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ABSTRACT There is evidence that millimeter waves (MMWs) can have an impact on cellular function, including neurons.
Earlier in vitro studies have shown that exposure levels well below the recommended safe limit of 1 mW/cm2 cause changes
in the action potential (AP) firing rate, resting potential, and AP pulse shape of sensory neurons in leech preparations as well
as alter neuronal properties in rat cortical brain slices; these effects differ from changes induced by direct heating. In this article,
we compare the responses of thermosensitive primary nociceptors of the medicinal leech under thermal heating and MMW irra-
diation (80–170 mW/cm2 at 60 GHz). The results show that MMW exposure causes an almost twofold decrease in the threshold
for activation of the AP compared with thermal heating (3.9 5 0.4 vs. 8.3 5 0.4 mV, respectively). Our analysis suggests that
MMWs-mediated threshold alterations are not caused by the enhancement of voltage-gated sodium and potassium conduc-
tance. We propose that the reduction in AP threshold can be attributed to the sensitization of the transient receptor potential
vanilloid 1-like receptor in the leech nociceptor. In silico modeling supported our experimental findings. Our results provide ev-
idence that MMW exposure stimulates specific receptor responses that differ from direct thermal heating, fostering the need for
additional studies.
INTRODUCTION
Applications of artificially generated millimeter wave
(MMW) radiation (30–300 GHz) are growing rapidly.
Point-to-point wireless communications links, local area
networks, security screening systems, and even nonlethal
crowd control weapons are being developed. Consequently,
human exposure to MMWs is increasing.

Because of the high water content in biological tissues,
MMW radiation inevitably causes sample heating due to ab-
sorption (1). Unsurprisingly, most studies into the effects of
MMW exposure on biological tissues conclude that the
observed impacts are strictly thermal in nature (2–4). The
primary organ that absorbs most of the energy at these fre-
quencies is the skin. Despite that the specific absorption rate
and power density are maximum at the epidermis, up to 60%
of the energy reaches the dermis (where nerve endings lie),
and �10% gets to the subcutaneous hypodermis (5).
Early studies concluded that MMW radiation has no detect-
able pathological impact on skin cells and does not cause
carcinogenic or other potential long-term effects (2,6–8).
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Nevertheless, at least one study concluded that �5% of
the observed long-term exposure effects of MMWs is
caused by the EM field interaction with the tissue and not
just the thermal impact (9).

A few studies have looked at the effect of MMW radiation
on free nerve endings located in the skin as well as on sen-
sory neurons and especially NIs (10–12). In one report (10),
the thermal pain threshold upon skin heating with intense
MMW radiation (94 GHz, 1.8 W/cm2) was �44�C, which
is close to the normal physiological value. In contrast,
comparatively low intensity MMW exposure (up to only
14 mW/cm2) with little ensuing tissue heating was reported
to have an analgesic/hypoalgesic effect (11,12). These two
examples point to the complexity of the mechanisms under-
lying MMW interactions with tissue and the various effects
they have at different levels of exposure.

Retzius neurons of the medicinal leech are naturally
active with an approximate action potential (AP) firing
rate of 1 Hz; previous studies found clear changes in their
spiking activity when they were exposed to very low power
MMWs (<1 mW/cm2) (13–16). In addition, when the
MMW irradiation of neurons was compared to thermal heat-
ing with a similar but small temperature rise (<1�C), the
MMWs caused a reduction of one third in the AP firing
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FIGURE 1 Schematic representation of pain transduction in the leech.

(A) Shown is a schematic representation of leech body (lower part) and

leech segmental nervous system (upper part). Application of suprathres-

hold thermal stimulus (dark red flash arrow) to the body wall causes the

activation of the N lateral primary nociceptive neuron. (B) Photograph of

single sectional ganglia with lateral nerves (dashed line) and intersectional

axonal bundles is shown. Nociceptive neurons are depicted by red (dark)

Romanenko et al.
rate (12), whereas thermal heating led to an enhancement of
neuronal activity (increased firing rate by two to three times)
(14). In both cases, the rising and decaying phases of the AP
shortened; however, with MMW radiation, the decrease was
�10% (with respect to the initial value), whereas for ther-
mal heating, the change averaged to �5% (13–15,17,18).

In this article, we extend these earlier studies by exam-
ining the direct effect of higher MMW power (at 60 GHz,
>100 mW/cm2) but this time on sensory neurons from the
medicinal leech (i.e., neurons that are only active when
exposed to noxious stimuli, such as pressure, chemical, os-
motic, and, most important for our study, temperature
changes). Here, we focus on the thermosensitive nociceptor
(NI), which has a step-like activation when exposed to ther-
mal stimuli (i.e., they start firing when they are exposed to a
particular temperature). The NI thermal sensitivity is attrib-
uted to the presence of transient receptor potential vanilloid
1 (TRPV1)-like capsaicin receptors (19). It is well known
that TRPV1 are polymodal ionotropic receptors and, in
mammalian cells, activate at a thermal threshold in the
range of 42–45�C (20–23). Considering this, the null hy-
pothesis is that MMW irradiation would induce heating
that would cause the same activation of thermosensitive
NI as thermal heating. The goal of this work was to deter-
mine the effects of MMW radiation on primary NIs and
whether they can be accurately modeled.
dashed circles. Retzius neurons are depicted by blue (light) dotted circles.

To see this figure in color, go online.
MATERIALS AND METHODS

Biological model

The experimental model used here was the leech thermosensitive NI

(lateral–Nl); these are sensory receptors in somatic structures that convey

nociceptive (pain) information to the central nervous system. The leech

nociceptive receptors are remarkably similar to vertebrate NI (24) and pro-

vide numerous experimental, procedural advantages. Fig. 1 shows the rele-

vant details of NIs and the section of leech (ganglia) studied. An advantage

of this model is the ability to study individual NIs within a whole intact

neuronal ganglion, which preserves interactions with other neurons and sur-

rounding glial cells, giving a more representative ‘‘whole organ’’ response

(Fig. S1).

Adult medicinal leeches, genus Richardsonianus Australis, were ob-

tained from the Genki Centre (Glebe, NSW, AU). We have assumed that

because of the similarities in size, habitat, and living conditions of the

Australian leech, its physiology is essentially the same as, for example,

the North American leech, which was used in previous studies. The leeches

were kept in a glass aquarium with artificial pond water (36 mg/L Instant

Ocean salts; Aquarium Systems, Mentor, OH) in a temperature-controlled

room at 18�C and with a 12 h light/dark cycle. At the time of the experi-

ments, leeches weighed between 1 and 3 g. Before dissection, the leech

was anesthetized in ice-cold leech saline containing 115 NaCl, 4 KCl,

1.8 CaCl2, 1.5 MgCl2, 10 HEPES, and 10 glucose (pH ¼ 7.35), all values

in mM (reagents from Sigma-Aldrich, St. Louis, MO). Individual ganglia

were dissected from midbody segments (M6–M12) and pinned down in a

Sylgard184 (Dow Corning, Midland, MI)-filled dissection box. Dissected

ganglia (Fig. 1 B) were transferred to a Petri dish (diameter: 35 mm) and

pinned down (ventral side up) on a paraffin bed (Fig. 2 B) with four

tungsten pins. Between experiments, the ganglion was maintained at an

ambient temperature of 21–25�C. In experiments with a selective

TRPV1 antagonist, N-(3-Methoxyphenyl)-4-chlorocinnamide (SB366791;
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Sigma-Aldrich), the stock compound (0.1 M in dimethyl sulfoxide stored

at �20�C) was diluted in modified (Ca-free) leech saline to make a

50 mM final solution.

