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Thermal Mechanisms of Millimeter Wave Stimulation of Excitable Cells
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ABSTRACT Interactions between millimeter waves (MMWSs) and biological systems have received increasing attention due to
the growing use of MMW radiation in technologies ranging from experimental medical devices to telecommunications and airport
security. Studies have shown that MMW exposure alters cellular function, especially in neurons and muscles. However, the bio-
physical mechanisms underlying such effects are still poorly understood. Due to the high aqueous absorbance of MMW, thermal
mechanisms are likely. However, nonthermal mechanisms based on resonance effects have also been postulated. We studied
MMW stimulation in a simplified preparation comprising Xenopus laevis oocytes expressing proteins that underlie membrane
excitability. Using electrophysiological recordings simultaneously with 60 GHz stimulation, we observed changes in the kinetics
and activity levels of voltage-gated potassium and sodium channels and a sodium-potassium pump that are consistent with a
thermal mechanism. Furthermore, we showed that MMW stimulation significantly increased the action potential firing rate in
oocytes coexpressing voltage-gated sodium and potassium channels, as predicted by thermal terms in the Hodgkin-Huxley
model of neurons. Our results suggest that MMW stimulation produces significant thermally mediated effects on excitable cells
via basic thermodynamic mechanisms that must be taken into account in the study and use of MMW radiation in biological

systems.

INTRODUCTION

Millimeter waves (MMWs), covering electromagnetic fre-
quencies from 30 to 300 GHz, are finding increasing use in
everyday technologies ranging from wireless telecommuni-
cations (1) to airport security scanners (2), automotive colli-
sion avoidance systems (3), and even nonlethal crowd
control weaponry (4). Frequencies near 60 GHz are likely
to become particularly ubiquitous due to their projected
use in local area networks (5). In addition, MMWs have
been investigated as a therapeutic modality in medical
devices (6,7). Given their increasing utilization, there is
considerable interest in the potential effects of MMWs on
biological systems. In particular, a number of studies have
documented the effects of MMW s on neural signaling. For
example, prolonged MMW exposure was found to alter
conditioned fear reflexes and pyramidal neuron spine density
in rats (8), and produced a variety of electrophysiological
effects in snail neurons (9), frog nerves (10), crayfish neu-
rons (11), mouse nerves (12), and mouse cortical slices (13).

Despite these numerous observations, the underlying
mechanisms by which MMWs alter neural activity are still
unclear. Due to the high absorbance of MMWs by water
(extinction coefficient = 182 cm™' at 60 GHz (14)), ther-
mal mechanisms are considered likely (10,11). However,
a number of investigators have interpreted the observed
effects as requiring more complex explanations (9,12,13),
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such as hypothesized resonant interactions with membrane
proteins and other cellular constituents. Unfortunately,
because most studies of MMWs have been performed in
relatively complex preparations such as innervated neuronal
cultures, intact nerves, ganglia, and tissue slices, direct
testing of molecular mechanisms has been challenging.

Here, we used a simplified preparation to directly examine
the effects of MM W35 on the function of key proteins involved
in neuronal excitability. By expressing voltage-gated sodium
and potassium channels and the sodium-potassium pump
in Xenopus laevis oocytes, we were able to measure changes
in activation and kinetic parameters induced by 60 GHz
irradiation and compare them with the predicted effects of
MMW-induced heating of the preparation. In addition, we
studied how MMW-elicited changes in the activity of these
molecules affected action potential (AP) firing. Our results
provide support for the notion that a predominantly thermal
mechanism underlies MMW stimulation.

MATERIALS AND METHODS
Membrane protein expression in oocytes

Xenopus laevis oocytes were surgically harvested and injected 1-2 days
later with complementary RNA (cRNA) encoding the Drosophila
voltage-gated potassium channel Shaker with fast inactivation removed
(A6-46; 10 ng) (15), the « and 1 subunits of the rat Na,1.4 (5 ng and
1 ng, respectively), the o and 8 subunits of the squid Loligo pealeii
sodium-potassium pump (50 ng and 16.7 ng, respectively) (16), or a com-
bination of Shaker (2.5 ng) and Na,1.4 « and #1 (5 ng and 1 ng, respec-
tively). cRNAs were transcribed using the mMESSAGE mMACHINE T7
kit (Life Technologies, Carlsbad, CA) using DNA from the pBSTA plasmid
and linearized with Notl (New England Biolabs, Ipswich, MA). Oocytes
were kept at 16°C in SOS solution containing (in mM) 96 NaCl, 2 KCl,
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1 MgCl,, 1.8 CaCl,, 10 HEPES, pH 7.4, supplemented with 50 mg/ml of
gentamicin, until they were used in electrophysiology experiments.

