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at 1.8 W/kg and 1.8 GHz do not Induce hsp16-1
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Recent data suggest that there might be a subtle thermal explanation for the apparent induction by
radiofrequency (RF) radiation of transgene expression from a small heat-shock protein (hsp16-1)
promoter in the nematode, Caenorhabditis elegans. The RF fields used in the C. elegans study
were much weaker (SAR 5–40 mWkg�1) than those routinely tested in many other published studies
(SAR�2Wkg�1). To resolve this disparity, we have exposed the same transgenic hsp16-1::lacZ strain
of C. elegans (PC72) to higher intensity RF fields (1.8 GHz; SAR�1.8Wkg�1). For both continuous
wave (CW) and Talk-pulsed RF exposures (2.5 h at 25 8C), there was no indication that RF exposure
could induce reporter expression above sham control levels. Thus, at much higher induced RF field
strength (close to the maximum permitted exposure from a mobile telephone handset), this particular
nematode heat-shock gene is not up-regulated. However, under conditions where background
reporter expression was moderately elevated in the sham controls (perhaps as a result of some
unknown co-stressor), we found some evidence that reporter expression may be reduced by �15%
following exposure to either Talk-pulsed or CW RF fields. Bioelectromagnetics 29:92–99, 2008.
� 2007 Wiley-Liss, Inc.
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INTRODUCTION

Previous reports that weak radiofrequency (RF)
fields can induce a non-thermal heat-shock response in
the nematode Caenorhabditis elegans [de Pomerai
et al., 2000] have recently been reinterpreted as a
subtle thermal artefact caused by very small tempera-
ture disparities (�0.2 8C) between exposed and sham
conditions [Dawe et al., 2006]. Using a modified TEM
exposure cell, which significantly reduces the tempera-
ture differential (to �0.1 8C), this heat-shock response
was no longer detectable [Dawe et al., 2006]. A similar
thermal explanation may also account for the apparent
effect of RF fields on mutant phenotype prevalence
in temperature-sensitive C. elegans mutants grown
at intermediate temperatures [Gul-Guven et al., 2006].
This is in agreementwith biophysical arguments that set
limits on possible non-thermal interactions between RF
fields and biological systems in equilibrium [Adair,
2003], and with the lack of any generally agreed

mechanism for such non-thermal interactions. In the
literature, reports of RF effects on heat-shock protein
(HSP) expression are divided fairly evenly between
those that find no detectable effect [e.g., Cleary et al.,
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Authority (Säteilyturvakeskus; STUK), Helsinki, Finland; Foun-
dation for Research on Information Technologies in Society (IT’IS
Foundation), Zurich, Switzerland.

*Correspondence to: David I. De Pomerai, Institute of Genetics,
School of Biology, University of Nottingham, University Park,
Nottingham NG7 2RD, UK.
E-mail: david.depomerai@nottingham.ac.uk

Received for review 27 September 2006; Final revision received
18 July 2007

DOI 10.1002/bem.20366
Published online 27 September 2007 in Wiley InterScience
(www.interscience.wiley.com).



1997; Laszlo et al., 2005; Lim et al., 2005; Lantow et al.,
2006; Chauhan et al., 2006a, b], except at high SARs
where thermal effects are clearly implicated [Tian et al.,
2002; Wang et al., 2006], and those where one or more
HSPs appear to be induced [e.g., Kwee et al., 2001;
Leszczynski et al., 2002; Shallom et al., 2002;Weisbrot
et al., 2003; reviewed Belyaev, 2005]. Some of these
latter reports involve up-regulation of the major
inducible HSP70 chaperone, but others focus on the
smaller HSP27 protein, whose orthologues are encoded
by the hsp16 gene family inC. elegans. RF exposure has
also been reported to up-regulate HSP70 protein but not
mRNA expression in lens epithelial cells, implicating
post-transcriptional controls [Sun et al., 2006].

