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Chart 2. Bivariate flow cytometric contour distributions of an asynchronous
nonnested population (L) and synchronous G, populations heated for 20 min at
45.5Â°to approximately the 10% survival level (A to K). Ordinate, 90Â°light scatter

(proportional to cell size); abscissa, propidium iodide fluorescence (DNA content).
G,, S, and G2-M populations are delineated in L. The lowest contour line for an

histograms is 5% of the highest peak Divariate channel, increasing by factors of 2
thereafter. Area integrations of the enclosed regions (S and Gi-M phases) were
performed on F, H, and J (corresponding to Histograms E, G, and /, respectively)
and related to the total as a percentage of total; only one contour level was plotted
for the integrated histograms.

crease in viable cell-doubling time and the length of division delay
were confirmed using time-lapse cinematography.

Cell Cycle Progression. Data from concurrent studies indi
cated that nearly all of the cells surviving 20 min at 45.5Â°were

GÃ¬cells (28). To establish the rate of transit of these cells through
the cell cycle during the division delay, we obtained synchronized
GÃ¬cells through centrifugal elutriation. We followed their pro
gression after the treatment by staining with propidium iodide
with subsequent 2-dimensional flow cytometric analysis (90Â°

light scatter and propidium iodide fluorescence). As can be
observed in Chart 2, G\ cells began to progress into S phase at
approximately 28 hr following the heat treatment. In an effort to
estimate the fraction of the total population which progressed
from GÃ¬at various times after treatment, we integrated the
indicated areas of the bivariate distributions as shown in Chart
2. These data indicated that 12.3% of the cells had moved into
S and Gz-M phases by 28 hr (Chart 2F) and that 34.7%, by 38

hr (Chart 2H). By 42 hr after the treatment and immediately prior
to resumption of division, 55.1% (Chart 2J) of the cells had
progressed into S and G2-M from GÃ¬.In addition, there appeared

to be distinct alterations in the light scatter properties of the
heated cells at 24 hr after the treatment. This probably reflected
a dispersion in cell size at this time, which was independently
confirmed by manually measuring a treated population under
phase-contrast optics using a calibrated Zeiss micrometer eye
piece.6

Dose Response of Division Delay. Next, we determined the
dose response for the division delay of viable cells heated at
45.5Â°.Cells were heated for 0, 5, 8,12,15,18, and 20 min and

analyzed as before. Chart 3 shows the curvilinear increase in
division delay as a function of the sigmoidal decrease in cell
survival. When division delay, D?, was plotted against cell sur
vival, S (Chart 4), a power function relationship was observed
and could be described by

â€¢G. C. Rice, unpublished observations.

Division Probability. We further investigated the growth ki
netics of those cells sterilized by the various heat treatments.
The histograms in Chart 5 depict the size distributions of the
nonviable colonies scored 5 days after the hyperthermia. There
was good evidence of decreasing probability of more than one
division in the sterilized cells with increasing heat duration. Chart
6 indicated that the relationship could be described by the power
function

S = 4.97 x 104 X-313 t* = 0.96 (B)

where S is survival level, and X is the percentage of nonviable
cells with a multiplicity of 1 at 120 hr after the heat treatment.

Lethal Sectoring. Heated cells and their progeny were ex
amined through pedigree analysis of time lapse films for at least
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Chart 3. Solid line, decrease in cell survival at increasing durations of time at
45.5Â°;dashed line, increase in viable cell division delay (D?)for the same treatment

durations. Bars, S.D.

K
3
in

2.0

1.0

0.8

0.6

0.4

0.2

0.1

VIABIE CEIL DIVISION DELAY

no,
OD,

10 20 40 60 80100

DIVISION DELAY (HOURS)

Chart 4. Log survival at 45.5Â°versus log division delay, depicting the delay of

viable cells as measured by either D, or Dt as described in Chart 1.
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Chart 6. The percentage of the total nonviable population with a multiplicity of
1.0 indicated at 120 hr following various levels of 45.5Â° hyperthermia. Cells were
heated and either plated for survival or analyzed for microcolonies on a gridded T-
flask as described in 'Materials and Methods." The value for control cells (survival

= 1.0) was 0.36.