Electrophysiology

Currents and voltages were measured 1-4 days after injection using an
oocyte clamp (OC-725A; Warner Instruments, Hamden, CT) in a two elec-
trode-voltage clamp configuration, operated by in-house software, at a
room temperature of ~21°C. Sodium currents were measured in a bath
solution containing (in mM) 28.75 NaOH, 90 N-methyl-D-glucamine-
methanesulfonic acid (NMG-MES), 2 Ca(OH),, and 10 HEPES, using
pipettes with 3 M KCl. Potassium currents were measured in a bath solution
containing (in mM) 4 KOH, 115 NMG, 2 Ca(OH),, and 10 HEPES, using
pipettes with 3 M CsCl. Sodium-potassium pump currents were measured
in a bath solution containing (in mM) 5 K-MES, 100 Na-glutamate,
5 BaCl,, 2 NiCl,, 2 MgCl,, and 5 HEPES after sodium was preloaded
for 30-60 min in a loading solution containing (in mM) 90 Na-sulfate,
2.5 Na-citrate, and 5 HEPES. Ouabain was added at 10 uM concentration
to confirm that the recorded currents came from the pump, and pipettes
were filled with 3 M CsCl. APs in excitable oocytes, or excitocytes,
expressing a combination of sodium and potassium channels were
measured using the 100 MQ mode on the clamp, which serves as a current
clamp by connecting a 100 MQ resistor in series with the current electrode.
Excitocytes were recorded in a bath solution of SOS with 0.6 mM addi-
tional Ca®" to facilitate AP firing, using pipettes with 3 M CsCl. To elicit
AP trains, the holding current was adjusted for each oocyte so that the
resting voltage would be between —100 mV and —85 mV. A 200 ms current
pulse was then applied with its magnitude adjusted so as to elicit a train of
six to eight spikes. The magnitude of the hyperpolarizing current varied
between 100 and 250 nA among all oocytes, whereas the magnitude of
the depolarizing current that elicited the AP train varied between ~200
and 400 nA among oocytes. These settings remained fixed across all the
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MMW powers or bath heating conditions tested for a given oocyte. For
all experiments, the solutions were set to a pH of 7.4-7.5 and pipettes
had a resistance of 0.2-2 MQ.

MMW exposure

Continuous-wave (CW) and/or pulsed 60 GHz MMW power was produced
using an Agilent E8257D signal generator (Agilent Technologies, Santa
Clara, CA) operating at 15 GHz followed by an AMCI15 frequency quadru-
pler (Millitech, Deerfield Park, MA) and an AMP-15, 60 GHz power ampli-
fier (Fig. S1 in the Supporting Material). The maximum CW output power
at the end of the waveguide port (see Fig. 1 A) was ~128 mW as measured
with a calibrated thermistor sensor (ML83A; Anritsu America, Morgan
Hill, CA). The 60 GHz radiofrequency (RF) power was delivered to the
oocyte through an open-ended WRI15 (3.81 x 1.905 mm aperture) rectan-
gular, single-mode waveguide terminating ~1 mm below the bottom of the
recording chamber. The chamber bottom was milled through and sealed
over with a 0.25-mm-thick quartz coverslip on which the oocyte sat. Buffer
solution filled the chamber to a depth of ~1.5 mm, completely covering the
oocyte. The radiated RF power exiting the waveguide passed through the
quartz, irradiated the bottom of the oocyte, and spread out to the surround-
ing buffer. After passing through the oocyte, the power was fully absorbed
in the buffer before it reached the top of the solution. Because it was
not possible to measure the RF power level directly, power density
(mW/mm?) at various positions along the optical path and in the surround-
ing fluid was inferred through electromagnetic simulations of the experi-
mental setup using finite difference time domain (FDTD) software
(Quickwave; QWED, Warsaw, Poland). Details of the simulation, including
the parameters used, are provided in the Supporting Material. Sample plots
from these FDTD simulations are shown in Fig. S2. Average power den-
sities in the media at the bottom and top of the oocyte are reported in the
Results section.
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Temperature changes induced by MMW exposure. (A) Diagram of the experimental setup. A voltage-clamped oocyte rests on a quartz coverslip

