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Abs t rac t - -The  effects of hyperthermia and radiation have been studied on the acid 
phosphatase and fl-glucuronidase activities in lysosomes of C3H rake mammary tumours 
and of the spleen. Quantitative histochemical methods have been used. 

Hyperthermic treatment of both spontaneous and transplanted tumours caused an 
increase in the activity of both acid phosphatase and fl-glucuronidase when measured 
immediately after treatment, but the activities returned to normal after 24hr. In 
contrast a radiation dose of 3500 rad did not cause an increase in activity of either 
enzyme immediately, but a large activation was observed after 24 hr. Combination of 
hyperthermic and radiation treatment caused increases in enzyme activities which were 
dependent on the time after treatment. 

Hyperthermic treatment of the lower body of mice bearing tumours also caused 
activation of lysosomal enzymes in the spleen. This may be hormone mediated. 

B is considered that the increased lysosomal enzyme activity observed after hyper- 
thermia may be a consequence of increased permeability of the lysosomal membrane 
caused by the hyperthermia. 

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

RECENTLY there has been great interest in the 
potential of moderate hyperthermia, in the 
range 40-43°C, as a treatment for cancer, 
either alone or in combination with ra- 
diotherapy [1-3]. Selective killing of neoplas- 
tic cells by elevated temperatures occurs in 
both murine and human cell cultures [4-6], 
and hyperthermia causes a delay of tumour 
growth, or complete cure of a number of 
animal tumours [7-9], and of some human 
tumours [10-12]. Heat  also potentiates the 
therapeutic action of irradiation on a range of 
neoplasms [ 13-17]. 

Lysosomes, with their complement of hy- 
drolytic enzymes, become involved as a con- 
sequence of cellular damage [18]. Lysosomal 
enzyme activation or enzyme release follows 
irradiation. Wills and co-workers [19-21] de- 
veloped quantitative histochemical methods of 
studying lysosomes in situ and measured an 
increase in the amount of acid phosphatase 
after low radiation doses, in spleen, thymus 
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and the C3H mammary adenocarcinoma. 
Paris and Brandes [22] al~,, noted a rise in the 
activity of lysosomal acid phosphatase in 
mammary tumours after X-irradiation, using 
electron microscopy. 

Few studies have bccn made of the effect of 
heat on lysosomes ill any tissue, but 
Overgaard et al. have shown qualitative cha- 
nges in the lysosomes of mammary tumours, 
[23, 24]. In this investigation the use of 
quantitative histochemical techniques has 
been extended to study lysosomal enzyme 
activity in tissues and tumours treated by 
hyperthermia. 

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

Animals 

Male and female C3H mice were used in 
all investigations. These were supplied by the 
Radiobiology Department of St. 
Bartholomew's Medical College. 

(i) Spleen. Normal male C3H mice were 
used to study the effect of hyperthermia on 
lysosomes of the spleen. 

(ii) Spontaneous tumours. Female C3H mice 
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bear ing spontaneous m a m m a r y  adenocar-  
cinomas were used. 

(iii) Transplanted tumours. Small pieces from 
a spontaneous tumour  were t ransplanted sub- 
cutaneously into the thighs of  male C3H 
mice. T h e y  were ready tbr use after 1-2 
months,  when the t umour  had a d iamete r  of  
about  1 cm. 

Hyperthermia 

(i) In vitro. Cubes of  tumour  tissue were 
covered in p re -warmed  0 . 2 5 M  sucrose in 
0.01 M phosphate  buffer p H  7.4 and incu- 
bated in a wate r -ba th  at the chosen tempera-  
ture. After heat ing the cubes were blot ted dry  
and frozen (as below). 

(ii) In vivo. T h e  animals were warmed  in a 
small Perspex water -ba th  a round  which water  
from a larger bath  was circulated. T h e  tem- 
pera ture  of  the lat ter  was control led by a 
to luene /mercury  regulator ,  and was adjusted 
so that the smaller ba th  reached the desired 
tempera ture .  This was moni tored  th roughout  
the exper iment  using a the rmomete r  accura te  
to 0.1°C and did not vary  more than  a 
m a x i m u m  0.3°C. The  t empera tu re  recorded is 
the average over the exper imenta l  period. 

