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SUMMARY

Over 2000 allogeneic solid Yoshida tumors of rats were
studied to examine the predictive value of in vitro testing for
tumor sensitivity to drugs and hyperthermia. In vitro, the
alkylating agent methylenedimethanesulfonate (MDMS)
caused a concentration-dependent inhibition of respiration,
anaerobic glycolysis, and radioactive thymidine, uridine,
and leucine uptake into cultures of the tumor over 24 hr.
Hyperthermia (42Â°)had a progressive inhibitory effect on

these parameters over 1 to 4 hr. MDMS potentiated the
effect of 42Â°temperature on the tumor in vitro. Tumor

regression correlated with as little as 25 to 30% inhibition of
respiration by the drug in vitro; inhibition of respiration also
provided a reliable and rapid index of in vivo response to
hyperthermia.

In vivo, exposure to 42Â°for 1 hr led to disappearance of
1.5-ml foot tumors within 12 to 14 days, and MDMS (2.5
mg/kg) caused significantly more rapid tumor regression
within 8 to 10days. MDMS potentiated the effect of heat on
tumor regression. Biochemical and histological data showed
that in the animal the two therapies had different modes of
action not predicted by the in vitro system. Following
MDMS, there was tumor cell pyknosis, fibroblast infiltra
tion, and a rapid decrease in tumor volume, accompanied
by progressive decrease in respiration, glycolysis, and
isotope uptake in the regressing tumor. Hyperthermia
resulted in less rapid cell death, slower removal of dying
cells, and more gradual replacement of tumor architecture
by connective tissue. This was associated with a more
protracted decrease in isotope uptake and an inhibition of
respiration; glycolysis was depressed only temporarily.
Other cytotoxic drugs (except alkylating agents) were
ineffective, both in vitro and in vivo.

The results indicate that in vitro testing can be of
predictive value for assessing the response of a tumor in the
host to drug or heat therapy.

INTRODUCTION

The destructive effects of elevated temperature (40Â°and

above) on cancer cells were first documented in 1866 (2),
before the advent of radiotherapy or chemotherapy. In
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1927, Westermark (30) reported that the respiration and
glycolysis of the Flexner-Jobling carcinoma and the Jensen
sarcoma in rats were more sensitive to hyperthermia than
the same parameters were in liver and spleen. The possibil
ity of exploiting this finding as a metabolic Achilles heel for
tumor therapy was not fully realized until recently, in spite
of considerable work over the years on the effects of
elevated temperature on cancer cells (see Refs. 3 and 29 for
a comprehensive bibliography). In 1967, Cavaliere et al. (3)
demonstrated that the inhibition of respiration in Novikoff
hepatoma and Ehrlich ascites carcinoma cells at 42Â°was

irreversible; there was little difference in respiration of
normal and regenerating liver cells at 38Â°and 42Â°.These

workers also treated 22 patients with cancers of the limbs by
regional perfusion with prewarmed blood to maintain the
tumor temperature in the region of 42Â°for 7 to 8 hr; 15

patients had histologically confirmed regression of their
tumors. In further work, it was found that heat selectively
and irreversibly damaged the respiration of Morris 5123
hepatoma cells (17) and also inhibited uptake of labeled
precursors into DNA, RNA, and protein in the Novikoff
and Morris cells (15).

A beneficial synergistic action of elevated temperature
and cytotoxic drugs (usually alkylating agents) on solid
transplantable animal tumors has been reported by several
workers (see Ref. 28). More recently, Giovanella et al. (IO)
found that, in an in vitro-in vivo L1210 mouse leukemia
system, hyperthermia in combination with L-erythro-a,ÃŸ-
dihydroxybutyraldehyde was 100-fold more effective than
each treatment applied separately. In the clinic also,
elevated temperature has augmented the effect of PAM3
administered by regional perfusion to melanomas and
sarcomas of the limbs (26).

We are investigating the predictive value of in vitro test
systems for assessing the response of human solid tumors to
cytotoxic drugs and hyperthermia. In the present work, we
report our findings with the solid Yoshida tumor in the rat
used as a model animal system to study the relationship
between in vitro effects of alkylating agents and heat and the
response of the established tumor in the host.

MATERIALS AND METHODS

The Yoshida tumor arose 30 years ago in an albino rat
fed o-aminoazotoluol, followed by painting of the skin with

3The abbreviations used are: PAM, L-phenylalanine mustard; KRBP,
Krebs-Ringer-bicarbonate-phosphate; MDMS, methylenedimethanesul
fonate; CP, cyclophosphamide; DNAP, DNA phosphorus; TT,
N,N', /V'-triethylenethiophosphoramide.
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potassium arsenite. Although originally described and des
ignated as "a round cell sarcoma which in areas resembled a
reticulum cell sarcoma" (31), the tumor had a multifocal

origin in the genital omentum, pelvic peritoneum, and liver;
the primary site of origin and histological classification have
never been clearly established. Consequently, the current
form of the neoplasm has been defined as an undifferen-
tiated tumor by the Armed Forces Institute of Pathology
(27).

The Yoshida tumor was maintained by periodic transfer
of 0.1 ml (100 mg) tumor homogenate by trocar into the leg
muscle of outbred Wistar rats of both sexes. The animals
weighed 200 to 250 g and were fed an ad libitum diet.

