cell interface, or in the interior (i.e.,
inside the projected cell boundaries). Asterisks indicate significantly higher
incidence of IIF initiation at the cell-cell interface than at the other IIF initi-
ation sites (p < 0.001). (B) Correlation between temperatures of PIP and the
initial ITF event for cell pairs consisting of wild-type (circles), AS (squares),
AS+Ecad (triangles), or AS+Cx strains (diamonds); solid symbols indi-
cate IIF events that originated at the cell-cell interface. The solid line has
unity slope, representing the hypothetical case of concurrent PIP and IIF
(i.e., for data points located above this line, IIF occurred after the PIP
event).

of temperatures is equivalent to a temporal correlation.
Linear regression of the data sets in Fig. 5 B (not shown)
yielded slopes that were significantly greater than zero for
all of the MING6 cell variants (p < 0.03), indicating that
the temperatures (and hence, times) of IIF and PIP are corre-
lated. Furthermore, PIP preceded IIF in >97% of cell pairs
observed: the average time delay between PIP and the first
IIF event was 4.5 = 0.55s,1.6 £ 0.2s,2.0 = 0.2 s, and
1.8 = 0.2 s for wild-type, AS, AS+Ecad, and AS+Cx,
respectively, each of which is significantly greater than
zero (p < 0.001). We recognize the possibility of selection
bias due to the fact that high-speed video recordings were
terminated shortly after observation of IIF (thus reducing
the opportunity to observe PIP events that may have
occurred after IIF). Nonetheless, the average length of video
recording after the first IIF event was 3.2 s, whereas the
average length of video recording before IIF was 14.4 s.
Thus, if PIP and IIF events were uncorrelated, 18% of the
video recordings should include PIP events that occurred
after IIF; in contrast, PIP was observed after IIF in only
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~2% of the experiments. Therefore, it is unlikely that the
observed temporal correlation between PIP and IIF was
due to sampling bias (p < 0.0001).

Effect of intercellular junctions on PIP-associated
lIF initiation

As shown in Fig. 6, we determined the rate of PIP-associ-
ated independent IIF (J;) by linear regression of the corre-
sponding cumulative hazard, which was estimated by
analyzing transitions from the activated state to the singlet
state (0* — 1, see Fig. 1) using Eqs. 3—4. Based on the slope
in the temperature interval from —6 to —25°C, the rate of the
PIP-associated independent IIF process was highest for AS
cells (J; = 0.299 + 0.008 s~ 1), and lowest for wild-type
cells (J; = 0.093 = 0.005 s_l). Intermediate values of
J;=0.198 £ 0.004 s”' and J; = 0.265 + 0.005 s~ were
observed for AS+Ecad and AS+Cx cells, respectively.
These values of J; were all significantly different from
each other, as determined by pairwise comparison. The
effect of the magnitude of J; on the expected kinetics of
IIF in cell pairs is discussed in the Supporting Material.

Effect of intercellular junctions on intercellular ice
propagation

The effect of intercellular junction protein expression on the
rate of intercellular ice propagation (J,) was examined by
computing the cumulative hazard N, using Eqs. 3-4,
based on analysis of the observed state transitions 0* —
1—2 (see Fig. 1). Due to the expected role of gap junctions
in propagative IIF, the resulting cumulative hazard functions
have been separately plotted for MING strains that express
the connexin Cx36 (Fig. 7 A) and those in which Cx36
expression was knocked-down (Fig. 7 B). The magnitude
of the propagation rate was estimated by fitting a line to

Temperature [°C]
-5 -10 -156 -20 -25 -30 -35

4.0

Cumulative Hazard of IIF, N,

FIGURE 6 Estimated cumulative hazard of cell-cell-interaction-inde-
pendent IIF (&;) in cell pairs consisting of wild-type (circles), AS (squares),
AS+Ecad (triangles), or AS+Cx strains of MING6 (diamonds). Solid lines
represent linear fits to data in the temperature range —6°C to —25°C.
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FIGURE 7 Estimated cumulative hazard of intercellular ice propagation
(Np) in cell pairs consisting of wild-type (circles), AS (squares), AS+Ecad
(triangles), or AS+Cx strains of MIN6 (diamonds). Intercellular ice prop-
agation kinetics is shown for cell strains that express the gap junction pro-
tein connexin-36 (A), and for the strains lacking connexin-36 (B). Solid
lines represent linear fits to data in the temperature range —5°C to —15°C.

these data over the temperature range —5 to —15°C,
yielding rates of J, = 0.54 £ 0.05 s and 094 +
0.06 s~' for wild-type and AS-+Cx, respectively (con-
nexin-expressing strains), and J, = 0.66 = 0.02 s~ and
1.30 + 0.03 s™' for AS+Ecad and AS, respectively (strains
with inhibited connexin expression). Analysis of variance
on the regression lines showed that these propagation rates
were significantly greater than zero for all of the MIN6
strains (p < 0.001), including those strains lacking Cx36
expression. In pairwise contrasts, the propagation rate was
significantly different in all cases except for the comparison
between the wild-type and AS+Ecad strains.

