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irradiation 68.33£4.10 mQ (n = 9; ANOVA: p<0.01), than both the control and conductive heating which
were 47.54+£1.66 mQ and 52.10+1.90 mQ, respectively. The capacitance, however had a somewhat
lower value for the MMW exposed samples (0.0097+0.004 nF) than either the control or the conductive
heated neurons (0.014+0.001 and 0.012+0.002 nF, respectively), although the differences in the three
values is considered not significant taking the the errors into consideration. This change in capacitance
could be accounted for by a slight shrinkage of the cell size (approx. 10% estimated from cell body).
These results show that passive physiological parameters do not change significantly with heating below
threshold temperatures, and therefore do not contribute to the differences in the MMW versus conductive
heating results we have observed.

3.3.  Multimodality of MMW effect
3.3.1. The effect of MMW irradiation in the presence of TRPV1 antagonist

As noted in the current-step experiments (Section 2.2), thermal activation by MMW irradiation is
not based on changes to the AP driving conductance. However, further work was needed to clarify
whether or not changes to thermally sensitive transient receptor potential vanilloid receptor-1 (TRPV1)
are the basis for the observed lower voltage thresholds upon MMW exposure. We used a selective
cinnamide TRPV1 antagonist (SB366791) to see if this would reduce or eliminate the threshold effects
seen under MMW irradiation (44). 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 NI neurons (40). For these experiments, the ganglia were
incubated in 50 uM of antagonist for 5 min before being exposed to the MMW irradiation (170 mW/cm?
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 (estimated from first 5 AP) yields a significant difference between the neurons in the antagonist
and normal saline solutions: 14.75+1.51 mV vs. 3.63£0.37 mV (n = 10, p<0.001) (Fig. 7 B). Also, the
neurons in the antagonist solution have an AP voltage threshold probability distribution (Fig. 7 A) that is
very similar to that obtained from the conductive heating experiments (section 2.1.) and show a bi-modal
distribution as in Figure 6 B. Fitting of the AP threshold distribution using a Gaussian function reveals
that there is a good match between the antagonist treated and normal conventional heat activated neurons
at both component of bi-modal distribution: 3.75£1.63 mV vs. 2.78+2.26 mV low-threshold component
and 19.21+12.94 mV vs. 9.84+7.20 mV for high-threshold component (c.f. section 2.1.). Hence, the effect
of MMW irradiation on NI neurons could be the result of either multi-modal facilitated activation of
TRPV1 (simultaneous thermal and osmotic) or activation of another sensory channel in the neuron's

Figure 7 The effect of MMW heating on NI neuron treated with the TRPV1 selective antagonist: (A)
Voltage threshold probability distribution for treated (red) and not treated (green) with antagonist NI
neurons activated with MMW heating; (B) The voltage thresholds for NI neurons treated and not treated
with antagonist, (averaged over first 5 AP in the evoked train). Data are mean+SE, p<0.01.
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membrane (the option investigated in Section 3.3).
3.3.2. The effect of MMW in the N-medial neurons

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 nociceptors (45). These neurons are also high-threshold
nociceptors and homologs of the NI neurons. 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 NI neurons, but in contrast, the introduction of the electrode (causing the mechanical force
irritation) results in continuous AP spiking (which is expected for mechanical nociceptors). Even
injection of a prolonged hyperpolarizing current did not suppress this activity in the Nm cells. Unlike the
NI neurons, MMW irradiation (170 mW/cm? for less than 3 min over a temperature range of 20 - 41 °C)
did not result in step-like alterations in neuron activity, but gradual changes were observed. A comparison
of voltage thresholds before, and during MMW exposure showed an increase: 17.75+2.36 vs. 23.86+£1.79
mV (n=6,; p<0.05) (Fig. 8 A, B). Note, here we compare the AP thresholds from slightly different
temperature ranges 21-23 °C for control data and 21-29 °C for MMW data. 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 results obtained in Sections 2.2 and 2.3. Since the Nm neuron does not have the thermal
sensor (TRPV1 like channel) and hence do not replicate the effect seen for NI neuron (in section 2.1), we
conclude that the mechanism underlying the lower activation threshold in NI neurons exposed to MMW

Figure 8 The effect of MMW heating on Nm neuron: (A) Voltage threshold probability distribution for
Nm neurons before (Cntrl - blue) and during MMW heating (MMW - green); (B) The voltage thresholds
for Nm neurons before (Cntrl) and during MMW heating (MMW), averaged over first 5 AP after MMW
application. Data are mean+SE, p<0.01.

radiation is due to the multi-modal activation of TRPV1 receptors.