For the present work, the Yoshida tumor (100 mg) was
transplanted into the dorsum of I hind foot of the rats. In
this location, the tumor grew as a well-defined mass, the
volume of which was best approximated by the formula for
an oblate sphere (% it a2b, where a and b are one-half the

major and minor axes, respectively). Volume was calculated
from caliper measurements in the anteroposterior, lateral,
and vertical planes, allowance being made for the thickness
of the normal tissues of the animal's foot.

In Vivo Studies. For heat treatment of the tumors, the
rats were anesthetized with i.p. Nembutal, 0.1 ml per 50 g
body weight of a 1:5 dilution of Nembutal veterinary, 60
mg pentobarbitone sodium per ml (Abbott Laboratories,
Queenborough, Kent, England). The temperature-monitor
ing probes were placed in position, and hyperthermia was
applied by water bath immersion. Temperature was mea
sured at 10-min intervals by means of a multiprobe,
12-channel direct reading electric thermometer (Model
3GID, Light Laboratories, Brighton, England) with a scale
range of 36-46Â°.The instrument has a fast response time of
4 sec, records temperature with an accuracy of Â±0.05Â°,and
is unaffected by ambient temperature changes. For intratu-
mor and intraabdominal temperature measurement, the
thermistor probes used were 5-cm-long needle type IH 0.8
mm in diameter, recording temperature change only at the
needle tip; polythene-covered type IMR for rectal measure
ment; and immersion type IRM for insertion into the bath.
For intratumor recording, the needle was inserted approxi
mately 1.0 cm into the tumor along the line of the limb
which acted as a splint, and the probe was immobilized by a
nonrestricting tape bandage round the leg. Central body or
"core" temperature was monitored by the intraabdominal

needle introduced to a depth of 2.5 cm below the liver in a
right paramedian position and by the rectal probe inserted 3
cm beyond the anus. Taping the rectal probe to the base of
the tail prevented dislodgement of the sensor during heating.

The heating bath consisted of a Perspex tank (33 x 33 x 15
cm) containing 10 liters water heated by a Circotherm II
Constant Temperature Unit with a 700-watt coil heater and
circulating pump with an output of 12 liters/min (Shandon
Scientific Co. Ltd., London, England). At an ambient
temperature of 25Â°,this unit maintained the bath tempera
ture constant to Â±0.05Â°.

The rat was placed on a Perspex platform resting over the
bath, and the tumor-bearing limb or foot was inserted into
the water through a 10-cm-diameter padded opening; the

foot was supported in the bath at a depth that permitted
complete submersion of the tumor. During and immediately
following heat therapy, each rat was given 1 ml 4%
dextrose:0.18% NaCl solution i.p. to replace fluid loss. The
solution was warmed to approximately 41.5Â°for rats with
leg tumors and to 40Â°for rats with foot tumors to cause

minimal temperature disturbance in the heated animals (see
Chart 5). The animal was then wrapped in a blanket and
placed under an infrared heater for 10 to 15 min; this helped
to control the return of body temperature to normal without
an overswing to subnormal temperature, which can occur
rapidly in rats following hyperthermia.

In Vitro Studies. For culture or manometry, the tumor
was removed from the animal under sterile conditions,
placed on ice, cut into pieces, and washed with Rinaldini
saline (24) containing penicillin (100 units/ml), strep
tomycin (100 jig/ml), and Mycostatin (100 units/ml).
Tumor material was then cut into thin fragments (less than
1 cu mm) with cataract knives and kept at 4Â°until required.

For culture, approximately 100 mg tissue were placed in 3
ml Waymouth medium MB 752/1. supplemented with 10%
pooled human AB serum, in 5-cm diameter plastic Petri
dishes (Esco Grade A; Esco Rubber Ltd., London, Eng
land), and placed in a CO2 incubator at 38Â°or 42Â°.

Incubator temperature was continuously monitored by a
type 1AG air-gas probe and a Light electric thermometer.
In hyperthermia experiments, the time of heating the
cultures was determined by a needle sensor (type IH) placed
in the medium of one of the cultures.

WarburgManometry. Classic Warburg manometry using
50- to 200-mg tumor slices was used in the metabolic
studies. Respiration was studied in a Krebs-Ringer phos
phate buffer, pH 7.4, containing sodium succinate (0.013 M),
with 0.2 ml 10% KOH in the center well and air as the gas
phase. Anaerobic glycolysis was measured in a KRBP
solution (17), pH 7.4, containing glucose (2 g/liter) and a
gas phase of 95% N2:5% CO2 (initial O2 content of mixture
less than 20 ppm, Air Products Ltd., Gateshead, England).
The KRBP maintained a more stable pH over the incuba
tion period than did the traditional Krebs-Ringer bicarbon
ate buffer. Except where otherwise stated, the incubation
temperature was 38Â°(the measured average body tempera

ture of the rats), and all observations were carried out in
duplicate flasks. Results were expressed as Â¿ilO2 consumed
(respiration), or n\ CO2 produced (anaerobic glycolysis),
per 10 mg tumor, dry weight, per hr.

