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Interaction of Sublethal and Potentially 
Lethal 45°-Hyperthermia and Radiation 
Damage at 0, 20, 37 or 40°C*  
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Abs t rac t - -The  interaction of hyperthermia damage and radiation damage has most 
often been studied under conditions which favoured repair of sublethal damage. In the 
present study the interaction of 45°C-hyperthermia damage and radiation damage on the 
survival of Chinese hamster ovary (CHO) cells was determined at temperatures of 0- 
4 °, 20 ° and 40°C. Subphysiological temperatures inhibited to various degrees both the 
repair of sublethal radiation and sublethal 45°C-hyperthermia damage while incubation 
at 40°C apparently led to the conversion of sublethal 45°C-hyperthermia lesions to 
lethal lesions. Potentially lethal hyperthermia damage (H-PLD ) was repaired at 0 4  ° 
and 20°C; whereas the repair of potentially lethal radiation damage (X-PLD) 
occurred at 20°C, but not at 0 4  ° or 40°C. 

The interaction of 45°C-hyperthermia and radiation damage at temperatures of O-4 °, 
20 ° and 40°C represented a super-position of the separate effects of the two treatment 
modalities separately combined with incubation at 0 4 °, 20 ° or 40°C. This suggests 
that ionizing radiation and hyperthermia are affecting distinct targets and that H-PLD 
and X-PLD do not interact. 

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

MAMMALIAN cells are capable of surviving 
incubation at non-physiological temperatures 
for limited periods. Subphysiological tempera- 
tures as low as 0°C are lethal to Chinese 
hamster V79 cells only after an exposure of 
several days [1]. At supraphysiological tem- 
peratures up to approximately 40°C many 
enzyme reactions are accelerated without loss 
of cell survival, while at temperatures above 
40°C virtually all phases of metabolism be- 
come inhibited [2, 3] due to both reversible 
and irreversible enzyme inactivation [3, 4]. 
When cells are injured, either by radiation or 
hyperthermia, cell survival could become de- 
pendent on the efficiency of either repair or 
fixation processes [4 7]. Non-physiological, 
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but sublethal, temperatures may be used to 
modulate these processes and permit the al- 
tered repair or fixation of damage to be 
assayed in terms of cell survival. 

The combination of therapeutic modalities 
with sublethal hypo- or hyperthermia may 
also have practical applications. For example, 
the interaction of 45°C-hyperthermia damage 
and radiation damage is greatly potentiated 
when the two treatments are combined with 
incubation at 40°C [8, 9]. This may represent 
yet another therapeutic approach to the treat- 
ment of tumors by combined hyperthermia 
and radiation [8, 9]. The present report de- 
scribes how the interaction of 45°C- 
hyperthermia damage and X-radiation dam- 
age in cultured Chinese hamster cells is 
modified by incubation at 0 4  ° , 20 ° and 
40°C. 

The terminology used for interaction is that 
taken from radiation studies. Sublethal da- 
mage repair is operationally defined as the 
increase in cell survival when a single treat- 
ment is given in two fractions separated by a 
given recovery period [7, 10]. Similarly, pot- 
entially lethal damage repair is defined by the 
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increase in cell survival when cells are main- 
tained under non-physiological conditions 
(i.e., 0 ° and 20°C incubation) after heating 
and/or irradiation [7, 11]. 

MATERIALS AND M E T H O D S  

Chinese hamster ovary (CHO) ceils were 
propagated in modified McCoy's 5a medium 
(Grand Island Biological Co.) supplemented 
with 10% calf and 5% fetal calf sera (Flow 
Laboratories). Stock cultures were monitored 
routinely for the absence of mycoplasma by 
the method of Levine [12]. Cells from suspen- 
sion cultures were inoculated in appropriate 
numbers into 25 cm 2 Falcon plastic flasks. 
About 18 hr later the flasks were sealed, and 
after determination of cellular muhiplicity, 
the exponentially growing cells were heated 
and/or irradiated. Following 6-8 days of un- 
disturbed growth at 37°C, the visible macro- 
scopic colonies were tixed, stained and scored 
for a determination of single cell survival. 
Each value plotted in the graphs represents 
the average of 2-4 experiments, each employ- 
ing 4 6 flasks per point at 50 300 colonies per 
flask unless otherwise indicated. Standard er- 
rors are shown, unless they were smaller than 
the experimental point. 

