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Abstract—This paper shows that prolonged (overnight) expo- vided that heating is negligiblex(1 °C) [1]. Recent health
sure to continuous microwave fields (750 MHz, 0.5 W) can induce concerns about mobile phone use have focused on cognitive

both a heat-shock response and enhanced growth in the nematode, ., +(ions [2] and possible cancer-promoting effects [3] in hu-
worm Caenorhabditis elegansExposures were conducted in a . L . L
TEM cell with matched load, producing an E-field of approxi- ~Mans, but the evidence remains inconsistent and unconvincing.

mately 45 V m~! at the center (where test worms are placed). In this paper, we show that prolonged exposure to continuous
Biomonitoring of heat-shock responses has been simplified by microwave emissions (as used in analog mobile phones) causes
using two transgenic strains (PC72 and PC161), which both rapnroqycible biological effects similar to those caused by heat,
carry stress-inducible reporter constructs, respectively, placing . . .

lacZ (B-galactosidase) andlacZ plus green fluorescent protein even though there_ IS no mealswable. increase in temperature.
expression under the control ofC. elegans hsp16-promoters. In  Our test organism is the free-living soil nematd@aenorhab-

situ localization of reporter expression reveals a minority of test ditis elegans which offers many practical advantages thanks

worms, which respond strongly tohmicrowave exposure. Enzyme g jts small size, rapid life cycle (three days atZ%), ease of
activity measurements average these reporter responses across, ..« 2nd excellent genetics.

many thousands of individual worms, giving a reliable indication . . .
of the overall stress imposed on a population. The temperature ~ EXcessive heat damages cellular proteins and triggers the
profile of reporter responses induced by microwave exposure production of heat-shock proteins (HSPs), a universal protective
parallels that induced in controls by heat alone, but is displaced response found in all organisms. The HSPs act as molecular
down the temperature scale by some 3C. Length measurements  opaharones to refold and reactivate heat-damaged proteins,

were conducted at intervals in synchronizedC. eleganscultures . k
seeded with L1 larvae. Using pooled data from nine separate @nd dispose of those beyond rescue [4]. Other physical and

runs, growth was stimulated by 8.5% after overnight microwave chemicalstressors alsoinduce HSP expression, although damage
exposure (relative to controls), and this disparity increased to 11% may be indirect [e.g., via reactive oxygen species (ROS)].
after 24 h of further growth without irradiation. Both heat-shock  prntein damage promotes the dissociation of HSP/heat-shock

responses and increased growth would be consistent with a modest . .
increase in temperature, raising the possibility that microwave ex- factor (HSF) complexes [5], such that free HSF can trimerise

posure might cause limited heating in this system. However, there and bind to the HSEs (heat-shock elements) which preface
is no detectable rise in the temperature of either medium orworms  all stress-inducible HSP genes, thereby activating HSP gene
during overnight exposure under these conditions, discounting transcription [6]. HSP induction provides asummative biomarker

both generalized and localized (worm-specific) heating effects. We : . :
conclude that both growth and heat—shock responses are induced response, reflecting the extent of underlying protein damage

by microwave exposure through one or more nonthermal routes. ~ (Proteotoxicity) under adverse environmental conditions [7],
[8]. The difficulty and expense of HSP detection can be
circumvented by using transgenic test organisms [7]. One
such is theC. elegansstrain PC72, which carries dg. coli
lacZ reporter gene (encoding-galactosidase) linked to the

. INTRODUCTION C. elegans hspl16-promoter [9]. Likehspl6itself, reporter

URRENT exposure limits for microwave radiation fromexpression in this strain is strictly stress inducible throughout

mobile phones assume no adverse biological effects prthe life cycle [9].
PC72 and similar strains &. elegange.g., PC161 carrying
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Il. METHODS of 24°C or 25°C. Thawed worms were mounted in saline for
microscopy, visualized via a charge-coupled device (CCD)
camera and video (on-screen magnificatied40), and the

