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Abstract—I1t has been suggesied that lysosomes represent the intracellular target
responsible for heat potentiation of radiation damage and direct heat death in
mammalian cells. To tnvestigate the hypothesis thai heat damages cells by Iysosmal
activation, BP-8 murine sarcoma celle were treated with trypan blue. This agent
accumulates within lysosomes and causes pronounced inhibition of Ilysosmal enzymes.
To evaluate the possibility that heat damage is mediated by I[ysosmal membrane
instability and leakage of hydrolases into the cytoplasm, BP-8 cells were treated with a
membrane labilizer (retinol) or stabilizer (hydrocortisone). The pre-treated cells were
then subjected to hyperthermia (1 hr incubation at 37°—43°C), or to X-irradiation at
normal (37°C) vs elevated (41.5°C) temperatures. The results indicate that pretreat-
ment with trypan blue, retinol or hydrocortisone does not exert any effect on the heat
response of BP-8 sarcoma cells. Therefore, it would seem unlikely that lysosomes are
responsible for either thermal enhancement of radiation damage or direct heat-induced

cell death.

INTRODUCTION

THERE is ample evidence that hyperthermia
(41°C or higher) potentiates radiation killing
of mammalian cells [1-6]. At somewhat high-
er temperatures, hyperthermia causes direct
heat induced cell death [7-11]. The mech-
anisms responsible for these effects are still
poorly understood, but in recent years a num-
ber of authors have suggested that lysosomes
may constitute the primary target site for both
heat potentiation of radiation damage {12]
and direct heat death {8, 9, 11, 13].

Several different types of lysosomal damage
have been postulated. For example, heat
could damage cellular membranes, including
lysosomal membranes [13, 14]. This could lead
to ecnhanced membrane permeability or
perhaps complete lysosomal rupture resulting
in leakage of lysosomal enzymes into the
cytoplasm. Such discharge of hydrolases into
extralysosomal cell compartments could cause
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severe cell damage or outright cell death [15].

Alternately, heat treatment may induce ly-
sosomal activation, that is, increased lysosomal
enzyme activity [9, 11, 12]. In addition, heat
may also induce an increase in the number of
lysosomes per cell {9, 11]. Thus, even if
hyperthermia does not impair the structural
integrity of lysosomes, the increase in lyso-
somal activity could still prove damaging to
cells.

In this investigation an attempt was made
to evaluate the lysosome concept of heat
damage and to determine whether the obser-
ved lysosomal changes are causally related to
heat potentiation of radiation damage and/or
direct heat death in mammalian cells.

MATERIALS AND METHODS

Tumor system and viability assay

The experiments reported in this paper
were carried out on BP-8 murine sarcoma
cells. The BP-8 cells were maintained in as-
cites form in the peritoneal cavity of 10-12
week old C3H or ICR female mice by weekly
passage of 10° cells.



1450 Rurt G. Hofer, Billy Brizzard and Maria G. Hofer

The fractional survival of BP-8 cells sub-
jected to hyperthermia and/or irradiation was
evaluated with the !?°I-iododcoxyuridine
(12°IUdR) prelabeling technique. This assay
system has been described in detail elsewhere
[16]. Briefly, peritoncal BP-8 cells were la-
beled with 1.5 uCi of ' TUdR /mouse, admin-
istered  1.p. in three injections of 0.5
#Ci/mouse on day 4 of tumor growth. The
three Injections were given at successive in-
tervals of 4 hr, i.e. the total labeling time was
8 hr. Using this procedurc it was lound that
about 10-159, of the injected '**TUdR was
incorporated into the DNA of BP-8 ascites
cclls. Autoradiographic examination of cell
samples revealed that the labeling index was
90v;, or higher. This labeling schedule was
closely followed in all experiments to avoid
the radiation damage and increased cell death
observed after incorporation of higher doses
of 12°TUdR [17].*

Two hours after completion of the ">*TUdR
labeling course, the tumor cells were asepti-
cally removed from the peritoneal cavity by
repeatedly rinsing the cavity with cold, hepa-
rinized (2 U/ml) Earle’s balanced salt solution
(EBSS). The cells were pooled, pelleted by
centrifugation at 600 rev/min, and diluted in
fresh EBSS. All procedures were carried out
at 4°C to avoid damage to the cells. When
aliquots of the final cell suspension were pre-
cipitated in ice cold 109 trichloroacetic acid,
less than 39, of the total '?°I activity was
found in the supernatant, i.e. more than 979
was associated with the DNA of the tumor
cells [23].

