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Abs t rac t - -The  response of M A D C A P  37 tumor cells to 42.0°C and 45.5°C 
was determined at variot~ pH levels. Cell viability, monitored by plating 
efficiency, did not w:ry in the pH range of 6.50-8.00 at 37.0°C. However, heating 
the cells to 45.5°C at pH values below 7.00 reduced survival 10- to 40-fold. 
Surviving fraction remained unchanged when the cells were heated at pH values greater 
than 7.00. 7he D6 is approximately halved frvm pH 7.00 to 6.50. At 42.0~C, the 
sensitivity of the celh to heat at low pH was even more pronounced. 7he D6 of the 
heat survival curve decreased 7-fold from pH 7.30 to pH 6.50. 

IN~I~ODUCTION 

UNDERSTANDING the response of cells to heat 
with respect to their microenvironment  may 
enhance the usefulness of clinical trials now 
underway with hyperthermia.  At least three 
components of the microenvironment  have a 
demonstrable effect on hyperthermic response: 
oxygen tension [1-3], nutri t ional changes [4] 
and pH [5-7]. 

Gerweck and Rott inger  [8] demonstrated 
that extra-cellular pH strongly influenced the 
response of exponential phase C H O  cells to 
41-44"C, while decreasing the pH from 7.6 to 
6.7 did not afli~ct cell viability at 37°C. 
Reduced pH tended to eliminate the htrge 
difli~rential heat response between 42 ° and 
43°C, the temperatures most often used in 
tumor studies, as well as to increase cell 
sensitivity at all temperatures examined [6]. 
At 45.5°C, Freeman et al. [7] saw the heat 
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sensitivity of C H O  cells increase sharply from 
pH 7.35 to 6.65, but remain constant from 
pH 7.35 to 7.85. 

To further elucidate the role of pH in the 
thermal sensitivity of tumor cells, we have 
determined tile heat response at various pH 
levels of an epithelial tumor cell line, 
M A D C A P  37. This cell line was derived in 
our laboratory from a C3H m a m m a r y  adeno- 
carcinoma which has been used extensively in 
heat and radiation experiments. M A D C A P  37 
cells are similar to C H O  cells in their 
increased sensitivity to hyper thermia  at 
lowered pH. 

MATERIALS AND METHODS 

The M A D C A P  37 cell line was maintained 
in 25 cm 2 plastic flasks with McCoy's  medium 
supplemented with 10°,'o fetal calf serum [9]. 
M A D C A P  37 cells were harvested from 
exponentially growing cultures using 0.01 M 
EDTA for 4-6 min. 

Survival was determined by colony 
formation 9-11 days after treatment.  Cells 
were plated so that approximately 50 colonies 
per flask would result. However,  the maxi- 
mum number  of cells plated per flask was 
4 x 105 or 105/ml. This concentration did not 
alter the pH of the medium. The  data  points 
in the figures represent the means and 
~t:tndard errors ot"4 flasks front ,m experiment. 
The means were corrected for plating effici- 
ency (0.25-0.40) and multiplicity (1.4-1.6). 
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Heat ing 

All heating was done by immersion of 
tlasks into Precision-Freas waterbaths (I m`- 
cision Scientific Co.) capable of maintaining 
constant temperature within 0.05~C. Bath 
temperatures were monitored with thermo- 
meters calibrated against an NBS-certifled 
mercury-in-glass thermometer with corrections 
made for the emergent stem factor. 

For all experiments, asynchronous cells 
were plated 24 hr betbre heating in T-25 flasks 
contairfing 4ml of McCoy's Medium [10]. At 
the start of the experiments, the "1"-25 tlasks 
were sealed with parattin wax and placed in 
wire test tube racks {4 8 per rack). 

p t l  adjustment 

The pH of the medium was adjusted by 
flushing 4 flasks with a mixture of CO 2 and 
air for l min at 37.0°C, similar to a pro- 
cedure developed by' Freeman et al. [7]. All 
flasks were then sealed and submerged in a 
37.0+C waterbath. At designated times, 
groups of flasks were placed in either 42.0 + 
or 45.5°C waterbaths. After heating, the flasks 
were returned to the 37.0~C waterbath. All 
flasks were maintained at the desired pH for 
the same length of time by adjusting the 
time at 37.0°C before and after heating. The 
pH of all flasks was readjusted to pH 7.30 
before incubation. The pH was read with a 
Corning pH meter immediately after gassing 
to a particular pH or after being submerged 
in a" 37.0 °, 42.0 ° or 45.5°C waterbath. 

RESULTS 

Varying the pH had no effect on plating 
efficiency of MADCAP 37 cells at 37.0~C. 
Figure 1 demonstrates the increase in sensiti- 
vity to 45.5~C which occured as the pH was 
lowered. From pH 7.00 to 8.06 the thermal 
response was similar, at least down to 10~Ii, 
survival. As the pH was lowered below 7.00, 
the slope increased slightly and, at pH 6.71 
and 6.51, the shoulders of the heat survival 
curves also decreased. 