T h e  tumour  bear ing mice were anaesthe- 
tised with 60 mg/kg of  pen tobarb i tone  sodium 
(Sagatal)  injected intraper i toneal ly ,  and were 
placed in the ba th  in a vertical Perspex tube 
which fitted into a metal  rack with 2 holes to 
accommoda te  the feet. W h e n  spontaneous tu- 
mours were used only those situated abdo-  
menal ly  were chosen, and the mouse was 
immersed up to the xyphis ternum.  Mice bear-  
ing t ransplanted tumours  had only the hind 
legs below water.  Dur ing  the t rea tment  the 
in t ra tumoura l  t empera tu re  was measured by a 
probe a t tached to a Light  Ins t ruments  electric 
thermometer ,  reading from 30 ° to 46°C to 
0.05°C accuracy.  This t empera tu re  rose, in 
10min,  to within about  I°C of the water  
t empera tu re  and the exact t empera tu re  varied 
from mouse to mouse. At 43°C water  tem- 
perature ,  the t empera tu re  within the tumour  
varied between 41.8 ° and 42.2°C. When  sp- 
leen was heated  the animal  was again immer-  
sed up to the xyphis ternum.  A probe placed 
below the skin of the abdomen  showed that  
the subcutaneous t empera tu re  reached the 
bath  t empera tu re  after 15 min. All 
tempera tures  below 43.5°C to the lower body 
were well- tolerated by the animals. 

Radiation 

7-Rays from a 6°Co source in a 
G a m m a b e a m  50 unit  were used. Animals were 

first anaesthetised as described, and placed in 
a Perspex box. T h e  box was placed behind 
lead blocks, 10 cm thick, with a small conical 
hole 1 - 2 5 c m  in d iameter  to permit  irra- 
diat ion of  the tumours  and shield the re- 
mainder  of  the body. Th e  dose given to the 
tumour  was 3500rad ,  at a dose-rate of 350 
rad/min,  and the rest of  the body received 
3.5 rad. 

Preparation of sections 

Animals were killed by breaking the neck. 
Th e  tissue was dissected out, washed, and cut 
into pieces about  3 x 3 x 3 mm, discarding the 
extremities and any necrotic areas of tumour .  
Th e  blocks were frozen and moun ted  accord-  
ing to the method  of  Chayen  and Bitensky 
[25]. Sections were cut at 8/~m on a 
Cambr idge  rocking microtome in a Bright's 
cryostat.  Th e  cabinet  t empera tu re  was - 2 0 ° C  
and the knife t empera tu re  - 4 0 ° C .  Sections 
were stored in the cryostat  for 1 2 h r  before 
use. 

Cytochemical procedures 

Acid phosphatase activity was measured in 
sections by the Gomor i  lead sulphide method 
described by Aikman and Wills, and Clarke 
and Wills [19 21, 26]. Incuba t ion  times of up 
to an hour  were used. Th e  absorbance was 
read on a Vickers M85 scanning microdenisi- 
tometer  at 550nm,  x 4 0  objective and No. 2 
spot size. 'Fen readings were taken ti'om each 
of 3 sections for each incubat ion time and 
tbr the control.  Th e  mean  density of the 
control  was subtracted from the mean  density 
produced at each incubat ion time; and ave- 
rage values were calculated from readings 
obta ined from all tissue sections incubated  for 
the same time. Th e  progress curve obta ined 
by plott ing absorbance against t ime was used 
to de te rmine  rates of enzyme action [19]. 

/~-Glucuronidase was de termined  by the 
method  of  Fishman and Go ldman  described by 
Chayen  and Bitensky [25]. Readings were ta- 
ken at 635 nm, x 40 objective and spot size 2 
and plotted as for acid phosphatase.  

