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ABSTRACT— Infrared (IR) radiation is a non-invasive method to reduce neural responses, while its mechanism 

is still unclear. Here, using the modified Hodgkin-Huxley model, the effects of IR light on the parameters 

participating in the action potential (AP) blocking are investigated to study the mechanism of infrared neural 

inhibition (INI). Considering the temperature dependence neural model, the voltage membrane changing, ion 

currents variation and ion channels activation/inactivation gates behavior under IR pulses are studied. The 

results show that IR pulses can successfully block APs and confirm that potassium ion currents have an 

influential role in suppressing APs. Moreover, it is shown that infrared light during the suppression of AP has 

little effect on increasing the sodium ion currents. However, it seems that sodium ion channel gates play an 

effective role during INI. It is observed that infrared light increases the rate of opening and closing of 

activation/inactivation gates of ion channels. This study also presents why the suppression of action potentials 

continues after the end of the IR pulse. It seems this is related to the incomplete refractory period of AP, which 

is probably due to the disturbance in the reopening of the sodium channel inactivation gate (h-gate). The current 

report helps to improve the IR laser medical applications for reducing nerve pain. 

 
 

KEYWORDS: Action potential, Infrared, Neural block, Ion channel. 

 

 

I. INTRODUCTION 

Chronic pain is one of the most common 

diseases affecting millions of people every 

year[1]. Due to the side effects of using pain 

drugs, there is a need to develop non-invasive 

treatment methods, that neuromodulation can 

be considered a significant way for chronic pain 

management[2]. Infrared (IR) light can affect 

living organisms' nervous systems, providing a 

safe and effective method for neural inhibition 

[3–7]. However, based on recent related 

studies, there is still much ambiguity in the 

accurate explanation of the laser-tissue 

interaction during IR nerve inhibition. 

Photothermal mechanisms and temperature 

changes can be proposed as an important reason 

for manipulating neural responses under IR 

laser radiation [8–10]. IR light can rapidly 

increase tissue temperature due to the high 

absorption of the biological tissues [11,12]. The 

increase in temperature can suppress neural 

responses and block action potentials (APs) 

even after ending the IR pulse [13]. The 

purpose of this study is to investigate the effect 

of IR light in suppressing the APs and 

underlying biophysics of this phenomenon 

during and after IR radiation. For the first time, 

the changes of ion currents in different phases 

of production of a single AP under IR pulse are 

studied. Also, by studying the 

activation/inactivation gates of the ion 

channels, the effect of the action potential 

refractory period on the block of neural activity 

in post-irradiation is investigated.  

Here, using the modified Hodgkin-Huxley 

model [14], the blocking APs in unmyelinated 

axons are simulated and, the temperature 

increase effect on this process is studied. In the 

modified Hodgkin-Huxley model, all model 
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parameters are assumed to depend on 

temperature based on described relations in 

previous articles [15,16]. First, we study the 

effect of IR short and long pulses in small 

diameter unmyelinated axons and show IR 

pulses successfully reduce the amplitude of 

APs. Then according to the AP includes four 

phases: depolarization (DP), repolarization 

(RP), hyperpolarization (HP), and 

afterhyperpolarization (AHP), the efficiency of 

the blocking of AP during these four phases and 

the efficient time interval to suppress the AP are 

investigated. Given that ionic currents play a 

significant role in the generation of APs, the 

effect of these ion channels on AP suppression 

is also investigated. Measuring the changes in 

ion currents at each phase of AP generation 

shows potassium channels' role in the AP block. 

Moreover, the results show that the rate of 

sodium channel activation gates (m-gates), 

potassium channel activation gates (n-gates), 

and sodium channel inactivation gate (h-gate) 

are effective in reducing APs amplitude. Also, 

comparing ion channel activation/inactivation 

gates situation before and after IR pulse 

demonstrates that APs suppression after IR 

pulse stops probably related to the incomplete 

or long refractory period of AP. Finding the 

mechanism of infrared nerve block will help 

optimize the use of this method for medical 

purposes. Especially considering the advances 

in compact and implantable device design 

based on INI [17]. 

will be selected automatically. If any style is 

changed, you can use markup styles from the 

pull-down style menu at the left of the 

Formatting Toolbar at the top of your Word 

window. 