To produce a logarithmically growing cell
population and to eliminate the erythrocyte
contamination frequently obscerved during ad-
vanced stages of tumor growth, the prelabeled

tumor cells were inoculated i.p. into groups of

‘intermediate’ host mice. The size of the n-
termediate Inoculum was approximately 30
x 10® cells/mouse. About 15-18 hr later the
cells were harvested from the intermediate
hosts, subjected in vitro to hyperthermia and/
or X-irradiation as described below, and

*Previous experiments had shown that high doses of
DNA-associated '?°1 (0.02 pCi/10° cells or higher)
cause pronounced division delay [18] and all lethality
[17, 19} in a variety of mammalian cell lines. In the
experiments reported here the '2°T content of the
labeled cells did not exceed 0.002 uCi/10¢ cells. Such
low '2°1 doses do not cause any detectable changes in
tumor proliferation kinetics [20, 21] or in tumor cell
death [18] even if the labeled cells are subsequently
subjected to incubation at clevated temperatures 6,
16, 22].

reinjected into groups of 5 final test mice (10
x 10° cells/mouse).

Once or two days before the final test mice
werce inoculated with '**TUdR labeled tumor
cells, their drinking water was supplemented
with 0.19%) sodium 1odide to depress sub-
sequent accumulation of '#°1 in the thyroid.
Immediately after tumor inoculation and at
daily intervals thereafter, the whole body '#°1
activity of the final test mice was monitored
by counting individual live mice in a well-
type crystal scinuallation counter. All counts
were  corrected  for radioactive decay and
small day-to-day fluctuations in the counting
efficiency by monitoring a standard sample of
1251, The results were calculated to provide
the percentage of the inoculated radioactivity
retained in each animal at the time of count-
ing. Previous studies have shown that any loss
of '?°1 from such mice can be taken as an
index of natural and treatment induced cell
death n vwoe [6, 16, 20,-22].

To convert the '*°I retention values into
standard dose survival curves, the surviving
fraction (S) of cells was calculated by in-
terpolation between live and dead control
values according to the formula:

¢ 1,—D |
T,-D (1)

where T, is the percent retention of 1251

(]
activity in the untreated live control group,
T, means retention of radioactivity in the
experimental treatment group, and D stands
for retention of !'?°1 activity in mice in-
oculated with labeled BP-8 cells which had
been pre-killed before implantation into final
test mice. The pre-killing was achieved by
incubation at 65”Ci for 15 min in heat experi-
ments and by exposure to 3000 rad in rad-
iation experiments. If the 7, 7, and D
values are obtained after heat-induced or
radiation-induced cell death has become fully
reflected in reduced '?°1 retention (8-10 days
after implantation), equation (1) appecars to
give accurate data for survival values greater
than 0.05.

Heating and irradiation procedures

To study the heat response of cells, '*°1

labeled BP-8 cells harvested from intermediate
hosts were suspended in  EBSS (10 x 10°
cells/ml), aerated on ice for 15 min, and placed
for 1 hr in a precision controlled circulating
water bath (accuracy greater than+0.17Cl) at
temperatures ranging from 37 -43°C. During
the 1 hr incubation period the suspensions
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were agitated every 5 min to prevent settling
of the suspended BP-8 cells. Also, the pH of
the cell suspension was monitored to ascertain
that it did not drop by more than 0.2 pH
units from the initial pH of 7.2.

For irradiation two circulating water baths
(37°vs 41.5°C) were placed on a rotating
table in the center of the X-ray beam. Cells
were immersed in the water bath at min 0, X-
irradiation was performed between min 10 and
20 and the irradiated cells were removed from
the water bath at min 60. All irradiations
were performed on a GE maxitron 300 X-ray
machine. The X-ray machine was operated at
250 kVp, 20 mA, and the beam was filtered
with 2.4 mm Al (HVL 11 mm Al). The dose
rate employed was 250 rad/min as measured
with a Victoreen ionization chamber. During
irradiation the turntable with the circulating
water baths was rotated at 18 rev/min.

Modification of lysosomes

To evaluate the validity of the hypothesis
that lysosomal activation is the primary me-
chanism of heat damage, the heat response of
control BP-8 sarcoma cells was compared to
that of cells subjected to trypan blue. This
dye is known to accumulate in lysosomes and
to inhibit a variety of lysosomal enzymes [24].
The experimental procedure was as follows:
BP-8 cells harvested from intermediate hosts
were suspended in EBSS supplemented with
19, heat-inactivated calf serum (10 x 10°® cells/
ml) and trypan blue was added to yield a
final concentration of 100 pg/ml. The cells
were then incubated at 37°C for 1 hr to
permit accumulation of the dye in the lyso-
somes. At the end of the 1 hr incubation the
cells were pelleted by centrifugation and re-
suspended in fresh EBSS for heat and/or
radiation treatment as outlined above.