All treatment temperatures were obtained 
by horizontal submersion of the culture flasks 
and equilibration with precision-controlled 
water baths (+0.05°C). The temperature of 
the medium overlying tile cells rose to within 
0.2°C of tile temperature of the water bath by 
3 min [13, 14]. Temperatures were monitored 
by a mercury thermometer scaled in tenth 
degrees from 25~-55°C (ASTM 64C, Fisher 
Scientific Co.) and calibrated against a ther- 
mistor directly traceable to the Natural 
Bureau of Standards (appreciation to Dr. 
Tom Cetas, Div. of Radiation Oncology, 
University of  Arizona, Tucson, U.S.A.). For 
temperatures of 0 '  4':(: flasks were submerged 
in an ice bath. The pH of medium in flasks 
equilibrated to 20°C or 0 ~ 4'~C decreased by 
0.11 and 0.19 pH units, respectively from the 
pH value of 7.4 at 37"C. 

The conditions of X-irradiation were 37:<I, 
250 kVcp, 15 mA, 2mm A1 added fihration, 
SSD of 60 cm, and a dose rate of 150 
rad/min. The dose rate was calculated fi'om 
ionization measurements with a Victoreen R- 
meter, and checked by LiF thermolumines- 
cent dosimetry. Combined treatments with 
t ime=0  hr were sequential, with approx- 
inmwlv 1 rain between treatments. 

RESULTS 

45 ~ C-Hvperthermia 

Long-term incubation of CHO cells at 20 <~ 
or 0M°C reduced plating efficiency exponen- 
tiallv with time at a rate of 0.006 per hr, 
or -0 .015 per hr, respectively (Fig. 1). A 7 
hr incubation period at either 20'-' or ()~ 4 'C 
reduced the cellular plating efficiency by only 
4 or 10q{~, respectively, and corrections tbr 
hypothermic cell killing were not made in 
subsequent analyses. In contrast, incubation 
at 40°C for up to 75 hr did not reduce 
cellular survival, and the growth rate at 40°C 
was similar to that at 37°C [14, 15 ]. 

I I I r 

x • . . . . . . .  • .---*. ........ • ................ • a0 ° C 

.~ 80 " ' A - ~ .  • 

60 "* 20°C 

.~ 
-~_ 40 

20 I I I I IIi 

0 20 40 60 80 I00 

TIME. hr. 

t"~g. 1. l ' /aling eJjiciencr a~ a./hm'lion :d li,l: ~ a/ 0 ~ I l l ) ,  
2 0 :  { a t )  or 4 0  C ( O ) .  Cell.~ were incubated at the .~pecified 
temperaturejb~ the indicaled lime, relurned al 3 7 ' C  and a.v.~al,ed 

.fi;r colony jbrmalion. 77te.~e dala are jJ{m~ a single repre.venlati*,c 
experiment. 

The incubation of cells at 40"(', for 7 hr 
immediately prior to exposure to 10 or 20 rain 
at 45"~'C induced a small degree of heat re- 
sistance enhancing cell survival by a factor of 
1.6 by 2 hr [8, 16]. However, if" 45(',- 
hyperthermia (10 or 20 rain) was followed by 
incubation at 40~C tbr up to 6.5 hr, survival 
was reduced at an exponential rate of -0 .33  
per hr (Fig. 2) [8, 16]. 