II. METOD 

In this study, NEURON software [18] is applied 

to model a 30 μm diameter unmyelinated axon 

that the parameters of the axon are depicted in 

Table. A.1 (shown in APPENDIX section). In 

the original Hodgkin-Huxley model, the 

membrane capacity is assumed to be constant. 

However, the original model is modified to 

describe the neural behavior under infrared 

radiation, and all parameters of the model are 

assumed to be dependent on axon temperature. 

As a result, according to the presented results 

[14,19], the relationship between membrane 

capacity and temperature can be indicated as 

follows:  

 

𝐶𝑚 = 𝑐𝑜 +
𝑘

𝛿𝑇
,                (1)  

where 𝛿𝑇 is defined in this as follows: 

𝛿𝑇 = 𝑇𝑐 − 𝑇,               (2) 

where 𝑘 =  2.2
𝜇𝐹

𝑐𝑚2 , 𝑐𝑜 =  0.9
𝜇𝐹

𝑐𝑚2 . Given that 

previous experimental results have shown that 

the electrical characteristics, including the size 

of the resting potential and the maximum action 

potential of the giant squid axon, remain 

approximately constant at temperatures up to 35 

° C, we also assumed  𝑇𝑐=35o C [20]. It has been 

experimentally shown that heat generated by 

the laser light in short pulses increases the 

temperature in the irradiated area and the 

temperature rises linearly. After the laser stops, 

the temperature decreases exponentially. 

Temperature relationships during short pulse 

radiation can be defined as follows [21]: 

 𝑇 = ∆𝑇𝛾𝑡  𝑡 <  𝑡𝑝𝑢𝑙𝑠𝑒                               (3.a) 

𝑇 = ∆𝑇𝛽{𝜑𝑒−𝑛1𝑡 + (1 −

𝜑)𝑒−𝑛2𝑡}             𝑡 >  𝑡𝑝𝑢𝑙𝑠𝑒                       (3.b) 

∆𝑇 denotes the magnitude of the temperature 

changes and constant parameters 𝑛1 = 0.015, 

𝑛2 = 0.03,  and φ = 0.454 . γ and β are also 

numbers between 0 and 1 that change with 

temperature changes. However, for longer 

pulses, can be defined the laser-induced 

temperature rise behavior logarithmically 

[22,23]:  

𝑇 = ∆𝑇𝛾𝐿       𝑡 <  𝑡𝑝𝑢𝑙𝑠𝑒                                        (4.a) 

 𝑇 = ∆𝑇𝛽{𝜑𝑒−𝑛1𝑡 + (1 −

𝜑)𝑒−𝑛2𝑡}   𝑡 >  𝑡𝑝𝑢𝑙𝑠𝑒                                (4.b) 

The relationship between temperature changes 

of the temperature-dependent membrane can be 

written as follows:  
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𝑑𝐶𝑚

𝑑𝑡
=

𝑘

𝛿𝑇2

𝑑𝑇

𝑑𝑡
                                                  (5) 

That temperature change over time is obtained 

using Eqs.3-4. The total flow through the 

membrane is defined as follows with respect to 

the variable membrane capacity relationship:  

𝐼 = 𝐶𝑚 (
𝑑𝑉

𝑑𝑡
) + (𝑉) (

𝑑𝐶𝑚

𝑑𝑡
).                            (6) 

Membrane total current in temperature-

dependent Hodgkin-Huxley model considered 

as: 

𝐼 = 𝐶𝑚 (
𝑑𝑉

𝑑𝑡
) + 𝐼𝑘 + 𝐼𝑁𝑎 + 𝐼𝑙 + 𝐼𝐼𝑅 .               (7) 

The values of ion currents depend on the 

condition of the activation or inactivation gates 

(m, n, and h) and the maximum conductance 

coefficients of each channel as following. 