Drug Concentrations. In vivo MDMS was given as a
single dose of 2.5 mg i.p. on Day 9 after tumor inoculation.
This dose leads to a cure rate of approximately 90% in rats
bearing 8-day-old s.c. flank tumors with a volume of 20 to
30 ml (8). The other drugs were also given on Day 9 as a
single i.p. injection; the dose used (Table 1) was that
reported to cause regression of various solid tumors in rats
and mice when administered daily over 10 to 15days (13).

in vitro the medium concentration for each drug was
correlated with the single therapeutic dose on the basis of
animal body weight and blood volume, as recommended by
Limburg and Heckmann (14) for in vitro drug sensitivity
testing of human tumors. For the calculation, a rat body
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Table 1
Equivalent in vivo and in vitro concentrations ofcytotoxic drugs

The in vitro drug concentration was calculated from the single in
vivo dosage on the basis of a standard rat weight of 250 g and blood
volume of 12 ml. It was assumed that the drug was uniformly
distributed in the plasma only and that the hematocrit was 45 %. For
MDMS, therefore, the equivalent in vitro concentration is:

(2500/4) x (1/12) x (100/55) = 100 jig/ml

MDMSTTPAM5-FluorouracilCPActinomycin

DVinblastineIn

vivo(mg/kg)2.51.01.025.07.00.11.0Invitro(fig/ml)10040401000280440

weight of 250 g was used with a blood volume of 12 ml [4.5%
of the body weight (25)], and it was assumed that the drug
was distributed in the plasma only (Table 1). Each drug was
present in the medium throughout the 24-hr culture period.
Before addition to the medium, CP was activated under
standardized conditions by incubating the drug with slices of
rat liver for 20 min (14). All drugs were prepared fresh in
aqueous solution just before use and added to the culture
medium in 0.1 ml.

Radioactivity Measurements. Thymidine-2-14C (>50
mCi/mmole), uridine-2-14C (>50 mCi/mmole), and uni
formly labeled L-leucine-14C (344 mCi/mmole) were ob

tained from the Radiochemical Centre, Amersham, Eng
land, and were added to the culture medium at an initial
concentration of 0.2 /uCi/ml. At the end of the culture
period, the tissue was treated by a modified Schneider
procedure (11). After preliminary removal of the acid-solu
ble fraction and lipids, the nucleic acids were extracted with
1.0 N perchloric acid at 70Â°,and incorporation of thymi-
dine-14C or uridine-14C was measured by counting this

extract. The protein pellet was dissolved in 1.0 N NaOH and
counted for leucine-14C activity. For radioactive counting,
the toluene:Triton X-100 scintillation mixture of Patterson
and Greene (23) was used. The tissue extracts were neutral
ized with 5 N NaOH or 5 N trichloroacetic acid before
addition to the counting fluid, and an internal standard of
methanol-14C was used to correct for quenching. Activity in

the samples was expressed as cpm//ug DNAP, which was
determined by the method of Burton (1).

RESULTS

In Chart 1 are compared the O2 uptake and CO2
production values for slices of Yoshida sarcoma upon
removal from the rat and after 24 hr in culture at 38Â°.Gas

exchange was approximately linear over 4 hr in Warburg
flasks, and there was no significant alteration in respiration
or glycolysis of the cultured tumor. When the cultured
tumor was inoculated into the feet of rats, the resultant
tumors had a growth curve similar to that obtained with
fresh tissue, except that there was a 2-day delay before entry
into exponential growth (Chart 6/1).
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Chart 1. Oxygen uptake and anaerobic CO2 production of fresh and
24-hr cultured slices of Yoshida sarcoma (50 to 200 mg) with time in
Warburg manometers at 38Â°.For respiration, the buffer was Krebs-Ringer

phosphate, pH 7.4, and contained 0.013 Msodium succinate; for anaerobic
glycolysis a KRBP buffer, pH 7.4, supplemented with glucose (2 g/liter)
was used. Each poinl is the mean Â±S.D. for the number of tumors
indicated by the figures in parentheses. All observations were carried out in
duplicate flasks.

Chart 2 depicts the response of tumor metabolism to
different concentrations of MDMS, the drug being present
in the medium throughout the 24-hr culture period. Follow
ing culture, the decrease in O2 uptake and CO2 production
at each drug concentration was calculated against the
control values for that tumor and expressed as a percentage
inhibition. In each experiment, the percentage inhibition at
each hr in Warburg manometers was calculated, and an
average value was obtained over 4 hr. Glycolysis was more
susceptible to the drug than respiration; as the concentra
tion of MDMS increased above 20 /ig/ml, the percentage
inhibition of CO2 production was proportional to the log of
the drug concentration, reaching over 80% at 500 Â¿Â¿gdrug
per ml medium (Chart 2A). A less marked but similar
inhibition of O2 uptake occurred at MDMS concentrations
in excess of 60 Mg/ml, and at 500 jig drug per ml medium it
was approximately 80%. Chart 2B illustrates that there was
a similar progressive decrease in isotope uptake into the
cultures with increasing drug concentration until, at 500 jug
MDMS per ml medium, inhibition of uptake was almost
complete.

Following culture in the presence of MDMS, tumor was
inoculated into the foot or hind leg of rats. Twenty rats were
inoculated at each site with the tumor subjected for 24 hr to
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presence of TT (40 /ig/ml), inhibition of glycolysis and of
respiration (25 and 30%, respectively) occurred, and no
takes occurred on injection of the cultured Yoshida sarcoma
into 24 rats. Concentrations of 20 and 4 Mg/ml had no effect
i/i vitro on the parameters examined or on tumor
transplantability.

