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EFFECT OF RADIOFREQUENCY RADIATION ON mRNA EXPRESSION
IN CULTURED RODENT CELLS
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0 Four rodent cell lines were exposed to 2450 MHz microwave radiation at a Specific Absorp-

0 tion Rate (SAR) of 103.5 ± 4.2 W/kg for varying lengths of time at 37", 40', 42' and 450C.
N mRNA was extracted from microwave-exposed and sham-exposed cells and dot blotted or

Northern blotted to nitrocellulose. Radioisotope labelled DNA probes of oncogenes, heat
shock protein or long terminal repeat sequences were hybridized to the mRNA, and the

I resulting autoradiographs analyzed for differences in levels of mRNA expression fletween

exposed and nonexposed samples. With the cell lines and probes used in this study no signifi-
cant differences in mRNA expression were observed after microwave exposure.

INTRODUCTION -levels during cell replication, at the heat
shock proteins, which are known to respond

- Radiofrequency radiation (RFR) has been to stresses other than heat17 and at the long

reported to induce adverse effects in biologi- terminal repeat (LTR) region of mouse mam-

cal systems, such as teratogenic and embryo mary tumor virus in four rodent cell lines.

lethal effects in mammals particularly during " - r " ' - '

exposures producing significant hyper- MATERIALS AND METHODS

thermia'. Other studies have implicated
microwave exposure with causing changes in Cell lines. Cell lines used were mouse

chromosome number2 and structure3, forma- L5178Y (LY), Chinese hamster ovary (CHO)

tion of cataracts in humans4'S6, rabbits' 8'9 ",10  and two mouse macrophage lines, RAW-

and dogs12 and promoting malignant tumor 264.7 and P388-DI.
formation in rats"', as well as increasing In replicate experiments, cells freshly

tumor production and leukemias 4,
1
s. grown to a standard density of I X 107/iml

In addition, microwave exposures have were resuspended in 1.0 ml of fresh medium

been reported to change the structure of and transferred to a nitrocellulose tube (16

purified double-stranded plasmid DNA, caus- mm X 76 mm) for exposure in the circular

ing it to become nicked and increasing the wave guide apparatus". CHO, RAW and

proportion of relaxed to super coiled mole-; P388-DI cells were grown in RPMI 1640

cules' 6. In view of these reports of changes at( supplemented with 10% heat inactivated fetal

different levels of cellular function and struc- calf serum (FCS), while L5I78Y cells were

ture of mammalian systems to microwaves, ' grown in Fischer's medium for rat leukemia

we asked ourselves if changes at the level of cells containing 10% heat inactivated FCS.

mRNA expression could be detected after
microwave exposure of cultured rodent cells.;. Exposure conditions. L5178Y, RAW-

We chose to look at the mRNA expression of 264.7 and P388-DI cells were exposed to

certain oncogenes known to show elevated 'continuous wave 2450 MHz RFR in the cir-88 1011 035
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cular wave guide apparatus of Kiel et al]8. After spinning, the pellet was rinsed twice
Using a l-kW S-band amplifier (Model with 70% ethanol, dried by inverting on paper
10704, MCL La grange, IU) a SAR of 103.5 towels, and dissolved in 400 Al of a 20 mM
± 4.2 W/kg was attained throughout the ex- Tris (pH 8.0), 1 mM EDTA solution. Precipi-
posure. Temperature was monitored through- tation was effected overnight at -20°C by the
out exposure and in sham-exposed cells by addition of I/10 volume 3M sodium acetate
means of Vitek probes in the actual cell sus- and 2 volumes of ice cold absolute ethanol.
pension. CHO cells were subjected to a SAR
half that of the other cell lines, i.e. 51.75 Extraction of mRNA. Total RNA was
W/ kg. All other experimental details were dissolved in buffer containing I M lithium
identical to those of the other cell lines. All chloride and chromatographed using dT
cells were exposed to microwaves at tempera- cellulose 2'. mRNA was precipitated overnight
tures of 370, 400 , 420 and 450 C. At each tem- at -20°C using 1/10 volume 3M sodium ace-
perature a series of 6 times of exposure were tate and 2 volumes of ice cold ethanol and
performed: 0, 3, 5, 10, 15, and 20 min. For pelleted in a microfuge. The dried pellet was
each exposure time a sham-exposed control dissolved in 10 1A sterile diethyl pyrocarbo-
was also performed giving a total of 12 points nate [DEPC] treated water. The concentra-
at each temperature. A room temperature tion of I 1A in 500 Ml of water was determined
control was substituted at 0 instead of a 0 at 260 nm spectrophotometrically.
min reading at the different temperatures in
the sham-exposed sets. Preparation of samples for dot blots. Ali-