𝐼𝑘 = 𝑔𝑘(𝑉 − 𝑉𝐾), 

𝐼𝑁𝑎 = 𝑔𝑁𝑎(𝑉 − 𝑉𝑁𝑎), 

𝐼𝑙 = 𝑔𝑙(𝑉 − 𝑉𝑙), 

 𝑔𝑘 ,  𝑔𝑁𝑎 ,𝑔𝑙 respectively, are the conductivity 

of the potassium, sodium, and leakage currents, 

and 𝑉𝐾, 𝑉𝑁𝑎, and 𝑉𝑙 are the reversal potentials 

of the potassium, sodium, and leakage 

channels. The conductivity of ionic currents are 

defined as follows: 

𝑔𝐾 = 𝑥1𝑛4 

𝑔𝑁𝑎 = 𝑥2𝑚3ℎ 

𝑔𝐿 = 𝑥3 

Where 𝑥1, 𝑥2, and 𝑥3  respectively are the 

maximum conductance values of potassium, 

sodium, and leakage ion currents. The temporal 

variation of m, n, and h parameters depends on 

membrane voltage and varies from 0 (closed 

gate) to 1 (opened gate). A probability variable 

should be applied because it is impossible to say 

with certainty which particular gate is open or 

closed. The physical interpretation of the 

activation/inactivation values of m, n, and h is 

that sodium channels have activation gates, m, 

that have a high response rate to voltage 

changing and have an inactivation gate, h, 

which has a lower response rate. Potassium 

channels also have activation gates, n, activated 

by voltage variation more slowly than sodium 

channel activation gates [24,25]. The 

temperature coefficient determined temperature 

dependency of activation/inactivation 

parameters of ion channels that define as: 

𝑄10 = 3
(𝑇−𝑇0)

10                                                  (8) 

 

These activation/inactivation variables 

determine the speed of opening or closing ion 

channels and describing the various AP 

generation phases. To simulate AP generation, 

we used a constant electric current in the ranges 

of 16 to 22 nA (the current of 16 nA was the 

axon excitation threshold).  

III. RESULTS AND DISCUSSION 

To study the biophysical mechanism behind the 

blocking APs, the results shown in Refs. 

[26,27] are employed. So, the effects of 

applying IR pulses with a pulse duration of 20 

and 500 ms on an unmyelinated axon are 

estimated. The estimated temperature changes 

are close to the presented results shown in Ref. 

[26], between 2 and 11 ° C. Then, the axon is 

stimulated by applying a 22 nA electric current 

step with a duration of 1200 ms. By applying a 

pulse of 20 ms, causing an 8.7 ° C temperature 

increase at the excitation location, the 

amplitude of the action potential was reduced 

by 14 mV (Fig. 1. a). In the next experiment, to 

investigate the effect of longer pulses (the axon 

excited by an electric current of 20 nA) a 500 

ms pulse, causing a temperature increase of 

11°C applied on the axon. It is observed that 

during irradiation, the amplitude of the APs 

decreases about 19 mV with a gentle slope (see 

Fig. 1. b). Although in the experimental results 

shown in Ref. [26], reduction of the amplitude 

of APs for 20 and 500 ms pulses was 3.4 and 10 

mV, but the shape of voltage changes and 

reduction of the amplitude of the AP in our 

simulations corresponded very well with those 

results. 
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Fig. 1 The effect of short and long IR pulses on an 

electrically stimulated unmyelinated axon. 

Reduction of APs amplitude due to applying a 20 ms 

of IR pulse (a). Reduction of APs amplitude by 

application of 500 ms of IR pulse (b). Axon 

excitation with 16 nA threshold current and 

application of 500 ms IR pulse causing an 11 ° C 

temperature increase and successful suppression (c). 

(Red bar shows IR pulse position.) 

Moreover, by reducing the magnitude of the 

electric current to 16 nA, similar to those 

experimental results in Ref. [26], a 500 ms laser 

pulse suppresses the APs completely. (See Fig. 