Several reports have suggested that some (but
not all) vertebrate cell lines may be sensitive to non-
thermal effects of RF exposure. These include broad
effects on the proteome [Nylund and Leszczynski,
2006] and specifically on the expression of vimentin
isoforms [Nylund and Leszczynski, 2004], as well as
on the expression and phosphorylation of small heat-
shock proteins (HSP27) in human endothelial cells
[Leszczynski et al., 2002]. However, these changes are
not seen in several other cell types [Nylund and
Leszczynski, 2006]. RF fields have also been reported
to up-regulate expression of HSP70 protein in a p53-
deficient mouse embryonic stem cell line [Czyz et al.,
2004], though this effect was not seen in the presence of
functional p53. These findings are supported by several
gene-array studies showing significant shifts in the
expression of a small subset of genes following RF
irradiation [e.g., Belyaev et al., 2006; Remondini et al.,
2006], although other gene-array studies have reported
no significant changes [Gurisik et al., 2006;Qutob et al.,
2006; Whitehead et al., 2006]. The RF fields used in
these vertebrate cell culture studies were pulsed (GSM)
and more intense (SAR �2.0 Wkg�1) than those used
in the nematode work (SAR 5–40 mWkg�1 CW),
raising the possibility that apparent differences between
studies on nematodes and onvertebrate cellsmay reflect
modulation and/or dose.

This question could not be addressed using the
Nottingham TEM-cell exposure system [Dawe et al.,
2006], because increasing the input power from 0.5
to 10 W (20-fold) would heat the exposed samples by
>1.5 8C, even in a TEM cell modified to minimise
temperature differentials [Dawe et al., 2006]. There-
fore, to test whether higher radiation doses and/or pulse
modulation can cause measurable HSP reporter-gene
induction in C. elegans in the absence of heating
artefacts, we have exposed transgenic PC72 worms
(carrying an hsp16-1::lacZ reporter) to 1.8 GHz fields
(both CWand GSM talk-mode) at SAR 1.8 Wkg�1 for
2.5 h at 25 8C in an sXc�1800 exposure system

(constructed at IT’IS Foundation, Zurich Switzerland)
[Schuderer et al., 2002, 2004].

An hsp16-1 reporter transgene was used here
because, like the other hsp16 small heat-shock protein
genes in C. elegans, it is strongly activated by heat at
28 8C—which is only 3 8C above the upper tolerance
limit for this species (standard culture temperatures
range between 15 and 25 8C). This is in contrast to the
major hsp70 genes, which are only heat-inducible
above 33 8C [Snutch and Baillie, 1983]. When ex-
pressed under stress, the HSP16 proteins form large
multimers that act to prevent the aggregation of cellular
proteins [Leroux et al., 1997]—and indeed HSP16 co-
localises with aggregating proteins in worms [Link
et al., 2006]. It has recently been shown that hsp16
genes in general (and hsp16-1 in particular) are key
targets for regulation by the DAF-16 FOXO trans-
cription factor in the cell ageing pathway, as well as by
HSF-1 in the canonical heat-shock pathway [Hsu
et al., 2003; Murphy et al., 2003]. Promoter deletion
studies reveal binding sites for additional transcription
factors responsive to ethanol (or general stress) and
to hypoxia–albeit by a HIF-1-independent pathway
[Hong et al., 2004]. These reports strongly imply that
hsp16-1 occupies a central position in a complex
network of interlinked stress-response pathways. This
underlines the wide applicability of transgenic strains
carrying hsp16::reporter genes [e.g., PC72, Stringham
and Candido, 1994; CL2070, Link et al., 1999; PC161,
David et al., 2003] as general biomarkers of stress, since
the nematode HSP16 proteins provide a first line of
defence against multiple stresses. These roles may not
necessarily be identical for orthologous small hsps in
vertebrates. This study asks whether RF fields at higher
SAR can affect hsp16-1 reporter expression.

MATERIALS AND METHODS

C. elegans strain PC72 was generously donated
by Professor E.P.M. Candido (Department of Bio-
chemistry andMolecular Biology, University of British
Columbia, Vancouver, Canada) and the lac-operon-
deleted P90C strain of E. coliwas originally fromDr A.
Chisholm (MRC Laboratory of Molecular Biology,
Cambridge, UK). All chemicals were Ultrapure grade
from Sigma Ltd. (Fancy Road, Poole, Dorset, UK) and
all plastic disposables fromNunc Ltd., unless otherwise
stated.