The Petri dish with the dissected ganglion was placed on an upright mi-

croscope (Nikon Eclipse E600-FN; Nikon, Tokyo, Japan) and filled with

leech saline so that the ganglion was covered by about a 1-mm thick layer

of fluid. The total volume of saline used was 3 mL. For proper illumination

of the ganglion during the insertion of the electrolytic probe into a specific

neuron, we used a bright white light-emitting diode at a very oblique inci-

dence angle with respect to the microscope bore (25) and a 10� Plan Fluor

objective with differential interference contrast filters.
Electrophysiology

To perform the electrophysiological recordings, a sharp (<1 mm diameter)

intracellular electrode was fabricated from aluminosilicate capillary glass

(0.87 � 1.2 mm inner/outer diameter, AF120-87-10; Sutter Instruments,

Novato, CA) using a laser micropipette puller (P-2000; Sutter Instruments).

The electrodes were filled with 3 M K-acetate and 20 mM KCl unbuffered

solution. Average resistance was in the range of 24–27 MU. All electro-

physiological recordings were performed using a microelectrode amplifier

(Axoclamp 900 A; Molecular Devices, Sunnyvale, CA) in the current-

clamp mode, held at 0 nA. Recordings were then digitized at 100 kHz using

data acquisition hardware (DigiData 1550 A; Molecular Devices) and

custom software (Clampex 10; Molecular Devices). Electrophysiological

recordings were performed using the ‘‘gap-free’’ mode and episodic stimu-

lation and were processed using Molecular Devices Clampfit 10 software.

Only data corresponding to a rising temperature phase was used in the anal-

ysis. For thermal heating of the sample, a 68W 40� 40 mmThermoelectric

(Peltier) Module (TEC1-12708/ZP9104; Jaycar Electronics, Sydney, NSW,



FIGURE 2 The experimental setup, leech

ganglia preparation, and experimental chamber is

shown. (A) A photograph of experimental setup

is shown. (B) Side view schematic of the experi-

mental setup with chamber installed on the

WR-12 waveguide is shown; the ganglia is me-

chanically fixed with fine tungsten pins on the

paraffin pad (on the picture, the ganglia size is

exaggerated for the convenience of the reader).

The neuron of interest was probed with a glass

microelectrode; a second auxiliary glass electrode

was installed as close as possible to the first one

and was used for the compensation of thermal-

and convection-related artifacts. The reference

electrode was mounted on the edge of the chamber

to avoid interference with the MMW radiation. The

thermal sensor was placed as close as possible to

the ganglia, perpendicular to the probing electrode.

(C) Shown is a photograph ofWR-12 waveguide top view (leftmost picture) with enlarged picture of its aperture overlapped with a picture of the leech ganglia

(middle picture) and enlarged photograph of the ganglia (rightmost picture) stained with 1% trypan blue, fixed in cold 4% paraformaldehyde and 0.1 M

phosphate buffer (pH 7.4), and washed in PBS. The circle indicates the position of one N lateral (Nl) thermosensitive nociceptor neuron. To see this figure

in color, go online.
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AU) was used. The sample dish was placed on top of the heating module. To

separate the ganglion from the hot plate, a 2-mm thick paraffin layer was

spread across the bottom of the sample. The ganglia were stretched out

and pinned directly to the paraffin. For the MMW irradiation, the power

was delivered directly to the cells from below (see MMW setup shown in

Fig. 2 B). Because of the limited MMW power available, the heating rate

was generally slower than for thermal heating. Hence, the average heating

duration was 475 10 s for thermal heating and 755 13 s for MMW heat-

ing. Nevertheless, the difference in the heating rate was not considered

detrimental to the experimental outcome or conclusions of this study

(26). This is because activation of the thermosensitive NI is triggered

only when the noxious temperature threshold is reached; all samples

were heated to activation, and a continuous train of APs was recorded.

The temperature of the saline in the thermal heating experimentswasmoni-

tored with a type K thermocouple having an accuracy of 0.1�C (QM1283;

Jaycar Electronics). To avoid any influence the MMWs might have on

the temperature measurement, a gallium arsenide crystal-based fiber-optic

thermometer with a resolution 0.01�C (OTG-M280 sensor with PicoM spec-

trophotometer PCM-G1-10-100ST-L;Opsens, Qu�ebec, Canada) was used for
all the MMW experiments; the equivalence between the two methods of

recording temperature was confirmed (with an accuracy of 0.1�C).
MMW setup

The MMW exposure system consisted of a tunable microwave source

from 8 to 20 GHz (yttrium iron garnet-tuned oscillator SAO 002; Virginia

Diodes, Charlottesville, VA), coupled to a frequency multiplier/power

amplifier chain (WR12AMC-HP; Virginia Diodes), which delivered contin-

uous MMWs in the range 60–90 GHz with a maximal output power at any

frequency of 100 mW (Fig. 2 A). For the neuron irradiation experiments, the

system was set to 60 GHz. The MMW signal was coupled into the ganglion

through a single mode open-ended rectangular waveguide (WR-12 Instru-

mentation Grade Straight Waveguide with UG-387/U Flange with a

3.09 � 1.54 mm aperture) placed directly under the Petri dish and encapsu-

lated paraffin layer (Fig. 2, B and C). Using the microscope, the ganglia

were aligned directly above the center of the waveguide aperture, in which

the MMW field is at a maximum (Fig. 2 C). Note that the MMW power is

incident on the ganglia after passing through the thin layer of paraffin and

not through any significant amount of saline, which has a high MMW ab-

sorption coefficient (�3 cm�1) (27,28). Both the paraffin and polystyrene

are highly transmissive at these wavelengths (5 mm).
Cell viability experiments

The sample chamber used for the electrophysiological experiments was

also used for fluorescence experiments to maintain identical environmental

conditions. The Nikon Eclipse microscope was equipped with an epifluor-

escence attachment (Y-FL), and a high-pressure Mercury lamp (USH-

102DH; Ushio Electric, Tokyo, Japan) was used for illumination. Samples

were placed under the 10� Plan Fluor differential interference contrast

objective, and after MMW exposure (or sham experiment), the saline in

the Petri dish was quickly replaced with a PI/leech saline solution. The

pinned-out ganglia were incubated for 60 s, after which fluorescence im-

ages were acquired. The PI solution was made from a stock solution

(P4170, 1 mg/mL stored at �20�C; Sigma-Aldrich) by adding 1 mL stock

to 1 mL of leech saline. The fluorescent images were collected by a digital

charge-coupled device camera (DS-5Mc; Nikon) and stored. The resulting

images were processed and analyzed with freely available ImageJ software

(http://imagej.nih.gov/ij/) (29). To eliminate the stray background signal

and estimate cell signal intensity above it, the measured intensities were

treated as DI/I ¼ (IG � IBG)/IBG, where IG is the signal from ganglia, and

IBG is the signal from background.
Dosimetry and radiation exposure simulations

The attenuation of MMW power from the exit port of the waveguide to the

ganglion was measured using a pyroelectric detector system equipped with

a broadband Winston cone (multimode power collecting funnel) and an

infrared-blocking filter (DLA-TGS with a 6 THz low-pass edge filter;

QMC Instruments, Cardiff, UK). With no saline present, the attenuation

of the MMW power through to the top of the paraffin was 43%, with respect

to the power at the waveguide output. When the full 3 mL of saline was

added to the Petri dish (to a level 1 mm above the paraffin), the MMW

signal was reduced by 31 dB (<1/1000th of the power at the waveguide

output) because of the absorption by the aqueous solution.