After exposure, 4.0 ml of fresh media were quots of each mRNA were taken to give 1800
added to the cells, and the cells placed in a ng of mRNA. The aliquots were incubated at
370 C CO2 incubator for 2 hr. After incuba- 650 C for 15 min in the presence of 3 volumes
tion, the cells were pelleted and washed four of 6.15 M formaldehyde in lOX SSC. Samples
times in phosphate buffered saline (0.15 M, were cooled to room temperature and diluted
pH 7.4). with 4.15M formaldehyde in 7.5X SSC to

give a final concentration of 100 ng per 200 I1
Extraction of RNA. The cell pellet was solution. Nitrocellulose filter was soaked in

processed to extract total RNA by the meth- lOX SSC, airdried and placed in BRL Hybri
ods of Glison et al' 9 and Ullrich et a120. If cell Dot Manifold. A sample of 200 ill of each
pellets were not processed immediately, they mRNA was applied under vacuum, the wells
were frozen at -70*C for later extraction of rinsed with lOX SSC and the filters airdried
RNA. Guanidine thiocyanate solution, 2.5 before being baked for 2 h at 80°C in a
ml 4M, was added to the cell pellet and rapid- vacuum oven.
ly homogenized using a Tekmar Tissumizer.
The solution was then transferred to a glass Preparation of samples for Northern blots.
homogenizer and dounced 10-12 times to One set of P388-DI mRNAs and one set of
shear DNA. One gram of solid cesium chlo- RAW mRNA's were run on gels; mRNA was
ride was dissolved in the guanidine solution transferred onto nitrocellulose by Northern
before layering the mixture onto an equal blot 22'23. Two lsg of each of the mRNA's ob-
volume of 5.7 M cesium chloride solution in tained from RFR-exposed and sham exposed
a polyallomer tube (13 mm X 51 mm). The cells at each test interval of time and tempera-
gradient was run overnight for 15-16 h in a ture were denatured in 50% formamide, 2.2 M
Beckman SW50.1 rotor using either a Sorvall formaldehyde, 40 mM 3-[N morpholineipro-
RC80 or Beckman L8-80 Ultracentrifuge. pane-sulfonic acid [MOPS], 10 mM sodium
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acetate and 1 mM ethylene diaminetetraacetic Probes. Probes used were v-fos 24 selected
acid [EDTA], heated at 60'C for 5 min, as a probe since c-fos production has been
made 2.5% in glycerol and 0.025% in brom- shown to be induced by growth factors and
phenol blue and then loaded onto a 1% has been shown to precede the activation of
agarose-formaldehyde submarine gel (2.2 M) c-myc after stimulation by these factors, v-
buffered with 40 mM Mops, 10 mM sodium myc 26,27, v-Ha-ras28 and a 1.45 kb Pst I frag-
acetate and 1 mM EDTA. The gel was im- ment containing the LTR region, U3 and a
mersed in the MOPS buffer without formal- small portion of U5 from the Mouse Mam-
dehyde and run at 60 volts for 6 h. The gel mary Tumor Virus (MMTV), which was used
was removed, inverted on 2 sheets of What- as a probe to look at expression of LTR
man No. 3MM filter paper, overlaid with mRNA before and after microwave expo-
nitrocellulose paper and paper towels and sure29 . There are several lines of evidence
blotted for 2 h using 20X SSC solution (IX indicating that the LTR regions of the retro-
SSC contains 0.15 M NaCI 0.015 M Na virus genome play a crucial role in controlling
citrate). The filter was removed, air dried and the level of transcription of the genome ' 3' .

baked for 2 h at 800C under vacuum. Gels A probe for the 361 1-murine sarcoma virus
were stained with ethidium bromide to check (MSV), an 8.9 kb EcoRl fragment, was fur-
efficiency of transfer. A faint band could be ther digested by restriction endonucleases
seen at 8.9 kb where the murine sarcoma BstE II and Xho I to give a 1.2 kb fragment
virus probe was located. Approximately 4.5 containing sequences coding for v-raf 2.Both
ng of each probe was run on each gel as an the 8.9 kb fragment and v-raf were used as
internal check on hybridization, probes.