1. c). Then, the effect of the temperature change 

on suppressing the APs during four constituent 

phases of AP is studied. The AP includes four 

phases: depolarization (DP), repolarization 

(RP), hyperpolarization (HP), and 

afterhyperpolarization (AHP). The duration of 

a single AP is less than 10 ms, and each of the 

four phases of an AP takes about 2 ms. To better 

see the influence of IR pulse on voltage 

changes, ion currents, and 

activation/inactivation gates, one must use 

pulses with duration of 1 ms or less (see Fig. 2. 

a). The axon was stimulated by a 16 nA electric 

current step with a duration of 1200 ms. As seen 

in Fig. 2. b, the threshold temperature for 

successful suppression of the AP in different 

phases were obtained 9.2 ° C for DP, 9.1 ° C for 

RP, 8.1 ° C for HP, and 2.3 ° C for AHP. The 

required temperature change to suppress the AP 

in the AHP phase is about 75% lower than the 

required temperature in other phases. In the DP 

phase, it was observed that temperature changes 

due to IR pulse reduce sodium ion current and 

increase potassium ion current (see Fig. 2. c). In 

the RP phase, the sodium and potassium 

currents still behave similarly to the pulse 

application during the DP phase, but the 

variation of ion currents was less than before. 

In the AHP phase, in which the ion currents are 

almost zero due to the closure of the sodium and 

potassium channels, the sodium ion current 

fluctuated very little, while the potassium 

current increased significantly (Fig. 2. c). 

Examining the 1 ms pulse application at 

different phases of a single AP (Fig. 2), it is 

observed that the threshold temperature 

required for nerve suppression in the AHP is 

about one-fourth of the temperature threshold 

required during pulse application in other 

phases. It is also observed that the heat 

generation by the IR pulses during INI is highly 

effective in increasing the potassium ion 

currents, which indicates the critical role of 

potassium ion currents in the AP suppression 

[28–30]. IR pulses have a tiny effect on 

increasing sodium ion currents while 

effectively reducing the sodium ion currents. It 

shows that sodium ion currents are not 

influential on AP blocking [28].  
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Fig. 2 Applying short IR pulses (1 ms) at each phase of the AP to investigate the effects on ionic currents and the 

threshold temperature required for the AP suppression. The red bars indicate the location of the IR pulse at each phase 

(DP (blue area), RP (yellow area), HP (green area), and AHP (purple area)). (a) Applying laser pulses causing a 2.5 

° C temperature increase in the AHP phase can successfully suppress the AP (orange line). In the rest of the phases, 

it did not significantly affect the APs amplitude after the pulse. (b) The required minimum temperature for 

successfully blocking the AP when IR pulse is applied at each phase. (c) The variation of ion currents in different 

phases. When IR pulse is applied during the DP phase, the sodium ion current decreases by about 100
𝜇𝐴

𝑐𝑚2, while this 

reduction is about 30 
𝜇𝐴

𝑐𝑚2 in the DP phase. During IR irradiation in the AHP phase, IR radiation has very little effect 

on sodium currents and increased by about 0.4
𝜇𝐴

𝑐𝑚2. However, in the case of potassium ion currents in the DP, RP, and 

AHP phases, they increase by 42, 29, and 4
𝜇𝐴

𝑐𝑚2 respectively; the red (blue) bar indicates the sodium (potassium) ion 

current. 

