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Previous work has utilized spleen colony formation to evaluate the fractional survival of AKR leukemia 
and normal bone marrow cells after in vitro heat exposure. An inherently greater sensitivity of 
neoplastic cells to thermal killing, as compared to normal syngeneic stem cells, has been established 
both at 41.8OC and 42.5"C. Normal bone marrow colony-forming units were assayed in lethally 
irradiated (750 cGy) mice. Leukemic colony-forming units were assayed in nonirradiated mice. Using 
this methodology, the authors demonstrated that the differential effect of hyperthermia on AKR murine 
leukemia and AKR bone marrow cells can be further enhanced by the addition of lidocaine or thiopental 
to incubation mixtures. These findings may have application to autologous bone marrow transplantation 
in humans. 
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OR PATIENTS REQUIRING a bone marrOW transplant, F infusion of autologous bone marrow obviates graft- 
versus-host as well as graft rejection problems due to 
histoincompatibility of allogeneic marrow. When the 
bone marrow transplant is used as treatment for a 
patient with acute leukemia, however, the remission 
marrow may contain undetected leukemic cells.' A 
technique for purging the remission marrow of any 
leukemic cells would allow autologous marrow to be 
used to rescue leukemic patients given ablative chemo- 
radiotherapy without reinfusing the leukemia cells this 
therapy is trying to eliminate. It has been speculated 
that human leukemia cells may be more sensitive to 
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hyperthermic killing than normal hemopoietic 
Both with L12105 and AKR murine leukemias3 in vitro 
heating temperature 2 4 1.8"C appears to selectively 
destroy leukemia cells. 

In several model systems, hyperthermic killing of 
neoplastic cells can be potentiated both in vitro6-* and 
in vivo9-'* by anesthetic agents. The data presented 
herein demonstrate that the presence of lidocaine or 
thiopental during in vitro hyperthermia increases the 
thermal killing of AKR leukemia cells to a greater extent 
than it increases the killing of AKR normal bone 
marrow cells. As a result, a clinically relevant therapeutic 
index is obtained. 

Materials and Methods 

Mice 

Female AKR mice, 6 to 7 weeks old, weighing 20 to 
25 g, were purchased from Cumberland Farms (Clinton, 
TN). Animals were housed in a climate- and light- 
controlled environment with free access to food and 
water. 

Transplanted Cell Line 

The transplanted cell lines used arose from a sponta- 
neous leukemia.I3 This AKR model is nonimmunogenic 
in syngeneic mice.14 The ascites line (provided by Dr. 
Rex Risser, McArdle Laboratory, University of Wiscon- 
sin-Madison) was adapted to a spleen line by intravenous 
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injection by tail vein of a spleen perfusate with a new 
passage every 7 to 10 days (see below). After ten passes, 
the adaptation as a splenic line met our needs. 

Leukemia Cell Preparation 

The medium used consisted of one part newborn 
bovine serum and nine parts of a medium consisting of 
minimal essential medium (Eagle's) modified with Earle's 
Salts and with HEPES buffer but lacking bicarbonate 
and glutamine (Flow Laboratories, McLean, VA). Glu- 
tamine (Flow Laboratories) was added on the day of the 
experiment (292.3 mg/l). The HEPES buffer, in addition 
to the phosphate buffer already present, provided a 
stable pH at all temperatures and time points under the 
conditions of our studies. 

The spleen from a leukemic AKR mouse was removed 
and weighed. Spleens weighing more than 0.3 g were 
used for preparation of a leukemic cell suspension. Ten 
milliliters of cold medium (2°C to 4OC) were forced 
into the spleens by a 10-cc syringe with a 26-gauge 
needle. Spleens were then teased apart with the aid of 
forceps. The cell suspension obtained was then trans- 
ferred to a 50-ml centrifuge tube (2070 Falcon, Oxnard, 
CA). Cell clumps and spleen fragments were allowed to 
settle, the upper portion (9 ml) removed by pipette and 
the suspension was centrifuged at 2"C, 1200 rpm for 10 
minutes (RC-3 Sorval, New Town, CT). The supernatant 
was discarded and the pellet resuspended in 10 ml of 
medium. An aliquot of the single cell suspension was 
diluted 1:20 in Turks solution (2% glacial acetic acid in 
distilled water), and the concentration of nucleated cells 
was determined from a hemacytometer count. The 
suspension was then diluted to lo6 cells/ml using cold 
medium. The suspension consists almost entirely of 
leukemia  cell^.'^ 

Bone Marrow Preparation 

Tibias and femors were removed from nonleukemic 
AKR mice. The ends of the bones were clipped and the 
marrow plugs flushed out with medium using a 
26-gauge needle. Plugs were disrupted by repeated gentle 
aspirations through a 22-gauge needle. The resulting 
suspension was processed as described above for the 
leukemic cells. 