A probe for the 70,000 MW Human Heat
Prehybridization and Hybridization. Pre- Shock protein (hsp 70) was made by digesting

hybridization of the filters took place over- the plasmid pUR.HS70 with EcoRI.Bam HI.
night at 420 C in heat sealed plastic bags. The The resulting 800 bp fragment contained 125
prehybridization solution contained 50% bp of pBR322. The pUR.HS70 plasmid was
formamide, 5X Denhardt's solution, 2.5 jig/ a gift of Dr. Joseph Nevins, Rockefeller
ml sonicated salmon sperm DNA and 5X University.
SSPE (IX SSPE contained 1 mM EDTA, 10 All probes were labelled with [32P] dCTP
mM NaP and 0.18 M NaCI). Hybridization by the oligonucleotide primer procedure of
solution had the same composition as that Feinburg and Vogelstein" to give approxi-
for prehybridization, but with the addition of mately 1 X l0 9 dpm/ Mg. Before use probes
0.1% SDS. After hybridization for 20 h at were treated with 1/10 volume IN NaOH for
421C, the filters were washed in 2X SSC + 10 min at 37°C then neutralized by addition
0.1% sodium dodecyl sulfate [SDS] four times of 1/ 10 volume IN acetic acid.
at room temperature for 15 min per wash,
followed by 2 washes in 0.IX SSC + 0.1% RESULTS
SDS at 55*C for 30 min per wash. Filters
were then blotted to remove excess moisture, For each set of RFR-exposed cells there is
wrapped in plastic wrap and exposed to a set of sham-exposed cells giving a direct
Kodak XAR film with or without intensifying control both for temperature and RFR
screens for 24-48 h. Films were read on a effects. As the temperature rose, it became
Hoefer Scientific Instruments GS300 Scann- apparent that with some probes hybridization
ing Densitometer. signals became weaker for both sham-exposed
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and RFR-exposed samples. Temperature af- weak signals with mRNA from RFR-exposed
fected RFR-exposed and sham-exposed cells or sham-exposed L5178Y or CHO cells.
equally with marked signal loss occurring RAW total RNA showed no hybridization to
between 420 and 451C. This temperature this probe. Pilot studies with mRNA from
effect did not appear to be the case with unexposed P388-DI cells suggested that
L5 178Y cells with the v-myc or hsp70 probes strongly hybridizing material was present, but
where the 450C signal was as strong as that at no results of RFR exposures are available.
420 C. Dot blots of L5178Y cells showed mRNA from L5178Y cells showed a strong
hybridization to v-fos at all temperatures hybridization signal with both MSV and v-raf
with no consistent differences between the probes, although no significant differences
RFR-exposed and sham-exposed controls. were seen between the hybridization signals

CHO cells showed no v-fos hybridizing of mRNA derived from RFR-exposed cells
material. Pilot studies on total RNA from and from sham-exposed cells (Table I).
non-exposed RAW and P388-D, cells indi- mRNA from CHO cells gave a weak signal
cated both cell types showed little v-fos with both RFR-exposed and sham-exposed
hybridizing material, samples with these MSV and v-raf probes.

Dot blots of L5178Y mRNA to the v-myc Pilot studies indicated unexposed cell mRNA
probe showed a strong hybridization signal, from both RAW and P388 Dl cells strongly
but no consistent differences between RFR- hybridized to these probes.
exposed and sham-exposed cells. mRNA The heat shock protein probe, hsp70, hy-
from CHO cells showed a weak hybridization bridized to both L5178Y and CHO mRNA,
signal with no differences between RFR- but in neither case were there significant
exposed and sham-exposed cells, differences between signals of mRNA derived

mRNA from L5178Y and CHO cells from RFR-exposed and sham-exposed cells.
showed a very weak hybridization to the v- P388 Dl and RAW mRNAs were not tested
Ha-ras probe and no consistent differences with this probe.
between expression of mRNA from the RFR-
exposed or sham-exposed cells. RAW and DISCUSSION
P388-D I cellular mRNA showed no hybridi-
zation to this probe. The results of this study indicate that ex-

The MMTV-LTR probe also showed very posures of cultured rodent cells to 2450 MHZ

TABLE 1. Ratios (RFR-exposed/sham-exposed) of signals detected by densitometer at designated times and
temperatures using L5I78Y cells and the MSV probes,

Temperature of RFR Exposure
Time 370 400 420 450

0 1.47 (4)" ' 0.75 (6) 1.56 (6) 0.59 (2)
3 0.67(6) 1.22(4) 1.14(5) 2.55(3)
5 1.32(6) 1.59(6) 0.86(6) 1.39(l)
10 1.21 (6) 0.55 (6) 0.66 (5) 1.02(I)
15 1.19(6) 1.69(6) 1.68(4)
20 1.81(4) 1.35(4)
30b 0.62 (2) 1.98 (2) 0.25 (2)