P o s t - i n c u b a t i o n  a t  0 ~ - 4 '  o r  2 0 ' C  f o r  o h r  

after 45"~'C-hyperthermia enhanced cell sur- 
vival by a factor of 1.7 (Fig. 2). Further 
incubation at 20:'C had no additional effect 
on cell survival, whereas, additional exposure 
to 0"-4°C reduced survival back to 37"C 
control levels by 5 hr after tile heat treatment 
(Fig.2). In contrast, incubation at 0 4' or 
20°C for up to 7 hr immediately prior to 
45°C-hyperthermia or irradiation had no sig- 
nificant effect on either response (data not 
shown ). 

The enhanced survival with post- 
h xperthermia incubation at suboptimal, tom- 
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peratures  is similar to that  occuring after 
post- i rradiat ion incubat ion  at 20°C and con- 
stitutes the opera t ional  definit ion of repair  of  
potent ia l ly  lethal radia t ion damage  [6, 7]. 
Therefore ,  the recovery demonst ra ted  in Fig. 
2 may  be defined, by analogy,  as the repair  of  
potent ia l ly  lethal hype r the rmia  damage.  

T h e  accumula t ion  of hyper the rmic  sub- 
lethal and potent ial ly  lethal damage  (H-SLD 
and H - P L D ,  respectively) was studied by 
compar ing  the effect of  a single heat treat-  
ment  of 20 rain at 45°C with that  of two 
fract ionated t reatments ,  each of 10 min at 
45°C, with in tervening incubat ion  periods at 
0 ~ 4 °, 20 °, 37 ° or 40°C (Fig. 3). With fraction- 
ation the total t ime at 45°C is slightly less 
than that  with a single combined t rea tment  
due  to the second t empera tu re  transient.  An 
upper  limit for this artifact can be established 
by compar ing  survival values for 0 and 30 
min fract ionat ion intervals (Fig. 3). This up- 
per limit is 143o . 

Incuba t ion  at 37°C for up to 7 hr between 
10 min heat  fi'actions enhanced  cell survival 
by a factor of  about  5.8 (Fig.3, Tab le  1). T h e  
recovery da ta  fit a straight line, however,  the 
visual fit was chosen so as not to suggest an 
artificially increased recovery ratio. This en- 
hanced survival reflects not only the repair  of  
H - S L D  but  to some extent  the induct ion of  
thermoto le rance  a l though thermoto le rance  de- 
ve lopment  occurs between 4 and 7 hr post- 
45 °C-hyper the rmia  [ 16]. 

Analysis of the D o of  a subsequent  45°C- 
hype r the rmia  survival curve de te rmined  7 hr 
after an initial heat  t rea tment  of  10 min at 
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Jbllowing 10 min at 45°C=3.0 x 10- ~. 

45°C shows that  the induct ion of thermo-  
tolerance was inhibited by 80, 68 and 12°.i> 
dur ing  the 7 hr incubat ion at 0°M: °, 20 ° and 
40°C, respectively (Table  2). Incuba t ing  cells 
at 0°MTC pos t -45°C-hyper thermia  resulted in 
a similar survival as mainta in ing the tempera-  
ture at 0° -4°C between divided heat  treat- 
ments. This suggests that  both  repair  of H-  
SLD and the induct ion of thermotolerance  
are inhibited at 0 ° 4 ° C .  At 20°C the in- 
duct ion  of thermotolerance  was inhibited by 
approximate ly  70% (Table  2), and compa-  
rison of Figs. 2 and 3 also suggests that  the 
repair  of H - S L D  was reduced at 20"~C ('Fable 
1). 