3.4.  Computer simulation of the NI thermal activation

At this point, we have seen that MMW irradiation of NI neurons results in electrophysiological
changes that are different from exposure to conventional conductive heating. Some differences are
pronounced, such as changes to the voltage threshold for AP activation, others were less significant, such
as alterations in cell membrane capacitance. To understand whether MMW mediated shifts in NI
sensitivity are a result of simple temperature dynamics or some more complex mechanism, we tested
different assumptions on a computer model of the NI neuron.
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Our model was implemented in NEURON simulation environment (version 7.4, Hines, Yale
Univ., USA) and is based on neuron simulations such as those reported in (28) and was modified from
(29). The model is thermally robust and reliably generates AP’s at simulated temperatures up to 50 °C.
The properties of the TRPV1 mechanism were adjusted to replicate the features of leech neurons. The
simulation of model NI neuron activation with thermal stimulus (conductive heating) is presented in Fig.
9 A. After reaching the thermal threshold, the model neuron generates a stable AP train (as observed in
experiments). We tested whether the slope and response curve of the temperature rise has any impact on
the simulated NI activation threshold. A comparison of a different rate of heating, similar to those we
have measured in our experiments (between 0.7 and 2.3 °C/sec), show no dramatic impact on threshold in
the model neuron. We also tested changes in cell capacitance. We took into account that dynamic change
of the neuron’s capacitance should be reflected not just in the membrane parameters, but as an additional
current ((dCy/dt)xUm_ where C,, - membrane capacitance, Uy, — transmembrane potential) in the AP
excitation equation. The rate of capacitance change in the model is taken to be proportional to
temperature with a maximum decrease of 10 % compared to the starting value (as it was estimated from
neuron fluorescent pictures SI5). The simulations showed no significant change to NI neuron activation
with changing capacitance.

From our experiments, we hypothesize that TRPV1 channels are sensitized during MMW
irradiation and that two mechanisms, thermal and osmotic activation of TRPV1, are involved. We know
from the literature (46) that an increase in osmolality up to 350 mOsm causes sensitization, and can even
activate the TRPV1 channel. We assumed that MMW radiation promotes a local peri-membrane increase
of solute concentration; however, 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
(GChS) Model of an ionic double layer on the surface of the membrane (30) (31). The model relates the
membrane surface charge with the surface potential and electrolyte concentrations. It accounts for the
temperature of the system, ion hydration radii, and the temperature dependence of the saline dielectric
properties. Values for surface charge density were taken from the Hille estimation (47-49) — one electron
charge per 100 - 400 A. 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 (50). The model
calculates the distribution of electrostatic 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 potential altered by just a few millivolts. Even smaller changes
occur for the peri-membrane concentration of the sodium ions. The relationship between the system
temperature and peri-membrane sodium concentration is shown in Fig. 9 B (Cond. Heat). Within the
temperature range we tested, the electrolyte concentration shifted only a few mM. Another factor defining
potential, and local concentration of electrolyte on the membrane’s surface is surface charge density
(0out> 0in)- IN contrast to the temperature, a 30% increase in o,,,; caused nearly a 10 mV shift in surface
potential and a 52 mM increase in surface electrolyte concentration (Fig. 9 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 (46, 51). Hence, the combined effect of increased temperature
and surface charge density can have an additive impact that alters the TRPV1 activation threshold in NI
neurons. We have calculated the relationship between the local electrolyte concentration and local
temperature with concurrent relative alteration in surface charge density (Fig. 9 B - MMW). We find that
only a 22 % increase in surface charge density would satisfy the requirements for activating the NI
neuron. These conditions were inserted into our NI neuron model by increasing the concentration of NaCl
on the outer side of the membrane. The result (Fig. 9 C) demonstrates a shift in the AP threshold of NI
neuron activation in same fashion as it was observed in the experiment (section 2.1). The simulation also
demonstrated the increase in depolarising inward TRPV1 current caused by MMW type of heating.
Hence, among all potential mechanisms underlying the MMW irradiation effect, the most efficient one is
simultaneous TRPV1 sensitization via its thermo- and osmo- sensitivity.
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Figure 9 Computer simulation of NI neuron model (NEURON) and modeling of an ionic double layer on the surface of the membrane (Gouy-Chapman-Stern
Model). (A) Simulated traces of model NI neuron response to a thermal stimulus: transmembrane voltage recorded from cell soma (red), sample’s temperature
trace (purple); (B) Calculated with Gouy-Chapman-Stern (G-Ch-S) model changes in monovalent ion concentration on outer surface of membrane against
temperature (red) and with concurrent increase (up to 30%) of the surface charge density (green). The red trace reflects the effect of conductive heating,
whereas the green trace reflects the effect of MMW; (C) Simulated AP recorded from soma of NI neuron model for simple temperature increase (red —
Cond.Heat.) and with concurrent increase of the surface charge density (green - MMW). Calculated AP activation thresholds are shown on each trace. Note,
MMW trace has lower activation threshold if compare with Cond.Heat. one, as it was observed in the real experiment.
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4.  CONCLUSION