Strain PC72 carries multiple copies of a reporter construghgths of 200 worms measured for each test condition (in-
in which theE. coli lacZgene and SV40 nuclear localizationc|yding all worms within each microscope field before moving
signal (NLS) are fused in-frame into the second exon of@he on) [15]. Data from nine runs are included in the analysis
elegans hsp16-gene [9], [13]. To produce PC161, a promoterfor Fig. 3. For stress response assays, worms were washed,
less S65C GFRIcZ/SV40 NLS construct (pPD96.04, obtainedyozen, acetone-fixed, and dried, prior to fluorometric assays
from A. Fire) was inserted at the same position insp16-1and  for 3-galactosidase activity (using a Perkin-Elmer HTS7000
this fusion gene microinjected into adult hermaphrodites aloRgicroplate reader), as previously described [12]. All activities
with the pRF4’O|6 selectable marker [14], multlple COpieS Werqpm()'es product ‘hl mg—l protein) were normalized against
then integrated into the genome fyrradiation. Homozygous 15 °C controls £100%), so as to compare runs at different
rolling animals were selected and outcrossed over six geneg@mperaturesj-galactosidase activity was detected by Xgal
tions. staining, and GFP was visualized under UV.

A. Worm Strains

B. Worm Culture E. Statistical Procedures

Worms were grown on nematode growth medium (NGM) Because of inter-run variability, pooled growth data from
agar plates at 1%, as previously described [12], afd larvae  nine independent runs at two different temperatures @4
isolated by filtration through a pm mesh (Wilson Sieves, and 25°C) was subjected to iterative general linear model
Nottingham, U.K.) [15]. Larvae were exposed overnight toG| M) analysis to identify the principal sources of variation
microwaves (below) at 24C or 25°C for growth studies, or py three-way analysis of variance (ANOVA) [18]. None of
grown on for a further three days at 16 (reachingL4 early thjs variation was attributable to temperature; hence, two-way

adulthood) for stress reporter assays. least-squares ANOVA using StatGraphics [12] allowed derived
means to be calculated for each test treatment (exposed versus
C. Microwave Exposure and Dose Estimation control), after taking account of inter-run variation. A student’s

L1 larvae orL4/adult stages were exposed overnight (18 ﬁ)test was used _to compare microwave-induced with control
to microwave radiation at 750 MHz and 0.5 W (27 dBm) ifePorter expression at each temperature tested.
the TEM cell previously described [10] within a Ledd’3
heating/cooling incubator (temperature stabitit®.2 °C). For lll. RESULTS
stress responses, worms were exposed in a shallow depth
aqueous K medium (53 mM NaCl, 32 mM KCI) in six- or

12-well multiwell dishes (Corning). For growth studiebs] of microwave exposure at 25C; many exposed Worms

Ia_lrvae were plat_ed on fresh NGM agar plus food bacteria Yhow weaker staining, but all control worms are unstained
six- or 12-well dishes. Control worms from the same sourTgee Fig. 1(b)]. Similar exposure of PC161 worms at°g5

qéig. 1(a) showsin situ staining for reporter product (nu-
clear-localized3-galactosidase) in PC72 worms after 18 h

population were trea’Fed identically, .bUt shiglded fro”ﬁ Mhduces GFP expression in post-blastula embryos within
g;%v:\ﬁciﬁg?sr)rengl-—x r|?jpi$] e?hguéz:t?eﬂ;ef l\iMTI(E:i/lII 'Cnelfhgdult hermaphrodites [see Fig. 1(c)], which is never seen in
(where worm dishes are placed) is approximately 45 ¥im control worms [see Fig. 1(d)]. The ribbons of yellow—green

. ) . fluorescence apparent in both Fig. 1(d) and (c) represent
(power density of about 10 W mif); however, penetration of autofluorescent gut granules, not GFP. Strong reporter ex-

the electromagnetic field (EMF) into the aqueous/agar mediu ession is confined to a minority (circa 10%) of exposed