R E S U L T S  

(i) The effect of hyperthermia on tumours in 
vitro 

Exper iments  in vitro were designed to study 
the effects of hyper the rmia  on tumours under  
conditions which prevented  interference by 
other  organs which could occur in vivo. A 
large t ransplanted C3 H  tumour  was removed 
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from the mouse and cut into a n u m b e r  of  
blocks measur ing about  3 x 3 x 3 mm. H a l f  of  
these were incubated  in 0 . 2 5 M  sucrose in 
0.01 M phosphate  buffer, p H  7.4 in a water  
ba th  at room tempera ture ,  22°C for 1 hr and 
the r emainder  were incuba ted  in the same 
m e d ium in a water  ba th  at 43°C_+0.3°C for 
1 hr. T h e  blocks were then frozen, sectioned 
and lysosomal enzyme activities were mea-  
sured. T h e  acid phosphatase activity was the 
same whether  the tumours  were incuba ted  at 
22°C or 43°C but  was elevated considerably 
above the activity measured  in 4 similar 
tumours  which had not  been incuba ted  (Fig. 
1). This  increase was largest after 2 0 m i n  
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(ii) The effect o f  hyperthermia on spontaneous 
tumours in vivo 

Seven C3 H  mice with spontaneous tumours  
were used. T h r e e  mice acted as controls and 
received 60mg/kg  of  Sagatal  and 1 hr  later  
were killed and the tumour  removed  and 
sectioned. T w o  mice were placed, after anaes- 
thesia, in a wa te r -ba th  at 42.5°C for 1 hr, 
which produced  an in t ra tumoura l  tempera-  
ture of  about  41.5°C. T h e  remaining 2 mice 
were also given hyper the rmic  t rea tment ,  one 
at 41.7°C water  t empera tu re  and one at 
43.5°C water  tempera ture ,  both for 1 hr. All 
were killed immedia te ly  after heating,  and 
tumour  sections p repared  for measurement  of  
lysosomal acid phosphatase and /~- 
glucuronidase activity. 

T h e  shape of  the absorbance vs incubat ion  
t ime curve for spontaneous tumours  was very 
similar to that  obta ined  with t ransplanted 
tumour  sections and the control  rates were 
almost identical  (Figs. 1 and 2). Hea t ing  at 
42.5°C increased the activity of  acid phos- 
phatase in the tumour  and the activity in the 
heated animals was about  1.4 times the ac- 
tivity in control  animals. T r e a t m e n t  at 43.5°C 
increased the activity to a similar extent  
(Table  1). T r e a t m e n t  at 41.7°C water  tem- 
perature ,  when the in t ra tumoura l  t empera tu re  
was 40.5-40.90C, did not affect the activity 
measured after 6 0 m i n  incubat ion  and the 
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Fig. 1. Lysosomal acid phosphatase in blocks of C3H tumour 
treated in vitro. Q--Blocks frozen immediately after removal 

from animal. -+ S.E. ; O ~ l o c k s  incubated at 22°C for 1 hr 
in 0.25 M sucrose and 3.01 M phosphate buffer, pH 7.4 before 

freezing. -+S.E.; ~X--Blocks incubated at 43°C for 1 hr in 
0.25M sucrose and 0.01M phosphate buffer, pH 7.4, before 

freezing. -+ S.E. 

incuba t ion  in the react ion media,  when the 
absorbance  of  the t reated sections was 1.8 
times that  of  the control  sections. /~- 
Glucuronidase  activity was affected in a si- 
milar  way;  there was no difference between 
t umour  pieces kept  at 22°C and those kept  at 
43°C, but  both  increased in activity over  
un t rea ted  controls by approx imate ly  1.4 
times. 
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Fig. 2. Lysosomal acid phosphatase in spontaneous C3H 
tumours after hyperthermic treatment. O~Control-Mean absor- 
bance reading from 2 untreated animals --+range; O--Treated- 
Mean absorbance readings Jrom 2 animals killed immediately 

after lower body hyperthermia of 42.5°C for 1 hr _+ range. 
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Table 1. 