This study investigates the effect of MMW radiation on primary nociceptive neurons. By
comparing the results of thermal bath heating and via more complex thermal and electromagnetic stimuli
present in MMW irradiation, we have tried to elucidate and then assign specific electrophysiological
changes to NI activation pathways. Understanding whether this form of radiation (generally not occurring
in nature), and its potential effects on primary nociceptors is of vital importance as we move towards a
world with dramatically increased presence of these frequencies in the environment.

In our experiments we exploit the natural property of the nociceptors to detect and react to critical
levels of thermal stimulus with a strong electrophysiological response. Indeed, thermo- sensitive
nociceptors have specific vanilloid receptors (the most prominent being TRPV1) that are capable of
detecting thermal stimuli 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
conventional heating, it would mean there are MMW specific effects for at least some types of neurons.

Our core investigation compares the stimulation of NI neurons with conventional bath heating and
with radiative heating using MMWSs with a power density of 170 mW/cm? . We found that irradiating
with MMWs facilitates the activation of NI neurons, with the average voltage threshold for AP formation
almost half that of conductive heating alone. We also measured a difference in the temperature of NI
activation (Fig 4) but we cannot define the temperature within the neuron itself as the probe position only
measures the surface temperature. Nevertheless, it would be reasonable to expect a decrease in the
thermal threshold from a theoretical point of view. Firstly, lowered voltage threshold of AP activation
would require smaller activation current carried by thermal sensor within the cell -TRPV1, thus shifting
the thermal threshold to a lower temperature. Secondly, MMW mediated sensitisation to TRPV1 itself
could lower 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. As for many types of
sensory neurons (both vertebrate and annelids), the important regulatory mechanism for AP train
formation is the calcium-dependent potassium current (Kc,). Studies conducted on Vero kidney cells
exposed to 42.25 GHz MMW radiation (16mW) demonstrated a decrease in open-state probability for
Kca channels (52). Hence, the slow process of depolarisation accumulation after every AP would result in
a decrease of the voltage threshold value. However, because of the temperature increase any potential
MMW effect on K¢, channels open-state probability would be masked (temperature increase facilitates
the movement of voltage sensor).

Heating itself commonly causes a significant increase in AP firing, activation and inactivation of
ion channels, changes in conduction velocity and synaptic events, etc. (53-55). In contrast to conductive
heating, MMW irradiation does not have such an effect on AP formation, when compared with control
data (Section 2.2.). It implies that voltage-gated channels participating in AP formation may not be
involved in changes in threshold, but governed by another mechanism; we postulated that this could be
the TRPV1-like channel. To test our assumption, we performed an excitability study at temperatures
below the heat activation threshold, where TRPV1 is not involved. A comparison of the strength-duration
curves for conductive heating and MMW irradiation revealed that conductive heating lead to neuron
behaviour as would be expected under varying injected current stimulus — averaged rheobase lowered to
nearly zero level (0.01+0.27 nA), whereas MMW irradiation produces no alterations in rheobase when
compared to the control (0.06+£0.04 and nA0.10+0.03 nA). These results are in agreement with our
previous studies conducted on Retzius neurons which have no thermal receptors, and demonstrated some
mild suppression of the neuronal activity upon application of MMW irradiation of low intensity (13).