To estimate the MMWpower density across the ganglion, one must know

both the absorption and reflection coefficients of the intervening layers be-

tween the ganglion and the waveguide aperture as well as the radiation

divergence that occurs as the MMW energy exits the waveguide aperture

and is then refracted at each intervening surface. This had to be estimated

using an electromagnetic (EM) model of the experimental setup because the

pyroelectric detector was not able to probe the MMW fields at the length

scale of the ganglia (generally smaller than one wavelength). A commercial

EM simulator based on finite difference time domain (QuickWave; QWED,
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Warsaw, Poland) (14,15) was employed. Distribution of the MMW power

density along the vertical axis, and at selected horizontal cross sections,

were estimated from an EM simulation of the exact layout of the waveguide

and Petri dish at 60 GHz. The EM simulator requires prior knowledge of the

relative permittivity εr and conductivity s of all materials encountered.

Values for the leech saline solution, the paraffin, and the polystyrene Petri

dish were measured using a commercial THz time-domain spectroscopy

system (TeraPulse 4000; TeraView, Cambridge, UK) over the temperature

range used in the experiments (24–45�C). At ambient temperature, the mea-

surements yielded the following: saline εr ¼ 12.01, s ¼ 72.64; the paraffin

layer εr¼ 2.27, s¼ 0.02; and polystyrene εr¼ 2.56, s¼ 0.09 (Fig. S2). The

properties of the saline increase linearly with the temperature as expected

for aqueous solutions (30), and this data was also used in the biophysical

simulations. For the leech ganglion (0.2-mm thick), the dielectric constant

and conductivity were estimated to be the same as those measured brain tis-

sue samples in the literature (31) of εr ¼ 10.9 and s ¼ 48.5 were employed

for the EM simulations.

EM simulations were performed at 60 GHz with 100 mW of continuous

wave power exiting the waveguide aperture. The calculated power density

distributions at various positions along the path from waveguide aperture to

ganglion are shown in Fig. 3. The power density varies across the wave-

guide aperture as shown in the cross section and is 470 mW/cm2 at the cen-

ter of the guide. Beam expansion modified by refraction and reflection at

each surface and absorption within each dielectric layer accounts for a dif-

ference in the power density of �17% from the waveguide aperture to the

top of the ganglion. Accordingly, the power density at the top center of the

ganglion was 82 mW/cm2, whereas at the bottom it was 170 mW/cm2;

therefore, we assume that �50% of the incident power is absorbed in the

ganglion. Note that the power distributed across the diameter of the gan-

glion is uniform so that any neuron that is probed in the actual experiment

receives the same MMW energy and has the same specific absorption rate.

Also note that the saline surrounding the sides and above the top of the gan-

glion absorbs all the remaining incident MMW energy so that reflections

from the top of the saline layer can be ignored (32,33).
Biophysical simulations

Simulations of the electrical activity of the leech lateral N-cell (Nl) were

performed with NEURON Simulation Environment (version 7.4; Hines,

Yale University, New Haven, CT) (34–36). The neuron model was inspired

by the work of Nicholls and Baylor (37) and was modified from Baccus (38)

and includes voltage-gated sodium tetrodotoxin-resistant (INaTTXR) and

tetrodotoxin-sensitive channels (INaTTXs); potassium delayed rectifier

(IKk) and potassium transient current (IA) channels; calcium current chan-

nels (L type-like); calcium-dependent potassium current channels (IKCa);

Na/K–ATPase (INa/K-ATP); leakage current (IL); mechanisms for intracel-

lular calcium and sodium accumulation (Ca–accum, Na -accum); and the

plasma membrane Ca2þ ATPase (PMCA–Ca-pump) and thermosensitive

receptor–vanilloid receptor type 1–TRPV1 channel. The model formula-

tions are available at http://senselab.med.yale.edu/ModelDB/showModel.

cshtml?model¼236323.

The modeling of the Gouy-Chapman-Stern potentials and ion distribu-

tion nearby and on the neuronal membrane surface was performed using

formulations provided by (39) and (40). The model was modified to take

into account the temperature dependence of the ion hydrated radii (41)

and a concentration-dependent component adapted from Stogryn (42). It

also includes the thermal dependence of the leech saline dielectric permit-

tivity as described in Dosimetry and radiation exposure simulations.
Data processing and statistics

The data were analyzed using the statistical packages in Origin2018

(OriginLab, Northampton, MA) and MATLAB 2015 (The MathWorks,

Natick, MA). Data retrieved from the gap-free electrophysiological
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recording mode were processed with a modified MATLAB code (43) that

includes the methods of (44). The AP activation threshold (Vth) is a

threshold value of transmembrane potential, after which AP is formed in

accordance with the ‘‘All or None’’ principle. As stated in (44), ‘‘the AP

threshold is a quantifiable feature correlated to a neuron’s propensity to

fire an AP.’’ Vth was calculated using the Maximal Slope method, which

‘‘defines Vth as the voltage corresponding to a maximal increase in a change

in inward current relative to V (membrane potential)’’ (44). Specifi-

cally, Vth ¼ max

�
g

�
t; V;

dV

dt
> 0

�
> 0

�
;where g ¼ d2V=dt2

dV=dt
: The method

was used after the resting potential baseline was subtracted from the re-

corded electrophysiological trace. All codes are available on GitHub (45).

The normality of the data sets was evaluated using the Kolmogorov-

Smirnov test (and additionally by Anderson-Darling and Shapiro-Wilk

tests) and a graphical method in Q-Q plot (provided in the Supporting Ma-

terials and Methods). For normally distributed data, a one-way analysis of

variance (ANOVA) analysis was applied, followed by one-sided post hoc

Holm-Bonferroni and Tukey’s t-tests. For non-normally distributed data

(rejection by normality test), the nonparametric Kruskal–Wallis test (KW-

ANOVA) was used with data median and the p value provided in the text

for every case. Significance levels of p < 0.05 were used (unless otherwise

specified). The results are reported as mean 5 SE (unless otherwise spec-

ified). Where used, the goodness of fit was reported as reduced c2 and

adjusted coefficient of determination (Ṝ2).

To evaluate how the triggered AP trains correlate with temperature of the

sample, characteristic AP parameters such as amplitude � the maximal de-

polarization value, AP half-width� the AP width on the level of half ampli-

tude, AP maximal rise rate (MaxRise) � max(dV/dt > 0), and AP maximal

decay times (MaxDecay) � max(dV/dt < 0) were evaluated and analyzed

against the temperature. Correlation analysis (Pearson correlation coeffi-

cient) was performed using standard MATLAB functions within the devel-

oped code (available in the same GitHub repository) and Origin 2018.
RESULTS AND DISCUSSION