The effects of other cytotoxic drugs (5-fluorouracil, CP,
actinomycin D, and vinblastine, at concentrations given in
Table 1), singly and in various combinations, were exam
ined on cultures of the Yoshida tumor over 24 hr. In no case
was there a significant effect on tumor respiration or
glycolysis compared to control untreated tissue. On inocula
tion of the drug-treated tissue into rats (total number, 144),
100% tumor takes were obtained, and tumor growth rate
was comparable to that of the cultured control tumor.

The sensitivity of Yoshida tumor cells to increased
temperature was assessed in Warburg flasks as indicated in
Chart 3. Both O2 uptake and CO2 production increased with
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Chart 2. A, inhibition of respiration and anaerobic glycolysis in Yoshida
sarcoma slices at 38Â°following 24-hr culture in the presence of different

concentrations (Concn.) of MDMS. Following culture, the tissue was
washed in Rinaldini saline at 38Â°before transference to the manometers.

The incubation buffers were as for Chart 1. B, inhibition of radioactive
thymidine, inuline, and leucine uptake into Yoshida slices over 24 hr in
culture medium containing different concentrations of MDMS. The
isotopes were present at an initial activity of 0.2 Â¿iCi/mlmedium, and the
mean activities per /ig DNAP present in the control samples at the end of
24 hr were: thymidine, 59.3 x IO3cpm; uridine, 6.5 x IO3cpm; and leu-
cine, 23.0 x 10s cpm. U, uniformly labeled.

each of the 11 drug concentrations tested. All animals that
received tumor exposed to 2 ^g drug per ml developed
tumors. No tumors occurred in the other 400 rats observed
over a 6-month period after inoculation.

When cultures of Yoshida sarcoma were exposed to PAM
for 24 hr (40 Â¿tg/ml),there was 85% inhibition of glycolysis
and 67% inhibition of respiration measured over 4 hr in
Warburg flasks. There were no tumor takes when the
treated tissue was inoculated into rats (20 animals) after
culture. At 20 Mg/ml, glycolysis was inhibited by 54%,
respiration was inhibited by 42%, and there were no takes
when the cultured tumor was inoculated into rats. A
concentration of 4 Mg/ml had no effect on respiration,
glycolysis, or transplantability of the tissue. Similarly, in the
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Chart 3. O2 consumption ( ) and anaerobic CO3 production ( )

of Yoshida sarcoma slices (50 to 200 mg) over 6 hr in Warburg manometers
at temperatures above 38Â°.The incubation buffers were as for Chart 1. At

the end of 6 hr, the pH in the respiration flasks was approximately 7.3, and
the pH in the glycolysis flasks was approximately 7.1. All manometric
observations were performed in duplicate flasks. Each point is the mean
value from at least 4 different experiments, and the S.D's were 15 to 20% at

all time points.
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increasing temperature up to 40Â°. At 41Â°respiration and
glycolysis were similar to that in control (38Â°)cells. Above
41Â°there was inhibition of respiration and glycolysis, and
the inhibition was irreversible after 5 hr at 41.5Â°and 4 hr at
42Â°,as indicated by cessation of gas exchange and failure to

respire or glycolyze after transfer of the heated tumor to
fresh incubation medium at 38Â°. These findings support

earlier data that, for practical purposes, the lower end of the
thermal death range for cancer cells begins at 41 42Â°(3, 5,
6). On the basis of these results, 42Â° was selected for

hyperthermia studies on the Yoshida tumor.
The response of Yoshida cultures to combination hyper

thermia and MDMS (40 Mg/ml) is shown in Chart 4. The

drug was present over the 24-hr period, and the cultures
were incubated for 1 to 4 hr at 42Â°from the 20th hr onward;

manometry was then performed. With increasing time in
culture at 42Â°alone, there was a progressive decrease in

both O2 uptake and CO2 production measured over 6 hr,
and glycolysis was more affected than respiration; after even
1 hr at 42Â°,the tumor did not take on transplantation into

rats. Inhibition of the biochemical parameters was greater
in the presence of MDMS, and again glycolysis was more
sensitive to the drug than respiration (see Chart 2A). The
drug potentiated the effect of heat applied for 2 hr or more
in culture, and CO2 production ceased after 2 to 3 hr (Chart
4Ã„); a similar inhibition of O2 uptake occurred only when

RESPIRATION GLYCOLYSIS

Control
Alter 1hr in culture at 42Â°
After 2hr in culture at 42'
After 3hr in culture at 42"
After 4hr in culture at 42"

MDMS (40M9'ml)

MDMS plus 42
as above

3456

Hours

lOOr-

90 -

p.oQif}C0Ãœ5iC8O7O-;25x*"
xxXyÃÂ£_J

MDMSo
only

A Thymidina-2- C
â€¢¿�UndinÂ«-2-14C

O Laucine.u-14C

"01 234
Hours in culture at 42Â°

Chart 4. The effect of combined MDMS and hyperthermia on the respiration, anaerobic glycolysis, and radioactive isotope uptake of Yoshida sarcoma
slices in culture. After 20 hr in vitro at 38Â°in the presence of MDMS, the cultures were heated at 42Â°for I to 4 hr. Immediately following hyperthermia,