Incuba t ion  at 40°C reduced  cell survival 
exponent ia l ly  with time at a similar rate 
either when following a single t rea tment  of 20 
rain at 45°C or between two t reatments  of  10 
min at 45°C each (Figs. 2 and 3). Al though 
the immedia te  etfects ( = 0 . 5  hr)  were some- 
what  different such that  the sequence 20 min 
at 4 5 ° C ~ 3 0  min at 40°C was more toxic than 
10 min at 45°C--+30 min at 40°C-+10 min at 
45°C, the result implies that  nei ther  H - S L D  
nor H - P L D  was repaired dur ing  dur ing 40°C 
incubat ion  between 45°C heat  t reatments.  
Instead,  since the decrement  in survival with 
incubat ion dur ing the fract ionat ion interval  at 
40°C was similar to the increased survival 
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~9lodification oj 45°C-hyperthermia/radiation indaced cell killing 
by alteration of incubation tempaerature 

Treatment sequence* 

Survival ratio (ST/S0)+ alicr 6.5 
hr incubation at temperature T:  

20'C 37'~C 40'~C 

T ° --+H 
H --+T ° 
T ° --+X 
X --+T ° 
H --+T° ~ H  
HX--+T ~ 
H -+T°-+X 
X --+T° ~ H 

1.0 1.0 1.6{ 
1.7 1.0 0.07 
1.0 1.0 0.7 + 
1.2 1.0 ().4+* 
2.0 5.8 0.2 
2.0 1.0 0.02 
1.5 1.2 0.06 
1.6 1.6 3.0 

*T:' =Temperature of 6.5 hr incubation period. 
H =Hyperthermia of 10 rain at 45'~C. 
X = Irradiation of 400 rad. 

tST=Cellular surviving fraction after treatment sequence with 6.5 hr in- 
cubation at temperature T'-. 

S o = Cellular surviving fi'action afier single treatment at 3T'C. 
+Data taken from Ref. 8. 

Table 2. LJJ'ect of temperature on the induction of tkermotolerance 

10 min at 45°C--+7 hr at 0, 20, 
37 and 40'~C--+t * at 45 C-+37 C 

Single dose 
controI 0 - t  °C 20 C 37 C 4 0 C  

D O of 45"C. 
hyperthermia 
survival curve 3.6]- ±0.1+ + 4.5±0.2 7.0±0.4 21.3_+0.7 
Thermotolerance ratio§ 1 1.2 1.9 5.9 
Inhibition of thermotolerance (%) -- 80 68 0 

18.7±0.6 
5.2 
12 

* t=Time in min al 45 C. 
~-I)o in rain at 45:C. 
++ 1 S.E,M. 
§Ratio of D o after thermotolerance induction to D o of single dose hyperthermia survival curve. 

w h e n  the  f r a c t i o n a t i o n  i n t e r v a l  was  a t  37°C 
(0.2 vs 5.8, r e spec t i ve ly ,  see T a b l e  l )  H - S L D  
m a y ,  in fact ,  a t  40°C  be  c o n v e r t e d  to l e t h a l  
d a m a g e  [8, 16]. 

Radiation 

P o s t - i r r a d i a t i o n  i n c u b a t i o n  for 4 h r  a t  20°C  
a t i e r  a dose  o f  400 t a d ,  b u t  no t  a t  0 ° - 4 ° C ,  
e n h a n c e d  s u r v i v a l  b y  a f ac to r  o f  1.2 (Fig .4 ,  
P a n e l  B; T a b l e  1 ), F o r  i n c u b a t i o n  a t  0°M~°C or  
20°C in excess o f  4 hr ,  e i t h e r  be fo re  or  a f te r  
i r r a d i a t i o n ,  the  p l a t i n g  ef f ic iency d e c r e a s e d  
d u e  to h y p o t h e r m i c  d a m a g e  (Fig.  1). T h e  re-  
p a i r  o f  X - P L D  in C H O  cells a t  20°C  (Fig.  
4B) is no t  s t a t i s t i c a l l y  s ign i f i can t  
b u t  is in a g r e e m e n t  w i th  resul ts  r e p o r t e d  
b y  o the r s  [6, 7]. 