Vitality test

To confirm that the highest intensity MMW exposures did
not cause damage to neurons in the ganglia, a viability
test was conducted. We used propidium iodide (PI), a
DNA-binding stain, which does not enter healthy neurons
but passes through the membrane of damaged cells. We
used our standard experimental arrangement with saline sur-
rounding the ganglia. The samples (n¼ 11) were heated, us-
ing the thermoelectric module, from a starting temperature
of 22–25�C to a final temperature of 38–40�C. After the
bath temperature reached its maximal value, the ganglia
were kept exposed to MMW radiation for 5 min using
100 mW at the waveguide port and �170 mW/cm2 at the
bottom of the ganglia. At the end of the exposures, the saline
in the measurement chamber was replaced with a PI solution
at 22–25�C. Fluorescent images of ganglia were taken
within 1 min of the MMW exposure, and luminescence
was measured with a photometer in the microscope
eyepiece. The samples exposed for 5 min showed no
difference from the control (DI/I for MMW versus
Sham exposure is 0.18 5 0.05 and 0.22 5 0.03, n ¼ 5
vs. n ¼ 7, one-way ANOVAwith Fisher test means compar-
ison p ¼ 0.68). However, the samples exposed for more
than 15 min (DI/I ¼ 0.67 5 0.11, n ¼ 6, p < 0.01) had a

http://senselab.med.yale.edu/ModelDB/showModel.cshtml?model=236323
http://senselab.med.yale.edu/ModelDB/showModel.cshtml?model=236323
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FIGURE 3 Finite difference time domain simu-

lation of the MMW power distribution in the

experimental setup. Shown is the power distribu-

tion throughout from the waveguide and through

chamber in ZX and ZY projections (left) and power

distribution on the different XY levels of the model

(right). The power density estimated at the bottom

of the ganglia was 170 mW/cm2 and at the top was

85 mW/cm2. To see this figure in color, go online.
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noticeable accumulation of PI in the neurons and the micro-
glial cells located on the surface of the ganglionic sheath.
The estimated median lethal dose calculated from these
data is 8.21 min. We therefore concluded that for heating
and exposure times below 5 min, there was no evidence of
cell death, and most of the experiments were conducted in
less than 3 min.
Electrophysiological responses of Nl neurons
exposed to MMWs compared to thermal heating
of the bath

AP voltage threshold

The major thrust of this work was to determine the impact
of MMW exposure compared to thermal heating on
sensory neurons, specifically on the voltage activation
threshold. We used a standard Axoclamp 900A and K-ac-
etate-filled pulled capillary microelectrodes to probe
changes in the electrical activity of Nl neurons in the
medicinal leech.

Example recordings over 18 s from MMW and thermal
exposure experiments are shown in Fig. 4, A and B, respec-
tively. The corresponding temperature recordings measured
near the ganglia are shown in Fig. 4, C and D, noting that
both start at �30�C. Generally, the Nl neurons have a high-
threshold AP and rarely generate spikes when below the ther-
mal threshold; therefore, no spikes are seen in the first part of
the traces (Fig. 4,A and B). Once activated by a thermal stim-
ulus, they generate a continuous AP train as long as the stim-
ulus is present. For the MMW trace (Fig. 4 A), this occurs
around 7 s when the temperature reaches 35�C; for the ther-
mal trace (Fig. 4B), this occurs around 13 s when the temper-
ature hits 40�C. Over all experiments, the average threshold
temperature (here estimated from first five APs only) was
lower forMMW radiation 34.95 0.4�C comparedwith ther-
mal heating, which was 36.65 0.4�C (KWANOVA compar-
ison ofMMWand thermal heatingmedians: 34.6 and 36.1�C,
respectively; c2¼ 9.7, p< 0.05) (Fig. S3). Fig. 4F shows the
probability of the AP formation with temperature, and there
is heavy overlap between the MMW and thermal groups.
Because of the size and location of the temperature probe,
we are not certain that the temperature of the neuron within
the focal region of the MMWs was at a higher temperature
than measured. In all our experiments, both thermal heating
and MMW irradiation activated Nl neurons and caused the
formation of AP trains, which were recorded for an average
of 61 5 16 s. When taking all APs recorded into consider-
ation, the median activation temperature was between 39
and 40�C. Because Nl neuron thermal activation is a
threshold-based mechanism, the heating rate was irrelevant
(26).

The examples traces in Fig. 4, A and B also show that
the pattern of response of thermal and MMWs was not
identical (i.e., the spiking rate at the time of the AP train
initiation and its change during the heating process); this
was true for all recordings. Thermal heating evoked dense
AP trains with a high initial AP spiking rate (Fig. 4 B,
13–18 s) when compared to MMW irradiation (Fig. 4 A,
7–18 s). However, we should note that the average rate
of temperature rise was different; for MMW, it was
0.115 0.02 and 0.275 0.10�C/s for thermal heating. How-
ever, we should also note that the spiking rate in the case of
thermal heating continues to increase with temperature,
(Fig. 4 E, red dash-dot curve) peaking at �9 Hz; contrast-
ingly, the spiking rate for MMWs (Fig. 4 E, green dashed
curve) peaked at the activation temperature at �3 Hz but
then dropped to a steady �1 Hz.
Biophysical Journal 116, 2331–2345, June 18, 2019 2335



FIGURE 4 This shows the effect of MMWand thermal heating on Nl neurons. (A) is a representative recording of Nl neuron activation using MMW irra-

diation. Upper trace (A) is the transmembrane voltage recording from Nl soma, and lower trace (C) is the temperature of the saline adjacent to the ganglia. (B

and D) The representative recordings of Nl neuron activation by thermal heating. (B) is the transmembrane voltage, and (D) is the temperature. (A) and (B)

demonstrate a typical electrophysiological reaction of the primary nociceptive neurons to a temperature change from 30 to 38–45�C. In both cases (MMW

and thermal heating), Nl neurons remain ‘‘silent’’ up until a threshold temperature is reached, after which the AP train is generated. Although the activation of

Nl neurons is a threshold-based process, the AP spiking rate change is a process gradually evolving with sample heating. (E) The change of AP spiking rate

along with the time for traces subjected to MMW radiation (green square marker) and thermal heating of the saline (red diamond marker) is shown. The data

binned every 3�C and were represented as mean 5 SE. Data are fitted with Gaussian curve: for MMW (green dashed line; Ṝ2 ¼ 0.44) and thermal heating

(dot-dashed line;Ṝ2¼ 0.99). (F) Shown is the probability distribution of first five AP against temperature in NI neurons caused by thermal heating (red cross-

stripped bars) and MMW (green slant-stripped bars). Distributions are fitted with a skewed Gaussian; the fit for MMW is represented by a green dashed-

double dot line (Ṝ2 ¼ 0.98), and thermal heating is represented by a dark-red dash-dot line (Ṝ2 ¼ 0.66). To see this figure in color, go online.
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For some experiments, we continued to record the APs
when the MMWs or the thermoelectric module was
switched off. The return of the neuron to its initial nonex-
cited state is different between MMW and thermal heating
(Fig. S4). The AP firing for the MMW exposure ceased
quickly after the source is switched off, even though the
bath temperature is still above the activation threshold
(observed in 100% (12/12) of recording in which APs
were measured during heating and cooling). Whereas for
the NI neurons exposed to thermal heating, once switched
off, the AP firing continues even though the bath tempera-
ture falls well below the original threshold (observed in
90% (9/10) of recordings).

We tested the correlation of temperature and several
AP parameters (amplitude, AP half-width, MaxRise,
MaxDecay) for both MMW irradiation and thermal heating
over the range 36–46�C, and no correlations (R2> 0.5) were
found.

We defined an activation voltage threshold if at least
five AP signals are generated in a train. The results are
summarized in Fig. 5. The mean voltage threshold of
AP activation for thermal heating was 8.3 5 0.4 mV
(n ¼ 20), whereas for MMW exposure, it was 3.9 5
0.4mV (n¼ 16) (KWANOVAcomparison of thermal heating
2336 Biophysical Journal 116, 2331–2345, June 18, 2019
and MMW medians: 8.2 and 3.0 mV, respectively; c2 ¼ 58,
p< 0.01). The comparison of AP voltage threshold distribu-
tion (throughout the entire range of observed temperatures)
from MMW and thermal heating experiments revealed
different ranges of voltage threshold deviation. For thermal
heating, activation varied from 0.5 to 16 mV, whereas for
MMW, it was 0.5–8.5 mV (Fig. 5, B and C). Also, it can be
seen in the same figure that from cumulative frequency
curves, thermal heating has a broad distribution range,
whereas MMW demonstrates a single distribution curve
(low voltage thresholds) within a narrow distribution range.
At this point, we do not have a good physiological model
for this behavior. However, others have noted similar
enhancedAPfiring due to activation and inactivation kinetics
of ion channels, conduction velocity, and synaptic events
among other phenomena (46–48).