We repeated the MMW irradiation and AP activation with a specific TRPV1 receptor antagonist
(SB366791) in the bath solution; to our surprise, NI neurons still responded to some extent to MMW
irradiation. This implies that the activation of NI neurons is not simply a result of activating the heat
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sensor of the TRPV1 receptor, but a more complex phenomenon. Indeed, the SB366791 is an effective
suppressor 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) (44). Moreover, TRPV1
channels possess osmosensitivity properties, and this modality could be facilitated by, or be the facilitator
of, thermal and chemical sensitivities (45).

We also tried MMW irradiation of Nm neurons, which did not show any analogue to the neuronal
activity alterations observed in the NI neurons. This confirms the critical role of the TRPV1 receptors in
the observed NI sensitivity shifts. One possibility is that MMWs activate the osmotic sensitivity of
TRPV1, and activates the receptor. Indeed, the mean voltage threshold and AP formation probability
distributions for conductive heating and for MMW irradiation in the presence of the antagonist are very
close in value, and have bi-modal distributions as a function of temperature. In both these cases, only one
TRPV1 sensitization pathway is involved in the activation of the receptor — the osmotic one. Whereas, in
the earlier MMW irradiation experiments (without SB366791), both the thermal and osmotic sensitization
pathways are present. Although MMW exposure does not alter solute concentration in bulk saline, in the
peri-membrane space such alterations could occur and our observed effects are in accord with this
condition. Correspondingly, the Na/K pump plays an important part in cell volume regulation, and studies
with intense 60GHz MMW radiation applied to artificial neurons showed significant up regulation of
Na/K-ATPase (56).

To help us better understand the individual contributions from all the observed effects of MMW
irradiated NI neurons, a mathematical model of our NI neuron was constructed with NEURON simulation
software. The model shows the collective effect of all postulated MMW stimulated response mechanisms
and separates them from the conductive heating effects on NI 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.

Our model shows that the osmotic sensitization of TRPV1 requires only a 17% increase in
electrolyte concentration around the cell to cause a significant reduction (79 %) in the NI threshold. How
can MMWs induce this change and why is it not also caused by conductive heating? One possible
explanation is that the MMW radiation might stimulate an increase in calcium ion activity, due to a very
high specific absorption rate, and as a result, dissociate the calcium from the membrane. Increased o,,,;
would quickly attract monovalent counter ions, which in the extracellular medium, is mainly sodium
cations (Na"). The growing concentration of Na* in a peri-membrane space could be sensed by the
TRPV1 osmosensor and promote sensitization. Monovalent cations do not compensate surface charge in
the same manner as divalent ones, because the binding constants of monovalent cations are 1-2 orders of
magnitude less than those of divalent cations (41, 42). It is estimated in our model, that only a 22 %
increase in surface charge density would be enough to build up a 17% increase 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 (43), a 22 % increase in
surface charge density is plausible. Moreover, an increase in the surface charge density could be partially
aided by cell shrinkage, so the dissociation of Ca®* from negatively charged sites could even be smaller.
In support of this hypothesis, it has been shown that 42 GHz radiation at a power level of 35 mW/cm?
caused translocation of negatively charged phosphatidylserine from the inner to the outer side of the cell
membrane (4, 57, 58).

Finally, an increase in o,,, and an increase in the concentration of Na* in proximity to the
membrane surface, are in agreement with our data for the step-current protocol for MMW irradiation
which are not different to control, in contrast to the observed conductive heating effect. Indeed, studies by
Hille (49, 59, 60) demonstrate that increased monovalent ion concentrations promote a positive shift in


https://doi.org/10.1101/480665

bioRxiv preprint doi: https://doi.org/10.1101/480665. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. All rights reserved. No reuse allowed without permission.

cell surface potential and thus make membranes less excitable. Other researchers (61) 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 primary sensory neurons subjected to MMW radiation that differ from the impact of
direct conductive heating. Nociceptors subject to intense MMW stimuli showed a notable decrease in the
voltage threshold of AP formation, compared to conventional conductive 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 is based on sensitisation of a
TRPV1-like channel and that the observed lower thermal nociceptor activation threshold is a result of the
combined action of temperature and peri-membrane osmolarity. The latter could be considered as the
distinctive non-thermal component of MMW irradiation effects on cells, as this osmolarity sensitization is
not present with conductive 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 future MMW sources resulting in unregulated public exposure. Furthermore,
because MMW radiation can be directed and focused, its effects on AP thresholds may have potential
uses in neurostimulation or chronic pain suppression.

