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Abstract 
A suspension of bone marrow cells from femurs of female 

(CBAxC57BI)FI mice was exposed to  2450 MHz CW micro- 
waves in a specially designed waveguide exposure system. The 
temperature of the suspension rose, during exposure to micro- 
waves, from 20°C to 4YC, and at an interval within 20°C to 45°C 
the number of haemopoietic stem cells (CFUs) was determined 
by the spleen exocolony method. The time of exposure of bone 
marrow cells to each temperature studied was 20 s. Control 
suspensions of bone marrow cells were exposed to a water bath 
temperature. There were no significant effects of the CFUs with 
the water bath temperature, while after exposure to microwaves 
the number of spleen colonies w a s  elevated with a nadir at the 
temperature of 37°C. With a microwave-induced increase of the 
temperature above 41°C the number of CFUs in the bone marrow 
suspension decreased. The increase in the number of colonies 
was related to the rise in the seeding rate of the CFUs as well as 
to a rise in their proliferative activity, while the drop in the 
number of colonies was influenced also by heat-killing of the 
CFUs by microwave exposure. 
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The effects of microwaves on cells both in vitro and in 
vivo include chromosome damage ( 1 9 ,  depression of 
phagocytosis (7), increased membrane permeability ( l), 
reduction of the number of lymphocytes in culture (6),  and 
reduction of the number of haemopoietic stem cells 
formed in vitro in colonies of granulocytes (4) and eryth- 
rocytes (14). 

Stimulatory effects of microwaves on the haemopoietic 
stem cells (CFUs) forming spleen colonies have also been 
demonstrated after exposure of the cells in vitro (9). 

In this report we describe the effects of microwaves on 
murine CFUs exposed in vitro. When the suspension 
temperature which resulted from microwave absorption 
reached 37”C, microwaves stimulated the colony-forming 
ability of CFUs, while at 45°C there was a reduction in the 
number of colonies formed by microwave-exposed cells. 

Material and Methods 

The animals. Female mice of the hybrid strain 
(CBAxC57BI)Fl, 9 to 10 weeks old, were used. The 
animals were kept in groups of 20 in glass fibre containers, 
fed with DOS 2Bst pelleted diet and water ad libitum. 

Microwave radiation. The source of microwave radi- 
ation was a Mikrodiaterm Prema instrument specially 
modified for biologic experiments (9). The instrument op- 
erates at a wavelength of 2450f50 MHz. A radiation 
intensity of 240 mW.cm-* was used. The bone marrow 
suspension contained lo6 cells per ml in a volume of 10 
ml. Ringer’s solution was placed in a perspex flask at the 
mouth of the wave duct, with a starting temperature of 
20°C. The temperature of the solution was registered dur- 
ing irradiation with a spirit microthermometer located in 
the flask perpendicular to the mouth of the wave duct. At 
a radiation intensity of 240 mW.cm-2 the suspension in- 
creased in temperature from 20°C to 37°C in 3 min and 
from 20°C to 45°C in 5 min. After irradiation the solution 
was left at a temperature of 20°C and transplanted within 5 
min. During this period the temperature of the suspension 
fell on average by 1°C. 

Water bath. A suspension of bone marrow cells of the 
same concentration, volume and initial temperature as the 
microwave irradiated suspension was placed in a water 
bath in a perspex flask, using a water temperature suffi- 
cient to achieve the same rise in temperature as the micro- 
wave irradiation. When exposure to both microwaves and 
water bath was studied the cell suspension was stirred and 
the final temperature further checked with a high-speed 
thermometer. 