Intercellular ice propagation is expected to manifest as an
intracellular crystallization event originating at the cell-cell
interface between a previously frozen cell and the unfrozen
cell. In cell pairs, the propagative IIF mechanism is only
active after the first cell in the pair has frozen; therefore,
the probability of observing IIF initiation sites at the cell-
cell interface is expected to be higher in the second cell to
freeze than in the first cell to freeze. Indeed, as shown in
Fig. S3 in the Supporting Material, the proportion of IIF
events that originated at the interface was higher for the sec-
ond freezing event than the first freezing event in all four
MING cell variants, and this difference was statistically sig-
nificant (p < 0.005). Thus, beyond the kinetic evidence for
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intercellular ice propagation shown in Fig. 7, the high-speed
imaging technique used here has allowed direct visualiza-
tion of propagative IIF in the singlet-to-doublet state
transition.

DISCUSSION

Cell pairs comprising genetically modified strains of MIN6
were significantly more susceptible to intracellular crystalli-
zation during rapid cooling than were the wild-type cell
pairs. This is counterintuitive, because the prevailing theory
regarding the role of gap junctions in intercellular ice prop-
agation would suggest that the cell pairs expressing Cx36
antisense RNA should exhibit slower IIF kinetics, due to
reduced J,, (9,13-15). Furthermore, the increased incidence
of IIF in antisense-transfected cells manifested already in
the first IIF event in each cell pair (Fig. 2 B), which is not
dependent on intercellular ice propagation processes (9).
A hypothetical explanation for these paradoxical results is
that the membranes of the genetically modified MING6 cells
may have lower water permeability than those of wild-type
cells, leading to higher water retention (and thus increased
supercooling, with concomitant enhancement of IIF ki-
netics) in the former. To rule out this possibility, we have
measured the cell membrane permeability in adherent cul-
tures of wild-type MING (22,23) and the AS strain (24). Pre-
dictions of cell dehydration under conditions simulating the
present rapid-freezing experiments demonstrated that at
temperatures >—15°C, the levels of intracellular supercool-
ing were expected to be comparable in the wild-type and AS
strains of MIN6 (24). Therefore, because large discrep-
ancies in the incidence of IIF are evident already in the early
stages of freezing (>—15°C), it is unlikely that the observed
differences in IIF kinetics between the wild-type and AS
strains can be attributed to confounding effects of cellular
water transport. Instead, the increased probability of IIF in
the genetically modified strains appears to be due primarily
to a significant enhancement of the rate of PIP, which was
found to have magnitudes four- to eight-fold larger than
that of Jppp in wild-type cell pairs.

The PIP process was first described by Stott and Karlsson
(10), who identified this phenomenon as a precursor to IIF
during the freezing of individual adherent endothelial cells.
The form of PIP that was reported by Stott and Karlsson (10)
consists of finger-like structures that were observed to grow
slowly (~1 um/ms) inwards, starting at the cell edge; these
structures were interpreted as ice dendrites growing into
the paracellular space between the basal cell membrane
and the glass substrate (10). In the current study, we
observed a similar process, manifesting as an increase in
opacity at the cell-cell interface over a timescale of
~100 ms. We have interpreted this phenomenon as a variant
of PIP, as illustrated in Fig. 8. In particular, we hypothesize
that the interfacial darkening events are due to penetration
of extracellular ice into the intercellular space, causing ice
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FIGURE 8 Illustration of hypothesized paracellular ice penetration
mechanism at the cell-cell interface. (A) A cell pair is shown covered by
a layer of extracellular ice. Inset is a magnified view of the two intercon-
nected cell membranes, showing a network of junction proteins (depicted
as small spheres) that are arranged in strands, thus forming paracellular
pockets containing unfrozen liquid. (B) Cross-sectional view depicting
the cell-cell interface, showing a nascent ice protrusion growing from the
extracellular ice crystal during cooling. (C) When the temperature has
fallen below a critical value (Th%), the extracellular ice protrusion is
able to advance into one of the paracellular pockets, by growing through
an opening in the network of intercellular junction proteins (arrow). Illus-
tration credit: Scott Leighton.

crystallization in pockets of supercooled liquid trapped
between apposing cell membranes. Usually, a sequence of
several quick darkening events was observed during PIP,
suggesting that multiple distinct domains of supercooled
liquid are trapped at the cell-cell interface. We believe
that the PIP observations described in this study are analo-
gous to those described by Stott and Karlsson (10), but
were localized to the cell-cell interface, rather than the
cell-substrate interface. One reason for the different mani-
festations of PIP is that Stott and Karlsson (10) investigated
the freezing of single adherent cell constructs (in which no
cell-cell interfaces were created), whereas we have studied
IIF in cell pairs.