As the pH of the medium was decreased, 
• the sensitivity of MADCAP 37 cells to 45.5°C 
heating increased 10- to 40-fold depending 
upon the length of heating (Fig. 2). With 
only 5 minutes of heating at 45.5°C, lowering 
the pH had no effect on .surviving fraction. 

"Fen minutes at 45.5°C at pH 
levels greater than pH 6.80 produced the same 
level of survival. At pH 6.51, however, sur- 
vival dropped signiticantly to 2.7 x 10 -2. For 
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F~. I. Heat survival curve.~ at various pH values. "[he 
response to 4 5 . 5 " C  for up to 20 ra in  was determined while the 
cells were maintained at the desired pH. "The pH was achieved 
by gassing 4 T-3O flasks with a mixture Of CO 2 and air for 1 
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represents the heat response for cells at pit 7.00-8.06. 
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15 and 20min of heating, survival remained 
unchanged down to pH 7.00 and 7.34, 
respectively. Below these values, survival 
dropped dramatically (Fig. 2). 

In a similar set of experiments at 42.0°C, 
the sensitivity to the hyperthermic treatment 
was even more dramatic at lowered pH. 
Under control conditions at pH 7.30, the D6 
was 135min. When the pH was decreased 
to 6.80 and 6.50, the D6 values were 40 and 
20min, respect:vely (Fig. 3). The shoulder 
was also reduced at pH 6.50. In addition, 
at pH 6.80 thermal resistance was present by 
8 hr of heating. 
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Fig. 3. The effec.! of decreasing pH on the response o] 
a~ynchronous M,'ID(L4P 37 cells to 42~C. 7he procedure 
followed was similar to that described in F(g. 1 except only 3 

pH levels were used. 

DISCUSSION 

The response of MADCAP 37 cells to 
hyperthermia i:~ pH dependent and a similar 
response has 'oeen reported for other cell 
lines [5-8]. After 4hr  of heating at 42.0°C, 
Gerweck and Rottinger [8] reported a 500- 
fold decrease in survival at pH 6.7 relative to 
pH 7.4. After :he same heat dose, MADCAP 
37 cells exhibited a 5-[bld decrease at pH 6.80 
and a 3000-fold decrease at pH 6.50. At 
45.5°C, the sensitivity of the cells at pH 
values less than 7.00 increased 10- to 40-tbld 
depending upon the length of heating (Fig. 

2). These data agree well with those obtained 
by Freeman et al. [7] for C H O  cells at 
45.5°C where the method of adjusting the 
pH was similar. 

This increased heat sensitivity was reflected 
both in the decrease in D6's (Figs. 1 and 3) 
and, at low pH, by the decrease in the 
shoulder of the heat survival curve indicating 
a moditication of repair capabilities. The heat 
response of MADCAP 37 cells under normal 
pH conditions was similar to other cell lines, 
and has been reported in a separate publi- 
cation [10]. Comparing the change in D6's 
tbr the 42.(I and .t5.5 C heat treatment 
indicates that there is a greater sensitivity to 
low pH when the cells were heated at the 
lower temperature. Since most therapeutic 
heating is done at 41"-43°C, low pH could 
enhance the effectiveness of heat. The pH 
sensitivity was also most pronounced at 42°C 
in C H O  cells [6]. 

Furthermore, the heat survival curve 
plateau at lower temperatures (Fig. 3), which 
has been retk:rred to as thermal resistance 
[11], can be affected I)y culture conditions 
such as pH. When the pH at which cells 
were heated shifted from 7.30 to 6.80, 
thermal resistance was still observed at 42.0°C 
but the plateau was almost a 1000-tbld lower 
(Fig. 3). The resistant fraction generally seen 
at temperatures less than 43.0°C after 4 -5hr  
of heating is not completely eliminated but 
rather decreased by low pH. A resistant 
fraction of C H O  cells also remained when 
the pH was lowered fi'om pH 7.4 [6, 8]. 

These studies support the finding that low 
pH greatly sensitizes cells to hyperthermia, 
and clearly show the necessity of monitoring 
pH during in vitro experiments, both at low 
and high temperatures. Clinically, pH could 
be utilized to accentuate the differential heat 
response between normal and tumor tissue 
since tumors may have areas of low pH 
112, 13]. Recently, Gerweck 16 ] discussed 
the clinical ramifications of the pH effect 
quite thoroughly, yon Ardenne et al. [14] 
have utilized heat and glucose infusions to 
produce "owwacidification" in rodent and 
human tumors. They reported that lowered 
pH and heat labilized the lysosomal mem- 
branes. Overgaard [5] reported that low pH 
and heat caused an increase in lysosomal 
activity resulting in cell death in L1A2 ascites 
cells. While pH is clearly affecting the heat 
response of both cells in culture and tumors 
in situ, the mechanism of this phenomenon is 
not understood and should be investigated 
lurther. 
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