Exposure System

The sXc-1800 exposure system, developed
and provided by the IT’IS Foundation and installed
at STUK (Helsinki), was employed. This consists of
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two identical exposure chambers mounted in the same
incubator (see Fig. 1). It is fully automated and
enables well-controlled exposures of cells in mono-
layers (H-polarization or at H-field maximum of the
standing wave) or in suspension (E-polarization or at
E-field maximum) at freely programmable amplitude
modulations. The exposure chambers are based on
resonant R18 waveguides, allowing for SAR values of
several hundred Wkg�1 at the cell with a few watts
input power. Identical environmental conditions are
achieved in both chambers since the inlet of the airflow
through them is at the same location for each. The
system monitors the incident field strengths, the proper
functioning of the ventilators, the outlet air tempera-
tures and the state of all equipment every 10 s. The
Pt100 temperature sensors (accuracy �0.1 8C) had
been calibrated prior to installation and the recorded
differences in temperature are well within the specifi-
ed long-term stability of the calibration. The induced
temperature load due to RF absorption has been
characterized as a function of SAR (t) for different
signals and volumes of medium. This enables a reliable
estimate of the maximum temperature rise as a function
of the exposure. Further details of the exposure system
can be found in Schuderer et al. [2004]. The ambient
ELF exposurewas measured in several positions within
the incubator using an EFA-3 field measurement
system (Wandel & Goltermann, Will’tek gmbh, Isman-
ing, Germany). The signals applied in this study were
GSM Talk and continuous wave (CW). GSM Talk
is characterized by a random change between the
discontinuous transmission mode (DTX) and non-DTX
or GSM Basic phases. The distribution in time was
exponentialwith amean duration of 10.8 s for non-DTX
and 5.6 s for DTX. The dominant modulation com-
ponents of this signal are 2, 8, 217, 1733 Hz and higher
harmonics. More details of the signal are given in
Tillmann et al. [2006]. The modulation by data using a

random code was not implemented since the associated
envelope is composed of higher frequencies (>100
kHz) that were considered irrelevant for non-thermal
effects. For clarity, this simulated GSM exposure is
referred to throughout this paper as Talk-pulsed
exposure.

Previous dosimetry [Schuderer et al., 2004] had to
be extended due to the larger dimensions of C. elegans
compared to cells (the diameter of C. elegans L4 larvae
is approximately 0.1 mm). The dosimetry resulted in an
average exposure of the worms of 1.8 W/kg, whereas
the gradient in z-direction is about 4Wkg�1mm�1, that
is, the bottoms of the worms were exposed to a SAR
of about 2 Wkg�1 and the tops to 1.6 Wkg�1. PC72
displays a moderate roller phenotype due to rol-6
selection [Stringham andCandido, 1994], and therefore
worms would rotate (corkscrew fashion) as they crawl
through the K medium across the bottom surface of
the dish. It needs to be further noted that the induced
E-fields had a pronounced polarization, that is, parallel
to the bottom and in the direction of thewaveguide axis.
The induced H-fields were approximately 1.6 A m�1

and orthogonal to the induced E-field, both of which
were dominantly parallel to the bottom of the dish. The
temperature load for the experimental conditions
was assessed to be approximately 0.04 8C for 95%
humidity [Schuderer et al., 2004], that is,<0.1 8C, at the
applied SAR level of 1.8 W/kg. The non-uniformity
within the bottom of the dish was determined to be 23%
and the relative variability between Petri dishes and
experiments was estimated to be less than 5%. The
ambient ELF exposure in the incubator in the entire
volume of thewaveguidewas below 5 mT rms; although
laboratory ELF magnetic fields might modulate the
observed responses to RF, these fields would be
experienced equally by both sham and RF-exposed
samples, and cannot account for differences between
them.