'MSV and v-raf probe figures were combined to give greater numbers at each reading.
"In two experiments a 30 min reading was taken instead of a 20 min reading.
'Number in brackets denotes number of experiments per interval.
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RF radiation at SAR of 103.5 ± 4.2 W/kg, crease due to the thermal effects of the micro-
and CHO cells at SAR 51.75 W/kg do not waves. Thermal changes can affect results and
significantly change the levels of mRNA ex- can lead to incorrect conclusions. In this
pression as determined by stringent hybridi- study sham-control and microwave-exposed
zation conditions using DNA probes for c- samples were treated identically and each
fos, c-myc, c-Ha-ras, the LTR of mouse sample had its own built in control at each
mammary tumor virus, p21 Sarc protein and temperature and length of exposure. As the
c-raf and the 70 kD heat shock protein, temperature increased we saw an increase in
Kirschmeier et a134 showed that normal m-RNA levels of the heat stress protein probe
C3H IOTh mouse cells could be transformed in both sham-exposed and microwave-
by UV light, X-ray irradiation and chemical exposed samples as would be expected.
carcinogens and that they expressed increased Further studies using different cell lines and
levels of mRNA homologous to a probe longer exposure times may reveal sensitivities
specific for LTRs. Normal cells showed little to RFR or it may be also that an outside
or no hybridization to this probe. Our present stimulus, i.e., a hormone or chemical, is
study using RFR exposure did not show such needed to alter the "normal" cell, thus making
increases in mRNA. To our knowledge this it more susceptible to exposure to microwave

36study is the first attempt to detect and quan- radiation
tify any relationships at the mRNA hybridi-
zation level between gene expression and ex- We would like to thank TSgt. David Simmons and

posure to RFR radiation. It appears that no AIC Gerald O'Brien for excellent technical assistance

direct relationship exists between the time- and providing cell cultures. JEP was a recipient of a
USAF Fellowship under Contract #F33615-93-C-0624 to
the University of Texas Health Science Center at San

of a standardized RFR radiation exposure Antonio.

field and induction of effects on mRNA
expression. REFERENCES

This study was conducted under very con-
trolled temperature conditions. Thermal I. Lary, J. M., Conover, D. L., Johnson, P. H., and

changes due to microwave exposure can cause Hornung, R. W. (1986) Bioelectromagnetics 7,

changes in biological systems that can be 141-149.

interpreted as being due to the microwaves 2. Yao, K. (1982) J. of Heredity 73, 133-138.
themselves. Kiel et a1'5 reported this in their 3. Manikowska, E., Luciani, J. M., Servantie, B.,

Czerski, P., Obrenovitch, J., and Stahl, A. (1979)
experiments with leukocytes. Oxidative meta- Experimentia 35, 388-390.

bolic activity of human peripheral mono- 4. Cleary, S. F., and Pasternack, B. S. (1966) Arch.

nuclear cells appeared to be significantly in- Envir. Health 12, 23-29.

creased after exposure of the cells to micro- 5. Hirsch, F. C., and Parker, J. T. (1952) Arch. Indust.
waves when compared with the activity of Hyg. 6, 512-517.

6. Zaret, M., Cleary, S., Pasternack, B., Eisenbut, M.,
incubator controls. When sham-treated con- and Schmidt, H. (1963) U.S. Air Force Docu-
trols were compared with the incubator con- ment RADC-TDR 63-125.
trols a similar increase was seen, but when the 7. Carpenter, R. L. (1965) J. Microw. Power 3, 3-20.
sham-treated controls were compared with 8. Daily Jr., L., Wakim, K. G., Herrick, J. F., Parkhill,

the microwave treated cells no significant E. M., and Benedict, W. C. (1952) Am. J. Opthal.
35, 1001-1017.differences were seen. It is therefore very im- 510-17

9. Richardson, A. W., Duane, T. D., and Hines, H. M.
portant to treat sham-control and microwave- (1948) Arch. Phys. Med. 29, 765-769.
exposed cells in the same way, constantly 10. Seth, H. S., and Michaelson, S. M. (1965) J. Occup.

adjusting the temperature to negate any in- Med. 7, 439-442.



134 J. E. PARKER, J. L. KIEL and W. D. WINTERS

11. Van Ummersen, C. A., and Cogan, F. C. (1965) 25. Muller, R., Bravo, R., Burckhardt, J., and Curran,
Arch. Envir. Health. 11, 177-178. T. (1984) Nature 312, 716-720.