ﬁgd;r:;cégzer\gg;?: r\(levllgtp 2 meljr;r]].tlt?‘c.‘ts tcr)]fatrr]]eat ?ri;u(ggg/e_' orms in both strains, but probably most worms express weak
v u Ive permittivity W -Withelow detection threshold) rather than zero reporter activity.

suspension in K medium, as compared to K medium anne)Az\

: . . : C o {hough microwave-exposed PC72 worms show occasional
615 MHz using the cavity perturbation technique. This implies_. . =" :
a conductivity of about 0.48 mho ™, which is comparable &alnlng In eggs and embryos [as for PC161, see Fig. 1(c)],

10 that measured for a range of human tissues [16]. Fr high background autofluorescence will swamp any GFP signal
. su Nge u Hssu [16]. i‘ﬁm the gutin PC161 worms. Between them, gut and embryos
this, we estimate an electric field penetration of about 1.3

. . ; i han half the i | ti f I -
m~! (based on an external field of 45 VTH), which gives a comprise more than half the internal tissues of an adult nema

specific absorption rate (SAR) of the order of 0.001 W-kg :;Z?::;Z%;Sizp&;eisg expression Is Inconsistent with localized
This compares with SAR values of 0.02—1.0 Wkgwithin )

. . . Fig. 2 compares the temperature profile facZ reporter ex-
ahgeogw::[;]??d when irradiated by mobile phones at 835p%ssion in control PC72 worms (ZZ2-28 °C) with that in

microwave-exposed worms (Z£-25.5°C). For consistency
between runs at different temperatures, all reporter activities
were normalized relative to those of worms from the same batch

For growth studies, worms were washed off the plates agdown at 15°C (15 °C controls= 100%). On this basis, con-
frozen in blind-coded tubes either immediately after exposuregls at temperatures up to Z€ do not exceed 500% rela-
or after a further 24 h of growth at the exposure temperatutiee to those at 15C. At 24 °C, there is no difference in re-

D. Assay Procedures
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Fig. 2. Temperature profile for stress transgene expression in
microwave-exposed versus control PC72 worms. Reporter enzyme activities
(see Section IlI) were compared between microwave-exposed and control
worms at half-degree temperature intervals across the rangé@425.5°C

(n = 12 for each data point), while controls only were assayed outside this
range ¢ = 6). All results at each temperature tested were normalized relative
to 15°C controls (100%) included in each such run and derived from the same
batch of filtered worms. Filled circles, dashed line: reporter responses to heat
alone. Open squares, solid line: microwave-induced reporter responses at
different temperatures. All data points show mean vatieSEM.

TABLE |
TEMPERATURE MEASUREMENTS FOREXPOSEDVERSUSCONTROL SAMPLES
IN WORM SUSPENSION AND INK MEDIUM

Shielded Controls —  Shielded Controls -  Exposed Samples—  Exposed Samples —

K medium 50% worm K medium 50% worm
suspension suspension
24.7°C 24.7°C 24.8°C 24.8°C
Fig. 1. Stress responses in microwave-exposed transgenic worms. PC 247°C 24.7°C 24.8°C 248°C
worms exposed to microwaves for 18 h aZ5were stained foB-galactosidase 24.6°C 24.5°C 24.8°C 247°C
activity using Xgal alongside _shlelded controls then mounted in glycgr(_)l 24.5°C 24.5C 24.6°C 24.59C
and photographed. Part A: microwave-exposed (note dark nuclear stainir
in gut nuclei). Part B: typical unstained control. A similar comparison was Mean 24.63°C Mean 24.60°C Mean 24.75°C Mean 24.70°C

made for strain PC161 (carrying a stress-inducible GFP reporter) expose + 9.96°C (SD)
at 25 °C. Photography used fluorescein isothiocyanate (FITC) settings on
an Olympus fluorescence microscope. Part C: microwave-exposed (note
widespread GFP expression in ovoid embryos); Part D: typical control with no