GRANTS

This work was supported by DP140101770 research grant provided by Australian Research
Council.

ACKNOWLEDGEMENTS

We are thankful to Dr. Victor Pikov (Bioelectronics unit, GlaxoSmithKline Bioelectronic
Medicine) for technical support and the sharing of some equipment with us during the course of this
research. We also thank Dr. Peter Siegel (California Institute of Technology) for discussions and
reviewing of the manuscript.

AUTHOR CONTRIBUTIONS

V.P.W. and S.R. conception and design of research; S.R. and S.F. performed experiments; S.R and
S. F. analysed the data; S.R. performed NEURON and Matlab simulations; R.B. performed RF FDTD
simulation; S.R., V.P.W., A.H., L.H. interpreted results of experiments; S.R. R.B. S.F. V.P.W. prepared
Figures; S.R. and V.P.W. drafted manuscript; A.H., L.H., HM., D.R. and P.S. edited and revised
manuscript; S.R., AH., L.H.,, P.S., HM., D.R,, R.B., S.F., and V.P.W. approved final version of
manuscript.

DISCLOSURE
No conflicts of interest, financial or otherwise, are declared by the authors.
LIST OF LITERATURE

1. Mason, P. A, T. J. Walters, J. DiGiovanni, C. W. Beason, J. R. Jauchem, E. J. Dick, Jr., K. Mahajan, S. J. Dusch, B.
A. Shields, J. H. Merritt, M. R. Murphy, and K. L. Ryan. 2001. Lack of effect of 94 GHz radio frequency radiation
exposure in an animal model of skin carcinogenesis. Carcinogenesis 22:1701-1708.

2. Nicolas Nicolaz, C., M. Zhadobov, F. Desmots, R. Sauleau, D. Thouroude, D. Michel, and Y. Le Drean. 2009.
Absence of direct effect of low-power millimeter-wave radiation at 60.4 GHz on endoplasmic reticulum stress.
Cell Biol Toxicol 25:471-478.


https://doi.org/10.1101/480665

bioRxiv preprint doi: https://doi.org/10.1101/480665. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. All rights reserved. No reuse allowed without permission.

3. Romanenko, S., R. Begley, A. R. Harvey, L. Hool, and V. P. Wallace. 2017. The interaction between
electromagnetic fields at megahertz, gigahertz and terahertz frequencies with cells, tissues and organisms:
risks and potential. Journal of The Royal Society Interface 14:20170585.

4. Zhadobov, M., N. Chahat, R. Sauleau, C. Le Quement, and Y. Le Drean. 2011. Millimeter-wave interactions with
the human body: state of knowledge and recent advances. International Journal of Microwave and Wireless
Technologies 3:237-247.

5. Le Quement, C., C. N. Nicolaz, D. Habauzit, M. Zhadobov, R. Sauleau, and Y. Le Drean. 2014. Impact of 60-GHz
millimeter waves and corresponding heat effect on endoplasmic reticulum stress sensor gene expression.
Bioelectromagnetics 35:444-451.

6. Titova, L. V., A. K. Ayesheshim, A. Golubov, D. Fogen, R. Rodriguez-Juarez, F. A. Hegmann, and O. Kovalchuk.
2013. Intense THz pulses cause H2AX phosphorylation and activate DNA damage response in human skin
tissue. Biomedical Optics Express 4:559.

7. Titova, L. V., A. K. Ayesheshim, A. Golubov, R. Rodriguez-Juarez, R. Woycicki, F. A. Hegmann, and O. Kovalchuk.
2013. Intense THz pulses down-regulate genes associated with skin cancer and psoriasis: a new therapeutic
avenue? Scientific Reports 3.