Fig. 1. Left:DiagramofthesXc1800system(E:E-fieldsensors,T: temperaturePt100sensors, Ifan: fan
current sensors,DL: data logger i/o,PC: personal computer via GPIB).Right:Waveguidesmounted
inside theincubator.
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Worm Culture and Processing

Cultures of PC72 worms in sealed agar plates
were sent by post from Nottingham to Helsinki
several days prior to the experiments described here;
on arrival, these were placed in a 15 8C incubator.
Cultures of PC72 worms were synchronised by
filtration through a 5 mm mesh filter [Mutwakil et al.,
1997], and L1 larvae recovered from the filtrate were
grown on 9 cmNGMagar plates [Sulston and Hodgkin,
1988] at 15 8C until they reached the L4/young
adult stage. They were then washed off the plates with
ice-cold K medium (53 mM NaCl, 32 mM KCl)
[Williams and Dusenbery, 1990] and allowed to settle
twice on ice for about 10 min to remove excess bacteria
[Dawe et al., 2006]. Equal aliquots of 2–3000 worms
were added to 2 ml of fresh K medium in each of the
twelve 3.5 cmPetri dishes, whichwere divided between
two 6-dish holders, labelled according to position,
and placed inside the upper or lower chambers of the
exposure rig. In the randomly selected chamber, the
PC72 worms were exposed to an average SAR (at
the bottom of the Petri dish) of 1.8 Wkg�1 for 2.5 h at
25 8C, whilst controls were sham-exposed for the same
period at 25 8C (no field). The Petri disheswere exposed
in H-polarization at a carrier frequency of 1.8 GHz,
either non-modulated (CW) or modulated in Talk-
pulsed. The experimenterwas blind as towhich sample-
set was exposed and which sham until after the reporter
expression analysis had been completed and the
codes broken by the IT’IS Foundation. In total, seven
CW runs and five Talk-pulsed runs were completed,
each involving six exposed replicates compared
against six sham replicates. This work was undertaken
at STUK, Helsinki. After exposure, worms were
immediately spun down (500g for 2 min) and the
pellets snap frozen on solid CO2; all of the frozen
worm samples were sent back to Nottingham in
an insulated container of solid CO2 for subsequent
reporter analysis, and all remained frozen on arrival.
The activity of the PC72 hsp16-1::lacZ reporter gene
(encoding b-galactosidase) was measured on thawed
worm samples using the standard MUG assay (with
4-methylumbelliferyl-b-D-galactopyranoside as sub-
strate), exactly as described previously [Dawe et al.,
2006]. Because the P90C food bacteria are deleted for
the lac-operon, all b-galactosidase activity detected
must originate from the lacZ transgene carried by the
PC72 worms. All sham and exposed samples from each
run were processed together (although at that stage,
the experimenter did not know which was which),
and results are expressed as pmoles of MU reaction
product (fluorescent 4-methylumbelliferone) h�1

per 1000 worms (mean� SEM; n¼ 6). Runs were

numbered consecutively, with two runs being con-
ducted each day over 6 days.

Statistical Analysis

The effects of treatment (RF-exposed vs. sham)
and radiation type (Talk-pulsed vs. CW) on reporter
expression (expressed as pmol MU product h�1 per
worm)were tested using a general linearmodel in SPSS
version 12.0.1 forWindows.A randomised blockmodel
was employed because worms in each individual run
(block) were subjected to paired exposed and sham
treatments. To meet the assumption that residuals were
normally distributed, raw data were transformed prior
to analysis using the following equation: x0 ¼ (x�2.5)3,
where x is a raw datum and x0 is a transformed datum.
This analysis revealed no effect of radiation type, but
inspection of the data revealed that the distribution of
background levels of expression was strongly bimodal,
with levels of expression being much higher in some
runs than others (see Results Section). Runs showing
elevated versus low levels of background expression
were therefore analysed separately for an effect of
treatment using paired t-tests. In this second analysis,
data from the two radiation types were pooled, and no
transformation was required.