the tissue was washed in warm Rinaldini saline and transferred to Warburg manometers; Oz consumption (A) or CO2 production (B) was measured over 6
hr at 38Â°. , cultures subjected to heat only; , heated cultures with MDMS present in the medium throughout the culture period at 40^g/ml. Each
point is the mean from 4 different experiments, and theS.D'sdid not exceed Â±15%of the means. For isotope uptake studies (C), the cultures were washed
and transferred to fresh medium at 38Â°for 6 hr, and uptake of each isotope was measured in 3 to 6 cultures for each time interval. Each experiment was
repeated 3 times, and each value on the chart is the mean of the 4 experiments. The S.D's did not exceed Â±16%of the means. Initial activity in the medium
was 0.2 jiCi/ml, and the mean uptake/^g DNAP by the control untreated cultures after 6 hr was: thymidine, 17.2 x 10'cpm; uridine, 2.0 x I0acpm;and
leucine, 6.6 x 10scpm. U, uniformly labeled.
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MDMS was combined with 4-hr heating of the cultures
(Chart 4/1). After 1 to 4 hr of heat in the presence of
MDMS, uptake of radioactive thymidine, uridine, and
leucine into the cultures over 6 hr at 38Â°was measured. The
results are illustrated in Chart 4C'. As with respiration and

glycolysis, heat had a progressive inhibitory effect on
isotope incorporation into the tumor; the effect was in
creased by MDMS, isotope uptake being negligible in the
cultures following combination treatment.

Charts 5 through 7 detail the response of the Yoshida
tumor in vivo to MDMS and hyperthermia. In the leg, from
an inoculum of 100 mg homogenate into the muscle, the
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Chart 5. Temperature and respiration (Respns) profiles during hyper
thermia for a rat with a Yoshida tumor implanted in the muscles of the left
hind leg (A and B) and for a rat with a tumor implanted on the dorsum of
the left foot (C and D). The tumors were treated by water bath immersion
of the affected limb at 8 days after Yoshida inoculation for the leg tumor
(tumor volume, 10.3 ml) and on the 9th day after tumor inoculation for the
foot tumor (tumor volume, 1.5 ml). All temperatures were measured by
thermistors incorporated into probes (rectum, bath) or by thermistor
needle electrodes (intratumor, intraabdominal).

tumor became palpable by 6 days, and the rats died at
approximately 26 days after inoculation, with a tumor
about 100 ml in volume. When tumors were heated by water
bath immersion of the limb 8 to 10 days after inoculation
(tumor volume, 10 to 25 ml), the majority of the animals
died during or shortly after hyperthermia. As indicated in
Chart 5, it was not possible to achieve differential heating of
the tumor. The maintenance of an intratumor temperature
of 42Â°for 1 hr was accompanied by a progressive elevation
of body temperature to the region of 42Â°.Insertion of the
tumor-bearing limb at an initial bath temperature of 37Â°

with progressive elevation over varying lengths of time to
42Â°,or precooling the rat to 34Â°before limb insertion, also

failed to prevent the rise in body temperature. This rise was
related to the body mass immersed in the bath in relation to
the small blood volume of the rat; when both hindquarters
were immersed, the rectal and intraabdominal temperatures
rose more rapidly than when only the tumor-bearing limb
was immersed. When the Yoshida was implanted on the
dorsum of the hind foot, an intratumor temperature of 42Â°

could be maintained for up to 2 hr by water bath immersion,
with less severe physiological disturbance to the animal, as
indicated by the smaller increase in body temperature and in
respiration rate (Chart 5). The foot tumor achieved a
temperature of 42Â°within 2 to 3 min of immersion at a
water bath temperature of 42.7Â°,and the bath could usually
be reduced to 42.5Â°to maintain the temperature in the
region of 42Â°in 4 tumors being heated simultaneously. At
the same time, a differential of 12Â° between tumor

temperature and body temperature was retained (Chart 5).
In Chart 6, the results of hyperthermia and of MDMS are

compared in terms of the effect on tumor volume. From an
initial implant of 100 mg tumor homogenate into the
dorsum of the foot, the Yoshida sarcoma increased in
volume exponentially from the 5th to the 10th day after
inoculation (Chart 6/4). Thereafter, volume increased at a

5-Or

-v DRUG

1-0-

18 22 "TI
13 15 17 19

Days after tumor inoculation

Chart 6. Effect of therapy on the Yoshida sarcoma established on the
feet of rats. A: , growth curve of the tumor; , equivalent curve for
tumor material cultured for 24 hr at 38Â°before inoculation into the dorsum

of the foot. The volumes were obtained from caliper measurements on 230
tumors (animals) for the fresh tumor inoculations andÃ³n36 tumors for the
cultured material (S.D's for both series were Â±10to 22% of the means).

Therapy was applied on the 9th day after tumor inoculation as heat
(intratumor temperature, 42Â°for I hr), drug (MDMS, 2.5 mg/kg), or drug

followed 20 hr later by heat. B, regression lines fitted to the subsequent
tumor volume measurements from the 11th day following tumor implanta
tion.
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slower rate, in keeping with the "tail" portion of the

Gompertz growth function for solid tumors (12). Following
exponential growth, the tumor involved the overlying skin,
and the dorsum of the foot became a dark and indurated
mass; the rats were therefore usually sacrificed by 20 days.
Untreated, the tumors spread via the lymph nodes into the
leg muscle, abdomen, and thorax, killing the animals in
approximately 45 days. Treatment was applied at 9 days,
when tumor volume was 1.0 to 1.5 ml and there was no
necrosis on macroscopic examination; at this time, second
ary tumor was often present in the inguinal lymph nodes and
in the iliac lymph node in the pelvis. For combination
therapy. MDMS was given on Day 9 and the tumor was
heated 20 hr later. A single injection of MDMS, 2.5 mg/kg,
cured 100%of the foot tumors, with an inhibition index (8),