G. M. Barratt and E. D. Wills 

Effect of 1 hr at various temperatures on lysosomal enzyme activity in spontaneous 
C3H tumours 

Bath 
temperature  
°C 

Acid phosphatase activity- 
ratio of heated to control 

after incubat ion of slices for: 
20 min 60 min 

/%Glucuronidase 
activity-ratio of heated 

to control after incubat ion 
of slices for: 

20 min 60 min 

41.7 0.2 1.2 1.6 2.2 
42.5 1.4 1.4 1.4 1.9 
43.5 1.6 1.5 1.3 1.5 

activity over the first 20 min of  incubat ion  was 
less than that  of  the control  (Table  1). 

f l -Glucuronidase activity was also raised in 
the tumours  given hyper the rmic  t rea tment  at 
42.5°C (Fig. 3). After 2 0 m i n  incubat ion  of  
the slices the absorbance of  the heat  t reated 
tumours  was 1.4 times that  of  the control  and 
this increased to 1.9 times after 60ra in  in- 
cubation.  Trea tmen t s  at 41.7 ° and 43.5°C also 
increased-the fl-glucuronidase activity, but  the 
increase was not propor t ional  to the tempera-  
ture of  the hyper the rmic  t rea tment  (Table  1). 
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Lysosomal fl-glucuronidase in spontaneous C3H tu- 
mours after hyperthermic treatment. O--Control-Mean absorbance 
reading fiom 3 untreated animals +_range; O--Treated-Mean 
ab.~orbamv readings from 2 animals killed immecliately after 

lower body hyperthermia of a2.5°Cfor 1 hr + range. 

(iii) The effect of hyperthermia on spleen in vivo 

Spleen was used to investigate whether  the 
lysosomes of  a normal  tissue also would show 
an act ivat ion in response to hyper thermia .  Six 
male C3H mice were used tbr these experi- 
ments. T w o  controls were anaesthetised with 
60mg/kg  Sagatal  and killed l hr later. T h e  
spleen was removed  and sections cut. Th e  
remaining 4 were anaesthetised and immersed 
up to the xyphis te rnum in a wate r -ba th  at 

42.0°C tbr l hr, killed and spleen sections 
prepared.  In addit ion two C3H mice with 
m a m m a r y  tumours  t ransplanted into their 
thighs were given hyper thermic  t rea tment  at 
43°C water  t empera tu re  tbr 1 hr to the tu- 
mour  region only. Th e  in t ra tumoura l  tem- 
peratures in these animals were 41.8 ° and 
42.1°C. After warming,  the mice were im- 
mediate ly  killed and sections cut from their 
spleens. Acid phosphatase and fi- 
glucuronidase activities were measured in the 
lysosomes of all the spleen sections. 

In the heated animals, acid phosphatase 
activity in the spleen after 20 min incubat ion 
was 1.5 times control  and the activity after 
60 rain incubat ion was similarly increased (Fig. 
4a). f l -Glucuronidase activity after 20 rain was 
increased by 2.3 times, and the activity after 
6 0 m in  by ra ther  less (Fig. 4b). 

Hype r the rmic  t rea tment  of the tumour  re- 
gion only also increased the lysosomal enzyme 
activity in spleen (Fig. 4). Th e  activity of acid 
phosphatase in spleen was increased 1.2 times 
over control  after 60min  incubation,  fl- 
Glucuronidase  activity after 6 0 m in  was elev- 
ated to 1.5 times control  by tumour  hyper-  
thermia.  Lysosomal enzyme activity in spleen 
is thus affected by heat  at a remote  site. 