RESULTS

RF exposures were performed in a blind manner,
using the apparatus illustrated in Figure 1. Computer
codes identifying which chamber was sham and which
exposed were broken only after completion of all the
MUG assays and submission of expression data to the
IT’IS Foundation laboratory in Zurich. It later trans-
pired that the upper (slightly warmer) chamber was live
(exposed) in all of the Talk-pulsed runs except run 3,
whereas the upper chamber was sham in all of the CW
runs except run 12. As the recorded temperature
difference between upper and lower chambers was
independent of exposure/sham configuration (Figs. 2B
and 3B), it can be concluded that RF did not affect the
mean air temperature detectably. The air temperature
readings shown would in any case have fluctuated far
more than the medium temperature to which the worms
were exposed, and the variance seen in Figures 2B
and 3B was compounded by the relative inaccuracy of
the Pt100 temperature probes used (�0.1 8C).However,
the mean difference between the upper and lower
chamber temperatures was both consistent (�0.05 8C
higher in the former) and accurate, being averaged
from readings taken every 10 s during each 2.5 h run.We
have previously shown that reporter expression in PC72
worms is up-regulated slightly (�15%;P<.05) by small
increases in temperature of 0.1–0.2 8C [Dawe et al.,
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2006], but accurately testing even smaller temperature
differences has so far proved impracticable.

Figure 2A shows the reporter expression results
obtained from five runs using Talk-pulsed exposure.
Sham expression was not significantly higher than
exposed even in runs 3 and 4, and therewas no apparent
difference in runs 8–10. We conclude that Talk-pulsed
RF exposure at 1.8 GHz does not induce the expression
of the sensitive hsp16-1::lacZ stress reporter, even at
a SAR of �1.8 Wkg�1. The miniscule temperature

differences (Fig. 2B) between upper and lower
chambers (�0.05 8C) were probably insufficient to
affect the expression of this reporter gene, even though
it is known to be very sensitive to heat [Dawe et al.,
2006]. In Figure 3A, the results of seven CW runs are
shown. Once again, reporter gene expression was not
significantly higher in shams (runs 1, 7, 11, and 12) or
showed no apparent change (runs 2 and 6). In one case
(run 5), expression was non-significantly higher in
exposed than in sham dishes. Overall, there was no

Fig. 2. Part A shows the activity of an hsp16-1::lacZ reportergenemeasured in PC72 worms after
exposure or sham exposure to 1.8 GHzTalk-pulsed fields for 2.5 h at 25 8C (simulated GSM; SAR
1.8 W kg�1).Part B shows correspondingmean temperatures (�SD) within the exposed and sham
chambers, averaged fromchamber temperature readingsrecordedevery10 sduring the 2.5 h run.
WormsweresnapfrozenafterexposureandsubjectedtoMUGassaystodetermineb-galactosidase
activitiesineachdish, asdescribedinMaterialsandMethods Section.Eachpoint showsmeanand
SEM fromsixreplicatePetridishesineachchamber, anddataareshownseparately forall fiveruns.
In both parts, the shaded left-hand bar in each pair shows data from the exposed chamber (after
decoding), and theunshaded right-handbar in each pair showsshamdata from the samerun.Run
numbers (consecutive,2 perday) areindicatedbelow the correspondingpairofhistogrambars.

Fig. 3. This figure shows similar data from seven CW runs at 1.8 GHz (SAR1.8 W kg�1) for 2.5 h at
25 8C.Mean b-galactosidase activities (from MUGassays; �SEM) are shown in part A andmean
chamber temperatures (�SD) in part B. In all cases, the left-hand shaded bar in each pair
shows data from the exposed chamber after decoding, while the right-hand unshaded bar shows
thecorrespondingshamdatafromthesamerun.Runnumbersareindicatedbeloweachpairofbars.
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consistent induction of reporter expression by CW RF
exposure (1.8 GHz; SAR 1.8 Wkg�1), suggesting that
the negative conclusions of our previous study [Dawe
et al., 2006] may also extend to both Talk-pulsed and
CWexposures at higher SARs. Using the entire data set
for statistical analysis (see Materials and Methods
Section), there was no overall effect attributable to RF
exposure (F1,10¼ 2.294; P¼.161), nor was there any
interaction between exposure and radiation type (CW
vs. Talk-pulsed; F1,10¼ 0.145; P¼.712). Moreover,
there was no consistent difference between the CWand
Talk-pulsed runs (F1,10¼ 0.594;P¼.459). Overall, this
pooled analysis suggested no statistically significant
effect of RF exposure on hsp16-1::reporter gene
expression.