GFP expression. The brighter ribbon of fluorescence in parts C and D is causeaited worm suspension (50%-w/v packed worms in K medium)

by autofluorescent granules in the intestinal tissue (gut), and is yellower th&[bngside K medium alone for 20 h at 26. in paraIIeI with
GFP. Bars in all four parts show 50m. ’

identical shielded control samples in the same incubator. At the
end of this period, plates were removed and the sample tem-

porter expression between microwave-exposed and control pppfratures measured rapidly (alternately K medium, then worm
ulations(p > 0.05), but microwave-induced reporter activitiessuspension) with a fast-response microthermocouple, giving the
rise steeply through 24 and 25.0°C to 25.5°C (p < 0.01, results shown in Table I. Although all eight measurements were
as compared to controls). Above 2B, controls show variable completed within 1 min of removing each plate from the incu-
heat-induced expression so that the differences attributablebtdor, the last samples measured were always detectably cooler
microwave exposure become less clear (data not shown). Ththan the first few. Despite this slight cooling, it is clear that
microwave exposure induces reporter-gene expression at téhe mean temperatures differ neither between K medium and
peratures some 3C below those required to induce compa50% worm suspension, nor appreciably between microwave-ex-
rable responses in nonexposed controls (Fig. 2). To investigptesed and control conditions. This not only rules out generalized
whether this effect could possibly be due to microwave heatinggating by microwaves, but also discounts the possibility that
the medium temperature was monitored continuously during exerms might be selectively heated much more than their sur-
posure at 25C, using a Luxtron fiber-optic probe; no inflec-rounding medium. Fig. 2 implies that worms would need to be
tion of the temperature record could be detected during s&/~C hotter than their surroundings in order for heating alone to
eral hours of exposure. Immediately after exposure, the meaatount for the induction of heat-shock reporter responses at 25
medium temperature was 24.70+ 0.07°C (SEM) in 25 mi- °C. In a 50% (W/V) worm suspension, this model would pre-
crowave-exposed wells and 24.7@+ 0.081°C in 25 similar dict that the overall temperature should rise by around®C.5
shielded control wells. To test for possible selective heating @ifeat diffusion being inevitable over 18 h), yet no such rise is
the worms, we exposed small volumes (0.2 mL) of conceseen in Table I. The TEM cell used in this paper delivers an

+ 0.116°C (SD) + 0,100°C (SD) + 0.141°C (SD)
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E-field of about 45 V nT! at the center of the cell, from which

we estimate an SAR of 0.001 W k§ (see Section Il). Mobile
phones deliver SARs in the range of 0.02—1.0 W ket 835

or 1900 MHz [17], using pulsed and modulated signals in the
case of digital models. Clearly, our test conditions most closely
resemble those experienced by users of older-style analog cell
phones. Tests are now in progress with digital mobile phones
to determine whether these also induce heat—shock responses in
transgenic worms.

Worm growth is also stimulated, both during and after ex-
posing synchronous populations bf larvae to microwave ra-
diation overnight at 24C or 25°C, as compared to controls at
the same temperature. Worms were frozen for length measure-
ments either immediately after exposure (18 h) or else after 24
h of furthe.r gr_OWth a.t 24)C__25 (.)C _(42_h)' Therg IS Cons'_der' Fig. 3. Growth stimulation in PC72 worms following microwave exposure.
able variation in the final size distributions attained, due in pasorm growth at 24C—25°C was monitored as described in Section I, and data
to a variable proportion of2 larvae included alongside tHel from nine independent runs (four at 2@ and five at 25°C) were pooled for

: . . - . statistical analysis (see text). Derived mean lengths from two-way least-squares
larvae isolated by size fractionation [15]. lterative GLIM [15]ANOVA (StatGraphics) are shown both immediately after exposure (18 h) and