I n  c o n t r a s t  to the  effects a t  20°C,  p re -  
i n c u b a t i o n  a t  40°C  before  i r r a d i a t i o n  wi th  
400 r a d  r e d u c e d  cell  su rv iva l  e x p o n e n t i a l l y  a t  
a r a t e  o f  0 . 0 4 / h o u r ,  wh i l e  p o s t - i n c u b a t i o n  at  
40°C  r e d u c e d  su rv iva l  w i t h i n  the  first h o u r  
a f te r  400 r a d  by  a f ac to r  o f  0.2 af te r  w h i c h  
s u r v i v a l  d e c l i n e d  e x p o n e n t i a l l y  a t  the  s a m e  
r a t e  as p r e - i n c u b a t i o n  at  40°G ( d a t a  in 
R e f e r e n c e  8 a n d  c i ted  he re  for c o m p a r i s o n . )  

45~'C-Hyperthermia radiation interaction 

T h e  i n t e r a c t i o n  o f  H - P L D  a n d  X - P L D  was  
s t u d i e d  by  c o m p a r i n g  the  cell  s u r v i v a l  fo l low-  
ing  4 5 ° C - h y p e r t h e r m i a  on ly ,  or  i r r a d i a t i o n  
on ly ,  c o m b i n e d  w i th  0~"~ °, 20 ° or  40°C in-  
c u b a t i o n ,  r e spec t ive ly ,  to the  cell  su rv iva l  
fo l l owing  c o m b i n a t i o n s  o f  4 5 ° C - h y p e r t h e r m i a  
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cellular surviving fraction as a function of the time of incubation 
at 0°-4 ~: (0 )  or 20°C ( A ) jbllowing irradiation with 400 rad ~4 

and before transfer to 37°C. 

and radiat ion with pos t - t rea tment  incubat ion  
or interfract ion incubat ion  at 0° -4  °, 20 ° or 40°C. 

Both X - P L D  and H - P L D  were repaired 
dur ing  the first 2 hr at 20°C following either 
t r ea tment  alone (Fig. 2 and 4); the magn i tude  
of each was 1.2 and 1.7, respectively (Table  
1). Recovery  after combined  hyper the rmia  
and i r radiat ion followed by incubat ion  at 
20°C was also complete  by 2 hr, and the 
combined  repair  of  X - P L D  and H - P L D  en- 
hanced  cell survival by a factor of  2.0 after a 
6.5 hr post- incubat ion period (Table  1). This  
suggests independence  of X - P L D  and H - P L D .  
Similarly, a 0° -4°C post - t rea tment  incubat ion  
t empera tu re  which resulted in no X - P L D  
repair  and only transient  H - P L D  repair  left 
survival unchanged  after combined  hyper ther -  
mia and i r radiat ion (except for the transient 
H - P L D  repair) .  

A 6.5-hr incubat ion  period at 40°C after 
ei ther 45°C-hyper the rmia  or i r radiat ion re- 
duced survival by a factor of  0.07 or 0.4, 
respectively (Table  1), so that  one could 
expect  a 0.03 reduct ion in survival after a 
combined  t rea tment ,  assuming an indepen-  
dent  interaction.  An exper imenta l ly  deter-  
mined thctor of  0.02 (Fig. 5, Tab le  I) sup- 
ports to a first approx imat ion  the hypothesis 
of  the independen t  in teract ion of  H - P L D  and 
X - P L D  at 40°C. 

T o  fur ther  test the interact ion of  45°C - 
hype r the rmia  and radia t ion damage  fractions 
of 400 rad and heat  t rea tments  of  l0 min at 
45°C were separated and the cells incubated  
at ei ther 0°-4  ° , 20 ° , 37 ° or 40°C between 
fractions (Figs. 6 and 7). T h e  results of  these 
fract ionat ion experiments  were similar to 
those obta ined  when hype r the rmia  and rad- 
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Fig. 5. Cellular surviving fraction as a function of the time of 
incubation at 0°-4 ° fro), 20 ° (A) or 40°C (O)following 
45°C-hyperthermia and irradiation. Cells were heated Jbr 10 
min at 45:~C, immediately irradiated with 400 tad I3 rain) 
and incubated at the des@nated temperature for the indicated 
time before transfer to 37°C. Survival j'bllowing 10 min at 

45°C=3.0x10-1;400rad=2.0x10 1 

iation were given conjointly.  Th e  difference 
between the t rea tment  sequences H X + t  at 
0 °, 20 ° and 40°C, and H + t  at 0 °, 20 ° and 
4 0 ° C + X  lies in the exchange of post- 
i r radiat ion incubat ion  for pre- i r radia t ion 
incubat ion.  