8. Habauzit, D., C. Le Quement, M. Zhadobov, C. Martin, M. Aubry, R. Sauleau, and Y. Le Drean. 2014.
Transcriptome analysis reveals the contribution of thermal and the specific effects in cellular response to
millimeter wave exposure. PLoS One 9:€109435.

9. Walters, T. J.,, D. W. Blick, L. R. Johnson, E. R. Adair, and K. R. Foster. 2000. Heating and pain sensation
produced in human skin by millimeter waves: comparison to a simple thermal model. Health Phys 78:259-267.

10.Radzievsky, A. A., O. V. Gordiienko, S. Alekseev, I. Szabo, A. Cowan, and M. C. Ziskin. 2008. Electromagnetic
millimeter wave induced hypoalgesia: frequency dependence and involvement of endogenous opioids.
Bioelectromagnetics 29:284-295.

11.Usichenko, T. I., H. Edinger, V. V. Gizhko, C. Lehmann, M. Wendt, and F. Feyerherd. 2006. Low-intensity
electromagnetic millimeter waves for pain therapy. Evid Based Complement Alternat Med 3:201-207.

12.Romanenko, S., P. H. Siegel, V. Pikov, and V. Wallace. 2016. Alterations in Neuronal Action Potential Shape and
Spiking Rate Caused by Pulsed 60 GHz Millimeter Wave Radiation. 2016 41st International Conference on
Infrared, Millimeter, and Terahertz Waves (Irmmw-Thz).

13.Romanenko, S., P. H. Siegel, D. A. Wagenaar, and V. Pikov. 2014. Effects of millimeter wave irradiation and
equivalent thermal heating on the activity of individual neurons in the leech ganglion. Journal of
Neurophysiology 112:2423-2431.

14.Romanenko, S., P. H. Siegel, D. A. Wagenaar, and V. Pikov. 2013. Comparison of the effects of millimeter wave
irradiation, general bath heating, and localized heating on neuronal activity in the leech ganglion. Terahertz
and Ultrashort Electromagnetic Pulses for Biomedical Applications 8585.

15.Pikov, V., X. Arakaki, M. Harrington, S. E. Fraser, and P. H. Siegel. 2010. Modulation of neuronal activity and
plasma membrane properties with low-power millimeter waves in organotypic cortical slices. Journal of Neural
Engineering 7.

16.Romanenko, S., P. H. Siegel, and V. Pikov. 2013. Microdosimetry and physiological effects of millimeter wave
irradiation in isolated neural ganglion preparation.512-516.

17.Romanenko, S., P. H. Siegel, L. Hool, A. R. Harvey, and V. Wallace. 2017. Evaluation of a biologically relevant
level of MMW radiation absorption in neuronal tissue.1-2.

18.Smith, E. S., and G. R. Lewin. 2009. Nociceptors: a phylogenetic view. ] Comp Physiol A Neuroethol Sens Neural
Behav Physiol 195:1089-1106.

19.Safronov, B. V., V. Pinto, and V. A. Derkach. 2007. High-resolution single-cell imaging for functional studies in
the whole brain and spinal cord and thick tissue blocks using light-emitting diode illumination. Journal of
Neuroscience Methods 164:292-298.

20.Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH Image to Imagel: 25 years of image analysis.
Nature Methods 9:671-675.

21.Ro/nne, C., L. Thrane, P.-O. Astrand, A. Wallgvist, K. V. Mikkelsen, and S. r. R. Keiding. 1997. Investigation of
the temperature dependence of dielectric relaxation in liquid water by THz reflection spectroscopy and
molecular dynamics simulation. The Journal of Chemical Physics 107:5319-5331.


https://doi.org/10.1101/480665

bioRxiv preprint doi: https://doi.org/10.1101/480665. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. All rights reserved. No reuse allowed without permission.

22.Gabriel, S., R. W. Lau, and C. Gabriel. 1996. The dielectric properties of biological tissues: lll. Parametric models
for the dielectric spectrum of tissues. Physics in medicine and biology 41:2271-2293.

23.Madjar, H. M. 2016. Human radio frequency exposure limits: An update of reference levels in Europe, USA,
Canada, China, Japan and Korea. In 2016 International Symposium on Electromagnetic Compatibility - EMC
EUROPE. 467-473.