To investigate the possibility that hyper-
thermia acts via lysosomal membranc
changes, BP-8 cells were subjected to retinol
(vitamin A alcohol) or hydrocortisone. It is
known that administration of retinol causes
increased permeability of lysosomal mem-
branes [25, 26], whereas hydrocortisone ap-
pcars to stabilize lysosomal membranes [27,
28}. Thus, experiments with these two agents
should reveal whether heat acts by impairing
or destroying the physical integrity of
lysosomes.

Retinol was usually administered iz vivo in
doses of up to 15,000 iu./mouse. In most
experiments retinol was injected i.p. into pro-
spective intermediate host mice. The tumor

cells (50 x 10® cells/mouse) were implanted
1.p. 15 min after retinol injection. This treat-
ment regimen was chosen to avoid exposure of
the BP-8 cells to the solvent (30 ul of absolute
alcohol) in which the retinol was administered.
Since retinol precipitated within the per-
itoneal cavity immediately after injection, this
regimen provided optimal conditions for ex-
posure of BP-8 cells to high concentrations of
the vitamin. Eighteen hours later the cells
were removed from the peritoneal cavity and
subjected to heat and radiation treatment as
described above. In some experiments retinol
was administered in vitro for 1 hr before heat
treatment. In two experiments retinol was
administered both in vive and in vitro.

Hydrocortisone was administered i vitro in
concentrations ranging from 20 to 500 ug/ml
to BP-8 cells suspended in EBSS (10 x 10°
cell/ml). The cells were incubated in this
solution at 37°C for 1 hr before heat treat-
ment. In most experiments the cells were
washed free of hydrocortisone before heat
treatment, but in three experiments hydrocor-
tisone treatment was continued throughout
the subsequent 1 hr exposure to elevated
temperatures. In addition, experiments were
performed where hydrocortisone was adminis-
tered 6, 24, 48 or 72 hr before heating.

Cell homogenization and lysosome isolation

To obtain lysosomes for in witro exam-
ination, aliquots of BP-8 cells were suspended
(10 x 10° cells/ml) in 0.25 M sucrose buffered
with 30 mM Tris-HC1 (pH 7.4). The cells
were then broken by sonication with a
Bronwill Biosonic III sonifier. Optimal break-
age of cells was achieved when 10ml of the
cell suspension was sonicated for 2-6 sec at
position 40 on the Bronwill sonifier. The
degree of breakage of the cells was checked by
microscopic examination of the homogenate.
To avoid excessive damage to the subcellular
particles, sonication was discontinued when
about 2/3 of the cells had been disrupted.
After sonication the cell suspension was homo-
genized in a glass homogenizer with 10 strokes
with a loosely fitting pestle.

Lysosomes were recovered from the homo-
genate by a modification of the method de-
scribed by Wang and Touster [29]. Briefly,
the cell homogenate was centrifuged at 5000 ¢
for 10 min in a Spinco Model L ultracen-
trifuge to pellet whole cells, nuclet and larger
cell fragments. The supernatant fraction was
further centrifuged at 20,000 g for 30 min to
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pellet lysosomes and mitochondria. The L and
M pellet was a brownish layer (intensely blue
in the case of trypan blue containing lyso-
somes) with a thin loose white layer on top.
The white layer was scraped off and removed
with a pipette.

The ' remaining lysosomal pellet was re-
suspended in buffered 0.25 M sucrose and
subjected to density gradient centrifugation on
a continuous sucrose gradient (20-60°, w/v).
Two milliliters of the lysosomal suspension
was layered onto the gradient. Centrifugation
was performed in the SW 25.1 rotor of a
Spinco Model L ultracentrifuge at 15,000
rev/min for 5% hr. Each tube was divided into
approximately 15 2-ml fractions (starting from
the top of the gradient) by aspiration with a
syringe.

The fraction containing the lysosomes was
determined by assaying the acid phosphatase
activity of each fraction. Moreover, with lyso-
somes obtained from trypan blue treated cells
the lysosomal fraction was easily visible on the
gradient as a Dblue band. To determine the
trypan blue concentration within lysosomes,
the lysosomal fraction was pelleted by centri-
fugation at 20,000 g for 30 min, resuspended
in 1 ml of 0.25 M sucrose and again pelleted
in a thin (i.d. 2 mm) centrifuge tube. After
this number of centrifugations the supernatant
remained completely clear, indicating that all
the remaining trypan blue was associated with
the lysosomes.