Ionizing radiation. The bone marrow recipients were 
irradiated with %o gamma rays (Chizostat) 2 h before 
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transplantation at an exposure rate of 2.1% low4 
C .  kg-’. s-I. The radiation doses used are stated individ- 
ually for groups of experiments. 

d+ 

Haematologic methods 
CFUs count in the cell suspension. The cell suspension 

was prepared by flushing the femur with Ringer’s solution 
and diluting so that 0.2 ml suspension contained 2x1O5 
bone marrow cells. After the exposure to microwaves or 
the water bath the cells were injected intravenously in 
isogenous recipients irradiated 2 h previously with a dose 
of 7.6 Gy. On the ninth day after transplantation the mice 
were killed by cervical dislocation, the spleen being re- 
moved and fixed in Bouin’s fluid (13). After 24 h fixation 
the number of macroscopically visible colonies on the 
parietal surface of the spleen was counted and the number 
of colonies per lo6 bone marrow cells injected was calcu- 
lated. 

The seeding rate in the spleen. This was determined by 
the re-transplantation method (10). A suspension of bone 
marrow from experimental and control groups was divid- 
ed into two parts, the first being used to determine the 
CFUs concentration in 10’ nucleated cells. The second 
part of the suspension was transplanted in the quantity of 
2 X  lo6 cells to primary recipients irradiated with 8.6 Gy. 
These animals were killed 24 h after transplantation and 
suspensions from their femoral bone marrow and spleen 
were secondarily transplanted to recipients irradiated with 
7.2 Gy. On the ninth day after transplantation the second- 
ary recipients were killed, the spleens were removed, and 
the number of macroscopically visible spleen colonies 
was counted. The number of CFUs injected into primary 
recipients was calculated from the number of CFUs in 
their bone marrow and spleen 24 h after injection. The 
ratio of these two figures gives the seeding rate of spleen 
and bone marrow with CFUs 24 h after transplantation. 

Determination of the proliferation activity of the cells of 
transplanted bone marrow using Iz’lUdR incorporation 
(12).  On the fourth day after transplantation of 2~ lo’ bone 
marrow cells each mouse was given 3 . 7 ~  Bq ‘2’IUdR 
i.p. in 0.4 ml Ringer’s solution. In order to inhibit thymidi- 
late synthesis, fluorodeoxyuridine ( lod7 mol) was injected 
i.p. 30 min prior to the ‘2’IUdR administration. Six hours 
following the injection of ”’IUdR, mice were killed and 
the spleens and femurs removed and placed in 10% for- 
malin buffer solution for 48 h to remove radioactive iodine 
not incorporated into DNA. Subsequently the organs 
were dried and the I2’IUdR incorporation was determined 
by a Nuclear Chicago Gamma well counter and expressed 
as percentage of applied radioactivity. 

Results 

The irradiation of a suspension of bone marrow cells 
with microwaves resulted in an increase of the tempera- 
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Fig. I .  The number of spleen colonies per lo6 injected bone 
marrow cells after microwave irradiation (0) and water bath 
heating (m). Control group (H). Twenty animals per group. Mean 
values ? SE. **p<O.Ol. 
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Fig. 2. Dependence between number of CFUs and temperature 
of suspension after microwave heating. 

ture of the medium, which, in a range from 33°C to 40T ,  
was followed by an elevation of the output of the number 
of exogenous colonies in the spleens of bone marrow cell 
recipients (Fig. 1). If the temperature of the medium was 
above 41T ,  the number of colonies formed from bone 
marrow cells decreased. The nadir of the elevation of the 
spleen colony number occurred at the temperature of 
37°C. The drop in the number of colonies in a temperature 
range from 37°C to 45°C (Fig. 2) indicated a linear depen- 
dence on the temperature that could be described by a 
regression line y=33.72-0.72. x ; the correlation coeffi- 
cient achieved the value of -0.98. 

Heating of the bone marrow cell suspension by a water 
bath had no effect on the output of the exogenous colony 
number. The duration of the heating of the suspension by 
microwaves and by water bath was the same, and the 
duration of the exposure to the maximum temperature (in 
each range determined) was not longer than 30 s. 