24.Wu, T., T. S. Rappaport, and C. M. Collins. 2015. Safe for Generations to Come. IEEE Microw Mag 16:65-84.

25.Hines, M. L., and N. T. Carnevale. 2001. NEURON: a tool for neuroscientists. The Neuroscientist : a review
journal bringing neurobiology, neurology and psychiatry 7:123-135.

26.Hines, M. L., and N. T. Carnevale. 2000. Expanding NEURON's repertoire of mechanisms with NMODL. Neural
computation 12:995-1007.

27.Hines, M. L., and N. T. Carnevale. 1997. The NEURON simulation environment. Neural computation 9:1179-
1209.

28.Nicholls, J. G., and D. A. Baylor. 1968. Specific modalities and receptive fields of sensory neurons in CNS of the
leech. J Neurophysiol 31:740-756.

29.Baccus, S. A. 1998. Synaptic facilitation by reflected action potentials: Enhancement of transmission when
nerve impulses reverse direction at axon branch points. Proceedings of the National Academy of Sciences
95:8345-8350.

30.Genet, S., R. Costalat, and J. Burger. 2000. Acta Biotheoretica 48:273-287.

31.Shapiro, M. G., K. Homma, S. Villarreal, C.-P. Richter, and F. Bezanilla. 2012. Infrared light excites cells by
changing their electrical capacitance. Nature Communications 3:736.

32.Kuyucak, S., and S. H. Chung. 1994. Temperature dependence of conductivity in electrolyte solutions and ionic
channels of biological membranes. Biophys Chem 52:15-24.

33.Stogryn, A. 1971. Equations for Calculating the Dielectric Constant of Saline Water (Correspondence). |IEEE
Transactions on Microwave Theory and Techniques 19:733-736.

34.Sekerli, M., C. A. DelNegro, R. H. Lee, and R. J. Butera. 2004. Estimating Action Potential Thresholds From
Neuronal Time-Series: New Metrics and Evaluation of Methodologies. IEEE Transactions on Biomedical
Engineering 51:1665-1672.

35.Summers, T., S. Holec, and B. D. Burrell. 2014. Physiological and behavioral evidence of a capsaicin-sensitive
TRPV-like channel in the medicinal leech. Journal of Experimental Biology 217:4167-4173.

36.Wang, S., J. Joseph, J. Y. Ro, and M. K. Chung. 2015. Modality-specific mechanisms of protein kinase C-induced
hypersensitivity of TRPV1: S800 is a polymodal sensitization site. Pain 156:931-941.

37.Koerber, H. R,, S. L. Mcllwrath, J. J. Lawson, S. A. Malin, C. E. Anderson, M. P. Jankowski, and B. M. Davis. 2010.
Cutaneous C-polymodal fibers lacking TRPV1 are sensitized to heat following inflammation, but fail to drive
heat hyperalgesia in the absence of TPV1 containing C-heat fibers. Mol Pain 6:58.

38.Nozadze, I., N. Tsiklauri, G. Gurtskaia, and M. G. Tsagareli. 2016. Role of thermo TRPA1 and TRPV1 channels in
heat, cold, and mechanical nociception of rats. Behav Pharmacol 27:29-36.

39.Planells-Cases, R., P. Valente, A. Ferrer-Montiel, F. Qin, and A. Szallasi. 2011. Complex regulation of TRPV1 and
related thermo-TRPs: implications for therapeutic intervention. Adv Exp Med Biol 704:491-515.

40.Summers, T., S. Holec, and B. D. Burrell. 2014. Physiological and behavioral evidence of a capsaicin-sensitive
TRPV-like channel in the medicinal leech. J Exp Biol 217:4167-4173.

41.Kostiuk, P. G., P. A. Doroshenko, and V. N. Ponomarev. 1980. [Surface charge in the region where the calcium
channels of mollusk neuron somatic membrane are located]. Dokl Akad Nauk SSSR 250:464-467.

42 .Kostyuk, P. G., S. L. Mironov, P. A. Doroshenko, and V. N. Ponomarev. 1982. Surface charges on the outer side
of mollusc neuron membrane. The Journal of Membrane Biology 70:171-179.