To determine the intralysosomal trypan
blue concentration, the final lysosome pellet
was resuspended in 0.25 M sucrose at a
volume ratio 1:100 and the absorbance of the
suspension was determined at 590 nm, the
wavelength of maximal absorbance for trypan
blue. To obtain the net absorbance value, the
trypan’ blue containing lysosomes were read
against a reference sample of equally prepared
lysosomes derived from control BP-8 cells. The
concentration of the dye in the diluted lyso-
some sample was then determined from a
calibration graph generated by plotting the
Asgo against known concentrations of trypan
blue (the resulting plot vielded a straight line
indicating conformity to Beer’s law). The con-
centration value obtained in this manner was
then multiplied by 100 to derive the nominal
concentration of the dve within the original
lysosome pellet. Since the final pellet still
contained appreciable quantities of mitochon-
dria whose volume was included in the vol-
ume of the pellet, this procedure provided a
minimum estimate of the trypan blue con-
centration within lysosomes.

Acid phosphatase assay

The presence of acid phosphatase was used
as a marker for lysosomes. For enzyme assay
the lysosomes were diluted in 0.25 M sucrose
containing 0.19, Triton X-100 to facilitate
release of lysosomal enzymes. The assay pro-
cedure [30] was as follows: 0.3 ml of the
enzyme sample was mixed with 1.2 ml of 0.1
M sodium acetate—acetic acid buffer (pH 5.0).
The mixture was incubated for 10 min at
37°C to destroy glucose-6-phosphatase. The
reaction was then started by the addition of
0.5 ml of substrate solution (32 mM 4-nitro-
phenyl phosphate, disodium salt, dissolved
in water), giving a final substrate concen-
tration of 8 mM. After 30 min incubation at
37°C, the reaction was stopped with 2 ml of
ice-cold Tris—phosphate reagent and the ab-
sorbance of the solution at 420 nm (against
appropriate blanks) was determined on a
Beckman Model 25 spectrophotometer. To
evaluate the effect of trypan blue on the
activity of acid phosphatase, the same assay
procedure was carried out at trypan blue
concentrations ranging from 0-150 pg/ml.

RESULTS
Effect of trypan blue on cell viability

Figure one (solid lines) shows the rate of
1257 Joss from C3H mice inoculated i.p. with

100
80 \ 100 wg/ml
H /Live Control
60\ =
— e 200 xg/m
““500,g/ml
40
20 S .-,
T —e 1000,g/m!

PERCENT OF INOCULATED I ACTIVITY

-
~ 2000 ug/ml

Dead Control

6
DAYS AFTER TUMOR INOCULATION

Fig. 1. Loss of Y221 from mice inoculated i.p. with "**TUdR
labeled BP-8 sarcoma cells. The solid lines represent '2°1
refention in mice bearing live control or heat killed BP-8 cells,
the dashed lines show '2°1 retention in mice tnoculated with
trypan blue (100-2000 pg/ml) treaied cells. Each data point
represents the average relention value of 5 mice, expressed as a
percentage of the initial 2>V activily. "The variation within each
treatment group was lesy than 8.
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living or hcat killed '’ IUdR labeled BP-8
cells. Following inoculation of living BP-8
cells, about 10129, of the '?°I activity was
lost from the tumorous mice each day during
the initial phases of tumor growth. Between
day 2 and day 8, the rate of *2°I loss declined
to 6-89, per day, but during advanced stages
of tumor development '?°1 loss once again
increased to about 12-15°, per dav.
Implantation of dead labeled tumor cells
(killed by incubation at 65°C for 15 min) was
followed by rapid excretion of most of the
inoculated ?°T activity, indicating very low rates
of 1231 reutilization after cell death.

The dashed lines in Fig. 1 indicate the rate
of '*°I loss from mice bearing tumor cells
which had been exposed to various concen-
trations of trypan blue (up to 2000 pug/ml).
Trypan blue was administered i vitro to BP-8
cells suspended in EBSS (10 x 10° cells/ml).
The cells were incubated in the presence of
the dye for 1 hr at 37°C, followed by centri-
fugation and inoculation into final test mice.
From the data shown in Fig. 1 it appears that
trypan blue doses of up to 200 ug/ml did not
produce any adverse effects on tumor cell
viability. At higher concentrations trypan blue
induced a marked decrease in tumor cell
survival. Using equation (1) described under
Materials and Methods, it can be shown by
interpolation between live and dead control
values (day 8) that the survival of trypan blue
treated cells was 849, at 500 ug/ml, 279, at
1000 ug/ml and less than 19, at 2000 ug/ml.

Accumulation of trypan blue in lysosomes

Based on the data presented in Fig. 1, most
subsequent experiments were carried out at a
trypan blue concentration of 100 ug/ml. No
adverse effects on tumor viability were ever
noted at this dose level.