Based on the hypothesized mechanism of the PIP phe-
nomenon, one would expect the estimated maximum ice
penetration temperature (g5 = —5.65°C) to be consistent
with predictions from thermodynamic models of ice growth
through pores (14,25). Due to the Gibbs-Thomson effect,
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reduced temperatures are required to allow ice to penetrate
small apertures, because of the curvature imposed on the
solidification front in constrained geometries. For paracel-
lular ice growth at the cell-cell interface, the relevant
dimension is the separation distance between apposing
membranes, which depends on the types of intercellular
junction structures present. For example, tight junctions
form a network of sealing strands that create interconnec-
tions between apposing membranes, but the resulting bar-
riers contain paracellular pores ~0.5 nm in diameter (26);
gap junctions are characterized by a membrane separation
distance of ~3 nm between neighboring cells (27); adherens
junctions exhibit a membrane separation distance of ~25 nm
(28). Calculation of the maximum temperature that admits
ice growth through a given aperture also requires the contact
angle between the ice-liquid interface and the pore wall to
be specified. This value is not accurately known, but is
thought to be in the range 75-90° (14,25). For the theoreti-
cally predicted value of Tj%* to match experimental obser-
vations (i.e., —5.92°C < Tg* < —5.41°C, encompassing
the confidence intervals of all MING6 strains), the contact
angle would have to be 88.3 = 0.1° and 69.1+1.3° for
ice penetration through paracellular apertures associated
with tight junctions and gap junctions, respectively (see
the Supporting Material). In contrast, the membrane separa-
tion distance associated with adherens junctions is too large
to inhibit ice penetration below —2.9°C, even if the contact
angle is 0°. Because the observed values of Tpip* were signif-
icantly lower than —2.9°C, one may conclude that the upper-
bound temperature for PIP is affected by tight junctions and/
or gap junctions, but not adherens junctions. Moreover,
considering that the value of the threshold temperature
was not very sensitive to connexin expression levels in the
different cell strains, the most likely barriers to PIP in our
two-cell constructs were the tight junction pores.

Further evidence supporting the hypothesized mechanism
of PIP at cell-cell interfaces (Fig. 8) can be obtained by
examining the effect of intercellular junction protein
expression on the kinetics of PIP, at temperatures below
the thermodynamic barrier Tp%". In particular, the PIP rate
constant (Jprp) as well as the total incidence of PIP were
found to be significantly lower in wild-type cells than in
each of the genetically modified strains. In terms of intercel-
lular junction protein expression, an important difference
between these cell strains is that the wild-type cells express
the tight junction protein occludin, whereas none of the
genetically modified cells expresses occludin at detectable
levels (16,17). Because occludin is important for proper
function of tight junctions (29), reduced occludin expression
may increase the number of defects in the tight junction
strands, thus facilitating PIP. This is consistent with the
observed increase in the frequency of PIP for the genetically
modified MING strains. Furthermore, the rate of PIP in anti-
sense-transfected strains with restored expression of Cx36
(AS+Cx) or E-cadherin (AS+Ecad) was not reduced
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compared to the original AS strain, indicating that junction
proteins other than connexin and E-cadherin are responsible
for the PIP phenomenon in MING cells.

In our experiments, PIP events at the cell-cell interface
typically preceded and colocalized with IIF initiation, sug-
gesting a causative relationship between PIP and IIF. Stott
and Karlsson (10) also observed a spatiotemporal correla-
tion between PIP and IIF, and postulated that PIP was
involved in the IIF mechanism in adherent cells. Moreover,
similar ice-cell interactions were reported by Berger (30),
who described so-called “aggressive” extracellular ice crys-
tals that were observed to invade tissue via paracellular
pathways just before IIF initiation. There are several
possible mechanisms by which paracellular ice growth
may initiate IIF. For example, ice in the paracellular space
may enable surface-catalyzed nucleation at the site of ice-
membrane contact (31). Alternatively, the growth of para-
cellular ice crystals may cause mechanical strain in the
cell membrane, possibly leading to membrane failure and
attendant growth of ice into the supercooled intracellular
compartment. Another possibility that should be considered
is that paracellular ice crystals may inoculate the intracel-
lular volume via preexisting membrane pores, such as aqua-
porins (32) or unpaired connexon channels (33).