43.Mclaughlin, S. 1989. The electrostatic properties of membranes. Annu Rev Biophys Biophys Chem 18:113-136.

44.Gunthorpe, M. J., H. K. Rami, J. C. Jerman, D. Smart, C. H. Gill, E. M. Soffin, S. Luis Hannan, S. C. Lappin, J.
Egerton, G. D. Smith, A. Worby, L. Howett, D. Owen, S. Nasir, C. H. Davies, M. Thompson, P. A. Wyman, A. D.
Randall, and J. B. Davis. 2004. Identification and characterisation of SB-366791, a potent and selective vanilloid
receptor (VR1/TRPV1) antagonist. Neuropharmacology 46:133-149.

45.Liedtke, W. 2006. Transient receptor potential vanilloid channels functioning in transduction of osmotic
stimuli. J Endocrinol 191:515-523.


https://doi.org/10.1101/480665

bioRxiv preprint doi: https://doi.org/10.1101/480665. The copyright holder for this preprint (which was not peer-reviewed) is the
author/funder. All rights reserved. No reuse allowed without permission.

46.Barnes, S., E. Nishihara, T. Y. Hiyama, and M. Noda. 2011. Osmosensitivity of Transient Receptor Potential
Vanilloid 1 Is Synergistically Enhanced by Distinct Activating Stimuli Such as Temperature and Protons. PLoS
ONE 6:22246.

47 .Hille, B. 1992. Axons, ions, and dons. Science 258:144-145.

48.Hille, B. 1992. Pumping ions. Science 255:742.

49.Hille, B., A. M. Woodhull, and B. I. Shapiro. 1975. Negative surface charge near sodium channels of nerve:
divalent ions, monovalent ions, and pH. Philos Trans R Soc Lond B Biol Sci 270:301-318.

50.Chandler, W. K., A. L. Hodgkin, and H. Meves. 1965. The effect of changing the internal solution on sodium
inactivation and related phenomena in giant axons. J Physiol 180:821-836.

51.Liedtke, W. 2006. Transient receptor potential vanilloid channels functioning in transduction of osmotic
stimuli. Journal of Endocrinology 191:515-523.

52.Geletyuk, V. I., V. N. Kazachenko, N. K. Chemeris, and E. E. Fesenko. 1995. Dual effects of microwaves on single
Ca2+-activated K+channels in cultured kidney cellsVero. FEBS Letters 359:85-88.

53.Warzecha, A., W. Horstmann, and M. Egelhaaf. 1999. Temperature-dependence of neuronal performance in
the motion pathway of the blowfly calliphora erythrocephala. J Exp Biol 202 Pt 22:3161-3170.

54.Zhao, Y., and J. A. Boulant. 2005. Temperature effects on neuronal membrane potentials and inward currents
in rat hypothalamic tissue slices. J Physiol 564:245-257.

55.Thompson, S. M., L. M. Masukawa, and D. A. Prince. 1985. Temperature dependence of intrinsic membrane
properties and synaptic potentials in hippocampal CA1 neurons in vitro. J Neurosci 5:817-824.

56.Shapiro, M. G., M. F. Priest, P. H. Siegel, and F. Bezanilla. 2013. Thermal mechanisms of millimeter wave
stimulation of excitable cells. Biophys J 104:2622-2628.

57.Yeung, T., G. E. Gilbert, J. Shi, J. Silvius, A. Kapus, and S. Grinstein. 2008. Membrane phosphatidylserine
regulates surface charge and protein localization. Science 319:210-213.

58.Vandijck, P. W. M. 1979. Negatively Charged Phospholipids and Their Position in the Cholesterol Affinity
Sequence. Biochimica Et Biophysica Acta 555:89-101.

59.Hille, B. 1968. Charges and potentials at the nerve surface. Divalent ions and pH. J Gen Physiol 51:221-236.

60.Hille, B., E. J. Dickson, M. Kruse, O. Vivas, and B. C. Suh. 2015. Phosphoinositides regulate ion channels.
Biochim Biophys Acta 1851:844-856.

61.Genet, S., R. Costalat, and J. Burger. 2001. The Influence of Plasma Membrane Electrostatic Properties on the
Stability of Cell lonic Composition. Biophysical Journal 81:2442-2457.