~1 mm above a waveguide transmitting 60 GHz MMW:s from an RF generator. Local changes in buffer temperature are measured via pipettes placed near the
coverslip or above an oocyte. (B) Time course of temperature changes measured via pipette resistance at the bottom position in response to 100 s MMWs at
varying power. (C) Maximal temperature change measured at each power (N = 4). (D) Time course of temperature change at the top and bottom positions in
response to 64 mW MMWs. (E) Time to half-maximal temperature increase at the top and bottom positions after the start of 64 mW MMW stimulation (N = 4).
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Before each exposure, the MMW power was set to a predetermined level
using the ML83A via a waveguide switch. The signal level was set using a
variable attenuator in the RF path (Fig. S1). During the exposures, the RF
signal (CW or pulsed) was directly monitored with the use of a diode detec-
tor and directional coupler. By reading the detector voltage directly, we
were able to record the actual RF pulse shape and relative amplitude inci-
dent on the oocyte, as set by the E8257D and after passage through the
multiplier and power amplifier. Specimens were exposed to the MMWs
for 100 s and given a 2-min rest period between MMW pulses. To study
the time course of MMW effects on protein activity, we obtained electro-
physiological recordings repetitively throughout this MMW pulse protocol.
To study the effects of the MMW:s on activity, we obtained electrophysio-
logical recordings before the protocol, at the end of the MMW pulse
sequence (which remained on during the measurement), and at the end of
the rest period.

Bulk bath heating

For bulk heating experiments, a digital thermocouple (DP116 0.1°; Omega
Engineering, Stamford, CT) was positioned in the bath solution within
1 mm of the oocyte to continuously record the bath temperature during elec-
trophysiological recordings. The bath temperature was elevated by intro-
ducing a heated extracellular solution to the recording chamber, and
allowed to cool over several minutes, during which time the excitocytes
were stimulated to elicit AP trains as described above. AP trains occurring
at specific temperatures above a 20°C baseline were automatically selected
for analysis based on concurrent temperature recordings using MATLAB
(The MathWorks, Natick, MA).

Data analysis and simulation

Data analysis was performed using an in-house analysis program and MAT-
LAB. Kinetics were obtained by fitting exponential equations to sodium and
potassium currents. The mean AP amplitude was determined as the mean dif-
ference between peak and immediately subsequent trough voltages. All error
bars in plots represent the mean * standard error (SE). Hodgkin-Huxley-
based simulations of the nerve were performed in MATLAB using code
adapted from the Membrane AP module of the Nerve program (available
at http://nerve.bsd.uchicago.edu). The baseline temperature of the simula-
tions was 6.3°C and was adjusted upward as indicated in the text.

Temperature measurements

Temperature increases resulting from MMW irradiation were made using
pipet resistance, following the method of Yao et al. (17). Pipettes with a resis-
tance of 5-10 MQ were filled with solution matching the extracellular
recording buffer containing (in mM) 120 NMG-MES, 20 HEPES, and
2 Ca(OH),, set to pH 7.4. The tip of the pipette was positioned in the bath
above the center of the waveguide either as close as possible to the coverslip
(approximating the position at the bottom of the oocyte) or just above an
oocyte situated as described above. A 10 mV/MQ current pulse was applied
by the OC-725A amplifier to measure pipette resistance. A resistance-
temperature calibration curve was obtained by applying hot solution
(~45°C) to the bath and allowing it to cool while simultaneously recording
pipette resistance and solution temperature. A linear calibration relationship
was fit to the logarithm of resistance versus the inverse of absolute tempera-
ture. This calibrated relationship was used to convert resistance changes
measured during the application of MMW pulses to temperature changes.