Spleen Colony Assay 

The sensitivity of the assay has been previously dem- 
onstrated for both types of  cell^.'^-^^ Cell survival was 
estimated by the capacity of cells to form macroscopic 
colonies on the spleen surface of recipient mice 8 or 9 
days after tail-vein injection (0.5 ml). 

Bone marrow cells for each time point were injected 
into each of 5 to 10 mice that had been lethally 
irradiated with 750 cGy, cesium 137 (Atomic Energy of 
Canada, Ltd., Ottawa, Ontario, Canada). Irradiated assay 
mice were maintained with drinking water containing 
tetracycline until they were killed. On day 9 the animals 
were killed; spleens were removed and placed in Bouin's 
fixative. Grossly visible colonies on each spleen were 
counted to determine the number of normal colony- 
forming units (n-CFU) in the initial suspension.*6 A 
lethally irradiated control group in which no exogenous 
bone marrow cells were injected was used to estimate 
the frequency of endogenous colony formation. Bone 
marrow cells in these experiments had a colony-forming 
effi~iency'~ of I .5 colony-forming units/ lo4 cells. 

AKR leukemia cells were similarly assayed, but in 
nonirradiated mice, which were sacrificed 8 days after 
injection. These leukemic colony-forming units (L-CFU) 
had a colony-forming effi~iency'~ in these experiments 
of 100 to 150 colony-forming units/104 cells. 

We found that the colony-forming efficiency of the 
leukemic cell line begins to increase after 30 passages. 
Hence, a supply of cells at passage 19 is maintained in 
liquid nitrogen (in 10% dimethyl sulfoxide, 30% newborn 
bovine serum, 60% minimum essential medium Eagle's 
solution). Aliquots from this stock were used for up to 
ten passages, i.e., passage numbers 20 to 30. 

In Vitro Incubations 

Ten milliliters of cells ( lo6 cells/ml) were incubated 
inside 50-ml corex tubes (No. 8080-A, Corex, Corning, 
NY). The tubes were loosely capped with aluminum 
foil. One tube was used for each time point. The tubes 
were maintained in ice before they were placed in water 
baths. These corex tubes allow for temperature equili- 
bration within 4 minutes after placement in water baths. 

Time 0 is defined as the time the tubes were placed 
in Precision Shaking Water Baths (American Scientific 
Products, McGraw Park, IL) (equilibrated to appropriate 
temperature f. 0.1 "C and covered with 20-mm polypro- 
pylene spheres to help maintain constant temperature 
by reducing evaporation at the water surface) and shaken 
at 160 oscillations/minute. In addition to mechanical 
shaking, the tubes were gently swirled by hand every 30 
minutes to reduce gradients. 

Temperature measurements were made with a 0°C 
to 50°C (0.1 "C) thermometer (No. 15-043A; manufac- 
tured to meet National Bureau of Standards Monograph 
#90, Fischer Scientific, Pittsburgh, PA). 

At each time point, tubes were removed and placed 
in ice. To disperse any remaining cell clumps, the cell 
suspensions were aspirated up and down a 10-ml pipette 
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ten times. The nucleated cells were then counted and 
an appropriate dilution made for injection into assay 
mice as described above. 

Analysis of Survival Data 

The surviving fraction was estimated as the ratio of 
the mean spleen colony count at each time point to the 
spleen colony count at time 0 of a cell suspension 
without drug. The therapeutic index was calculated as 
the ratio of the surviving fraction of bone marrow cells 
at a given time divided by the surviving fraction of 
AKR leukemia cells exposed under the same conditions. 
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Drugs 

Five minutes prior to heating, drugs were added to 
cell suspensions, which were maintained in ice. 

Four percent lidocaine-HCl (LID) (Astra Pharmaceu- 
tical Products, Inc., Worcester, MA) was added such 
that the final concentration of LID was 0.75 mmol/l. 
Lyophalized thiopental (Abbott Laboratories, North 
Chicago, IL) was reconstituted with sterile water before 
each experiment and an aliquot was taken for each such 
that the final medium concentrations of thiopental were 
0.1, 0.5, or 0.75 mmol/l. 