In summary, the most important finding was that neurons
subjected to the MMW radiation have an activation voltage
threshold for AP formation half of that compared to thermal
heating.

AP current threshold

In addition to the experiments on AP voltage threshold and
changes in AP magnitude and shape characteristics, we



FIGURE 5 The effect of thermal andMMWheating on Nl neuron activation threshold. (A) The Nl neuron voltage thresholds averaged over the first five AP

in a train under the condition of MMWexposure (n ¼ 16) and thermal heating (Therm.Heat, n ¼ 20), MMW irradiation on cells treated with TRPV1 antag-

onist (SB366791, n ¼ 7), and cells incubated in ‘‘high-Ca’’ saline (normal concentration �5 ¼ 9 mM, n ¼ 7). Only one AP train per cell was analyzed. Data

are mean5 SE; median and 5–95% range are shown along with the scatter plot of individual data points. Group comparison with KWANOVA is shown (c2

(3) ¼ 130.23, p < 0.05); (B–E) shown is the voltage threshold probability distribution (bar plot) and cumulative frequency (dashed line) of all AP in trace of

all recorded traces (one trace per cell) for MMW ((B) details in AP voltage threshold), thermal heating ((C) details in AP voltage threshold), MMW plus

SB366791 ((D) details in The effect of MMW irradiation in the presence of TRPV1 antagonist), and MMW plus ‘‘high-Ca’’ ((E) details in The effect of

MMW in the presence of a high concentration of divalent cations). To see this figure in color, go online.
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looked at neuron excitability under control conditions and
MMW exposure. Because activation of Nl neurons by
MMW radiation generated AP trains at a lower voltage
threshold, it was necessary to test how MMW radiation
can influence the voltage-gated conductivities of the neu-
rons. To avoid the involvement of TRPV1-like channel acti-
vation, the test was conducted at room temperature with
short MMW pulses. We employed a current-clamp step pro-
tocol to investigate potential alterations in the current
threshold of AP formation in Nl neurons under control
and test conditions. Current steps (10 ms) were delivered
in a current-clamp mode at room temperature. In test exper-
iments with MMW radiation, the neurons were exposed for
500 ms (during �0.25 nA hyperpolarizing pulse) before the
depolarizing current step was applied (Fig. 6 A). The short
time for the MMW exposure ensured that temperature
changes were minimal (0.27 5 0.02�C). The magnitude
of the current step that triggers AP formation was consid-
ered as a current threshold. The comparison of control and
MMW test demonstrated that application of MMW did
not increase Nl neuron excitability (Fig. 6 B). The threshold
current in control conditions (0.79 5 0.07 nA, n ¼ 7) was
not different to the MMW test (0.68 5 0.13 nA, n ¼ 8,
one-way ANOVA, p¼ 0.46). Utilization of current step pro-
tocol under conditions similar to AP voltage threshold did
not reveal a statistically significant difference between the
control and MMW data (Fig. S5). This result demonstrates
that voltage-gated conductivities in Nl neuron do not have
specific or significant sensitivity to MMW radiation.

Passive parameters

To estimate the contribution from passive electrophysiolog-
ical properties of the probed neuron, we injected negative
current pulses that resulted in no AP generation. We then
measured the capacitance and conductance under MMW
and thermal heating over the range of 34–39�C versus the
control of 20–22�C. In the case of MMW irradiation, the
mean electrical resistance was significantly higher with a
value of 68.3 5 4.1 mU than both the control and thermal
heating, which were 47.5 5 1.7 mU and 52.1 5 1.9 mU,
respectively (n ¼ 9; KWANOVA medians comparison:
49.5 vs. 38.7 and 47.2 mU, correspondingly; c2 ¼ 13.3,
p< 0.01). The capacitance, however, had a somewhat lower
value for the MMW-exposed samples (9.7 5 4 pF) than
either the control or the thermally heated neurons (14 5 1
and 12 5 2 pF, respectively), although the differences in
the three values are not significant when taking the errors
into consideration. These results show that passive physio-
logical parameters do not change significantly with thermal
heating below threshold temperatures, whereas altered resis-
tance under MMW exposure does not contribute to the
sensitization we have observed.
Biophysical Journal 116, 2331–2345, June 18, 2019 2337



FIGURE 6 The effect of MMW radiation on injected current pulse acti-

vation threshold in Nl neurons at room temperature. (A) Representative re-

cordings of cell response to current step protocol are shown. When a critical

(threshold) current pulse is applied, the Nl neuron generates AP. The dura-

tion of stimulatory pulse of 10 ms, and the current increment is 0.05 nA.

Stimulatory pulse was preceded by 500 ms and �0.25 nA hyperpolarizing

pulse. The horizontal (green) bar indicates the time of MMW application.

(B) The pulse current activation thresholds were measured in control con-

ditions and MMW test. Data are mean 5 SE; median and 5–95% range

are shown along with the scatter plot of individual data points. Group com-

parison with ANOVA is shown (Cntrl. �0.8 5 0.1 nA, n ¼ 7; MMW test

0.75 0.1 nA, n ¼ 8, one-way ANOVA, p ¼ 0.46). To see this figure in co-

lor, go online.
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Multimodality of MMW effect

The effect of MMW irradiation in the presence of TRPV1
antagonist

As noted in the current step experiments (Electrophysi-
ology), thermal activation by MMW irradiation is not based
on changes to the AP driving conductance. However, further
work was needed to clarify whether changes to thermally
sensitive TRPV1 are the basis for the observed lower
voltage thresholds upon MMW exposure. We used a selec-
tive cinnamide TRPV1 antagonist (SB366791) to see if
this would reduce or eliminate the threshold effects seen un-
der MMW irradiation (49). It is known that this antagonist
does not interfere with voltage-gated calcium channels
and with hyperpolarization-activated channels (unlike
Capsazepine), and it blocks thermal and capsaicin-evoked
responses in leech Nl neurons (19). For these experiments,
2338 Biophysical Journal 116, 2331–2345, June 18, 2019
the ganglia were incubated in 50 mM of antagonist for
5 min before being exposed to the MMW irradiation
(170 mW/cm2 for less than 3 min), and the heating of the
bath was limited to 44–45�C.

Taking the full suite of temperature-dependent data and
comparing the change in the AP activation threshold (esti-
mated from first five AP) yields a significant difference be-
tween the neurons in the antagonist and normal saline
solutions (Fig. 5 A): 6.2 5 0.8 mV (n ¼ 7) vs. 3.9 5
0.4 mV (n ¼ 16) (KWANOVA medians comparison: 4.1
and 3.0 mV, correspondingly; c2 ¼ 9.2, p < 0.05). Also,
the neurons in the antagonist solution have an AP voltage
threshold probability distribution (Fig. 5 D) that is very
similar to that obtained from the thermal heating experi-
ments (AP voltage threshold)—i.e., have a wide range of
voltage thresholds (0.5–11 mV) and could be represented
by bimodal distribution of high and low voltage thresholds.
Nevertheless, the presence of antagonist in the bath solution
did increase the probability of AP with a lower voltage
threshold. Hence, the effect of MMW irradiation on Nl neu-
rons could be the result of either multimodal facilitated acti-
vation of TRPV1 (simultaneous thermal and osmotic) or
activation of another sensory channel in the neuron’s mem-
brane (see below).