T h e  results in Fig. 4 indicate that  this 
exchange should reduce the cell survival com- 
ponent  for i r radiat ion from that  in Fig. 5 by a 
factor of  0.8 when the interact ion interval  was 
20°C, a factor of  1.0 for 0°-~°C, but  enhance  
survival by 1.75 for 40°C incubat ion.  Figure 
six verifies the expected survival values for the 
00-4 ° and 20°C interfract ion temperatures .  At 
40°C, however,  survival was increased by a 
factor of  about  3.0 over the expected result of  
1.75 for a 6.5-hr fract ionat ion interval.  
However ,  the independent  survival for H + t  
at 40°C of 0.07, and t at 4 0 ° C + X  of 0.7, 
would yield a SUS o of  0.05 which is quite 
close to the observed survival rat io of  0.06 
(Table  1 ). 

T h e  results of the sequence X + t  at 0 °, 20 ° , 
37 ° and 4 0 ° C + H  are shown in Fig. 7. F rom 
the above hypothesis of  independen t  interac-  
tion one would predict  that  the exchange of  
20°C post- incubat ion after 45°C-hyper the rmia  
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tbr an equal pre-incubation would reduce the 
survival observed in Fig. 5 by about  0.6 since 
in the latter case H-PLD would not be 
repaired. Similarly, survival should be un- 
changed when cells arc incubmed at 0 ~ -4~C 
tor a period greater than 3 hr either bcli)re or 

after 45"C-hyperthermia.  The resuhs in Fig. 7 
show survival was reduced by a factor of 0.3 
over the results shown in Fig. 5 whcn the 
sequence X--+te0--+H replaced HX--+t20. The 
resuhs for the 0 ~ 4 ° C  incubation were un- 
changed by sequencing as would be cxpccted. 

With 40c'C incubat ion a similar exchange of 
pre- tot post-incubation should avoid the toxic 
eft~'cts of the 45~ ~40~C sequence, and instead 
induce a small degree of heat resistance (a 
thctor of 1.6 above 37°C control, see Table 1 ). 
Such expected results are verified in Fig. 7. 
Instead of the decrement  in survival of 0.02 
tbr HX---+t4o , or 0.06 tbr H --+ ta,0 ---+ X, survival 
was increased to St /S0=3.0 lbr the sequence 
X + 6 . 5  hr at 40: 'C4-H (Table 1). 

It is interesting to note that the survival 
values for the interfraction temperatures of 
20 < and 37°C tbr the sequence X ~ t - - + H  were 
similar. Since neither incubation at 20" nor 
37°C belore 45°C-hyperthermia affected cell 
survival, this result implies that the repair of 
X-PLD which occurs at 20°C is comparable 
in magni tude to the repair of X-SI,D at 3T'C, 
and after 3 hr neither remains to interact with 
heat damage.  

DISCUSSION 

Evidence strongly suggests that hyperther- 
mia and radiation affect distinct cellular tar- 
gets. Differences in the cell cycle dependence 
of killing by hyper thermia  or irradiation [17, 
18], the correlation of chromosomc aber- 
rations with cell lethality [6, 191 , BUdR 
sensitization [19, 20], DNA strand break in- 
duction and repair [21, 221, oxygen sensiti- 
zation [23, 24], inactivation energies for cell 
killing [4, 17, 251, /t~c effect of radioprotective 
sulihxdrvl agents 126] and thermotolerance 
J13, 16, 27] constitute such evidence. The 
question remains, however, to what extent do 
sublethal or potentially lethal hypcr thermia 
lesions interact with sublethal or potentially 
lethal radiation lesions? Thc incubation of 
asynchronous C H O  cells at cither 0 - 4  <', 20 ~ 
or 40°C for up to 7 hr is a relatively non- 
lethal t reatment  and most cclls recover readily 
upon return to 37°C. Utilizing these tempera- 
tures to modify repair processes, it was noted 
that interaction of" sublethal or potentially 
lethal hyper thermia  damage and radiation 
damage was independent.  