The desired pH of all incubation mixtures was 7.46 
? 0.05. The pH of all incubation mixtures was checked 
before and after the completion of each experiment. 
When thiopental was included in the medium, the pH 
was brought back to the desired pH by the addition of 
hydrochloric acid (HCI). 

Results 

The colony-forming ability of leukemic and normal 
bone marrow cells as a function of time of in vitro 
incubation is illustrated in Figure 1 for 41.8"C and in 
Figure 2 for 42.5'C. At both temperatures, there was 
an exponential decrease in L-CFU and n-CFU with 
time. In both Figures 1 and 2 the terminal slopes of the 
curves indicate greater hyperthermic sensitivity of the 
leukemic cells when compared to normal bone marrow 
cells at both temperatures studied. The addition of LID 
enhanced the effect of hyperthermia at both 4123°C and 
42.5"C, as is illustrated in Figures 1 and 2, respectively. 
The effect of the addition of LID on surviving fraction 
of L-CFU and n-CFU is quantitatively summarized in 
Table 1, in which the therapeutic index is calculated 
using data presented in Figures 1 and 2. Therapeutic 
index increases as the time of incubation increases at 
41.8"C or 42.5"C without LID. The difference between 
therapeutic index found at 120 minutes is only margin- 
ally greater at 42.5'C (23.8) then at 413°C (15.6). 

5 

Minutes of immersion at 41.6' 

FIG. 1. Effect of lidocaine on survival during 4 I.8"C hyperthermia. 
Surviving fraction is estimated as the ratio of spleen colony counts at 
each time point to the count at 0 time with no drug present. This 
chart presents surviving fraction for normal bone marrow (BM) (A) 
and for AKR leukemia cells (AKRL) (0) during heating in vitro after 
immersion in a 41.8"C bath. Closed symbols represent the addition of 
lidocaine (LID) to cell suspensions. The size of the symbols used is 
greater than one relative standard error of the colony count. 

The addition of LID, however, has a substantial effect 
on the ratio of surviving bone marrow cells and leukemia 
cells at 42.5"C. In contrast, LID present during hyper- 
thermia at 413°C resulted in only modest increases in 
therapeutic index. Table 2 summarizes data from an 
experiment in which the surviving fraction of L-CFU 
and n-CFU 60 minutes after immersion into a 413°C 
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FIG. 2. Effect of lidocaine on survival during 42.5"C hyperthermia. 
Surviving fraction is estimated as the ratio of spleen colony counts at 
each time point to the count at 0 time, the time of immersion into 
the bath, with no drug present. This chart presents surviving fraction 
for normal bone marrow (BM) (A) and for AKR leukemia (AKRI.) 
(U) during heating in virro at 42.5"C. Closed symbols represent the 
addition of lidocaine (LID) to cell suspensions. The size of the symbols 
used is greater than k one relative standard error of the colony count. 
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TABLE 1. The Effect of Lidocaine on Therapeutic Index* 
During Hyperthermia 

Timet (min) 41.8"t 41.8" + LIDS 42.5"t 42.5" + LIDS 

0 n1.0 1 .o El.0 0.6 
30 2.3 2.2 I .6 2.7 
60 3.0 4.9 4. I 14.2 
90 7.8 13.1 13.2 186.5 

120 15.6 21.5 23.8 459.2 

* Therapeutic index calculated as ratio of surviving fraction of BM 
cells at a given time divided by surviving fraction of AKR leukemia 
cells exposed under the same conditions. 

t Time after immersion in water bath. 
4 Temperature of incubation. 
4 Lidocaine at a concentration of0.75 mmol/l added 5 minutes before 

LID: lidocaine; BM: bone marrow. 
heating. 

bath are compared at various concentrations of thiopental 
(0, 0.1, 0.5, 0.75 mmol/l). As the concentration of 
thiopental increases, there is a rise in TI. 