The effect of MMW in the N-medial neurons

It is reasonable to assume that Nl neuron osmosensitivity
could be due to the activation of another channel. Indeed,
another member of the transient receptor potential vanilloid
family, namely TRPV4, is a known osmosensitive channel
that responds to mechanical stimulation (50,51). Thus, we
cannot exclude the possibility that this channel or its homo-
log may be present in the leech neuron membrane and
perform as a complementary sensor in nociception. To
rule out a separate sensory channel, we tested a different
type of neuron, the N-medial (Nm) neurons in the ganglia,
which are mechanical NIs (52). These neurons are also
high-threshold NIs and homologs of the Nl neurons (hence,
it is very likely that TRPV4 can be present on the membrane
of this neuron). However, they do not express sensitivity to
high-temperature stimulus, nor do they respond to capsaicin.
The Nm neurons were probed in the same manner as the Nl
neurons, but in contrast, the introduction of the electrode re-
sults in continuous AP spiking (presumably triggered by
membrane stretch around the electrode or previous Nm ter-
minals cut off during the preparation, causing a typical
response). Such spiking remained as long as the activity
of neuron was observed (Fig. 7 A); even the injection of a
prolonged hyperpolarizing current did not suppress this ac-
tivity in the Nm cells. Under normal conditions (20–25�C),
the mean spiking rate of Nm neurons was 2.03 5 0.13 Hz.
After MMW stimulus was applied, the spiking linearly
increased with a rate of 0.175 0.03 Hz/s (Fig. 7 B). Unlike
the NI neurons, in the Nm, MMW irradiation (170 mW/cm2)
did not result in step-like alterations in neuron activity, but



FIGURE 7 Electrophysiological characteristics of Nm neuron in control conditions and under MMW radiation. (A) The representative recordings of the

Nm neuron electrophysiological activity alterations under MMW irradiation are shown. The upper trace is the transmembrane voltage recorded from the Nm

soma, and the lower trace is the temperature of surrounding saline. (B) The alterations in Nm neuron AP firing frequency versus time for the control (black

dots) and during the MMW radiation (green stars) are shown; solid lines are linear data fittings for pre-exposure control (black line) with a constant value of

2.03 5 0.13 Hz throughout the entire range of observations and during MMW exposure (green dashed line), slope is 0.17 5 0.03 Hz/s, and constant co-

efficient was forced into value 2.03 Hz, Ṝ2 ¼ 0.67. (C) The threshold voltage probability distribution for Nm neurons before (Cntrl, shaded bars) and during

MMW exposure (MMW, slant-stripped bar) and threshold voltage cumulative frequency before (Cntrl, black dash-dot line) and during MMW radiation

(MMW, blue dashed line). (D) Shown are the voltage thresholds for five first AP recorded from Nm neurons before (Cntrl, �4.3 5 0.3 mV) and during

MMW radiation (MMW, �6.2 5 0.4 mV). Data are mean 5 SE (group comparison ANOVA p < 0.05); median and 5–95% range are shown along

with the scatter plot of individual data points. To see this figure in color, go online.
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gradual changes were observed (Fig. S6). The temperature
increase caused proportional changes in the AP firing of
Nm neurons (Fig. S5). Despite the spontaneous activity of
Nm neurons, which means that it does not require any addi-
tional current to trigger the AP generation, the voltage
threshold is still one of the main characteristics of the AP
and cell activity in general. Hence, it is a useful character-
istic for the comparison of neuronal reactions under
different experimental conditions (44). A comparison of
the first five AP voltage thresholds before and during
MMW exposure showed an increase Vth: 4.3 5 0.3 vs.
6.2 5 0.4 mV (n ¼ 6, one-way ANOVA, p < 0.05)
(Fig. 7, C and D). Note that, here, we compare the AP
thresholds from slightly different temperature ranges
22.7 5 0.8�C for control data and 24.9 5 1.5�C for
MMW data (Fig. S5). Even though the sample was heated
by MMW exposure, the AP threshold under this condition
was higher than under control ones. This is consistent
with the results obtained in AP current threshold and Passive
parameters. Because the Nm neuron does not have the ther-
mal sensor (TRPV1-like channel) and hence do not replicate
the effect seen for Nl neurons (in AP voltage threshold), we
conclude that the mechanism underlying the lower activa-
tion threshold in Nl neurons exposed to MMW radiation is
due to the multi-modal activation of TRPV1 receptors.

The effect of MMW in the presence of a high concentration
of divalent cations

One of the environmental modalities that could activate the
TRPV1 channels and its homologs is osmolarity. Consid-
ering that one of the most abundant ions near the outer sur-
face of the cell membrane is calcium, we assumed that
triggered alteration in the concentration of this ion could
be a factor that influenced TRPV1-like channel sensitization
Biophysical Journal 116, 2331–2345, June 18, 2019 2339
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in Nl neurons. At the same time, an increased concentration
of calcium in bulk solution would buffer any fluctuations of
this ion in the perimembrane space. In this case, it would be
reasonable to expect that the effect of any external influence
on the osmotic ion gradient near the membrane surface
would be suppressed. We tested the combined effect of an
increased calcium concentration in the bath solution and
MMW irradiation on the Nl neurons. The experiments
were conducted in the same fashion as described in AP
voltage threshold. The concentration of extracellular cal-
cium was increased by a factor of 5 (‘‘Hi-Ca’’ ¼ 1.8 �
5 ¼ 9 mM) by adding CaCl2, a concentration which would
not cause an osmotic imbalance between intracellular and
extracellular media in leech neurons (53). With 9 mM cal-
cium concentration in the saline, the osmolarity changed
�7% (the variation of the physiological solution up to
10% can be considered as acceptable (54)). Also, the advan-
tage of such an experiment is that the osmolarity of the bath
solution does not change significantly, and thus, there is no
direct sensitization of the TRPV1-like channel. Results of
this test are presented in Fig. 5, A and E. As seen in normal
saline, Nl neurons preincubated in high calcium responded
to MMW radiation with an AP train. But the comparison
of voltage thresholds revealed a significantly increased
value for ‘‘Hi-Ca’’ versus MMW control (8.8 5 0.1 mV
(n ¼ 7) vs. 3.9 5 0.4 mV (n ¼ 16)) and KWANOVA
medians comparison (8.4 and 3.0 mV, correspondingly;
c2 ¼ 131, p < 0.05). In contrast to the MMW effect in
normal saline, the AP voltage threshold probability distribu-
tion and cumulative frequency (Fig. 5 E) for neurons incu-
bated in high calcium solution has no low threshold
component and is centered very close to the high-threshold
(4.5–16 mV) component of thermal heating distribution.
Thus, a high calcium concentration in the bath solution
eliminates the effect of MMW sensitization of the
TRPV1-like channels in Nl neurons.
Computer simulation of the Nl thermal activation

At this point, we have seen that MMW irradiation of Nl neu-
rons results in electrophysiological changes that are
different from exposure to thermal heating. Some differ-
ences are pronounced, such as changes to the voltage
threshold for AP activation, and others were less significant,
such as alterations in cell membrane capacitance. To under-
stand whether MMW-mediated shifts in Nl sensitivity are a
result of simple temperature dynamics or some more com-
plex mechanism, we tested different assumptions on a com-
puter model of the Nl neuron.