The changes in the seeding rate of the CFUs in the 
spleen, after transplantation of bone marrow cells, paral- 
leled changes in the number of exogenous colonies (Table) 
and in ‘251UdR incorporation in the spleen. 
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Table 
The eflect of short-term heating of bone marrow cells by microwaves ( M W )  and by a water bath ( W E )  on the seeding rate of the CFUs 

and incorporation of ' 2s lUdR into the spleens of bone marrow cell recipients 
~~~~ 

Group Seeding rate of CFUs in the spleen 
(determined 24 h after transplantation) 

No. of Per cent of inocu- Per No. of Spleen weight Incorporation Per 
animals lated number cent animals (mg) cent 

'2sIUdR incorporation (determined on the 4th day 
after transplantation) 

Control 20°C 10 9.220.9* 100 12 22.9f 1.4 0.074f0.002* 100 
MW 37°C 1 1  22.45 I .6** 243 12 23.221.4 0.093+0.003** I26 
WB 37°C 9 11.2f l . l  121 1 1  24.7f1.2 0.078 f 0.002 105 
MW 45°C 10 5.4f0.6** 58.7 10 20.220.9 0.05420.001** 73 
WB 45°C 10 8.8f0.7 95.6 12 23.1f1.3 0.070f0.003 95 
* versus ** p<O.OI. 

Discussion 

The number of exogenous colonies formed in the 
spleens of recipients of an intravenous inoculum of hae- 
mopoietic tissue depends on the number of CFUs applied 
(3, their ability to seed the spleen's haemopoietic induc- 
tive microenvironment (2), and on the humoral influences 
that induce their proliferation and differentiation (8). 

The present study indicates that microwaves are able to 
change the efficiency of bone marrow CFUs to form 
macroscopic spleen colonies and that this influence is 
dependent on the temperature of bone marrow cells heat- 
ed by microwaves. The elevation of the spleen colony 
output was in our experiments related to the increased 
seeding rate of the CFUs in the spleens after heating to 
37°C by microwaves, which was followed by an increased 
haemopoietic activity of the spleen. A study of the 
mechanism of the stimulating influence of microwaves is 
under way, and preliminary results indicate that micro- 
waves activate receptors on the CFUs cell membrane 
which can be blocked by treatment of the suspension with 
trimepranol and concanavalin A before microwave heat- 
ing. Such treatments of bone marrow cells eliminate the 
stimulatory influence of microwaves on the CFUs. 

An increase in the temperature of the suspension in- 
duced by microwaves from 37°C to 45"C, i.e. by 8"C, 
resulted in an average drop in the colony-forming efficien- 
cy of bone marrow cells by 80 per cent. This drop may be 
explained as a depression of the seeding rate of CFUs 
caused by the killing of CFUs by microwaves. The differ- 
ent effect on haemopoietic stem cells, of exposure to 
microwaves and of warming by a water bath, may be 
related to the very short time of exposure, and differences 
in the physical effects of these two sources of heating. 
While in the case of microwaves there is direct energy 
absorption by individual components of the cell suspen- 
sion, in the case of the water bath heat is transmitted only 
according to the physical gradients of temperature disper- 
sion. It has been shown ( 1  1) that in the presence of DNA 
the microwave absorption in a solution is 24 times higher 

than in a pure water solution. The fact that heating a bone 
marrow suspension to 45°C with microwaves causes only 
incomplete cell death is probably mainly due to the brief 
exposure to microwaves. It has been found in Ehrlich 