To determine the degree of dye accumu-
lation within lysosomes, aliquots of trypan
blue treated cells were disrupted by sonication
and the lysosomal fraction was isolated as
outlined under Materials and Methods. The
results of these studies showed that BP-8 cells
exposed to 100 pug/ml of trypan blue for 1 hr
exhibited an intralysosomal dye concentration
equivalent to about 700-1200 ug/ml.

Even these high values probably represent
minimum estimates because the final lysosome
pellet was invariably contaminated with mito-
chondria which banded at the same density
as lysosomes. The presence of the mitochon-
dria (which did not incorporate trypan blue
but did contribute to the volume of the
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pellet), caused a corresponding underestimate
in the calculated concentration of trypan blue
within lysosomes.

Effect of trypan blue on acid phosphatase activity

Trypan blue is known to cause pronounced
inhibition of a variety of lysosmal enzymes
such as deoxyribonuclease, ribonuclease, f-
glucuronidase and acid phosphatase [24].
Figure two demonstrates this effect on acid
phosphatase. From the data it is apparent
that trypan blue causes a significant reduction
in acid phosphatase activity even at con-
centrations as low as 25 pg/ml. At 100 pg/ml
almost 909/ inhibition of enzyme activity was
observed. Thus, the 700-1200 pg/ml con-
centration of the dye observed in lysosomes
isolated from trypan blue treated cells should
be more than sufficient to cause pronounced
inhibition of lysosomal enzymes.

% ACTIVITY

1 1 1 1 1
10 25 50 75 100 125 150

0 1 l

TRYPAN BLUE CONCENTRATION (11g/mi)
Fig. 2. Inhibition of acid phosphatase activity by trypan blue.

Heat potentiation of radiation damage in trypan blue
treated cells

To determine whether heat potentiation of
radiation death is indeed related to lysosomal
enzyme activity, control and trypan blue trea-
ted cells were subjected to X-irradiation at
37° vs 41.5°C. The heating time was 1 hr and
the irradiation was performed between min 10
and min 20 of the 1 hr incubation period.
After completion of this treatment regimen
the cells were transplanted into new host mice
and the fractional survival of the cells was
evaluated with the !?°TUdR prelabeling
assay.

From the survival data shown in Fig. 3 it is
clear that heating at 41.5°C caused significant
potentiation of radiation damage both in con-
trol cells and in trypan blue treated cells.
With both types of cells the D, was 260 rad
for cells irradiated at 37°C and 170 rad for
cells irradiated at 41.5°C, i.e., the degree
of radiosensitization due to hyperthermia was
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identical in treated and untreated BP-8 cells.
It can be concluded, therefore, that inhibition
of lysosomal hydrolases does not protect cells
from the radiosensitizing effects of clevated
temperatures.
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Iig. 3. Effect of trypan blue (100 ug/ml) and citamin A
(10,000 1.u./mouse) on heal potentiation of radialion damage in
BP-8 sarcoma cells.

Durect heat death of trypan blue trealed cells

Additional experiments were performed to
determine whether treatment with trypan
blue conferred enhanced resistance to direct
heat induced cell death. In these experiments
BP-8 cells were hecated in EBSS* for | hr at
temperatures ranging from 37° to 43°C. Once
again trypan blue treated cclls did not de-
monstrate any greater heat resistance than
untreated control cells (Fig. 4).

Effect of retinol and hydrocortisone on the heal
response of BP-8 cells

Since inhibition of lysosomal cnzymes did

not causc any change in the heat response of

*Previous  experiments in our laboratory demonstrate
that incubation in EBSS docs not provide optimal
conditions for maximizing the heat resistance of mam-
malian cells. For example, L1210 leukemia cells grow-
ing in the peritoncal cavity of mice do not show any
decline in cell viability it the leukemic mice are
subjected to whole hody heating at 42°C for 1 hr [6].
In contrast, L1210 cells suspended in EBSS and sub-
jected to the same heating schedule exhibit death rates
in excess of 80, (unpublished obscrvation). Thus, the
comparatively low survival values shown in Fig. 4 do
not indicate that BP-8 cells are intrinsically more
sensitive to heat damage than other types of tumor
cells.
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Fig. 4 Effect of tiypan blue (100 pg/ml) and vitamin A
(10,000 i.u./mouse) on direct heat death of BP-8 sarcoma cells.