Inhibition index = 1 - (Wt. treated tumor)/(wt. control
tumor) x 100

of 76% on Day 15 after inoculation. Below 2.5 mg/kg, the
drug was less effective; 2.0 mg/kg cured only 40% of the
animals, and lower dosages did not cause tumor regression.
A dosage schedule of 2.5 mg/kg given i.p. on Day 9 was
used throughout the present work. In Chart 65, regression
lines have been fitted to the tumor volume measurements
following therapy. Downward trends in tumor size started
on the 11th day for drug and heat plus drug and on the 12th
day for heat alone. Regression coefficients were calculated
for every experiment, i.e., 20 for heat, 12 for drug, and 10
for heat and drug. The mean regression coefficients for the
3 treatments are given in Table 2.

There was more variability in the slopes calculated for the
experiments using the drug than for the experiments using
heat, or heat and drug together, but it was not statistically
significant. Comparison of the mean slopes is given in Table
3.

The reduction in tumor size was significantly more rapid
for drug compared with that for heat (p < 0.001). When
heat and drug were combined, it appeared that the effect of
heat was to slow down the reduction in tumor size; the
comparison between the drug slope and the combined heat
and drug slope (-0.0889) was significant at the 1% level.
Heat and drug together produced a significantly faster
reduction than did heat alone (-0.0848) at the 0.1% level.

Chart 7 presents metabolic profiles for the Yoshida
sarcoma following treatment. In tumor material examined
immediately after hyperthermia, O2 uptake and CO2 pro
duction were reduced by approximately 50% (Chart 1A).
Subsequently, respiration remained reduced, but anaerobic
glycolysis recovered to control values by 3 days after
treatment. In tissue removed 1 hr after MDMS administra
tion, respiration and glycolysis were unaltered; when the

Table 2

Table 3

No. of
experimentsSlopeDrug

Heat(l hr)
Heat (1 hr) and drug12

-0.4019 Â±0.0669Â°
20 -0.2282 Â±0.0507
10 -0.3130Â±0.0438"

Mean Â±S.D.

JUNE 1974

Drug minusheatDrug
minus heatanddrugHeat

and drugminusheatDifferencebetweenmeans-0.1737-0.0889-0.0848S.E.

ofdifference0.02090.02470.0188d.f.302028P<0.001<0.01<0.001

drug was given at the beginning of the heating period, O2
uptake and CO2 production immediately after hyperthermia
were similar to that after heat alone (Chart 1A). By 24 hr
after injection of MDMS, a small depression of O2 uptake
and CO2 production was present (Chart IB); this became
greater with time, and by 6 days after the drug, respiration
was inhibited by 50% and glycolysis was inhibited by 60%
(Chart 7, C and D). When heat and MDMS were combined,
there was a greater inhibition of respiration at all time
points than with either treatment applied individually. The
inhibitory effects of the 2 agents on glycolysis were additive
at the 24-hr point, but subsequently, as CO2 production
recovered after hyperthermia, the inhibitory effect of the
combination and of MDMS alone were comparable. Chart
IE indicates the capacity of the treated tumors for isotope
uptake. There was a 60 to 70% inhibition of thymidine,
uridine, and leucine uptake 24 hr after MDMS, and this
increased to the region of 90% by 6 days after therapy.
Inhibition of isotope uptake was also progressive but less
marked following hyperthermia, the depression ranging
from 30 to 40% immediately after heating to 70 to 90% at 9
days after. Combination drug and heat led to 90 to 100%
suppression of isotope uptake from Day 1 onwards.

Fig. 1 illustrates the histology of the tumors at 6 days
after treatment when the difference in regression rates was
marked. Following heating, the tumor architecture was
substantially retained, although histologically the individual
cells looked necrotic (Fig. \B). In the Yoshida sarcoma
treated by MDMS, a considerable proportion of the tumor
architecture was replaced by fibrous tissue (Fig. 1C), a stage
that was not achieved in the heated tumor until 8 to 9 days
after treatment. In the tumors regressing after combined
MDMS and hyperthermia, the histological changes were
similar to those observed after MDMS alone. Ultimately,
all treated tumors were replaced by dense fibrous tissue
(Fig. 1Z>), which disappeared within 3 to 4 weeks after
treatment, leaving the animal with an unscarred foot. The
treated rats subsequently had a normal life-span (observed
over 18 months).

Regressing tumors removed from the rats at 6 days after
the different treatments failed to take on further transplan
tation into the legs or feet of rats (10 tumors were treated by
each method and 100 mg were inoculated into rats 6 days
later).

The in vivo response of the Yoshida sarcoma to the other
cytotoxic drugs tested in vitro (TT, PAM, 5-fiuorouracil,
CP, actinomycin D, vinblastine) was examined by injecting
each drug into 18 tumor-bearing animals. After a single
dose of TT (1 mg/kg i.p.) or PAM (1 or 0.5 mg/kg i.p.)