[18] analysis of the data pooled from nine independent runs Caifter 24 h of further growth at 24C or 25°C (42 h). Left-hand-side group,
firms this highly significant effect of run}('425915 = 275.76, comparison after 18 h; Right-han_d-side group, comparison after 42 h. In both
P < 0.001 after 18 h.F 75 = 60.3, P < 0.001 after 42 . 9uPS heched bar (efhand sde show the mean engihs ofconor worrs
But over and above this, there is a clear and consistent effeciifrowave-exposed worms. Error bars show 95% confidence intervals for
treatment attributable to microwave eXPOSLFﬁéscs = 54.91, these_ means. Ambi_en_t incubator temperature °(G4v_ersu§ 2_5°C)' did not
P < 0.001 after 18 h,Fis1055 = 31.07, P < 0.001 after contribute to the variation observed between these size distributions.
42 h), and a less significant interaction between run and treat-
ment (Fy13239 = 7.44, P < 0.001 after 18 h,F350076 = 9.8, posure to continuous microwave fields at 750 MHz and 0.5 W,
P < 0.005 after 42 h). Four of the nine runs were conductegonditions comparable to those produced by analogue mobile
at 24°C and five at 25C; however, the same GLIM analysisphones. There is also a modest stimulation of growth, which
found that none of the variability in the overall data set was sustained for some time after cessation of exposure. Since
attributable to temperature (2€ versus 25C). This implies there is no measurable increase in ambient or worm temper-
that the growth effects observable at 22 are indistinguish- ature during exposure, both effects appear to be mediated by
able statistically from those at 2&, in contrast to the patternsnonthermal mechanisms. A heat—shock response might be in-
of heat—shock reporter expression (undetectable &C24ut ducible through disruption of the hydrophobic and other weak
significant at 25°C; see Fig. 2). Growth stimulation is one prenoncovalent interactions that maintain proteins in their active
dicted consequence of mild heating, but neither our temperatttieee-dimensional (3-D) conformations. This would not neces-
measurements (above) nor the lack of any discernible tempesarily entail gross heating of the entire cell contents (the bulk
ture effect (24°C versus 25C) offers any support for this ex- of which consists of water), and certainly would not require
planation. Fig. 3 shows the overall difference between exposg@akage of covalent bonds. Other possible mechanisms under-
and control populations at both time points (four runs at@4 lying heat—shock induction by microwaves include: 1) enhanced
plus five runs at 25C), in terms of the derived mean lengthgormation of ROS, which are classic inducers of the heat—shock
obtained from least-squares two-way ANOVA of the pooletbsponse and/or 2) interference with cellular signalling systems
data set (using StatGraphics [12]), after taking account of th&olved in HSF activation by phosphorylation. The excellent
inter-run variation. Immediately after microwave exposure fgenetics and recently completed genome sequerCeasdégans
18 h, worms are 8.5% longer than controls, whereas after 24nfake it an ideal organism in which to explore the genetic basis
of further growth, this size difference increases to 11.2% (42 Inf. the heat—shock response to microwaves. Our observation of
By the third day (66 h), many worms reach adulthood and sizghanced larval growth at first sight seems anomalous since
differences become obscured by large numbers offielarvae  most chemical toxicantseduce the growth rate as well as in-
(data not shown). Since the somatic cell lineag€oklegans ducing a heat—shock response. However, an acceleration of de-
is invariant, the observed size differences (Fig. 3) cannot ariglopment (resulting in earlier reproduction) may be an adaptive
from extra cell divisions, but probably reflect a faster developesponse to mildly stressful conditions. Further exploration of
mental rate in the exposed worms. Consistent with this, eg@ge longer term life-history consequences of microwave irradia-
(diagnostic of adulthood) appear markedly earlier in exposedtisn is needed to confirm this suggestion. Our temperature data
compared to control cultures (unpublished observations).  (Table I) discount alternative explanations in terms of differen-
tial heating of worms versus their surrounding medium. How-
ever, this could only be rigorously excluded through real-time
thermal imaging of exposed worms.