However, we noted that the background levels of
sham reporter expression within this study fell into two
distinct categories; namely, runs with sham expression
levels of about 3000 pmol MU h�1 per 1000 worms
(runs 1–4 and 11–12), and those with much lower
expression levels of around 1000 pmol MU h�1 per
1000 worms (runs 5–10). This difference accounted
for much of the variance in the data set, and could
therefore obscure any subtle effects of RF. For
comparison, a 2.5 h heat-shock control for this same
batch of PC72 worms showed 36-fold induction, with
expression levels of 850 (�3.5 SEM; n¼ 12) at 15 8C
versus 31,200 (� 3110 SEM; n¼ 12) pmolMUh�1 per
1000 worms at 30 8C (Dawe, unpublished work). Given
that reporter expression was only slightly higher at 25–
26 8C than at 15 8C [see Fig. 4C in Dawe et al., 2006],
and that hsp16 genes remain essentially silent until the
temperature exceeds the normal tolerance range for
C. elegans [Snutch and Baillie, 1983], we suggest that
the lower level of background sham expression seen in
Figures 2A and 3A probably represents an uninduced
state. However, since all reporter expression data have
been normalised per 1000 worms, this also implies that
the higher level of background sham expression
(�3000 pmol MU h�1 per 1000 worms) must represent
amodest degree of stress-induction—though clearly far
less than the high-level induction caused by heat-shock
at 30 8C over a similar exposure period. The cause of
this disparity in background reporter expression
levels remains unclear, since it only became evident
post hoc after completing the experiments. For runs
1–4, conducted early on (during the first 2 experi-
mental days), theL1 larvae usedmayhavehatched from
eggs produced under temperature or starvation stress
during postage fromNottingham to Helsinki. However,
this suggestion cannot explain the equally high back-
ground expression levels seen in the final two runs
(11 and 12), although it is possible that some other
source of stressmay have affected all of theworms used

in these runs (which were both conducted on the final
experimental day). Notably, background expression
remained consistently low on days 3–5 (runs 5–10). If
the overall data set is subdivided into groups on this
basis (runs showing modest background expression
versus those showing low background expression),
there was no significant effect of RF exposure in runs
5–10 showing low background expression (paired
t-test; t¼ 0.868, P¼.425). However, in runs showing
modest background expression (runs 1–4 and 11–12),
RF exposure significantly depressed that expression
level by about 15% (paired t-test; t¼�3.953,P¼.011).

DISCUSSION

At first sight, this apparent decrease in back-
ground expression of the hsp16-1 reporter appears
anomalous, and no strong statistical case can be
advanced for this effect within the data set presented
here. This is because decreased expression is only
detectable after applying an arbitrary post hoc grouping
of the data on the basis of sham expression levels.
Moreover, Talk-pulsed and CW exposures have to be
pooled together (as an arbitrary ‘‘exposed’’ category)
for this effect to show up as statistically significant;
sample numbers are simply too small for this difference
to emerge if the Talk-pulsed or CW data sets are
analysed separately. If indeed it is true that the lower
level of background expression in shams (�1000 pmol
MUh�1 per 1000worms) represents an uninduced state
of very low expression, then any further repression of
reporter activity by RF would be difficult or impossible
to detect. This might explain why no such effect was
observable in runs where background expression was
low. In runs showing moderate background expression,
both CW and Talk-pulsed exposures seem to result in
quantitatively similar (�15%) decreases in reporter
expression, although the data available are too limited
to allow proper comparisons between these treatments.
Nevertheless, this small decrease does appear to be
consistent within this set of experiments, and should
therefore not be dismissed out of hand.