Our model was implemented in NEURON simulation
environment (version 7.4; Hines, Yale University) and is
based on neuron simulations such as those reported in
(38) and adjusted according to (37). The model is thermally
robust and reliably generates APs at simulated temperatures
up to 50�C. The properties of the TRPV1 mechanism were
2340 Biophysical Journal 116, 2331–2345, June 18, 2019
adjusted to replicate the features of leech neurons (Support-
ing Materials and Methods). The simulation of the model Nl
neuron activation with the thermal stimulus (thermal heat-
ing) is presented in Fig. 8 A. After reaching the thermal
threshold, the model neuron generates a stable AP train
(as observed in experiments). We tested whether the rate
of the temperature rise has any impact on the simulated Nl
activation threshold. A comparison of a different rate of
heating �0.7 and 2.3�C/s (to reduce the simulation time,
the in silico heating rates were higher than those measured
in the in vitro experiments, although the ratio of the heating
rates was kept the same) show no dramatic impact on the
threshold in the model neuron. We also tested changes in
cell capacitance. We considered that dynamic change of
the neuron’s capacitance should be reflected not just in
the membrane parameters but as an additional current
((dCm/dt) � Um, where Cm is the membrane capacitance,
and Um is the transmembrane potential) in the AP excitation
equation. The rate of capacitance change in the model is
taken to be proportional to the temperature with a maximal
decrease of 10% compared to the starting value. The simu-
lations showed no significant change to Nl neuron activation
with changing capacitance.

From our experiments, we hypothesize that TRPV1 chan-
nels are sensitized during MMW irradiation and that two
mechanisms, thermal and osmotic activation of TRPV1,
are involved. We know from the literature (55) that an in-
crease in osmolality up to 350 mOsm causes sensitization
and can even activate the TRPV1 channel. We assumed
that MMW radiation promotes a local perimembrane pertur-
bation of solute concentration. The test with high calcium
concentration (�5) in bulk solution supported this assump-
tion by eliminating the MMW effect due to the buffering of
perimembrane calcium concentration fluctuations. How-
ever, the question of whether MMWs can change the peri-
membrane solute concentration up to 350 mOsm still
remains. To address this issue, we used a Gouy-Chapman-
Stern computational model (Fig. S9) of an ionic double
layer on the surface of the membrane (39,40,56). The model
relates the membrane surface charge with the surface poten-
tial and electrolyte concentrations. It accounts for the tem-
perature of the system, ion hydration radii, and the
temperature dependence of the saline dielectric properties.
Values for the surface charge density were taken from
the Hille estimation (57–59)—one electron charge per
100–400 Å. The asymmetry in charge density for inner
and outer leaflets of the membrane were introduced with
an outer layer having approximately three times more
charge (60). The model calculates the distribution of elec-
trostatic potential and electrolyte concentration within
membrane surface proximity. We ran the simulation for
different temperatures within our experimental range.
Even with a change in temperature of 20�C, the surface po-
tential altered by just a few millivolts. Even smaller changes
occur for the perimembrane concentration of the sodium



FIGURE 8 Computer simulation of Nl neuron model (NEURON) and the modeling of an ionic double layer on the surface of the membrane (Gouy-

Chapman-Stern Model). (A) Shown are simulated traces of model Nl neuron response to a thermal stimulus; transmembrane voltage recorded from cell

soma (upper black trace) and sample’s temperature trace (lower red trace) are shown. (B) Calculated with Gouy-Chapman-Stern (G-Ch-S) model, changes

in monovalent ion concentration on outer surface of membrane against temperature (solid red line) and with concurrent increase (up to 30%) of the surface

charge density (dot-dash green line) are shown. The red solid line trace reflects the effect of thermal heating, whereas the green dot-dash line trace reflects the

effect of MMW. (C) Shown are the simulated AP recorded from soma of Nl neuron model for simple temperature increase (red solid line, Therm.Heat.) and

with concurrent increase of the surface charge density (green dot-dash line, MMW). Calculated AP activation thresholds are shown on each trace.

Note that MMW trace has a lower activation threshold when compared with Therm.Heat., as observed in the real experiment. To see this figure in color,

go online.
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ions. The relationship between the system temperature and
perimembrane sodium concentration is shown in Fig. 8 B.
Within the temperature range we tested, the electrolyte con-
centration shifted only a few mM. Another factor defining
potential and the local concentration of electrolyte on the
membrane’s surface is surface charge density (sout, sin).
In contrast to the temperature, a 30% increase in sout caused
nearly a 10 mV shift in surface potential and a 52 mM in-
crease in surface electrolyte concentration (Fig. 8 B,
MMW). Such strong changes could create conditions in
close proximity to the membrane that are capable of
sensitizing the TRPV1 via the osmosensing mechanism
(52,55). Hence, the combined effect of increased tempera-
ture and surface charge density can have an additive impact
that alters the TRPV1 activation threshold in Nl neurons. We
have calculated the relationship between the local electro-
lyte concentration and the local temperature with concurrent
relative alteration in surface charge density (Fig. 8 B,
MMW). We find that only a 26% increase in surface charge
density would satisfy the requirements for activating the Nl
neuron. These conditions were inserted into our Nl neuron
model by increasing the concentration of NaCl on the outer
side of the membrane. The result shown in Fig. 8 C demon-
strates an�4 mV shift in the AP threshold of Nl neuron acti-
vation, which is similar to that observed in the experiments
(Biological model). The simulation also demonstrated the
increase in depolarizing inward TRPV1 current caused by
the MMW type of heating (Fig. S10). Hence, among all po-
tential mechanisms underlying the MMW irradiation effect,
the most efficient one is simultaneous TRPV1 sensitization
via its thermo- and osmosensitivity.
CONCLUSIONS

This study investigates the effect of MMW radiation on pri-
mary nociceptive neurons. By comparing the results of ther-
mal heating and via more complex thermal and EM stimuli
present in MMW irradiation, we have tried to elucidate and
then assign specific electrophysiological changes to NI acti-
vation pathways. Understanding whether this form of
Biophysical Journal 116, 2331–2345, June 18, 2019 2341
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radiation (which generally does not occur in nature) and its
potential effects on primary NIs is of vital importance.

In our experiments, we exploit the natural property of the
NIs to detect and react to critical levels of thermal stimulus
with a strong electrophysiological response. Indeed, ther-
mosensitive NIs have specific vanilloid receptors (the
most prominent being TRPV1) that can detect thermal stim-
uli above 38�C, which we have used in our experimental
model. Thus, if the application of MMWs gives rise to a
thermal response that deviates from the response caused
by thermal heating, it would mean there are MMW-specific
effects for at least some types of neurons.

Our core investigation compares the stimulation of Nl
neurons with thermal heating and with exposure to
MMWs with a power density of 170 mW/cm2, in which
we estimate approximately half the power is absorbed in
the ganglion. We found that irradiating with MMWs facili-
tates the activation of Nl neurons, with the average voltage
threshold for AP formation almost half that of thermal heat-
ing alone. We also measured a difference in the temperature
of Nl activation (Fig. 4), but we cannot define the tempera-
ture within the neuron itself as the probe position only mea-
sures the surface temperature. Nevertheless, it would be
reasonable to expect a decrease in the thermal threshold
from a theoretical point of view. First, the lowered voltage
threshold of AP activation would require a smaller activa-
tion current carried by the thermal sensor within the cell,
TRPV1, thus shifting the thermal threshold to a lower
temperature. Secondly, MMW-mediated sensitization to
TRPV1 itself could lower the thermal activation threshold.
These mechanisms are to be investigated in future studies.

