
I:m,p..7. (.amer Vol. 15. p p  1 It!i 11~7 0014-2964/79/12111-1 I19 S02.00/0 
( I ' c l ~ ; u n o l l  Press Lid. 1979 Printcd in (;l'<'ill Britain 

Effect of Lysosome Modification on the Heat 
Potentiation of Radiation Damage and 
Direct Heat Death of BP-8 Sarcoma Cells* 

KURT G. HOFER, BILLY BRIZZARD and MARIA G. HOFER 

Institute of Molecular Biophysics, Florida State University, Tallahasse, Florida 32306, U.S.A. 

Abstract-- / t  has been suggested that lysosomes represent the intracellular target 
responsible for heat potentiation oj" radiation damage and direct heat death in 
mammalian cells. To investigate the hypothesis that heat damages cells by lysosmal 
activation, BP-8 murine sarcoma celle were treated with trl,pan blue. This agent 
accumulates within l)'sosomes and causes pronounced inhibition of &sosmal engymes. 
To evaluate the possibility that heat damage is mediated by lysosmal 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. 

I N T R O D U C T I O N  

THERE is ample evidence that hyperthermia 
(41°C or higher) potentiates radiation killing 
of mammalian cells [1~5]. 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 
lysosoln:tl lUt'lnl)l'allt'S [13, 14]. This could lead 
to enhanced membrane permeability or 
perhaps complete lysosomal rupture resulting 
m 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 Ivso- 
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. 

M A T E R I A L S  A N D  M E T H O D S  

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 6 cells. 
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The fractional survival of BP-8 cells sub- 
jected to hyperthermia and/or irradiation was 
evaluated with the 125I-iododeoxyuridine 
(125IUdR) prelabeling technique. This assay 
system has been described in detail elsewhere 
[16]. Briefly, peritoneal BP-8 cells were la- 
beled with 1.5/,Ci of 125 IUdR/mouse, admin- 
istered i.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 procedure it was l()uild that 
about 10-15°i, of the injected 12sIUdR was 
incorporated into the DNA of BP-8 ascites 
cells. Autoradiographic examination of cell 
samples revealed that the labeling index was 
90°L 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  125IUdR I171.* 

Two hours after completion of the 125IUdR 
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 wcxe pre- 
cipitated in ice cold 10°i, trichloroacetic acid, 
less than 3°{~ of the total 125I activity was 
tbund in the supernatant, i.e. more than 97qi, 
was associated with the DNA of the tumor 
cells [23]. 

To produce a logarithmically growing cell 
population and to eliminate the erythrocyte 
contamination frequently observed during ad- 
vanced stages of tumor growth, the prelabeled 
tumor cells were inoculated i.p. into groups of 
'intermediate' host mice. The size of lhc in- 
termediate inoculum was approximately 50 
x 106 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 

reinjected into groups of 5 final test mice (10 
x 106 cells/mouse). 

One or two days betbre the final test mice 
were inoculated with 125IUdR labeled tumor 
cells, their drinking water was supplemented 
with 0.1')i , sodium iodide to depress sub- 
sequent accumulation of 1251 in the thyroid. 
Immediately after tumor inoculation and at 
daily intervals thereafter, the whole body 1251 
activity of the final test mice was monitored 
by counting individual live mice in a well- 
type crystal scintillation counter. All counts 
were corrected tbr radioactive decay and 
small day-to-day [luctuations in the counting 
efficiency by monitoring a standard sample of 
125I. 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 125I from such mice can be taken as an 
index of natural and treatment induced cell 
death in vivo [6, 16, 20, 22]. 

To convert the 125I retention values into 
standard dose survival curves, the surviving 
fraction (S) of cells was calculated by in- 
terpolation between live and dead control 
wdues according to the formula: 

s -  G - l )  (1) 
T o - l )  

where T O is the percent retention of 125I 
activity in {he untreated live control group, 
T~ means retention of radioactivity in the 
experimental treatment group, and D stands 
tbr retention of 125I 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'C for 15 rain in heat experi- 
ments and by exposure to 5000 rad in rad- 
iation experiments. If the T,,, T x and D 
values arc obtained atier heat-induced or 
radiation-induced cell death has become fully 
reflected in reduced 125I retention (8 10 days 
alter implantation), equation (1)appears  to 
give accurate data tbr survival values greater 
than 0.05. 

*Previous experiments had sho'vvn that high doses of 
DNA-associated 1251 (0.02 /*Ci/106 cells or higher) 
cause pronounced division delay [18] and all lethality 
[17, 191 in a variety of mammalian cell lines. In the 
experiments reported here the 12sI content of the 
labeled cells did not exceed 0.002 #Ci/10 e cells. Such 
low 1251 doses do not cause any detectable changes in 
tumor proliferation kinetics [20, 21] or in tumor cell 
death [181 even if the labeh'd cells are subsequently 
subjected to incubation a! elevated temperatures [6, 
16, 221. 