RESULTS

To study MMW effects, we constructed an experimental
setup combining oocyte electrophysiology and local tem-
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perature measurements with 60 GHz stimulation applied
in CW mode via a waveguide positioned just beneath the
cell (Fig. 1 A and Fig. S1). We determined temperature
changes elicited by MMW exposure using calibrated resis-
tance measurements of pipette electrodes (17) positioned
at the approximate locations of the bottom and top of the
oocyte (Fig. 1, A, B, and D). We found that 100 s of
MMW exposure produced maximal temperature elevations
of 1.1°C = 0.2°C to 8.9°C = 1.5°C at output powers of
4-128 mW (corresponding to simulated power densities of
0.18-6 mW/mm? at the bottom of the oocyte and 0.01—
0.33 mW/mm? at the top; Fig. 1 C and Fig. S2). The
maximal increase in temperature at the top of the oocyte
was approximately two-thirds of that observed at the bottom
(Fig. 1 D). Because the oocyte is smaller than the opening of
the waveguide, stimulation is expected to be uniform in the
lateral plane, as confirmed by FDTD simulations of wave
propagation (Fig. S2). At this power level, temperature
increased with a t;,, of 3.0 £ 0.3 s at the bottom of the
oocyte and 8.1 + 1.8 s at its top (Fig. 1 E). This difference
suggests that MMW:s are efficiently absorbed by the bottom-
most region of buffer (consistent with Fig. S2), with more
distal buffer regions heated primarily via thermal diffusion,
reaching a steady state after 10-20 s of stimulation (Fig. 1, B
and D). This is consistent with a characteristic thermal diffu-
sion time in water of ~7 s over a 2 mm distance (given a
thermal diffusivity of 0.143 mm? s '). At the powers used
in this study, no major oocyte toxicity was observed after
more than 2 h of stimulation, as evidenced by a lack of
increased leakage current and unaltered electrophysiolog-
ical responses.

To determine the effects of MMW irradiation on voltage-
gated potassium channels, we recorded ionic currents in
oocytes expressing the Shaker K, channel using 60 ms
depolarizing voltage steps from a holding potential
of —70 mV before, during, and after MMW irradiation (in
the “during” condition, MMWs were applied for 100 s before
and during the pulse protocol). As shown in Fig. 2 A (for a
step to —15 mV), MMWs reversibly accelerate channel acti-
vation. By repeating the pulse protocol during the application
of MMWs, we observed that this change reached a plateau
over a few seconds (Fig. 2 B) and its dynamics closely resem-
bled those of MMW-induced heating (Fig. 1 D). The change
in activation kinetics increased monotonically with MMW
power (Fig. 2 C). In addition, MMW application slightly
increased channel conductance (Fig. 2 D) and, again, higher
power levels led to greater increases (Fig. 2 E).

The voltage-gated sodium channel Na, 1.4 (« with 81 sub-
unit) also showed accelerated kinetics upon exposure to
MMWs (Fig. 3, A-C). With 30 ms pulses from —100 mV
to —15 mV, we observed a 1.33-fold acceleration of the
inactivation rate with irradiation at 64 mW. The change in
kinetics upon stimulation occurred over a timeframe similar
to that observed for heating (Fig. 3 B), and the acceleration’s
magnitude increased monotonically with MMW power


http://nerve.bsd.uchicago.edu

Thermal Mechanisms of MMW Stimulation 2625

A B — C 30
10 ——RF off
64mwW R . (ompossstissss 25 s 4 mW
g 8 [ R————— . 8 mwW
off / before g 220 : ;g mw
off / after <6 = m
2 = 15 + 64 mW
I S ~=-128 mW
= ©
§ % 10
1uA 2 8
e {—' 64mW o
10ms 0 50 100 150 200
Time (s) -40 -20 0 20 40
Membrane potential (mV)
D E
© 12| ¢ RF off . 1.2 . o o
= m128mwW agee® 1 0pe
Q Hoe
o 8 ate® 50.8
c ..
£ o’ =, 06
3 4 o' © 04
S ]
O 0 mpugun® 02
-60 -45-30-15 0 15 30 45 0 0 50 100 150
Membrane potential (mV) Power (mW)

FIGURE 2 Effects of MMWs on the Shaker voltage-gated potassium channel. (A) Representative traces of a Shaker-injected oocyte’s response to a
depolarizing pulse from —70 mV to —15 mV before, during, and 100 s after a 64 mW MMW pulse. (B) Representative time course of activation time constant
calculated from traces such as in A in response to 64 mW stimulation. (C) Activation time constant 7 at different potentials with the application of various
levels of MMW. Connecting lines are shown for three of the series as a visual aide. (D) Conductance-voltage response of a representative Shaker-injected
oocyte with and without 128 mW MMWs. (E) Ratio of the conductances at 50 mV measured in individual cells with and without MMW application (G,n/Gofr;
N = 4). Error bars (mean = SE) in E are smaller than the symbols.