120 hr after a hyperthermic treatment of 20 min at 45.5Â°.
Sterilized cells were classed as either "nondividing," "pyknotic,"
or "multinucleate." As seen, the actual expression of damage

could be delayed from the first generation (Chart 7Â£),to the
second (Chart 7F), or third (Chart 7A). Even within the same
colony (Chart 7E), there were differences in the number of
divisions a daughter was capable of undergoing before becoming
reproductively inactivated. Therefore, the behavior of progeny
during the first several divisions does not necessarily portend a
subsequent inactivation. Parenthetically, we observed very little
detachment of the cells from the plastic substrate over the course
of our observations, in contrast to previous reports (18). Even
those cells which become pyknotic and presumably lysed re
mained attached to the T-flasks in both the time-lapse and

manual observations.
In addition, we observed examples of lethal sectoring, i.e., a

division which produced only one daughter that was capable of
forming a viable subclone. For instance, one daughter cell of the
heated parent in Chart 7C produced only normally dividing prog
eny. The other sister divided normally for one generation but
then either lysed or underwent fusion attempting the subsequent
division. Lethal sectoring was evident not only in the first gen
eration (Chart 7C), but also the second (Chart 76), and possibly
even the third (Chart 70).

We confirmed that lethal sectoring occurred in viable clones
following 20 min at 45.5Â° through the experiment depicted in

Chart 8. Replicate plates were heated and either scored on a
gridded flask for viable colony multiplicity (;'.e., number of cells/

viable colony) as before or gently trypsinized and dispersed to
single cells, which were then placed in a 37Â°incubator for colony

growth. The upper curve is the product of the survival of the
cells without trypsinization multiplied by the multiplicity of viable
colonies. The lower curve is survival calculated from the dis
persed replicate flasks.

A number of important implications are evident from Chart 8.
(a) There is a large sensitivity of the heated cells to trypsin up to
24 hr after the treatment. This has been reported previously by
several investigators (25). (b) It supported the observation of
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Chart 8. Indication of lethal sectoring in viable subclones following hyperthermia.
A, multiplicity of viable cells (Chart 1) multiplied by the survival of replicate flasks
plated at f = 0 (S = 0.241 Â±0.08); â€¢,survival of replicates which were gently
trypsinized with the colonies being dispersed and then placed in the incubator for
colony formation. The plating efficiencies for control, nonheated, nontrypsinized
cells averaged 0.604 Â±0.04, and that for trypsinized control cells was 0.627 Â±
0.08. Note the displacement (30%) of the dispersed curve from that of scored
viable cell microcolonies. This suggests that approximately 30% of those cells
within clones dividing to 50 cells or larger are actually reproductively sterile. Bars,
S.D.

lethal sectoring, since every survival level of the trypsinized
replicates beyond 48 hr was less, by approximately 20 to 30%,
than that calculated by using viable colony multiplicities. This
suggested that an average of approximately 30% of the sub-
clones within a viable colony following 20 min at 45.5Â°was not

clonogenic, i.e., not capable of forming a clone of 50 cells or
larger, (c) From 48 through 96 hr, the curves were basically
parallel, with a slope of approximately 20 hr. From this could be
inferred that the rate of lethal sectoring was essentially constant
within this time period and that the viable subclones had an
increased generation time of 20 hr, compared to 12.4 hr for
controls.

Viable Cell Divisionand Thermal Tolerance Decay. Finally,
we attempted to study the relationship between cell division and
temporal loss of thermal tolerance induced by 20 min at 45.5Â°.

Briefly, cell survival curves were generated as a function of time
after the priming treatment, and the D0 (a measure of thermal
tolerance) was calculated as described in "Materials and Meth
ods." Chart 9 depicts the changes in the D0and in viable colony

multiplicity as a function of time following the heat treatment.