1269

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392593/cr0340061263.pdf by guest on 19 M

ay 2023



J. A. Dickson and M. Suzangar

IMMEDIATELY AFTER IN VIVO THERAPY 24 HOURS AFTER IN VIVO THERAPY

_ â€¢¿�Â«>â€¢Control
â€¢¿�Heat (42Â°for thr) on day 9

i MDMS(2.5mg/kg)on day 9
- a MDMS on day 9 plus18O Respiration

6 DAYS AFTER IN VIVO THERAPY3 DAYS AFTER IN VIVO THERAPY

4 Thymidine-2.14c
â€¢¿�Undine-2-MC
O LaucinÂ«.u-14C .

I |

Ihr 1 3 6 9
Days after in vivo therapy
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given on Day 9, all tumors regressed in a further 10 to 15
days. The other drugs had no effect on the tumor in vivo.

DISCUSSION

A single injection of 2.5 mg MDM S per kg led to a
regression rate of 100% in the case of the foot tumors, and
the inhibition index of 76% 6 days after treatment compares
favorably with that of Fox (8) (87%) for s.c. flank tumors at
this time. The equivalent drug concentration in vitro (100
Mg/ml) caused 25% inhibition of O2 uptake and 45 to 50%
inhibition of CO2 production and isotope uptake (Chart 2).
Although lower MDMS concentrations in vitro had an
inhibitory effect on these parameters, an inhibition of less
than about 25% in respiration was inadequate to predict
consistent drug effectiveness at the equivalent concentration
(less than 2.5 mg/kg) in vivo. Similarly, with PAM and TT,
the drug dosage causing tumor regression correlated with an
equivalent in vitro concentration which resulted in a mini
mum of 30% inhibition of respiration. The failure of tumor
tissue to take on transplantation after being subjected in
vitro to MDMS concentrations of less than 100 /ig/ml is
consonant with the recognized finding (18) that it is easier
with drugs to inhibit initiation of tumor growth in vivo than
to inhibit growth of the established tumor.

The in vitro sensitivity of the Yoshida sarcoma to heat
and to MDMS was borne out in vivo, but the 2 therapies
had different modes of action not predicted by the in vitro
system. Although the drug potentiated the effect of heat in
combination therapy, (Chart 7, B to E), the regression rate
of the tumor was significantly less than when MDMS alone
was given (Chart 6B). From detailed experiments with
cultured HeLa cells, Palzer and Heidelberger (22) recently
reported that drugs that inhibited DNA and protein synthe
sis protected the cells against hyperthermic damage, while
drugs that inhibited RNA synthesis enhanced cell killing at
42Â°.With combined inhibitors of RNA and protein synthe

sis at elevated temperature, inhibition of RNA synthesis
was the predominant factor augmenting cell death (22).
Dickson and Shah (6) previously postulated that the effects
of hyperthermia may be mediated through an inhibition of
RNA synthesis. Further studies on the survival of HeLa
cells following heating have led Palzer and Heidelberger
(21) to conclude that hyperthermic cell killing is at least a
2-step process and that synthesis of DNA and protein
during or following hyperthermia may be required for the
conversion of potentially lethal damage into lethal damage.

In the present work, combined MDMS and heat in vivo had
a greater inhibitory effect on DNA, RNA, and protein
synthesis and on respiration than either individual therapy
(Chart 7, B to E). It is clear, however, that tumor regression
cannot be defined solely by changes in these biochemical
criteria since heat added to the drug retarded the decrease in
volume caused by drug alone (Chart 6fi). After MDMS, O2
consumption and CO2 production both decreased progres
sively as the tumor regressed (Chart 7, B to D); after
hyperthermia, only O2 consumption remained inhibited,
and isotope uptake decreased more slowly than after
MDMS (Chart 7, A to E). A similar "uncoupling" of

glycolysis following heating has been reported previously
for VX2 carcinoma cells (18); after 2 hr at 42Â°in vitro,

respiration was inhibited in these cells and no tumor takes
occurred on transplantation, but anaerobic glycolysis was
unaffected. Following heating, the integrated metabolism of
the cell is disturbed (6) and, although for a time anaerobic
glycolysis may generate the necessary energy for nucleic
acid and protein synthesis, further cell multiplication is not
observed.

The histological findings are in agreement with the
changes in metabolism and tumor volume after the different
treatments. Cell pyknosis, fibroblast infiltration, and rapid
decrease in volume followed MDMS injection, while hyper
thermia resulted in a slower removal of the dying cells, a
more gradual replacement of the tumor architecture by
connective tissue, and a less rapid regression rate. Results
with the VX2 carcinoma in the rabbit have indicated that,
following hyperthermia, tumor cell death and the rÃ©sorption
of necrotic material occur in a characteristic manner, which
may lead to stimulation of the host's immune system (5, 18,

19). This concept is reminiscent of the early experiments of
Foley (7), who immunized animals to methylcholanthrene-
induced tumors by ligating the tumors and allowing them to
resorb. Mondovi et al. (16) recently described an increased
antigenicity in Ehrlich ascites cells heated at 42.5Â°in vitro

for 1 to 3 hr. The uniform microscopic appearance of heated
tumor tissue with cells containing "large, dark nuclei" has

recently led Overgaard and Overgaard (20) to conclude that
the histological appearance after heat treatment is specific
and differs from the usual necrotic and necrobiotic proc
esses seen in tumor tissue. These workers found, however,
that rÃ©sorptionof tumor cells after heating was accompa
nied by very rapid new growth of connective tissue, which
was present as early as 3 days after treatment. The tumor
studied by Overgaard and Overgaard was an anaplastic