(Fig. 3 C). Additionally, we observed a MMW-induced of this process varied with pulse power and were 2.33-fold
acceleration in the recovery from inactivation at —65 mV  faster with 64 mW MMW exposure than in the absence of
after a step pulse to —15 mV (Fig. 3 D, inset). The kinetics stimulation (Fig. 3, D and E). Channel conductance showed
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FIGURE 3 Effects of MMWs on the voltage-gated sodium channel Nay1.4. (A) Representative traces of a Nay1.4-injected oocyte to a voltage step
from —100 mV to —15 mV before, during, and 100 s after a 64 mW MMW pulse. (B) Representative time course of the inactivation time constant calculated
from traces such as in A in response to 64 mW stimulation. (C) Inactivation time constant for a step from —100 mV to —15 mV coincident with the application
of various levels of MMWs (N = 4). (D) Recovery from inactivation as a function of recovery time (measured using the protocol shown in the inser) with and
without MMW stimulation at 64 mW. (E) Inactivation recovery time constant obtained from experiments as in (D) at different MMW levels (N = 4).
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a trend toward a slight increase upon MMW application, but
the change was not statistically significant (p > 0.1;
Fig. S3).

Although voltage-gated sodium and potassium channels
are the main drivers of APs in neurons, the sodium-potas-
sium pump is also essential for maintaining the requisite
ionic gradients and membrane potential for spiking.
Because the pump’s activity has been implicated in MMW
effects on neurons (9), we examined its response to MMW
application in our system. Upon application of a 100 s
MMW pulse (64 mW), pump current at a holding potential
of 0 mV increased by 53% and then returned to baseline
once the stimulation was turned off (Fig. 4, A and B). No
change in holding current was observed when the pump
was blocked with ouabain (Fig. 4 A). The dynamics of the
increase in pump activity upon MMW irradiation were
similar to those observed for the temperature and channel
kinetics.

The observed accelerated kinetics of sodium and potas-
sium channels in response to MMW stimulation would be
expected to result in an increase in AP frequency in neurons
responding to MMWs. To test this prediction, we used a
simplified preparation in Xenopus oocytes that mimics the
basic constituents of APs (18). After coinjecting oocytes
with an appropriate ratio of voltage-gated sodium and potas-
sium channels, we produced trains of APs by applying
depolarizing current injections from a holding potential
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FIGURE 4 Effects of MMWs on the sodium-potassium pump. (A) Cur-
rent recorded in a sodium-potassium pump-injected oocyte held at 0 mV,
with a 100 s application of 64 mW MMWs, in the absence and presence
of ouabain. (B) Pump-specific current (ouabain-sensitive) before, during,
and 100 s after stimulation with 64 mW MMWs (N = 5).
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of ~—100 mV (Fig. 5 A). These excitable oocytes, or exci-
tocytes, are a simple tool for dissecting the potential effects
of external modulators on AP firing. As predicted, MMW
exposure resulted in an increased spiking rate (Fig. 5 A).
The interspike interval decreased monotonically with
increasing MMW power (Fig. 5 B), becoming 35% shorter
upon 64 mW stimulation. Again, the time course of change
in the spiking interval upon the application of MMWs
(Fig. 5 C) parallels that of the temperature change (Fig. 1,
B and D). Furthermore, in separate experiments in which
bulk heating was used to heat the bathing solution, temper-
ature increases similar to those achieved with MMW expo-
sure also resulted in similar accelerations in AP firing
(Fig. 5, D and E). Additionally, both MMW and bulk heating
led to small changes in the average AP amplitude (Fig. S4).

DISCUSSION

Our results demonstrate a strong effect of MMW stimula-
tion on the activity of three key proteins involved in
neuronal excitability. In all cases, irradiation resulted in an
acceleration of kinetics and/or an increase in activity.
Furthermore, the combined effects on sodium and potas-
sium channels resulted in a large increase in AP firing
frequency in a model neuron. Simultaneously, MMW stim-
ulation increased the temperature of our preparation by
several degrees.