12. Searle, G. W., Dahien, R. W., Imig, C. J., Wunder, 26. Alitalo, K., Bishop, J. M., Smith, D. H., Chen, E.
C. C., Thompson, J. D., Thomas, Jr., and Y., Colby, W. W., and Levinson, A. (1983) Proc.
Moressi, W. J. (1961) In Biological Effects of Nat. Acad Sc. USA. 80. 100-104.
Microwave Radiation (M. F. Peyton Ed.) pp. 27. Watt, R., Stanton, L., Marcu, K. B., Gallo. R. C.,
187-198. Plenum Press, New York. Croce, C., and Rovera, G. (1983) Nature 303.

13. Kunz, L. L., Johnson, B. S., Thompson, D., Crow- 725-728.
ley, J., Chou, C-K., and Guy, A. W. (1985) U.S. 28. Ellis, R. W., DeFeo, D., Shih, T. Y., Gonda, M.
Air Force School of Aerospace Medicine docu- A., Young, H. A., Tsuchida, N., Lowy, D., and
ment TR-85-11I 1-66. Scolnick, E. (198 1) Nature 292, 506-511.

14. Szmigielski, S., Szudzinski, A., Pietraszek, A., 29. Majors, J., and Varmus, H. E. (1981) Nature 289,
Bielec, M., Janiak, M., and Wrembel, J. (1982) 253-258.
Bioelectromagnetics 3, 179-19 1. 30. Hayward, W. S., Neel, B. G., and Astrin, S. M.

15. Prausnitz, S., and Susskind, C. (1962) Transactions (198 1) Nature 290. 475-480.

on Rio-Medical Electronics 9. 104-108. 31. Dhar, R., McClements, W. L., Enquist, L. W., and
16. Sagripanti, J. L., Swicord, M. L., and Davis, C. Vande Woude, G. F. (1980) Proc. Nat. A cad Sci.

(1987) Radiation Research 110, 219-231. U.S.A. 77, 3937-394 1.
17. Wu, B. J., Kingston, R. E., and Morimoto, R. 1. 32. Rapp, U. R., Goldsborough, M. D., Mark, G. E.,

(1986) Proc. Nat. Acad Sci. U.S.A. 83. 629-633. Bonner, T. L., Groffen, J., Reynolds, Jr., F. H.,
18. Kiel, J., and Erwin, D. (1984) Physiological Chemn- and Stephenson, J. R. (1983) Proc. Nat. A cad.

istr ' and Physics and Medical NMR 16. 3 17-323. Sci. U.S.A. 80, 4218-4222.
19. Glisin, V., Crkvenjakov, R., and Byus, C. (1974) 33. Feinburg, A. P., and Vogelstein, B. (1983) Anal.

Biochemistry 13, 2633-2637. Biochern. 132, 6-13.
20. Ullrich, A., Shine, J., Chirgwin, J., Pictet, R., 34. Kirschmeier, P., Gattoni-Celli, S., Dina, D., and

Tischer, E., Rutter, W. J., and Goodman, H. M. Weinstein, B. (1982) Proc. Nat. A cad. Sci. U.S.A.
(1977) Science 196, 1313-1319. 79. 2773-2777.

21. Maniatis, T., Fritsch, E. F., and Sambrook, J. 35. Kiel, J. L., Wong, L. S., and Erwin, D. N. (1986)
(1982) Molecular Cloning-A Laboratory Manual. Physiological Chemistry and Physics and Medi-
Cold Spring Harbor Laboratory, Cold Spring cal N.M. R. 18. 181-187.
Harbor, 197-198. 36. Chang, C. H., Pirollo, K. F., Zou, Z. Q., Cheung,

22. Lehrach, H., Diamond, D., Wozney, J. M., and H.-Y., Lawler, E. L., Garner, R., White, E.,
Boedtker, H. (1977) Biochemistry 16. 4743-4751. Bernstein, W. B., Fraumeni, J. W., and Blattner,

23. Goldberg, M. L., Lifton, R. P., Stark, G. R., and W. A. (1987) Science 237. 1036-1039.
Williams, J. G. (1979). Methods Enzymol. 68,
206-220.

24. Curren, T., Peters, G., Beveren, C. V., Teich, N. M.,

and Verma, I. M. (1982) J. of Virology 44,
674-682. Received February 2, 1988; reviewed February 24, 1988.

AcCi9SSlon F'or

NTIS GRA&I

DYIC TAB[2 TC Uflannou.i c Cd 5
(ELECTE
~OCT12 2198 ByII lristribution/

IAvailaobility Codes1S~M

+'~ iA