Discussion 

The data presented expand our previous work3 in the 
AKR leukemia model in which a differential heat sen- 
sitivity of normal versus neoplastic cells was demon- 
strated. Our current observation suggests that the addition 
of certain anesthesic agents to in vitro hyperthermic 
incubations (LID, 41.8"C and 42.5"C; thiopental, 
4 1.8"C) increases the thermal sensitivity of leukemic 
cells to a greater extent than the increase seen for normal 
bone marrow cells. Furthermore, this differential sensi- 
tivity to LID or thiopental, along with hyperthermia, 
increases with time of incubation. This effect can be 
described as synergistic or supra-additive, since neither 
drug significantly affects the colony-forming ability of 
normal or leukemic cells at 0°C in vitro (See 0 time 
point, Figs. 1 and 2.) or at 37°C in vivo." This same 
synergistic effect can be demonstrated in vivo when 
treated AKR mice undergo 413°C whole body hyper- 
thermia" using a radiant heat apparatus.20 

TABLE 2. Effect of Thiopental Concentration on Surviving Fraction 
and Therapeutic Index After Immersion for 60 Minutes 

at 41.8"C in Virro 

Surviving fraction Therapeutic 
Concentration index 

(mM) L-cu  n-CFU (n-CFU/L-CFU) 

0 0.36 (k0.16)* 0.85 (k0.27) 2.4 
0. I 0.26 (k0.16) 0.84 (t0.32) 3.2 
0.5 0.104 (k0.08) 0.54 (t0.26) 5.2 
0.75 0.008 (k0.019) 0.18 (k0.20) 22.5 

* Mean (k standard error of ratio based on counting statistics). 
L-CFU: AKR leukemia colony forming units; n-CFU: normal bone 

marrow colony forming units. 

We correlate decreased colony-forming ability with 
cell death because of our in vivo studies in which 
decreased L-CFU correlated with increased survival, as 
well as our in vitro studies in which decreased colony- 
forming units correlated with morphologic changes as- 
sociated with cell death.21 

Symonds and colleagues have also shown that a 
differential sensitivity to hyperthermia killing exists be- 
tween L-1210  leukemia cells and normal marrow cells 
in vitro, using methods comparable to those used in the 
current study.5 Their work did not include a study of 
the effect of anesthetic agents. When they simultaneously 
heated normal marrow cell with L-1210 cells, the pres- 
ence of marrow cells increased the thermal sensitivity 
of L-1210 cells. They postulated that this was due to 
the release of diffusible factors. We have studied the 
AKR system in this regard and have found no such 
phenomena. Kase and Hahn review, in part, other 
examples of the differential hyperthermic sensitivity of 
normal versus neoplastic cells of the same origin.22 

We have studied the effect of the addition of both 
LID (0.75 mmol/l) and thiopental (1 .O mmolll) during 
incubation with an AKR leukemia cell suspension ( lo6 
cells/ml) at 42°C for 60 minutes in one experiment. 
The combination of thiopental plus LID at time 0 
produces an additive effect on the reduction of surviving 
fraction (data not shown). 

The differential sensitivity described here may reside 
in membrane differences between normal and neoplastic 

This speculation is supported by studies of 
hyperthermia sensitivities in which correlations have 
been made with membrane differences and membrane- 
active agents.6-12,26 

The data presented in Tables 1 and 2, which dem- 
onstrate the increase in therapeutic index when anesthetic 
agents are added to in vitro hyperthermia, support the 
argument that such an approach may serve as a useful 
adjunct to clinical autologous bone marrow transplan- 
tation in the treatment of acute leukemia. Further 
exploration of this thesis using human hemopoietic 
tissue in vitro is therefore encouraged. 

REFERENCES 

1. Gale RP. Advances in the treatment of acute myelogenous 
leukemia. N Engl J M e d  1979; 300(21):1189-I 198. 

2. Wheldon TE. Exploiting heat sensitivity of leukaemic cells. 
Lancet 1976; 2: 1363- 1364. 

3. Robins HI, Steeves RA, Miller KH, Yatvin MB. The differential 
sensitivity of murine AKR leukemia and normal bone marrow cells 
to hyperthermia and lidocaine. Radiaf Res 1982; 91:321. 

4. Symonds RP, Wheldon TE. The elimination of leukemic cells 
from autologous marrow by hyperthermia. Int J Radiat Oncol Biol 

5. Symonds RP, Wheldon TE, Clarke B, Bailey G. A comparison 
of the response to hyperthermia of murine haemopoietic stem cells 
(CFU-S) and L1210 leukaemia cells enhanced killing of leukaemic 

P h ~ s  1982; 8~2033-2034. 



No. 12 ANESTHETIC AGENTS AND HYPERTHERMIC SENSITIVITY OF AKR CELLS . Robins et a/. 2835 

cells in presence of normal marrow cells. Br J Cancer 198 1 ; 44:682- 
691. 

6. Yatvin MB. The influence of membrane lipid composition and 
procaine on hyperthermic death of cells. Int J Radiat Biol 1977; 

7 .  Yau TM. Procaine-mediated modification of membranes and the 
response to x-irradiation and hyperthermia in mammalian cells. Radiat 
Res 1979; 80523-541. 