ascites tumour cells that a temperature of 44°C for 2 h or 
of 45°C for 30 min causes irreparable DNA damage (3). 

ACKNOWLEDGEMENTS 
We thank Dr M. PospfSil, Institute of Biophysics, Czechoslo- 

vak Academy of Sciences, for critical comments on the manu- 
script. 

Request for reprints: Dr D. RotkovskB, Institute of Biophysics, 
Czechoslovak Academy of Sciences, Krhlovopolskh 135, 61265 
Brno. Czechoslovakia. 

I .  

2. 

3. 

4. 

5 .  

6. 

References 
BARANSKI S., SZMIGIELSKI S. and MONETA J.: Effects of mi- 
crowave radiation in vitro on cell membrane permeability. 
In: Biological effects and health hazards of microwaves, p. 
173. Edited by P. Czerski, K. Ostrowski, M. L. Shore, Ch. 
Silverman, M. J. Suess, and B. Waldesckog. Polish Medical 
Publishers, Warsaw 1974. 
DEXTER T. M., SP~NCER E., TOKSOZ D. and LAJTHA L. G.: 
The role of cells and their products in the regulation of in 
vitro stem cell proliferation and granulocyte development. J .  
Supramol. Struct. 13 (1980), 513. 
JORRITSMA J.  B. M. and KONINGS A. W. T.: Inhibition of 
repair of radiation-induced strand breaks by hyperthermia, 
and its relationship to cell survival after hyperthermia alone. 
Int. J. Radiat. Biol. 43 (1983). 505. 
LIN J. C., OITENBREIT M. J., WANG S., INONE S., BOLLINGER 
R. 0. and FRACASSA M.: Microwave effects on granulocyte 
and macrophage precursor cells of mice in vitro. Radiat. Res. 
80 (1979). 292. 
LORD B. I.: The relationship between spleen colony produc- 
tion and spleen cellularity. Cell Tissue Kinet. 4 (1971), 211. 
LOVELY R. H., SPARKS T. J. and GUY A. W.: Response of 
lymphocytes in vitro to 30 MHz RF fields. In: Abstracts of 
International Symposium on Biological Effects of Electro- 
magnetic Waves, Airlie, Virginia. D. 138. National Academv 
of Sciences USNCKJRSI, Washington, DC 1977. 

7. MAYERS C. P. and HABESHAU S. A.: Depression of phagocy- 



236 D. ROTKOVSKA, A. VACEK AND A.  BARTONZKOVA 

tosis. A nonthermal effect of microwave radiation as a poten- 
tial hazard to health. Int. J. Radiat. Biol. 24 (1973), 449. 

8. METCALF D.: Haemopoietic colony stimulating factors. In: 
Tissue growth factors, p. 343. Edited by R. Baserga. Spring- 
er Verlag, Berlin 1981. 

9. ROTKOVSKA D. and VACEK A.: Increase in colony-forming 
capacity of the bone marrow stem cells after microwave 
irradiation in vitro. Folia biol. 28 (1982), 138. 

10. SIMONOVITCH L., MCCULLOCH E. A. and TILL J. E.: The 
distribution of colony-forming cells among spleen colony. J. 
Cell Physiol. 62 (1963), 327. 

I I .  SWICORD M. L. and DAWS C. C.: Microwave absorption of 
DNA between 8 and 12 GHz. Biopolymers 21 (1982), 2453. 

12. TAKADA A., TAKADA Y., KIM U. and AMBRUS J. L.: Bone 

marrow spleen and thymus regeneration patterns in mice 
after whole-body irradiation. Radiat. Res. 42 (1971), 522. 

13. TILL J. E. and MCCULLOCH E. A.: A direct measurement of 
the radiosensitivity of normal mouse bone marrow cells. 
Radiat. Res. 14 (1%1), 213. 

14. VAN ZANT G., FLENTJE D. and FLENTJE M.: The effect of 
hyperthermia on hemopoietic progenitor cells of the mouse. 
Radiat. Res. 95 (1983), 142. 

15. YAO K. T. S. and JILES M.: Effects of 2450 MHz microwave 
radiation on cultivated rat kangaroo cells. In:  Biological ef- 
fects and health implications of microwave radiation, p. 123. 
Symposium Proceedings. U.S. Dept. of Health, Education 
and Welfare, Public Health Service, Bethesda, Maryland 
1970. 