(iv) Lffect of combining hyperthermic and radia- 
tion treatment on transplanted tumours in vivo 

Twen ty -one  mice with tumours  trans- 
p lanted into the thigh were used for these 
experiments.  Four  mice were anaesthetised 
and killed either 1 hr or 1 day later. Lysosomal 
enzyme activity was not effected by the time 
which had elapsed between anaesthetising and 
killing. Eight animals were placed in the heat- 
ing bath  with the tumour  immersed in water  at a 
mean  t empera tu re  of  43°C for 1 hr. Six of 
these were killed immediately,  and the re- 
maining two were killed 2 4 h r  after t reatment .  
Three  of  the mice received 3 .5krad of 7- 
irradiation to the tumour .  One  of  these was 
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Fig. 4. Lysosomal enzymes in C3H spleen after hyperthennic 
treatment. [~--Mean absorbance reading after 2 0 m i n  in- 
cubation in medium + S . E .  when appropriate. [~--~l/Iean 
absorbance reading after 60ra in  incubation in medium _ S . E .  
when appropriate• A--Control, 2 animals; B--Spleen treated- 
lower body hyperthermia of 42°C for 1 hr, killed immediately, 4 
animals; C--Tumour treated-tumour hyperthermia of 43°C for 

1 hr, killed immediately, 2 animals• 

killed 1 hr later and the others 25hr later. A 
further 6 mice were irradiated with 3.5krad 
to the tumour and then transferred rapidly to 
the heating bath for l hr of hyperthermic 
treatment of the tumour at 43°C water tem- 
perature. Three of these were killed im- 
mediately, and 3, 24hr post-hyperthermia. 
After death the tumours were removed, sec- 
tions were prepared and lysosomal acid phos- 
phatase and fl-glucuronidase activities were 
measured. 

Immediately after hyperthermic treatment 
the activity of both lysosomal enzymes was 
elevated over control values after 20min in- 
cubation of the slices. [Fig. 5 (a and b), 
Columns A and B]. the activity of fl- 
glucuronidase was 1.1 times control, and the 
activity of acid phosphatase was 1.3 times the 
control value. Twenty-four hours after hyper- 
thermic treatment neither lysosomal enzyme 
showed an increase in activity over control 

values and the fl-glucuronidase activity was a 
little lower than that of the control [Fig. 5 (a 
and b), Column E]. 

One hour after irradiation of the tumour 
the lysosomal enzyme activities were depressed 
by a small amount [Fig. 5 (a), (b), Column 
C]. Twenty-five hours after irradiation the acid 
phosphatase activity was 1.6 times control but the 
/Lglucuronidaseactivitywasonly 1.1 timescontrol 
[Fig. 5(a), (b), Column F]. 

The immediate result of combining hyper- 
thermic treatment at 43°C with a dose of 
3.5 krad to the tumours was to induce enzyme 
activities similar to those obtained after hyper- 
thermia alone [Fig. 5 (a), (b), Column D]. 
The activity of acid phosphatase was the same 
as after heat treatment only (Fig. 5 (a) 
Colume B] but fl-glucuronidase activity was 
increased to 1.3 times the control value which 
was an enhancement over the effect of heat 
alone [Fig. 5 (b) Column B]. Twenty-four 
hours after the combination treatment //- 
glucuronidase activity was similar to control 
[Fig. 5 (b) Column G], while the activity of 
acid phosphatase was raised to 1.4 times 
control [Fig. 5 (a) Column G]. These activities 
wer~ lower than those measured 25hr after 
irradiation only [Fig. 5 (a), (b), Column F]. 

DISCUSSION 

Lysosomes are very sensitive to mechanical 
damage and are easily lysed in hypotonic 
buffer. Hence the need for non-disruptive 
techniques for studying lysosomes. 
Cytochemical procedures used in the investi- 
gation are particularly useful here as they 
allow the enzyme activity to be measured in 
situ without having to resort to homogeni- 
sation to isolate the organelles. 