8. Yatvin MB, Schmitz BJ, Rusy BF, Dennis WH. Local anesthetic 
alteration of cell survival after hyperthermia or irradiation. In: Fink 
R, ed., Molecular Mechanisms of Anesthesia (Progress in Anesthesia, 
vol. 2). New York Raven Press, 1980 495-499. 

9. Yatvin MB, Clifton KH, Dennis WH. Hyperthermia and local 
anesthetics: Potentiation of survival in tumor-bearing mice. Science 

10. Robins HI, Dennis WH, Vorpahl JW, Evenson M, Yatvin MB. 
Systemic lidocaine enhancement of tumor regression after hyperthermia. 
Natl Cancer Inst Mongr 1982; 61:243-245. 

I I .  Robins HI, Dennis WH, Slattery JS, Lange TA, Yatvin MB. 
Systemic lidocaine enhancement of hyperthermia, induced tumor 
regression in transplantable murine models. Cancer Res 1983; 43:3187- 
3191. 

12. Clark AW, Robins HI, Vorpahl JW, Yatvin MB. Structural 
changes in murine cancer associated with hyperthermia and lidocaine. 
Cancer Res 1983; 43:1716-1723. 

13. Bruce WR, Meeker BE. The dissemination and growth of 
transplanted isologous murine lymphoma cells. J Nut1 Cancer Znst 

14. Axelrad AA. Antigenic behavior of lymphoma cell populations 
in mice as revealed by the spleen colony method. Pros Exp Tumor 
Res 1965; 6:30-83. 

15. Till JE, McCulloch EA. A direct measurement of the radiation 
sensitivity of normal mouse bone marrow cells. Radiat Res 1961; 
14:2 13-222. 

16. Bruce WR, van der Gaag H. A quantitative assay for the 
number of murine lymphoma cells capable of proliferation in vivo. 
Nature 1963; 199:79-80. 

32:513-521. 

1979; 205:195-196. 

1964; 32:1145-1149. 

17. Bush RS, Bruce WR. The radiation sensitivity of transplanted 
lymphoma cells as determined by the spleen colony method. Radial 
Res 1964; 21:612-621. 

18. Bruce WR, Meeker BE, Valeriote FA. A comparison of the 
sensitivity of normal hematopoietic and transplanted lymphoma colony- 
forming cells to chemotherapeutic agents administered in vivo. J Natl 
Cancer Inst 1966; 37:233-245. 

19. Dennis WH, Robins HI, Miller KA, Shecterle LM, Steeves RA. 
A murine model for 41-42" whole body hyperthermia utilizing a 
radiant heat apparatus. Fourth Annual Meeting International Clinical 
Hyperthermia Group, June, 1982, London, England. 

20. Steeves RA, Robins HI, Broden EC, Miller KA, Shecterle LM, 
Dennis WH. Whole body hyperthermia (WBH) in mice: A simple 
technique and its use in the treatment of AKR leukemia. Radiat Res 
1982; 91:320. 

21. Robins HI, Steeves RA, Clark AW, Martin PA, Miller K, 
Dennis WH. Differential sensitivity of AKR murine leukemia and 
normal bone marrow cells to hyperthermia. Cancer Res 1983; 43:4951- 
4955. 

22. Kase KR, Hahn GM. Comparison of some response to hyper- 
thermia by normal human diploid cells and neoplastic cells from the 
same origin. Europ J Cancer 1976; 12:48 1-49 I .  

23. Manque D, Hildebrand J. Isolation and characterization of 
plasma membranes from human leukemic lymphocytes. Cancer Res 

24. lnbar M, Shinitzky M. Increase of cholesterol level in the surface 
membrane of lymphoma cells and its inhibitory effect on ascites tumor 
development. Proc Natl Acad Scil 1974; 7 1:2 128-2 130. 

25. Inbar M, Shinitzky M. Cholesterol as a bioregulator in the 
development and inhibition of leukemia. Proc Natl Acad Sci 1974; 

26. Yatvin MB, Vorpahl J, Kim U. Differential response to heat of 
metastatic and non-metastatic rat mammary tumors. In: Bicher HI, 
Bruley DF, eds. Hyperthermia. New York: Plenum Publishing Cor- 
poration, 1982; 177-184. 

1973; 33:2761-2767. 

7 1~4229-423 I .  




