




















irradiation  68.33±4.10 mΩ (n = 9; ANOVA: p<0.01), than both the control and conductive heating which 

were  47.54±1.66 mΩ and 52.10±1.90 mΩ, 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 Nl neurons (40). For these experiments, the ganglia were 

incubated in 50 μM of antagonist for 5 min before being exposed to the MMW irradiation (170 mW/cm
2
 

for less than 3 min) and the heating of the bath was limited to 44-45 
o
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 Nl 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 Nl 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 Nl 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 Nl 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 Nl 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
2
 for less than 3 min over a temperature range of 20 - 41 

o
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 
o
C for control data and 21-29 

o
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 Nl neuron (in section 2.1), we 

conclude that the mechanism underlying the lower activation threshold in Nl neurons exposed to MMW 

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

 

3.4. Computer simulation of the Nl thermal activation 

At this point, we have seen that MMW irradiation of Nl 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 Nl 

sensitivity are a result of simple temperature dynamics or some more complex mechanism, we tested 

different assumptions on a computer model of the Nl neuron. 

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. 
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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 
0
C. 

The properties of the TRPV1 mechanism were adjusted to replicate the features of leech neurons. The 

simulation of model Nl 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 Nl 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 ºC/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 ((dCm/dt)×Um, where Cm - membrane capacitance, Um – 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 Nl 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 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 (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 
o
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 

(𝜎𝑜𝑢𝑡 , 𝜎𝑖𝑛). In contrast to the temperature, a 30% increase in 𝜎𝑜𝑢𝑡 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 Nl 

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 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 (Fig. 9 C) demonstrates a shift in the AP threshold of Nl 

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 Nl 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 Nl 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 Nl 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 ºC, 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 Nl neurons with conventional bath heating and 

with radiative heating using MMWs with a power density of 170 mW/cm
2
 . We found that irradiating 

with MMWs facilitates the activation of Nl 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 Nl 

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 (KCa). 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 KCa 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, 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 
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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 Nl neurons. This confirms the critical role of the TRPV1 receptors in 

the observed Nl 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 Nl neurons, a mathematical model of our Nl 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 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.  

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 Nl 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 𝜎𝑜𝑢𝑡  
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
2+

 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
2
 

caused translocation of negatively charged phosphatidylserine from the inner to the outer side of the cell 

membrane (4, 57, 58).  

Finally, an increase in 𝜎𝑜𝑢𝑡 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 
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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.  
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