BP-8 cells, an attempt was made to inves-
tigate the possibility that heat damage might
be mediated by changes in the stability of
lysosomal membranes. The possibility of out-
right lysosomal rupture was ruled out by
microscopic examination. Control BP-8 cclls
and BP-8 cclls which had previously been
subjected to 1 hr incubation at 427 or 43°C
were stained with acridine orange and cxam-
ined on a fluorescence microscope. No change
in the number, size or staining propertics of
lysosomes was noted in heated cells.

However, since the heat response of mam-
malian  cells  might involve more  subtle
changes in the integrity of lysosomal membrancs,
additional experiments with membrance labi-
lizers (retinol) and stabilizers (hydrocortisonce)
were performed. It has been known for many
years that administraton of retinol (vitamin /
alcohol) causcs increased permeability of lyso-
somal membranes both in isolated lysosomes
and in whole cells [25, 26]. From the data
shown in Figs. 3 and 4, it is apparent that
such lysosomal labilization did not enhance
the heat response of BP-8 cclls.

In the experiments illustrated in Figs. 3 and
4, retinol (10,000 i.u.) was administered 18 hr
before heating by i.p. injection into inter-
mediate hosts. Eight additional studics perfor-
med with different retinol doses (500-15,000
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t.u.) and different treatment schedules (in vivo
vs n vitro administration, or combined admin-
istration from 1 to 24 hr before heating) yiel-
ded identical results. In all experiments re-
tinol treated cells were no more sensitive to
heat effects than control cells.

Similarly, administration of hydrocortisone,
a lysosomal stabilizer [27, 28], did not alter the
heat response of BP-8 cells (data not shown).
In these experiments the hydrocortisone dose
was varied between 20 and 500 pg/ml, and
the time of administration was between | and
72 hr before heating. In three experiments
hydrocortisone  treatment was  continued
throughout the 1 hr heating period, also with
negative results. [t therefore appears that nei-
ther lysosomal labilization by retinol or stabili-
zation by hydrocortisone or inhibition of lyso-
somal cnzymes by trypan blue exerted any
effect on the heat response of BP-8 sarcoma
cells.

DISCUSSION

Lysosomes have been implicated in a large
variety of cellular processes such as phago-
cytosis, pinocytosis, cellular digestion, control
of cell division, cell renewal by autophagy
and autolysis after cell death [31]. In ad-
dition, exposure to adverse stimuli such as
streptolysin S may cause discharge of lyso-
somal enzymes into the cell cytoplasm result-
ing in cell death [15]. Exposure to ionizing
radiations or heat seems to be associated with
pronounced changes in lysosome morphology
and distribution, as well as with changes in
the activation state of lysosomal enzymes.
Based on such findings a number of authors
have suggested that damage to lysosomes may
be the primary cause of radiation death, heat
death, or heat potentiation of radiation da-
mage in mammalian cells [8, 9, 11-14, 32].

Previous studies in our laboratory have
shown that lysosomes are not the primary
target for radiation induced death [20, 33].
These findings, however, do not exclude the
possibility that lysosomes may be involved in
heat potentiation of radiation damage or dircet
heat death. In fact, recent literature reports
provide strong evidence that there is a close
correlation between the degree of lysosomal
activation and thermal enhancement of X-ray
damage in mammalian cells [12]. It is not
clear, however, whether the observed lyso-
somal changes are the cause of the heat
response, or whether the lysosomes are only
incidentally damaged | 14].

This investigation represents an attempt to
evaluate the lysosome concept of heat damage
by studying the heat response of cells sub-
jected to lysosomal modification by means
other than heat or radiation. From the data
shown in Figs. 3 and 4, it appears that neither
inhibition of lysosomal enzymes nor labiliztion
or stabilization of lysosomal membranes causes
any change in the heat response of cells.
These findings suggest that lysosomes may not
be causally involved in thermal enhancement
of radiation damage or direct heat death in

mammalian cells,
However, several objections could be raised

against this interpretation. For example, it
could be argued that heat treatment causes a
discharge of lysosomal enzymes into the cell
cytoplasm. Since trypan blue is retained
within the lyvsosomes, the released hydrolases
would no longer be subject to inhibition by
the dye. Thus, if the heat damage is mediated
entirely by those hydrolases which are active
in extralysosomal cell compartments, inhi-
bition of intralysosomal hydrolases would not
cause any enhancement in the heat resistance
of trypan blue treated cells.

However, the studies with retinol and hy-
drocortisone treated cells argue against this
explanation. If heat effects were indeed cau-
sed by increased release of hydrolases, retinol
treated cells should be more sensitive and
hydrocortisone treated cells more resistant to
heat than control cells. In fact, trypan blue
itsell’ also scems 1o inhibit the release of
lysosomal enzymes [34] and should therefore
confer some protection as a lysosomal mem-
brane stabilizer. Since neither of the three
agents causes any change in the heat response
of cells, it appears unlikely that the primary
effect of heat is damage to lysosomal mem-
branes. This conclusion 1s supported by recent
data from Hume and Field [12] who observed
no change in lysosomal membrane stability in
heated mouse spleens after 1 hr exposures to
41.8°C.