For both acid phosphatase and fl- 
glucuronidase in tumours the rate of increase 
in absorbance over the first 20 min was always 
larger than the rate over the subsequent per- 
iod (Figs. 1-3). This initial period of in- 
cubation is important as here the activity 
measured is determined largely by t h e  per- 
meability of the lysosomal membrane to sub- 
strate [19, 20]. The rate of change of absor- 
bance from 20min  incubation onwards de- 
pends more on the activity of the lysosomal 
enzymes than on the entry of substrate into 
the lysosome. It is the initial rate that is most 
sensitive to the radiation and hyperthermic 
treatments investigated above, particularly 
with acid phosphatase activity, Fig. 5 (a). 
Thus the increased rates observed are likely to 
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Fig. 5. Lysosomal enzymes in transplanted C3H tumours after hyperthermic and radiation treatment. 
k~R---Mean a&orbance reading after 20 rain incubation in medium +_ S.E. when appropriate. [ ]  --~,lean 
absorbance reading after 60 min incubation in medium ± S.E. when appropriate. A--Control, 4 animals; 
B - Hyperthermia 43°C for 1 hrkilledimmediately6 animals; C--Irradiation-3.5 krad; killed 1 hr later, 
1 animal; D Irradiation-3.5 krad,followed by hyperthermia, 43°C for 1 hr, killed immediately, 3 
animals; E--Hyperthermia, 43°C Jbr 1 hr killed 24 hr later, 2animals;F--Irradiation 3.5 krad, killed 
2 5 hr later, 2 animals : G--Irradiat ion3.5 krad followed by hy perthermia, 4 3° CJor l hr ,k illed2 4 hr later, 3 

animals. 

demonstrate an increase in the permeabil i ty of  
the lysosomal membranes.  The  two enzymes,  
acid phosphatase and fl-gtucuronidase behaved 
in a similar, if not identical,  way to the 
various treatments imposed. This is evidence 
for the effects being on the lysosomes or lyso- 
somal membrane  as a whole,  rather than on 
individual  enzymes.  Incubat ing  tumour tissue 
in vitro for an hour caused a large increase in 
lysosomal enzyme activity (Fig. 1). The  en- 
zyme activities were not different after in- 
cubat ion at 22 ° or 43°C. The  damage caused 
by such incubat ion treatment may have mas- 
ked any hyperthermic activation at 43°C; or 
the result may indicate that isolated tumour 
tissue is not affected directly by heat. 

The  activity of lysosomal acid phosphatase 
and fl-glucuronidase was increased in both 

spontaneous and transplanted C3H tumours 
immediate ly  after they had received hyper- 
thermic treatment in vivo. The activation is 
not confined to neoplastic cells, as the lyso- 
somal  enzymes in spleen were activated after 
lower-body hyperthermia.  The  latter acti- 
vation occurred at a lower temperature than 
that used with turnouts, since the water tem- 
perature was only 42°C and spleen, being a 
deep tissue, was probably several degrees coo- 
ler. There is a possibility that part of this 
activation was due to indirect st imulation by 
hormones.  Clarke and Wills [26] obtained 
lysosomal enzyme activation in spleen and 
thymus alter administration of" various steroid 
hormones,  particularly cortisone and hydroc- 
ortisone. The  hormones might therefore be 
produced in response to hyperthermic stress 
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and influence the lysosomes of  o ther  tissues. 
An indirect  effect on spleen was found to 
occur  when the t umour  only was given hyper-  
thermic  t rea tment  (Fig. 4), but  the increase in 
enzyme  activity was not so large as that  after 
lower body hyper thermia .  W h e n  spontaneous 
tumours  were given hyper the rmic  t rea tment  
the whole a bdomen  had to be immersed.  
T r e a t m e n t  of spontaneous tumours  at 42.5°C 
for 1 hr (Table  1) caused a higher  percentage  
increase in enzyme activity than did treat-  
ment  of  t ransplanted  tumours  at 43.0°C for 
1 hr [Fig. 5 (a and b)].  This  may  have been due 
to a larger hormone-media ted-ac t iva t ion  when 
more  of the body was subjected to 
hyper thermia .  