We have demonstrated consistent and significant inductionOur findings suggest that the stress-sensor strains used in this
of the heat—shock response@n elegangduring prolonged ex- paper are particularly suitable for investigating the effects of
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microwave exposure and of other EMFs [19]. The strong inter-[2] A. W. Preece, G. Iwi, A. Davies-Smith, K. Wesnes, S. Butler, E. Lim,
action noted here between temperature and microwave-induced and A. Varey, “Effect of a 915 MHz simulated mobile phone signal on

. cognitive function in man,’Int. J. Radiat. Biol, vol. 75, pp. 447-456,
responses suggests that temperature may be a key considera- gg9
tion when assessing contradictory claims as to the biological ef{3] J. E. Moulder, L. S. Erdreich, R. S. Malyapa, J. Merritt, W. F. Pickard,
fects of EMFs [2], [3] AIthough overnight exposures were used and V. Vua_\yalaxml,_“CeII phones and cancer: What is the evidence for
. . . . . a connection?,Radiat. Res.vol. 151, pp. 513-531, 1999.
in this paper to demonstrate unequwocal blOlOglcal reSponses[=4] D. A. Parsell and S. Lindquist, “The function of heat-shock proteins
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low as 2 h [10]. Shorter exposures cannot be tested using this Annu. Rev. Genetvol. 27, pp. 437-496, 1993. .

. . . . . 5] J.Zou, Y. Guo, T. Guettouche, D. F. Smith, and R. Voellmy, “Repression
system since sufficient time must elapse for reporter induction, of heat shock transcription factor HSF1 activation by HSP90 (HSP90
translation, and enzyme accumulation. @usitu localization complex) that forms a stress-sensitive complex with HSEEI, vol.
studies (Fig. 1) suggest that only a minority of test worms (circa 94, pp. 471-480,1998. _
10%) express the reporter gene stronaly [see Fig. 1(a) and (¢ [6] J. Ll_s and C. Wu, _Protem traffic on the heat-shock promoter: Parking,

p p g aly [ g. ( ) ( )]’ stalling, and trucking alongCell, vol. 74, pp. 1-4, 1993.
whereas the majority show little or no expression. This is unex-[7] D. I. de Pomerai, “Heat-shock proteins as biomarkers of pollution,”
pected, given the genetic homogeneity of the test worms (which_ Human Experimental Toxicohol. 15, pp. 279-285, 1996.

. - . 8] B. M. Sanders, “Stress proteins in aquatic organisms: An environmental

reproduce largely by hermaphrodite self-fertilization) and the perspective, Crit. Rev. Toxicol.vol. 23, pp. 4975, 1993.
fact that they were all at the same developmental stage (mainly9] E.G. Stringham and E. P. M. Candido, “Transgenic HSRab&strains
adultsin three-day cultures of synchroniz[eﬂlarvae [15]). Itis of the soil nematod€aenorhabditis eleganas biological monitors of

. . environmental stressEnviron. Toxicol. Chemvol. 13, pp. 1211-1220,
possible that thd.4-to-adult moult represents a stage of partic- 1994,
ular stress sensitivity, or alternatively, this may be a stochastifo] C. Daniells, I. Duce, D. Thomas, P. Sewell, J. Tattersall, and D. I. de
effect. It is Iiker that several internal damage—limitation sys- Pomerai, “Transgenic nematodes as biomonitors of microwave-induced

. . . stress,"Mutation Res.vol. 399, pp. 55-64, 1998.
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Fig. 2) average these variable responses across man thousah1 %E' G. Stringham, D. K. Dixon, D. Jones, and E. P. M. Candido, “Tem-
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