However, cven if the physical integrity of
lysosomes is not affected by hyperthermia, our
data do not completely rule out the possibility
that the heat response of cells may in some
way be related to lysosomal activation.
Although trypan blue causes pronounced in-
hibition of several important lysosomal cn-
zymes (deoxyribonuclease, ribonuclease, f-
glucuronidase, acid phosphatase), other hy-
drolases may be less sensitive to the dye. For
example, acid protease is inhibited only at
trypan blue concentrations of 1 mg/ml or
higher [24]. Tt is conceivable, therefore, that
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heat damage is mediated by activation of one
or more hydrolases which are insensitive to
inhibition by trypan blue. Further studies are
needed to prove or disprove this possibility.

In this context it may be important to note
that hcat potentiation of radiation damage
can also be demonstrated on lambda bacte-
riophages (unpublished observations). Except
for the higher D, and the absence of a

shoulder in the radiation survival curve of

phages, the pattern of thermal radiosensiti-
zation in bacteriophages appears to be similar
to that observed in mammalian cells. Direct

physiological saline) also follows a pattern
similar to that seen in mammalian cells.
While these findings do not prove that the
mechanism of thermal damage is the same in
phages and cells, the data do suggest that
marked thermal responses can be obtained
under conditions which clearly exclude the
possibility of lysosomal involvement.

In conclusion, the findings reported in this
communication suggest that lysosomes are
probably not the primary target site for either
heat potentiation of radiation damage or di-
rect heat-death in mammalian cells.

heat inactivation of bacteriophages (heated in

REFERENCES

1. O.S. SELawry, J. C. Carcson and G. E. Moorg, Tumor response to ionizing
rays at elevated temperatures. A review and discussion. Amer. F. Roentgenol. 80,
833 (1958).

2. E. Ben-Hur, M. M. Erxinp and B. V. Bronk, Thermally enhanced radiores-
ponse of cultured Chinese hamster cells: inhibition of repair of sublethal
damage and enhancement of lethal damage. Radiat. Res. 58, 38 (1974).

3. J. E. Rosmson, M. J. WizenBerc and W. A. McCreapy, Combined
hyperthermia and radiation suggest an alternative to heavy particle therapy
for reduced oxygen enhancement ratios. Nature (Lond.) 151, 521 (1974).

4. A. Yerusuarmi and 1. Har-Kepar, Enhancement of radiation effects by
heating of the tumor. Israel 7. med. Sci. 10, 772 (1974).

5. D. E. TurarL, E. L. Giererre and W. C. Dewey, Effect of heat and ionizing
radiation on normal and neoplastic tissue of the C3H mouse. Radiat. Res. 63,
363 (1975).

6. K. G. Horer, D. A. Cxoprin and M. G. Horer, Effect of hyperthermia on
the radiosensitivity of normal and malignant cells in mice. Cancer (Philad.) 38,
279 (1976).

7. R, Cavarierg, E. C. Ciocarro, B. C. GiovanerLLa, C. HEIDELBERGER, R. O.
Jounson, M. Marcorrini, B. Mo~xpovi, G. Morrica and A. Rossi-FANELLI,
Selective heat sensitivity of cancer cells. Cancer (Philad.) 20, 1351 (1967).

8. M. Von ArpENNE, Selective multiphase cancer therapy: conceptual aspects
and experimental basis. Advanc. Pharmacol. Chemother. 10, 339 (1972).

9. K. Overcaard and J. Overcaarp, Investigations on the possibility of
thermic tumor therapy I. Short-wave treatment of a transplanted isologous
mouse mammary carcinoma. Europ. F. Cancer 8, 63 (1972).

10. H. D. Surr and M. Suwayper, Hyperthermia: potential as an anti-tumor
agent. Cancer (Philad.) 34, 122 (1974).

11. J. Overgaarp, Ultrastructure of a mouse mammary carcinoma exposed to
hyperthermia in vivo. Cancer Res. 36, 983 {1976).

12. S. P. Huome and S. B. Firrp, Acid phosphatase activity following hyper-
thermia of mouse spleen and its implication in heat potentiation of X-ray
damage. Radiat. Res. 72, 145 (1977).

13. B. Monbovi, R. StroMm, G. Rortiio, A. F. Acro, R. CavaLiERE and A.
Rossi-Fanerrr, The biochemical mechanism of selective heat sensitivity of
cancer cells. I. Studies on cellular respiration. Europ. J. Cancer 5, 129 (1969).