Maximal thermal tolerance developed in cells surviving the first
heat treatment at approximately 24 hr. Thereafter, and up to 120
hr, thermal tolerance decreased. The time of the greatest de
crease in tolerance (48 to 72 hr) corresponded to the time at
which viable cells resumed division. Between 48 and 72 hr
posttreatment, thermal tolerance decreased by a factor of 3.4,
while the viable cells had divided approximately once. This
suggested that the more important element of thermal tolerance
decay may be associated with division of the viable cells and not
cell cycle redistribution into a heat-sensitive phase (Chart 1).
Indeed, data in Chart 2 suggested that between 24 and 48 hr
posttreatment, when thermal tolerance was maximal, many of
the ultimately clonogenic cells were in heat-sensitive S and G2-
M phases of the cell cycle.

DISCUSSION

The growth kinetics of individual CHO cells were assessed
through periodic colony size measurements following the hyper-
thermic treatment and were retroactively evaluated for clonogen-
icity, i.e., the ability to proliferate to a colony of 50 cells or more.
The data indicated that nearlyall viable cell division was arrested
for some period of time following hyperthermia at 45.5Â°for even

short doses. For instances, the delay before the resumption of
division was 19 hr for a 5-min treatment or 68 hr for a 20-min
treatment. These 2 heating durations reduced survival to 0.97
and 0.15, respectively. The division delays reported were com
parable to those obtained by others (33) using CHO cells heated
at 45.5Â°which successfully completed division at the end of the

first generation. However, the division delays for viable cells
(using the ability for unlimited proliferation as the viability criteria)
presented here were longer than those reported previously for
viable CHO cells heated at 44Â°(19) for a normal human diploid
WI-38 fibroblast or for a virus-transformed subline at 43Â°at

comparable survival levels (14). This may suggest that division
delay is both temperature and cell line dependent. The former is
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(from Chart 1). Note the large decrease in thermal tolerance upon resumption of
viable cell division.
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suggested by work by Landry and Marceau (16), who found that
colonies arising from Hela cells treated at temperatures above
49Â°did not differ in size from those developed from nonheated
controls, whereas at intermediate temperatures (43-45Â°), single

cells developed into colonies smaller than those of nonheated
controls. However, colony size at some interval following treat
ment is a function of both delay and subsequent proliferation
rate which were not separated in their study.

The dose-response relationship between division delay and
survival at 45.5Â° was fit by a power function given in Equation

A. This indicated that the division delay of viable cells was very
sensitive to decreases in cell survival. For instance, we found a
4-fold increase in the division delay of viable cells for a 10-fold

decrease in cell survival. Division delay used as an end point
with asynchronous cell populations is actually a heterogenous
measurement of the cell cycle progression delays to cytokinesis
of cells heated in various compartments of the cell cycle. There
fore, even though there appeared to be a given delay in division
for an asynchronous population heated to a given survival, it
was really a complicated function of differential delays and sub
sequent progression rates of cells heated in various phases of
the cell cycle. In addition, the slight upward slope of the viable
and nonviable multiplicity curves in Chart 1 suggested that a
small amount of division, probably in cells heated in G2-M phases,

was possible immediately following heating. We evaluated by
flow cytometry the progression of viable cells through the cell
cycle following 20 min at 45.5Â°.Westra and Dewey (32) showed

previously that S and G2-M cells are more sensitive to hyper-

thermic cell killing than are d cells; data to be published else
where (28) indicated virtually all surviving cells given this heat
treatment were in the d phase at the time of heating. Con
versely, the nonviable cells consisted largely of 8- and G2-M-

phase fractions. Chart 2 indicates that the ultimately clonogenic
cells, which were heated in G,, were delayed in G, to approxi
mately 28 hr posttreatment (7 times greater than control). Sub
sequently, progression through S and G2-M was slowed to about

20 hr before division (2 times greater than control). Therefore,
the main component of division delay of ultimately clonogenic
cells at asynchronous survival levels of <10% was delay in GÃ¬.
Area integration in Chart 2 indicated that there was a cohort of
nonviable cells which progresses from d into S and G2-M, in

addition to the viable subpopulation, since by 42 hr, 55.1% of
the total d population (of which only 24.1% of the total were
clonogenic) had moved into S and G2-M.