If PIP at cell-cell interfaces triggers IIF in the adjoining
cells, then the resultant IIF events will be correlated in
time. This is important, because experimental observations
of a temporal correlation between IIF events in spatially
contiguous cells have commonly been interpreted as evi-
dence of intercellular ice propagation (8,11-14). However,
as demonstrated in Fig. S2, the PIP process also causes a
spatio-temporal correlation of IIF events in cell pairs, even
in the absence of intercellular ice propagation. Thus, pub-
lished cryomicroscopy observations that have previously
been attributed to propagative IIF should be revisited in
the context of the proposed PIP model, because it is possible
that the incidence of propagative IIF has been overesti-
mated. It is also noteworthy that all intercellular ice propa-
gation studies in the literature have used conventional video
technology to image IIF at sampling rates <30 Hz (e.g., (9,
13-15)), which is insufficient for direct observation of
intracellular crystallization (10). In contrast, we have now
visualized intracellular ice growth pathways in the singlet-
to-doublet transition using high-speed imaging technology,
revealing that the IIF initiation sites for this state transition
were preferentially located at the cell-cell interface (see
Fig. S3), which is consistent with the intercellular ice prop-
agation hypothesis. Moreover, by analyzing our cryomicro-
scopy data in the context of a Markov chain model, we
confirmed that intercellular ice propagation does occur in
MING cells (i.e., the cell pair’s two IIF events exhibited
temporal correlations that could not be attributed to the
coordinating effects of PIP at the cell-cell boundary), and
that the associated rate constant J, was nonzero for all
four cell strains.
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The most common explanation for intercellular ice prop-
agation is that the underlying mechanism is ice growth
through gap junction pores (9,13,14). In particular, Irimia
and Karlsson (9) observed a significant reduction in the
rate of propagation in micropatterned HepG2 cell pairs after
treatment with a connexon disruptor, implicating gap junc-
tion intercellular channels in the propagative crystallization
process. However, in the MING6 strains investigated here,
expression of Cx36 (in wild-type and AS+Cx cells) para-
doxically correlates with a reduction in the intercellular
ice propagation rate (compared to AS cells). Furthermore,
E-cadherin may also play an inhibitory role in propagative
IIF, as evidenced by the high magnitude of J, in the AS
strain (which lacks E-cadherin) compared to wild-type,
and the finding that the value of J, in the AS+Ecad strain
(with restored E-cadherin expression) was reduced to a
magnitude similar to that of the wild-type strain. Evidently,
the dependence of the intercellular ice propagation phenom-
enon on the architecture of the cell-cell interface is more
complex than previously appreciated, and further work
will be required to fully elucidate the mechanisms of IIF
in tissue constructs.

CONCLUSIONS

Our results shed additional light on the mechanisms of cry-
oinjury during tissue freezing, by identifying and character-
izing an intermediate step (viz., extracellular ice penetration
into supercooled paracellular domains at the cell-cell inter-
face) in the IIF pathway for multicellular systems. The evi-
dence suggests that PIP occurs via ice growth through
nanoscale apertures in tight junction strands that seal the
paracellular spaces at the boundary between neighboring
cells, and that such PIP events create a precursor (activated)
state that simultaneously enhances the probability of IIF in
both adjoining cells. The observed kinetics of IIF initiation
and spatial patterns of ice crystal growth in MING6 cell pairs
were consistent with a three-step mechanism of intracellular
freezing, in which the first IIF event is caused by the PIP
process, and the second IIF event may be triggered either
by the paracellular ice or by propagation of intracellular
ice from the frozen neighbor cell. Theoretical analysis re-
vealed that although PIP-associated IIF events are correlated
with each other (and may therefore masquerade as propaga-
tive IIF even when J, = 0), intercellular ice propagation
does occur in MING6 cell pairs. Whereas many researchers
have attributed intercellular ice propagation to growth of
ice through gap junction channels, we did not observe a
reduction in the rate of propagation after downregulation
of the junctional protein connexin-36, thus contradicting
the prevailing theory of propagative IIF. Future studies are
required to better understand the role of different intercel-
lular junction structures in the mechanisms of intercellular
ice propagation as well as PIP-associated IIF initiation.
Nonetheless, this work illustrates the utility of genetic
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engineering techniques and stochastic modeling in mecha-
nistic investigations of tissue cryoinjury.

SUPPORTING MATERIAL

Four figures, three movies, reference (34) and supporting analysis are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(13)
01076-X.
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