Heating and irradiation procedures 

To study tile heat response of cells, 125[ 
labeled BP-8 cells harvested ti'om intermediate 
hosts were suspended in EBSS (10 x 10 e 
cells/ml ), aerated on icc tbr 15 rain, and placed 
for 1 hr iu a precision controlled circulating 
water bath (accuracy greater than+0.1 C) at 
temperatures ranging from 37 43'C. During 
the 1 hr incul)ation period the suspensious 
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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 pertbrmed 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 A1 (HVL 11 mm A1). 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 
lq{, heat-inactivated calf serum (10 x 106 cells/ 
ml) and trypan blue was added to yield a 
final concentration of 100 #g/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 membrane 
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- 
pears to stabilize lysosomal membranes [27, 
281 . Thus, experiments with these two agents 
should reveal whether heat acts by impairing 
or destroying the physical integrity of 
lysosomes. 

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

cells (50x l06 cells/mouse) were implanted 
i.p. 15 min after retinol injection. This treat- 
ment regimen was chosen to avoid exposure of 
the BP-8 cells to the solvent (30 #1 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 vivo and in vitro. 

Hydrocortisone was administered in vitro in 
concentrations ranging from 20 to 500 #g/ml 
to BP-8 cells suspended in EBSS (10x 106 
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 vitro exam- 
ination, aliquots of BP-8 cells were suspended 
(10 x 106 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 sonicatcd tor 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 g 
for 10 rain in a Spinco Model L ultracen- 
tritilge to pellet whole cells, nuclei and larger 
ccll li'agments. The supcrnatant fraction was 
further centrifuged at 20,000 g tbr 30 rain 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. 

T h e r e m a i n i n g  lysosomal pellet was re- 
suspended in buffered 0.25 M sucrose and 
subjected to density gradient centrifugation on 
a continuous sucrose gradient (20 60~0 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 5½ 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 lvsosomal fraction was easily visible on the 
gradient as a blue band. To determine the 
trypan b lue  conccntrati(m whhin lysosomes, 
the lysosomal fraction was pelleted by centri- 
fugation at 20,000 g tbr 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 
As90 against known concentrations of trypan 
bluc (the resulting plot yielded a straight line 
indicating contbrmity 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 tinal pellet still 
contained appreciable quantities of mitochon- 
dria whose volume was included in tl~e vol- 
ume of the pellet, this procedure provided a 
minimum estimate of the trypan bluc c o n -  

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 0.1°~o Triton X-100 to facilitate 
release of lysosoma! 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 #g/ml. 

RESULTS 

LJ[/'ect of trypan blue on cell viability 

Figure one (solid lines) shows the rate of 
12sI toss from C3H mice inoculated i.p. with 
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living or heat killcd a25IUdR labeled BP-8 
cells. Following inoculation of living BP-8 
cells, about 10 12% of the 125I 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 lzsI loss declined 
to 6-8% per day, but during advanced stages 
of tumor development 125I loss once again 
increased to about 12 15". per dav. 
Implantation of dead labclcd minor cclls 
(killed by incubation at 65°C for 15min) was 
followed by rapid excretion of most of the 
inoculated a 2 s I activity, indicating very low rates 
of 12sI reutilization after cell death. 

The dashed lines in Fig. 1 indicate the rate 
of 1251 loss from mice bearing tumor cells 
which had been exposed to various concen- 
trations of trypan blue (up to 2000 /tg/ml). 
Trypan blue was administered in vitro to BP-8 
cells suspended in EBSS (10x 106 cells/ml). 
The ceils 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 /tg/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 84% at 500 /*g/ml, 27% at 
1000 #g/ml and less than 1% at 2000 gg/ml. 

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, fl- 
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 #g/ml. At 100 #g/ml 
almost 90% inhibition of enzyme activity was 
observed. Thus, the 700-1200 yg/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. 
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Fig. 2. Inhibition of acid phosphatase activity by trypan blue. 

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 ~g/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 gg/ml of trypan blue for 1 hr 
exhibited an intralysosomal dye concentration 
equivalent to about 700-1200/,g/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 

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 rain 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 la5IUdR 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 o 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 t reated and unt rea ted  BP-8 cells. 
It  can be concluded,  therefore, that  inhibit ion 
of lysosomal hydrolases does not protect  cells 
from the radiosensitizing effects of elevated 
temperatures .  
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Direct heal death o J" hypan blue heated cells 

Addit ional  experiments  were performed to 
de termine  whether  t rea tment  with t rypan 
blue conferred enhanced resistance to direct  
heat induced cell death.  In these experiments  
BP-8 cells were heated in EBSS* tbr I hr at 
tempera tures  ranging ti'om 37 ° to 43 'C .  Once  
again t rypan blue treated cells did not de- 
monstra te  any greater  heat resistance than 
unt rea ted  control  cells (Fig. 4). 