To determine whether the observed changes in channel
and pump function could be explained by the observed heat-
ing, we first considered the direction and magnitude of the
MMW effects. Directionally, our observations of acceler-
ated kinetics (including in Shaker activation, Na, 1.4 inacti-
vation, and Na, 1.4 recovery from inactivation) and the rate
of sodium-potassium pump transport are consistent with
heating, since increased temperature helps molecules sur-
mount energy barriers in their reaction coordinates. By
similar reasoning, increased channel conductance is also
consistent with heating. Furthermore, changes in both
kinetics and conductance increased with higher MMW
power (and thus temperature). Quantitatively, we compared
our experimental results with literature-reported Q,( values
for each molecule (19-22). Based on observed fold changes
in measured processes upon stimulation with 64 mW of
MMW power (using 4.5°C temperature increase measured
at the top of the oocyte), we calculated Q( values in reason-
ably good agreement with the literature (Fig. 6 A). Impor-
tantly, we observed the expected relative thermal
sensitivities of each process. For example, the nonstatisti-
cally significant increase observed in Na,1.4 conductance
likely arises from the low Qo value of 1.49 previously
reported for this process (19), whereas the large observed
increase in sodium-pump activity likely arises from its
high Q¢ value of 4.3 (22).

Furthermore, MMW irradiation resulted in substantially
shorter interspike intervals and somewhat smaller average
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AP amplitudes in our excitocyte preparation. These observa-
tions are qualitatively consistent with a nerve simulation
based on Hodgkin-Huxley equations (23) in which the only
parameter altered is the temperature (Fig. 6 B). We did not
expect to find quantitative agreement, because the Qo pa-
rameters used in the simulation do not precisely match those
of the molecules used in our study. Interestingly, the model
further predicts that increasing temperature past a certain
point results in an abrogation of the AP train (Fig. SS5).
This effect was not observed reproducibly in our experiments
at the MMW powers tested, but should be considered in other
systems, which may have different exposure levels, relative
channel and leak conductances, or Q( parameters.

Second, we considered the time course of MM W-induced
effects. If MMWs act on proteins through solution heating,
then changes in their activity would be expected to follow
the dynamics of the bath temperature (Fig. 1, B and E). If,
on the other hand, MMWs interact with biomolecules
directly, there is no reason to expect the resulting changes
to accumulate over several seconds; in fact, one might
expect the action of the MMWs to be immediate. In our
study, changes in Shaker activation kinetics (Fig. 2 B),
Na, 1.4 inactivation (Fig. 3 B), sodium-potassium pump
current (Fig. 4 A), and AP interspike time (Fig. 5 C) all
occurred with dynamics very similar to those observed for
heating (Fig. 1, B and D).

Hence, in our simplified experimental system, the effects
of MMWs are consistent with a straightforward mechanism
based on solution heating. As MMW energy irradiates cells,
it raises the temperature of the bath, resulting in acceleration
of several key kinetic and actuation parameters. Remark-
ably, relatively modest changes in the kinetics of voltage-

gated sodium and potassium channels lead to a profound
increase in AP firing frequency. Although we cannot
formally exclude them, we see no obvious nonthermal
effects in our system. These findings are consistent with a
prior report that the voltage-gated potassium channel in a
mollusk neuron responds to MMWs in a manner that is
wholly explainable by thermal effects (24).

Future studies are needed to deconstruct the thermal as-
pects of MMW response in more complex systems such as
innervated cell cultures and intact organisms. Additionally,
since the specific biomolecules responsible for neuronal
excitability may have different Q¢ values in different spe-
cies, MMW responses may be species specific. Further-
more, the several-degree temperature changes transiently
caused by irradiation may affect the function of other ther-
mosensitive molecules in the cell, producing responses
complementary to those characterized herein. Finally, it
would be interesting to experiment with a broader range
of electromagnetic frequencies, especially in the range of
millimeters to a few microns, where other thermal mecha-
nisms have been described (18,25).
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(B) AP traces generated by a computational implementation of the Hodg-
kin-Huxley model with system temperature increased by 0-6° from its
baseline value.

All four authors planned the study, designed and performed experiments,
and analyzed and interpreted the data. M.G.S. and M.E.P. wrote the manu-
script with input from F.B. and P.H.S.
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