One precedent for this in the literature is the
decrease in hypoxia protection observed in chick
embryos following chronic repeated exposure (30 or
60 min once daily over 4 days) to extremely low-
frequency (ELF) or RF fields [Di Carlo et al., 2002]. In
the case of ELF fields at least, this can be linked to a
decrease in HSP70 expression, although this remains to
be demonstrated for RF fields.Weak ELF fields (<5 mT
rms) also exist inside the incubator and exposure
system, although these should be shielded by the
waveguide, and in any case these cannot account for
differential effects between RF-exposed and sham
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samples. However, we cannot exclude the possibility
that weak ELF fields might modulate any effect of RF.
In the context of the findings reported here, one obvious
avenue for future researchwould be to test PC72worms
that have been deliberately exposed to mild heat stress
(e.g., at 27.5 or 28 8C) during or prior to microwave
exposure at the SAR doses used in this study. However,
this might not prove straightforward, given the
significant fluctuations in hsp16-1::reporter expression
seen previously across this temperature range, where
expression at 26.2 8C was �15% higher than at either
26.0 or 27.0 8C [see Fig. 4C in Dawe et al., 2006].
Another possibility might be to use a constant tempera-
ture (25 or 26 8C) together with a defined chemical
co-stressor, such as a low dose of cadmium (which is
known to induce hsp16-1 reporter expression strongly)
[David et al., 2003], either with or without an
accompanying RF field. Because this apparent effect
of background expression levels emerged only post hoc
during the data analysis, it was not possible to pursue
this question further within the present study. Never-
theless, it remains clear that the 1.8 GHz RF exposures
tested here (both Talk-pulsed and CW) are unable to
induce hsp16::reporter expression inC. elegans, even at
a SAR dose (�1.8 Wkg�1) comparable to that used in
other published studies.

CONCLUSIONS

. Using a well-characterised sXc-1800 exposure
system (1.8 GHz, SAR �1.8 Wkg�1; 2.5 h at
25 8C), expression of a C. elegans hsp16-1 reporter
transgene was not significantly up-regulated by
either CW or Talk-pulsed RF fields.

. However, background (sham) levels of reporter
expression showed an essentially bimodal distri-
bution, with modest expression in early and late
runs but much lower expression throughout the
intermediate runs; the reasons for this difference
remain obscure.

. In sham runs showing modest expression, reporter
activity was consistently repressed by �15%
following RF exposure (whether CW or Talk-
pulsed).

. We note that this decrease only became significant
after grouping the data arbitrarily on the basis of
sham expression levels, and after pooling CW and
Talk-pulsed data sets together.

. On this basis, RF exposure at a SAR of
�1.8 Wkg�1 may possibly cause a modest
inhibition of pre-induced heat-shock-reporter
expression; future experiments to test this possi-
bility are suggested, but were not possible within

the present study because this effect emerged only
during post hoc data analysis.
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Leszczynski D, Joenväära S, Reivinen J, Kuokka R. 2002. Non-
thermal activation of the hsp27/ p38MAPK stress pathway by
mobile phone radiation in human endothelial cells: Molec-
ular mechanism for cancer- and blood-brain barrier effects.
Differentiation 70:120–129.

Lim H, Cook G, Barker A, Coulton L. 2005. Effect of 900 MHz
electromagnetic fields on non-thermal induction of heat-
shock proteins in human leukocytes. Radiat Res 163:45–52.

Link C, Cypser J, Johnson C, Johnson T. 1999. Direct observation of
stress response in Caenorhabditis elegans using a reporter
transgene. Cell Stress Chaperones 4:235–242.

Link C, Fonte V, Hiester B, Yeng J, Ferguson J, Csontos S,
SilvermanM, Stein G. 2006. Conversion of green fluorescent
protein into a toxic, aggregation-prone protein by C-terminal
addition of a short peptide. J Biol Chem 281:1808–1816.

Murphy C, McCarroll S, Bargmann C, Fraser A, Kamath R,
Ahringer J, LiH,KenyonC. 2003.Genes that act downstream
of DAF-16 to influence the lifespan of Caenorhabditis
elegans. Nature 424:277–284.

Mutwakil M, Steele T, Lowe K, de Pomerai D. 1997. Surfactant
stimulation of growth in the nematode Caenorhabditis
elegans. Enzyme Microb Technol 20:462–470.

Nylund R, Leszczynski D. 2004. Proteomics analysis of human
endothelial cell line EA.hy926 after exposure to GSM 900
radiation. Proteomics 4:1359–1360.

Nylund R, Leszczynski D. 2006. Mobile phone radiation causes
changes in gene and protein expression in human endothelial
cell lines and the response seems to be genome- and
proteome-dependent. Proteomics 6:4769–4780.