We ran a series of tests to determine what could be behind
this difference. For many types of sensory neurons (both
vertebrate and annelids), the important regulatory mecha-
nism for AP train formation is the calcium-dependent potas-
sium current (KCa). Studies conducted on Vero kidney cells
exposed to 42.25 GHz MMW radiation (16 mW) demon-
strated a decrease in open-state probability for KCa channels
(61). Hence, the slow process of depolarization accumula-
tion after every AP would result in a decrease in the voltage
threshold value. However, because of the temperature in-
crease, any potential MMW effect on KCa channels open-
state probability would be masked (a temperature increase
facilitates the movement of the voltage sensor).

Heating itself commonly causes a significant increase in
AP firing, activation, and inactivation of ion channels,
changes in conduction velocity, synaptic events, etc.
(62–64). In contrast to thermal heating, MMW irradiation
does not have such an effect on AP formation when
compared with control data. It implies that voltage-gated
channels participating in AP formation may not be involved
in changes in threshold but are governed by another mech-
anism; we postulated that this could be the TRPV1-like
channel. To test our assumption, we performed an excit-
ability study at room temperatures, in which TRPV1 is not
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involved. A comparison of the short current pulse protocol
for MMW irradiation and control conditions revealed that
MMW irradiation produces no significant alterations in
the stimulatory current threshold, which is in agreement
with our previous studies (14). Although conducted on
different types of neurons, the study demonstrated that in
contrast to mild thermal heating of the sample, low power
exposure of Retzius neuron to MMW results in the suppres-
sion of AP firing. This result is consistent with what was
seen in our experiments on Nl neurons subjected to MMW
radiation (i.e., rather, slow ‘‘blip’’ firing of AP at the early
stages of neuron activation). It is opposite to burst like firing
in case of thermal heating, although the rate of sample heat-
ing should be considered.

We repeated the MMW irradiation and AP activation with
a specific TRPV1 receptor antagonist (SB366791) in the
bath solution; to our surprise, Nl neurons still responded
to some extent to MMW irradiation. This implies that the
activation of Nl neurons is not simply a result of activating
the heat sensor of the TRPV1 receptor but a more complex
phenomenon. Indeed, the SB366791 is an effective suppres-
sor of the thermal and capsaicin-evoked responses in
TRPV1-expressing cells, but it does not block the sensitivity
to some other stimulus modalities (low pH, osmolarity)
(49). Moreover, TRPV1 channels possess osmosensitivity
properties, and this modality could be facilitated by, or be
the facilitator of, thermal and chemical sensitivities (52).
An alternative possibility is co-expression of TRPV1 and
TRPV4 in the same neuron type in which those channels
could successfully form heteromers that exhibit unique
conductance and gating properties (65). In such a case,
and especially from an electrophysiological point of view,
we can still consider the entire complex structure as unitary.

In support of the assumption that thermal and osmosensi-
tivity can be assigned to one sensory structure, we also tried
MMW irradiation of Nm neurons, which did not show any
analog to the neuronal activity alterations observed in the
Nl neurons. This confirms the critical role of the TRPV1 re-
ceptors in the observed Nl sensitivity shifts. Hence, it is
possible that MMWs sensitize the TRPV1 via the osmotic
mechanism and thus activate the receptor. Indeed, the AP
voltage threshold probability distributions for neurons sub-
jected to MMW irradiation in the presence of the antagonist
have a resemblance with probability distributions for
thermal heating (Fig. 5, C and D). In either case, probability
distributions consist of low (�0.5–8.5 mV) and high
(�4.5–16 mV) voltage thresholds, but the probability of
low voltage thresholds is much higher for antagonist-treated
neurons. It is in accord with earlier MMW irradiation exper-
iments (without SB366791), in which low voltage thresh-
olds dominate. On the other hand, in experiments with an
increased calcium concentration in the extracellular solu-
tion, when ion fluctuations in perimembrane space were
buffered, only high voltage thresholds were observed.
Hence, this suggests that MMW exposure could alter solute
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concentration in the perimembrane space, and our observa-
tions are in accord with this condition.

To help us better understand the individual contributions
from all the observed effects of MMW-irradiated Nl neurons,
a mathematical model of our Nl neuron was constructed with
NEURON simulation software. The model shows the collec-
tive effect of all postulatedMMW-stimulated response mech-
anisms and separates them from the thermal heating effects
on Nl neurons. The model demonstrates that, without the
TRPV1 channel, the neuron could not generate AP trains,
regardless of the background temperature. Incorporation of
a TRPV1 channel with thermal sensitivity only resulted in
the generation of an AP train as soon as the NI temperature
crossed the thermal threshold (Fig. S11).

Our model shows that the osmotic sensitization of
TRPV1 requires only a 17% increase in electrolyte concen-
tration around the cell to cause a significant reduction
(79%) in the Nl threshold. How can MMWs induce this
change, and why is it not also caused by thermal heating?
One possible explanation is that the MMW radiation might
stimulate an increase in calcium ion activity, because of a
very high specific absorption rate and as a result, dissociate
the calcium from the membrane. Increased sout would
quickly attract monovalent counter ions, which in the
extracellular medium, is mainly sodium cations (Naþ).
The growing concentration of Naþ in a perimembrane
space could be sensed by the TRPV1 osmosensor and pro-
mote sensitization. Monovalent cations do not compensate
surface charge in the same manner as divalent ones because
the binding constants of monovalent cations are one to two
orders of magnitude less than those of divalent cations
(46,47). Experiments with high calcium ion concentration
support this conclusion because under these conditions,
the sensitizing effect of MMW exposure was eliminated.
It is estimated in our model that only a 26% increase in sur-
face charge density would be enough to build up a 17% in-
crease in cation concentration and, as a result, activate the
TRPV1 receptor. Taking into account that under normal
conditions, most of the membrane surface’s negatively
charged sites are occupied by calcium ions (48), a 26% in-
crease in surface charge density is plausible. In support of
this hypothesis, it has been shown that 42 GHz radiation at
a power level of 35 mW/cm2 caused translocation of nega-
tively charged phosphatidylserine from the inner to the
outer side of the cell membrane (5,66–69).

Finally, an increase in sout and an increase in the concen-
tration of Naþ in proximity to the membrane surface agree
with our data for the step-current protocol for MMW irradi-
ation, which are not different to control, in contrast to the
observed thermal heating effect. Indeed, studies by Hille
(59,70,71) demonstrate that increased monovalent ion con-
centrations promote a positive shift in cell surface potential
and thus make membranes less excitable. Other researchers
(72) also showed that an increased negative charge on the
membrane surface promotes resting state stability.
In summary, this work has demonstrated significant
changes in the functional properties of thermosensitive pri-
mary sensory neurons subjected to MMW radiation that dif-
fers from the impact of direct thermal heating. NIs subject to
intense MMW stimuli showed a notable decrease in the
voltage threshold of AP formation, compared to thermal
heating. Experiments and simulations confirmed the central
role of the TRPV1-like channel in the observed phenomena.
We conclude that the distinctive impacts of MMW radiation
on NI neurons are based on sensitization of a TRPV1-like
channel and that the observed lower thermal NI activation
threshold is a result of the combined action of temperature
and perimembrane osmolarity. The latter could be consid-
ered as the distinctive nonthermal component of MMW irra-
diation effects on cells because this osmolarity sensitization
is not present with thermal heating. This two-modality
sensitization mechanism is likely transferrable to other
types of neurons exposed to MMW radiation. This study
may be of use when considering potential safety guidelines
for MMWs. Furthermore, because MMW radiation can be
directed and focused, its effects on AP thresholds may
have potential uses in neurostimulation or chronic pain sup-
pression (via the mechanism of tachyphylaxis).
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