Chart 7. O2 uptake, anaerobic CO2 production, and radioactive isotope uptake of Yoshida sarcoma slices after in vivo therapy. Following therapy as
detailed in the legend to Chart 6, tumors were removed from the rats at intervals and subjected to Warburg manometry over 6 hr (A to D) or cultured for 6
hr at 38Â°in the presence of radioactive thymidine, uridine, or leucine (E), in A to Â£>,each set of values for respiration and anaerobic glycolysis is the mean

from 4 different animal experiments with each therapy and at each time interval. The control values were obtained with material from equivalent
untreated tumors at Days 9, 10, 12, and 15 after tumor inoculation. The S.D's at each point did not exceed 15%of the means. E: O, A, D, cultures of

tumor from rats treated by hyperthermia; â€¢¿�,A, â€¢¿�,tumor cultures from rats treated by MDMS; - - - -, cultures of tumors from animals treated by
combination heat and drug. Initial activity of the isotopes in the medium was 0.2 Â¿tCi/ml.and the mean uptake/^g DN AP by control cultures after 6 hr
was: thymidine, 15.8 x IO3cpm; uridine, 1.9 x IO3cpm; and leucine, 7.1 x IO3cpm. Isotope uptake did not differ significantly in cultures of untreated

tumor removed from rats at 10, 12, 15,and 18days after tumor inoculation (i.e., equivalent control tumors for the data in E). Each/Join/ is the mean from
4 different animal experiments, and at each time interval 3 to 6 cultures were studied for each isotope; the S.D's did not exceed Â±17%of the means. U,

uniformly labeled.
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mammary carcinoma that developed and was transplanted
in a highly inbred strain of mice (C3H), and mÃ©tastaseswere
rare. Immunological reactions probably play only a minor
role in the response of these small mammary tumors
(maximum volume, <0.2. ml) to heat, therefore. Studies in
this laboratory (5, 18, 19) have concerned much larger
allografts of tumors that consistently metastasize (1.5-ml
Yoshida tumors in Wistar rats, 40-ml VX2 tumors in New
Zealand White rabbits). Fox and Gregory (9) have recently
adduced evidence of a strong humoral antitumor response in
rats bearing transplanted Yoshida tumors. The tumors
rarely regress spontaneously, however, and although
MDMS is a powerful cytotoxic drug it was suggested that
complete elimination of the tumor in rats by the drug may
involve the cooperation of the immune system (9). Simi
larly, it may be that the curative effect of heat on the
Yoshida sarcoma involves modulation of the immune
response in the tumor-bearing host, especially as the tumor
has already spread to the regional lymph nodes at time of
treatment.

In previous studies with a malignant cell line from rat
breast (6) and with the rabbit VX2 carcinoma (5), irreversi
ble inhibition of respiration at 42Â°in vitro was correlated

with failure of the cells to produce tumors on transplanta
tion and with the regression of established tumors after
heating at 42Â°.Anaerobic glycolysis proved less susceptible

than respiration to the effects of hyperthermia both in vitro
and in vivo. With the Yoshida tumor, both respiration and
anaerobic glycolysis were irreversibly inhibited in vitro
(Charts 3 and 4, A and B), but the recovery of CO2
production by the heated tumor in vivo (Chart 7, A to D)
emphasizes the greater importance of respiration as a
predictive in vitro parameter. This is further substantiated
by recent findings with inadequately heated Yoshida tumors
in the leg. After heating the leg tumor (approximately 10ml
in volume) at 42Â° for 1 hr, anaerobic glycolysis was

temporarily but significantly reduced while respiration was
unaltered, and in rats that survived the hyperthermia there
was stimulation of tumor cell dissemination (4). The
findings lend additional support to the postulate of Mondovi
et al., based on in vitro studies with a different range of
cancer cells, that the damaging effect of heat on tumor cell
respiration should be regarded as a general phenomenon
(17). Almost 50 years ago, Westermark (30) investigated
respiration and anaerobic glycolysis in slices of the Flexner-
Jobling carcinoma and Jensen sarcoma heated in vitro only
to 44.5-49Â°for up to 3.5 hr. Both respiration and glycolysis

were inhibited at the elevated temperatures but, because
glycolysis was the more susceptible, Westermark concluded
that this parameter was the more important index in the
response to heat in these tumors. The need for in vivo
studies to complement and evaluate the results of Warburg
manometry on cells heated in vitro has been pointed out
elsewhere (6), and the present results with the Yoshida
sarcoma reinforce the value of this approach.
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Fig. l. A, Yoshida sarcoma 9 days after s.c. inoculation into dorsum of left foot of rat. The tumor is composed of sheets of round or polygonal cells in a
fine connective tissue stroma. The well-defined cell nucleus, with central nucleolus and radiating clumps of chromatin, is illustrated. Mitotic figures
(arrows) are numerous. H & E, x 500. B, Yoshida tumor 6 days after hyperthermia (1 hr at 42Â°).The tumor architecture is substantially retained.

Evidence of necrosis (karyorrhexis, pyknosis) is present, but many cells, although not normal in appearance, retain their morphology to some degree. H &
E, x 500. C, Yoshida tumor 6 days after MDMS (2.5 mg/kg). The nuclei are shrunken and many are pyknotic. The connective tissue stroma is more
dense, and fibroblasts are present (arrows). H & E, x 500. D, Section of regressing Yoshida tumor 12 days after hyperthermia to show organization
around a small blood vessel and well-formed connective tissue replacing tumor architecture. H & E, x 200.
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