T h e  act ivat ion of  lysosomal enzymes due to 
hyper the rmic  t rea tment  in vivo differs from the 
act ivat ion caused by i r radiat ion in the t ime of  
its appearance .  Whereas  the radiat ion effect 
takes several hours to develop,  the effect of  
hyper the rmia  appears  immediate ly ,  and is 
complete ly  reversed after  2 4 h r  (Fig. 5). Thus  
the mechanism of  damage  must  be different 
for the two modalities. Aerobic respirat ion is 
inhibi ted in t umour  cells at supranormal  tem- 
peratures  [9]. This  leads to an accumula t ion  
of  lactic acid and a fall in p H  within the 
tumour .  T h e  increased acidity may  p romote  
the release and activity of  the acid hydrolases 
within the lysosomes if the period of  hyper-  

thermia  is not  excessive. This inhibit ion could 
be reversed when the p H  of the cell re turned  to 
normal  values. 

T h e  immedia te  response of  t ransplanted 
tumour  lysosomes to hyper the rmic  t rea tment  
was not potent ia ted  by tumour  i r radiat ion 
pr ior  to heating.  Nor  was the lysosomal acti- 
vat ion 2 4 h r  after i r radiat ion increased if the 
radia t ion was followed by 1 hr at 43°C. T h e  
combina t ion  t rea tment  used is one that  has 
p roduced  a large percentage  of  cures in the 
C3 H  tumour  system [7]. T h e  individual  heat  
and radiat ion regimes alone would not  cause 
a high percentage  of  cures, so some interac-  
tion between the modalities must occur. In  
contrast ,  hype r the rmia  and i r radiat ion do not 
appear  to be synergistic in their effects on 
lysosomes as measured by these cytochemical  
techniques. Lysosomal act ivat ion m ay  not 
therefore be a p r imary  event  in tumour  re- 
gression which results from combina t ion  the- 
rapy.  Nevertheless lysosomes are p robab ly  
very impor tan t  in the hyper the rmic  response 
and must be involved in all types of  t umour  
cell destruction,  which involves autolysis, but  
as a s econdary  agent  tr iggered by some other  
biochemical  event. 

Aclmowledgement--The authors would like to thank 
the Department of Radiobiology, St. Bartholomew's 
Hospital Medical College, for assistance with a supply 
and breeding of C3H tumour bearing mice. 

REFERENCES 

1. E . W .  GERNER, W. G. CONNOR, M. L. M. BOONE, J. D. Doss, E. G. MAYER 
and R. C. MILLER, The potential of localised heating as an adjunct to 
radiation therapy. Radiology 116, 433 (1975). 

2. I. HAR-KEDAR and N. M. BLEEHEN, Experimental and clinical aspects of 
hyperthermia applied to the treatment of cancer with special reference to the 
role of ultrasound and microwave heating. Advanc. Radiat. Biol 6, 229 (1976). 

3. J. T. LEITH, R. C. MILLER, E. W. GERNER and M. L. M. BOONE, 
Hyperthermic potentiation--biological aspects and applications to radiation 
therapy. Cancer (Philad.) 39, 766 (1977). 

4. B.C. GIOVANELLA, A. C. MORGAN and J. S. STEHLIN, Selective lethal effect of 
supranormal temperatures on mouse sarcoma cells. Cancer Res. 33, 2568 (1973). 

5. K. R. KASE and G. M. HAHN, Differential heat response of normal and 
transformed human cells in tissue culture. Nature (Lond.)255, 228 (1975). 

6. K . R .  KASE and G. M. HAHN, Comparison of some response to hyperthermia 
by normal human diploid cells and neoplastic cells of the same origin. Europ. 
J. Cancer 12, 481 (1976). 

7. K. OVERGAARD and J. OVERGAARD, Investigations on the possibility of a 
thermic tumour therapy. I. Short wave treatment of a transplanted isologous 
mouse mammary carcinoma. Europ. J. Cancer 8, 65 (1972). 