Hyper thermia  treatments in the range of 
4 0 ' 4 3 ' C  primarily att'ect the cellular ra- 
diation response bx inhibiting repair of SL1) 
(moditication of shoulder) [4, 9, 10] whereas 
higher temperatures in the range of 43~:~6 C 
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primarily sensitize cells to lethal or potentially 
lethal damage (modification of slope) [4, 13, 
19]. When 40 ° and 45°C-hyperthermia are 
combined with irradiation both irrhibition of 
repair and radiosensitization occur [8, 9]. 
Post-heating, but not pre-heating, at 43°C 
inhibits repair of X-PLD in plateau phase 
Chinese hamster HA-1 cells [28], incubation 
of heated plateau phase cells in buffer inhibits 
repair of H-PLD [28], and incubation of 
irradiated or heated exponentially growing 
CHO cells at 20°C permits the repair both of 
X-PLD and H-PLD [6, 7, Figs. 3, 4]. 
Interestingly, hyperthermia pre-irradiation, 
but not post-irradiation, both sensitizes cells in 
plateau phase to killing [28] and inhibits the 
rejoining of radiation-induced single and 
double-strand breaks in DNA [21, 22], but 
does not inhibit repair of X-PLD. 

The results presented herein indicate that 
the repair of H-PLD occurs transiently at 0 ° 
4°C and permanently at 20°C, but not at 
40°C. Repair of H-SLD is inhibited at 00-4 °, 
20 ° or 40°C. Furhtermore, H-SLD may be 
converted to lethal damage at 40°C since 
St/S 0 was 5.8 when the interfraction tempera- 
tore was 37°C but was 0.2 when the in- 
terfraction interval was kept at 40°C (Fig. 3, 
Table 1, also Refs. 8, 16). The interaction of 
sublethal and potentially lethal radiation da- 
mage with sublethal and potentially lethal 
45°C-hyperthermia damage at incubation 
temperatures of 0°-4 °, 20 ° or 40°C could best 
bc understood as a super-position of the se- 

parate effects of either modality alone com- 
bined with incubation at 0 ° 4  °, 20 ° or 40°C. 

The repair of X-PLD at 20°C in exponen- 
tially growing CHO ceils leads to approx- 
imately a 2-fold increase in survival and is a 
function of shoulder width ([6, 7] Fig. 4). 
However, plateau phase Chinese hamster HA-I 
cells repair X-PLD during post-irradiation 
incubation at 37°C leading to approximately 
a 10-fold increase in survival [28] which is 
primarily a function of the slope of the rad- 
iation survival curve [11]. Therefore, the 
interaction of X-PLD and H-PLD observed 
by Li et aI. in the plateau phase HA-1 cells 
[28] and the lack of interaction observed in 
exponentially growing CHO cells under sub- 
physiological temperatures {Figs. 5-7) may be 
a function of lesion expression in different 
culture conditions. Although hyperthermia 
unquestionably affects the expression of rad- 
iation damage, it most likely does so by a 
mechanism distinct from hyperthermia- 
induced cell killing. 

The only results which significantly deviate 
from the model of additivity were those at 40°C 
for the sequence X--+T40-+H; a St/S 0 ratio of 
0.6 was expected and 3.0 was observed. Other 
sequences of post-45°C-hyperhtermia or post- 
irradiation incubation at 40°C, which by itself 
is non-lethal, greatly enhanced lethal re- 
sponse. It is as if this temperature not only 
inhibited the repair of potentially lethal le- 
sions, but led to the conversion of sublethal 
lesions to lethal events. 
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