Effect o f  retinol and hy&ocortisone on the heal 
response o f  BP-8  cells 

Since inhibit ion of lysosomal enzymes did 
not cause any change in the heat response of  

*l)rcvious expe r i men t s  in our  lal)oratorv d e m o n s t r a t e  
tha t  i ncuba t ion  in EBSS does not  provide  opt i lnal  
condi t ions  tbr m a x i m i z i n g  the  hea t  resis tance of  m a m -  
ma l i an  cells. For example ,  1,1210 h ' u k e m l a  cells grow- 
ing in the  per i tonea l  cavi ty  of" mice do not  show any  
decl ine  in cell viabi l i ty iF the  l eukemic  mice  are  
subjec ted  to whole  body hea t i ng  at 42 C [i)r 1 hr  [61. 
In  cont ras t ,  IA210 cells su spended  in EBSS and  sub-  
j ec ted  to the  s ame  h e a t i n g  schedule  exhibi t  dea th  rates 
in excess of  8 0 %  (unpub l i shed  observa t ion) .  T h u s ,  the  
c o m p a r a t i v e l y  low survival  va lues  shown  in Fig. 4 do 
not  indica te  tha t  BP-8 cells are  intr insical ly more  
sensit ive t o  hea t  d a m a g e  t h a n  o t h e r  types of  t m n o r  
cells. 
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BP-8 cells, an a t tempt  was made  to inves- 
tigate the possibility that heat damage  might  
bc media ted  bv changes in the stability of  
lysosomal membranes .  Th e  possibility of out- 
right lysosomal rupture  was ruled out by 
microscopic examinat ion.  Control  BP-8 cells 
and BP-8 cells which had previously been 
suhjectcd to 1 hr incubat ion at 42 '  or 43"C 
were stained with acridine orange and exam- 
ined on a fluorescence microscope. No change 
in the lmmt)er, size or staining properties of 
lysosomes was noted in heated cells. 

However ,  since the heat response of mam-  
malian cells might involve more subtle 
changes in the integrity oflysosomal melnbranes,  
addit ional  experiments  with membrane  labi- 
lizers (retinol) and stabilizers (hydrocort isone)  
were pertbrmed.  It has bccn known for many  
}:ears that administrat ion of retinol (vitamin A 
alcohol) causes increased permeabi l i ty  of lyso- 
somal membranes  both in isolated lysosomes 
and in whole cells 125, 261 . From the data  
shown in Figs. 3 and 4, it is apparen t  that 
such lysosomal labilization did not enhance 
the heat  response of BP-8 cells. 

In the experiments illustrated in Figs. 3 and 
4, retinol (10,000 i.u.) was administered 18 hr 
before heat ing by i.p. injection into inter- 
mediate  hosts. Eight addit ional studies pei'lbr- 
reed with ditt~rent retinol doses (500 15,000 



Effect of Lysosome Modification 1455 

i.u.) and different treatment schedules (in vivo 
vs in 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 #g/ml, and 
the time of administration was between 1 and 
72 hr before heating. In three experiments 
hydrocortisone treatment was continued 
throughout the 1 hr heating period, also with 
negative results. It therefore appears that nei- 
ther lysosomal labilization by retinol or stabili- 
zation by hydrocortisone or inhibition of lyso- 
somal enzymes 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 18, 9, 11 14, 321. 

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 direct 
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 1141. 

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 obiections 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 tilt" lysosomes, the released hydrolascs 
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 
itself also steins to 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 is supported by recent 
dal~, 11,,i~/ t tume and Field [12] who observed 
n~) chmlgc ill lysosomal membrane stability in 
heated mouse spleens after 1 hr exposures to 
41.8~'C. 

However, even 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 en- 
zymes (deoxyribonuclease, ribonuclease, fl- 
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 I24]. It is conceivable, therefore, that 
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heat  d a m a g e  is med ia ted  by  ac t iva t ion  of  one 
or more  hydrolases which are insensitive to 
inhibi t ion by  t rypan  blue. Fur the r  studies are 
needed to prove  or disprove this possibility. 

In  this context  it m a y  be i m p o r t a n t  to note 
that  heat  po ten t ia t ion  of rad ia t ion  d a m a g e  
can also be demons t r a t ed  on l a m b d a  bacte-  
r iophages  (unpubl ished observat ions) .  Except  
for the higher  D O and the absence of a 
shoulder  in the radia t ion  survival curve of 
phages,  the pa t te rn  of  the rma l  radiosensiti-  
zat ion in bac ter iophages  appea r s  to be similar 
to that  observed in m a m m a l i a n  cells. Direct  
heat  inact ivat ion of bac te r iophages  (heated in 

physiological  saline) also follows a pa t te rn  
similar  to that  seen in m a m m a l i a n  cells. 
While  these findings do not prove  that  the 
mechan i sm of  the rmal  d a m a g e  is the same in 
phages and cells, the da ta  do suggest that  
marked  the rmal  responses can be obta ined  
under  conditions which clearly exclude the 
possibility of  lysosomal involvement .  

In  conclusion, the findings repor ted  in this 
c o m m u n i c a t i o n  suggest that  lysosomes are 
p r o b a b l y  not the p r i m a r y  target  site for ei ther 
heat  potent ia t ion of  radia t ion  d a m a g e  or di- 
rect hea t -dea th  in m a m m a l i a n  cells. 
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