In the last experiment, the effect of IR pulse on 

parameters of m, n, and h to block APs is 

studied. The intention behind this experiment is 

to compare two different modes of neural 

inhibition. In the first case, the IR pulse only 

reduces the amplitude of APs, and in the second 

case, the IR pulse completely blocks the APs, 

and this suppression continues even for some 

time after the pulse stops. It can explain the 

behavior of activation/inactivation parameters 

in reducing neural activity and the reason for 

tens of milliseconds APs blocking after IR 

illumination stops. For this purpose, temporal 

variations of these parameters before, during, 

and after IR illumination in DP and AHP phases 

are studied. To do this, first, the axon is 

stimulated by a 16 nA electrical current with a 

duration of 110 ms, and then a 1 ms IR pulse is 

applied to the axon. Fig. 3 shows the temporal 

variation of the amplitude of AP after the 

application of IR pulse in the DP phase. After 

applying the IR pulse, the parameter of m and n 

gates does not change significantly. For h-gate, 

one can see an increase in the amplitude of its 

changes, so IR pulse increases the probability 

of opening this gate. At the same time, the 

opening and closing rate of all of the gates 

increases. As a result, one can see a reduction 

in the amplitude of the APs. After 40 ms, the 

rate of opening and closing of these gates and 

the AP amplitude return to the pre-inhibition 

state. These results show that the change in the 

opening and closing rate of the gates and the 

noticeable effect of IR heat on the inactivation 

of sodium ion channels are essential factors in 

reducing the amplitude of action potential (Fig. 

3).  

Conversely, when one applies the same short 

pulse in the AHP phase, different results can be 

observed, and it can completely block the APs. 

The results show that IR laser illumination can 

change the value of m, n and h, as presented in 

Fig. 4. One can see that before axon excitation, 

when the axon is in the excitable phase, the 

probability of opening the potassium activation 

gates, n, is about 30%. However, when IR light 

is applied, this probability increases to 38%. In 

sodium activation gates, before stimulation, 

only 5% of these gates are open, which means 

they are almost closed. After applying IR light, 

they have little change, and the probability of 

opening these gates increases to 9%. But in the 

case of sodium channel inactivation gate, h, the 

amount of change is more significant, while 

before electrical stimulation, the probability of 

opening the h-gate is about 60%. However, 

after the application of IR pulse, when the APs 
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are blocked, this amount has been reduced to be 

44%. So IR pulse causes the activation gates of 

sodium and potassium ion channels to be more 

open than before. More importantly, the sodium 

ion channel inactivation gate is less open than 

before. The application of IR laser pulses at this 

phase affects the h-gates, which slowly open to 

reach the pre-AP phase or the resting potential 

state and prevent them from opening. 

Because in the excitable membrane, the h-gate 

is open, so the membrane is kept in an 

unexcitable state. Comparing the state of m, n, 

and h gates at rest and blocked state shows that 

the effect of IR on the inactivation of sodium 

ion channels is more significant than that in the 

activation of sodium and potassium ion 

channels. So, the disturbance in the h-gate is the 

most important factor in blocking the APs after 

pulse stopping. Because, in the refractory 

period of the AP (a period after the DP during 

which the membrane is unable to be exited), the 

h-gates are reopening; if another stimulus wants 

to depolarize the membrane, the h-gate remains 

closed in response. Hence, the refractory period 

remains incomplete, or it takes longer than 

usual. It seems similar to the electrical neural 

blocking mechanism, disturbance in the 

refractory period during infrared neural 

inhibition also plays a significant role [31]. 

Also, it is the reason that the temperature 

threshold to suppress the AP in the AHP phase 

is lower than the required temperature in other 

phases (Fig. 2. b). 

The model used in this paper was designed 

based on the original Hodgkin-Huxley model, 

which describes the giant squid axon using 

activation/inactivation of voltage-dependent 

ionic currents. In this model, two significant ion 

currents, sodium and potassium, were used for 

describing, while it is evident that in different 

animal species and humans, axons have more 

participating ionic currents in the generation of 

APs. In this article, the thermal effect due to IR 

radiation was studied, while maybe the 

wavelength and shape of the pulse are also 

effective in neural responses [32]. Compared to 

the experimental results, the presented model 

can successfully simulate AP blocking in 

unmyelinated axons with a small diameter (30 

μm). However, large-diameter or myelinated 

axons require more physiological parameters. 

Hodgkin-Huxley's model can describe 

fundamental biological interactions in neural 

activity. So the presented model can develop 

and redesign for a further specific study about 

pain relief purposes, such as studying AP 

suppression in C-fibers that are important in 

pain transmission. 