8. J. MENDECKI, E. FRIENDENTHAL and C. BOTSTEIN, Effects of microwave- 
induced local hyperthermia on a mammary adenocarcinoma in C3H mice. 
Cancer Res. 36, 2113 (1976). 

9. J. A. DICKSON, The effects of hyperthermia on animal tumour systems. Rec. 
Result Cancer Res. 59, 43 (1977). 



250 G. M.  Barratt and E. D. Wills 

i0. R. CAVALIERE, E. C. CIOCATTO, B. C. GIOVANELLA, C. HEIDELBERGER, R. O. 
JOHNSON, M. MARGOTTINI, B. MONDOVI, G. MORICCA and A. ROSsI-FANELI.I, 
Selective heat sensitivity of cancer cells. Cancer (Philad.) 20, 1351 (1970). 

l l. J. S. STEHLIN, JR., B. C. GIOVANELLA, P. D. IPOLYI, L. R. MUENZ and R. F. 
ANDERSON, Results of hyperthermic perfusion for melanoma of the extremities. 
Surg. Gynaec. Obstet. 140, 338 (1975). 

12. R . Y .  PETTIGREW, J. M. GALT, C. M. LUDGATE and A. N. SMITH, Clinical 
effects of whole-body hyperthermia in advanced malignancy. Brit. reed. J .  4, 679 
(1974). 

13. G. CRILE, JR., The effects of heat and radiation on cancers implanted in the 
feet of mice. Cancer Res. 23, 372 (1963). 

14.. K. OVERGAARD and J.  OVERC, AARD, Investigations on the possibility of a 
thermic tumour therapy. II.  Action of a combined heat-roentgen treatment on 
a transplanted mouse mammary  carcinoma. Europ. J.  Cancer 8, 573 (1972). 

15. K. OVERCAARD and J. OVERGAARD, Radiation sensitising effect of heat. Acta 
radiol. Ther. 13, 501 (1974). 

16. D. E. THRALL, E. L. GILLETTE and W. C. DEWEY, The effect of heat and 
ionising radiation on normal and neoplastic tissues of C3H mice. Radiat. Res. 
63, 363 (1975). 

17. E .W.  HAHN, A. A. ALFIERI and J. H. KIM, Increased cures using fractionated 
exposures of X-rays and hyperthermia in the local treatment of the Ridgway 
osteogenic sarcoma in mice. Radiology 113, 199 (1974). 

18. C. DEDuvE and R. WATTIAUX, Functions of lysosomes. Ann. Rev. Physiol. 28, 
435 (1966). 

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

20. A. A. AMMAN and E. D. WILLS, Studies on lysosomes after irradiation. II. 
Lysosomal membrane permeability and acid phosphatase activity of lymphoid 
and other tissues after whole body irradiation. Radiat. Res. 57, 416 (1974). 

21. C. CLARKE and E. D. WILLS, Lysosomal enzyme activation in irradiated 
mammary  tumours. Radiat. Res. 67, 435 (1976). 

22. J. E. PARIS and D. BRANDES, The effect of X-rays on the functional status of 
lysosomal enzymes of mouse mammary  glands. Cancer Res. 31, 392 (1971). 

23. J. OVERGAARD, Ultra-structure of a murine mammary  carcinoma exposed to 
hyperthermia in vivo. Cancer Res. 36, 983 (1976). 

24. K. OVEROAARD and J.  OVERGAARD, Histological and histochemical reactions 
in a mouse mammary  carcinoma tollowing exposure to coml)ined heat- 
roentgen irradiation. Acta radiol. Ther. 14, 164 (1975). 

25. J. CHAYEN, L. BITENSKY, R. G. BUTCHER and L. W. POULTER, A Guide to Practical 
Histochemist¢~. pp. 5 and 157. Oliver and Boyd Ltd, Edinburgh. (1969). 

26. C. CLARKE and E. D. WII,I.S, The activation of lymphoid tissue lysosonIal 
enzymes by steroid hormones. J. Steroid Biochem. 9, 135 (1978). 