Qutob S, Chauhan V, Bellier P, Yauk C, Douglas G, Berndt L,
WilliamsA,GajdaG, LemayE, ThansandoteA,McNamee J.
2006. Microarray gene expression profiling of a human
glioblastoma cell line exposed in vitro to a 1.9 GHz pulse-
modulated radiofrequency field. Radiat Res 165:636–644.

Remondini D, Nylund R, Reivinen J, de Gannes F, Veyret B,
Lagroye I, Haro E, Trillo M, Capri M, Franceschi C,
Schlatterer K, Gminski R, Fitzner R, Tauber R, Schuderer J,
KusterN, Leszczynski D, Bersani F,Maercker C. 2006. Gene
expression changes in human cells after exposure to mobile
phone microwaves. Proteomics 6:4745–4754.

Schuderer J, Oesch W, Kuster N. 2002. In vitro exposure setup for
risk assessment studies at 1800 MHz enabling flexible
modulation schemes and blinded protocols. ETH Technical
Report No 17/2001, p 13.

Schuderer J, Samaras T, Oesch W, Spät D, Kuster N. 2004. High
peak SAR exposure unit with tight exposure and environ-
mental control for invitro experiments at 1800 MHz. IEEE
Transact Microwave Theor Tech 52:2057–2066.

Shallom J, Di Carlo A, Ko D, Penafiel L, Nakai A, Litovitz T. 2002.
Microwave exposure induces hsp70 and confers protection
against hypoxia in chick embryos. J Cell Biochem 86:490–
496.

Snutch T, Baillie L. 1983. Alterations in the pattern of gene
expression following heat shock in the nematode Caeno-
rhabditis elegans. Can J Biochem Cell Biol 61:480–487.

Stringham E, Candido P. 1994. Transgenic hsp16-lacZ strains of the
soil nematodeCaenorhabditis elegans as biologicalmonitors
of environmental stress. Environ Toxicol Chem 13:1211–
1220.

Sulston J, Hodgkin J. 1988. Methods. In: Wood WB, editor. The
nematode Caenorhabditis elegans. Cold Spring Harbor
Monograph 17. New York: Cold Spring Harbor Press,
pp 587–606.

Sun L, Yao K,WangK, Lu D, HuH, Gao X,Wang B, ZhengW, Lou
J, Wu W. 2006. Effects of a 1.8 GHz radiofrequency field on
DNA damage and expression of heat shock protein 70 in
human lens epithelial cells. Mutat Res—Fundam Molec
Mech Mutagen 602:135–142.

Tian F, Nakahara T, Wake K, Taki M, Miyakoshi J. 2002. Exposure
to 2.45 GHz electromagnetic fields induces hsp70 at a high
SAR of more than 20 W/kg but not at 5 W/kg in human
glioma MO54 cells. Int J Radiat Biol 78:433–440.

TillmannT, Ernst H, Ebert S,KusterN, BehnkeW, Rittinghausen S,
Dasenbrock C. 2006. Carcinogenicity study of GSM and
DCS wireless communication signals in B6C3F1 mice.
Bioelectromagnetics 28:173–187.

Wang J, Koyama S, Komatsubara Y, Suzuki Y, TakiM,Miyakoshi J.
2006. Effects of a 2450MHzhigh-frequency electromagnetic
field with a wide range of SARs on the induction of heat-
shock proteins in A172 cells. Bioelectromagnetics 27:479–
486.

Weisbrot D, Lin H, Ye L, Blank M, Goodman R. 2003. Effects of
mobile phone radiation on reproduction and development in
Drosophila melanogaster. J Cell Biochem 89:48–55.

Whitehead T, Moros E, Brownstein B, Roti-Roti J. 2006. The
number of genes changing expression after chronic exposure
to code division multiple access or frequency DMA radio-
frequency radiation does not exceed the false-positive rate.
Proteomics 6:4739–4744.

Williams P, Dusenbery D. 1990. Acute toxicity testing using the
nematode Caenorhabditis elegans. Environ Toxicol Chem 9:
1285–1290.

Bioelectromagnetics

RFDoes not Inducehsp16-1Gene Expression in C. elegans 99