It has been shown previously that nonviable cells are capable
of a limited number of divisions before cessation of cell prolifer
ation (14, 33). Chart 6 indicates that division delay of nonviable
cells was a strong function of survival. For instance, 33% of the
ultimately nonviable cells had not divided 5 days following a
hyperthermic treatment which reduced survival to 0.97. In con
trast, nearly 68% had not divided when the treatment duration
was increased to reduce survival to 0.113. Again, this does not
differentiate the cell cycle specificity of division probability of
nonviable cells, since asynchronous populations were used.
Also, time lapse cinematography indicated that, even though
most division had ceased in nonviable cells, they were capable
of sustained metabolic activity beyond even 5 days following the
treatment.

Unlike postirradiation growth kinetics (5), progression of viable
cells through the cell cycle (I.e., generation time) after heating

may be delayed in subsequent generations as well as in the first
(33). Charts 1 and 7 depict the increased doubling time associ
ated with the viable cell subpopulation as long as 5 days post-

treatment. Others (12, 14, 16, 19, 33) have reported previously
increased viable population doubling times following various
amounts of heat, and all found slower rates from that of control
after the division delay.

If the probability of a viable cell to carry out another successful
division were 1.0, then the increased doubling time of the viable
cells in Chart 1 would actually represent an increased generation
time. This would indicate that cell cycle traverse rates were
decreased to approximately 20 hr in viable cells. However, the
data of Charts 7 and 8 suggest the phenomena of lethal sectoring
may take place in viable subclones following hyperthermia. In
particular, Chart 8 indicates the phenomena were significant in
both proportion of total cells within the clone and duration of
occurrence during treatment. If the probability of each viable cell
undergoing a successful division to produce 2 viable daughters
was reduced to 0.70 as is suggested in Chart 8, then this alone
could explain the increased doubling time of the viable population
as seen in Chart 1. Straightforward mathematical analysis of
viable cell growth equations (see Ref. 5 for derivation) indicated
that, even though the population doubling times were approxi
mately 20 hr, the generation time of viable cells may be equal to
that of the control, given that the probability of successful division
is 0.70 and not 1.0. This appears to be the most probable
explanation, since our data (Chart 8) indicated that not only had
lethal sectoring occurred but that it occurred at a rate consistent
with a division probability of 0.70.

Few data exist on the role viable cell division may play in
modulating thermal tolerance decay. Gerner ef al. (7) first pos
tulated that tolerance was not directly heritable in HeLa cells,
since viable progeny harvested 13 days after a heat treatment
exhibited survival responses identical to those of nonpreheated
controls. However, Majima and Gerweck (19) have shown re
cently that CHO cells divided 3 to 5 times before tolerance
completely decayed and that, even in the absence of cell division,
a certain amount of decay was possible. Also, Nielson (21) found
tolerance decay rates in unfed plateau-phase mouse lung Li A2

cells essentially parallel to exponentially dividing cultures. Our
results suggest that thermal tolerance decay may be modulated
slightly by progression of viable cells into heat-sensitive cell cycle

phase compartments (Charts 9 and 12, 24 to 48 hr) but that a
major role in decay was associated with actual viable cell division
(Charts 2 and 9, 48 to 72 hr). Chart 2 indicates that ultimately
viable and nonviable cells heated in d entered S phase at
approximately 28 hr after 20 min at 45.5Â°. Maximal thermal

tolerance was reached at about 24 hr and decreased only slightly
by 48 hr. Therefore, most of the development of thermal toler
ance under these conditions occurred while the viable cells
remained in GÃ¬,with only a small decrease corresponding to
viable cell redistribution into the S and G2-M phases. The time of

greatest decay in thermal tolerance occurred between 48 and
72 hr when the viable cells had resumed division, as seen from
Chart 9. These results would be compatible with the idea of
protection of heat-sensitive sites by a mechanism which is seg

regated during cytokinesis, such as a specific protein(s) (17), or
that events in mitosis, such as condensation of the chromatin,
may play a role in loss of tolerance.

These findings suggest possibilities in formulating treatment
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protocols with maximal cytotoxic effects on cycling clonogenic
cells. For example, therapeutic advantages may be possible
based on exploitation of differential thermal tolerance decay rates
between rapidly proliferating tumor tissue and slowly dividing
normal tissue.
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