14. C. Turano, A. FErRrarO, R. StroM, R. CavarLiere and A. Rossi-FANELLL,
The biochemical mechanism of selective heat sensitivity of cancer cells. TII.
Studies on lysosomes. Europ. J. Cancer 6, 67 (1970).

15. J. G. HirscH, A. W. BernurmMER and G. WEIssMANN, A motion picture study
of the toxic action of streptolysins on leukocytes. 7. exp, Med. 118, 223 (1963).

16. K. G. Horer, M. G. Horer, J. leracrrano and W. H. McLaucHLIN,
Radiosensitization of hypoxic tumor cells by simultaneous administration of
hyperthermia and nitroimidazoles. Radiat Res. 70, 362 (1977).



17.

18.

19.

20.

21.

22.

23.

27.

28.

29.

30.

31.

32.

33.

34.

Effect of Lysosome Modification

K. G. Horer and W. L. Hucugis, Radiotoxicity of intranuclear tritium,
iodine-125 and iodine-131. Radiat. Res. 47, 94 (1971).

R. L. Warters and K. G. Horer, Radionuclide toxicity in cultured mam-
malian cells: elucidation of the primary site for radiation-induced division
delay. Radiat. Res. 69, 348 (1977).

R. L. Warters, K. G. Horer, C. R. Harris and J. M. SmitH, Radionuclide
toxicity in cultured mammalian cells: elucidation of the primary site of
radiation damage. Curr. Top. Radiat. Res. 12, 389 (1977).

K. G. Horer, W. Prensky and W. L. Hucugs, Death and metastatic
distribution of tumor cells in mice monitored with !2?°l-idodoeoxyuridine.
7. nat. Cancer Inst. 45, 763 (1969).

K. G. Horer and M. Horer, Kinetics of proliferation, migration, and death
of L1210 ascites cells. Cancer Res. 31, 402 (1971).

K. G. Horer, Cytotoxic and radiosensitizing effects of Ro 7-0582 in com-
bination with hyperthermia. In Cancer Therapy by Hyperthermia and Radiation.
(Edited by C. Streffer) p. 264 (1978).

K. G. Horer and W. L. Hucsss, Incorporation of *?*I-iododeoxyuridine into
the DNA of L1210 leukemia cells during tumor development. Cancer Res. 30,
236 (1970). )

F. Beck, J. B. Lroyp and A. Grirritss, Lysosomal enzyme inhibition by
trypan blue: a theory of teratogenesis. Science 157, 1180 (1967).

J. A. Lucy and J. T. DincLE, Fat-soluble vitamins and biological membranes.
Nature (Lond.) 204, 156 (1964 ).

A. A. Aikman and E. D. WiLis, Studies on lysosomes after irradiation. I. A
quantitative histochemical method for the study of lysosomal membrane
permeability and acid phosphatase activity. Radiat. Res. 57, 403 (1974).

G. WessMan and J. DincLe, Release of lysosomal protease by ultraviolet
irradiation and inhibition by hydrocortisone. Exp. Cell Res. 25, 207 (1961).

H. B. Ferr and L. Taomas, The influence of hydrocortisone on the action of
excess vitamin A on limb bone rudiments in culture. 7. exp. Med. 114, 343
(1961).

C. C. Wang and O. TousTER, Acid phosphatase of HeLa cells: properties and
regulation of lysosomal activity by serum. Arch. Biochem. Biophys. 172, 191
(1976).

A. J. Barrerr and M. F. Heartn, Lysosomal enzymes. In Lysosomes: A
Laboratory Handbook. Edited by J. T. Dingle) p. 19. North-Holland,
Amsterdam (1977).

D. Prrr, Integrated Themes in Biology: Lysosomes and Cell Function. Longman, New
York (1975).

D. Branbpes, K. W. Sroan, E. AnTton and F. BrLoEporn, The effect of X-
irradiation on the lysosomes of mouse mammary gland carcinomas. Cancer Res.
27, 731 (1967).

K. G. Horer, C. R. Harris and J. M. SmrtH, Radiotoxicity of intracellular
87Ga, 12°1 and 3H: nuclear vs cytoplasmic radiation effects in murine L1210
leukemia. Int. 7. Radiat. Biol. 28, 225 (1975).

J. B. Lroyp, F. Brck, A. GrirriTH and L. M. Parry, The mechanism of
action of acid bisazo dyes. In The Interaction of Drugs and Subcellular Components
in Animal Cells. (Edited by P. N. Campbell) p. 171. Churchill, London (1968).

1457