IV. CONCLUSION 

In this paper, using the temperature-dependent 

Hodgkin-Huxley model, neural suppression by 

short and long IR pulses was investigated. The 

changes of APs amplitude of unmyelinated 

axon, ion currents and activation/inactivation 

gates of ion channels by considering 

temperature changes under IR pulses 

illumination were studied. It was shown that 

while IR pulses increase potassium ion currents 

significantly during nerve block, they have 

minimal effect on increasing sodium ion 

currents. In contrast, IR pulses are effective in 

reducing sodium ion currents during INI. This 

study confirms previous results about the 

essential role of potassium ion currents and the 

ineffective role of sodium ion currents during 

INI. However, our results showed that sodium 

ion channel gates play an effective role during 

INI. The results show inactivation gate of the 

sodium ion channel is effective in reducing APs 

amplitude. Also, our results showed incomplete 

refractory period of AP due to disturbance in 

the reopening of sodium inactivation gate is the 

reason for APs block in post-irradiation. In 

addition, the reason for decreasing in AP block 

temperature threshold in the AHP phase is 

probably related to the incomplete refractory 

period of AP.  
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Fig.3 Variation of parameters of m, n, h gates during 

INI. A 16 nA current step for 110 ms is applied to 

stimulate the axon. Then a 1 ms IR pulse causing a 

temperature change of 7.7 °C is applied. (V) Shows 

the reduction of the amplitude of the APs when IR 

pulse applies. (In all graphs, the red lines indicate the 

values without applying IR pulse and the blue lines 

indicate the changes under the IR pulse). (m) Shows 

the temporal variation of probability of the m-gates 

opening. (h) Shows the temporal variation 

probability of the h-gate opening. (n) Shows the 

temporal variation of probability of n-gates opening. 

(Red bar shows IR pulse position) 

 
 

Fig.4 Dynamic of IR suppression when IR pulse is 

applied in AHP phase. A 110 ms excitation of an 

axon with 16 nA electric current and applying a 1 ms 

IR pulse with 7.7 ° C increase in temperature in the 

AHP phase. (In all graphs, the blue lines indicate the 

value of parameters without applying IR pulse and 

the red lines indicate the changes under the IR pulse). 

(V) Denotes IR suppression on the amplitude of AP. 

(m) denotes the temporal variation of probability of 

the m-gates opening. (h) Denotes the temporal 

variation of probability of h-gate opening. (n) 

Denotes the temporal variation of probability of n-

gate opening. (Red bar shows IR pulse position) 
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APPENDIX 

To calculate the voltage changes of the 

neuronal membrane, NEURON uses the 

following equations for each segment: 

 
 

𝑑𝑚

𝑑𝑡
= 𝑄10(𝛼𝑚(1 − 𝑚) + 𝛽𝑚𝑚) 

𝑑ℎ

𝑑𝑡
= 𝑄10(𝛼ℎ(1 − ℎ) + 𝛽ℎℎ) 

𝑑𝑛

𝑑𝑡
= 𝑄10(𝛼𝑛(1 − 𝑛) + 𝛽𝑛𝑛) 

𝛼𝑚 =
0.1(𝑉 + 40)

𝑒
−(𝑉+40)

10 − 1

 

𝛽𝑚 = 4𝑒
−(𝑉+65)

18  

𝛼𝑛 =
−0.01(𝑉 + 55)

𝑒
−(𝑉+55)

10 − 1

 

𝛽𝑛 = 0.125𝑒
−(𝑉+65)

80  

𝛼ℎ = 0.07𝑒
−(𝑉+65)

20  

𝛽ℎ =
1

𝑒
−(𝑉+35)

10 + 1

 

𝑄10 = 3
(𝑇−𝑇0)

10  

 

Table.A.1- Parameters used to model the axon. 

 

 

  

 

Parameter Value 

Axon diameter 30 μ𝑚 
Resting potential -65 (mV) 
Leak Reversal 
Potential 

-54 (mV) 

Na Reversal 
Potential 

50 (mV) 

K Reversal Potential -77(mV) 
Na conductance 𝑥2 0.12 (s/𝑐𝑚2) 
K conductance 𝑥1 0.036 (s/𝑐𝑚2) 
Leak conductance 𝑥3 0.003 (s/𝑐𝑚2)  
Axon Initial 
Temperature 

21  (°C) 

Initial membrane 
capacitance 

1 𝜇𝐹 
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