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Abstract 

This work focused on modeling and simulating the conditions in which external radio-

frequency magnetic fields can be effectively and safely used to activate neurons 

expressing temperature sensitive transient receptor potential cation channels, subfamily 

V member 1 (TRPV1). 

Advances in different fields of science such as nanotechnology and neuroscience leads 

to the pursuit of new methods to achieve neuronal stimulation/modulation. An innovative 

method for remote control of neuronal activity has recently been achieved through 

combination of magnetic nanoparticles and magnetic stimulation. Magnetic 

nanoparticles (e.g. iron oxide based) submitted to tuned magnetic fields convert the 

magnetic energy to local heat. The change in temperature is within the range that 

activates neuronal TRPV1 channels, which are one of the principal, ubiquitous, thermal 

sensors/transducers in the nervous system - thermal energy stimulates these channels 

and an action potential (AP) is produced (or facilitated) in the neural membrane. Although 

many studies have addressed the effect of temperature on neural ionic channels, the 

mechanism of temperature sensitivity is still obscure. More importantly, the details on the 

temperature-dependent dynamics of the interaction between (AP)s generating channels 

and TRPV1 channels are unknown. 

The main goal of this study was to describe, in high biophysical detail, the neuronal 

membrane electrophysiological mechanisms behind AP generation by magneto-thermal 

stimulation. This implicated the development and simulation of biologically realistic 

models of neuronal membrane dynamics, including the contribution of temperature on 

the gating mechanism of the core membrane channels: sodium (NaV), potassium (KV), 

calcium (CaV) and TRPV1 channels. For the mathematical description of the channels’ 

dynamics, we used the Hodgkin and Huxley conductance formalism/models. The 

dynamics of TRPV1 channels are directly gated by temperature, however they are also 

voltage dependent; on the other hand, sodium, potassium and calcium voltage-gated 

channels have their kinetics modulated by temperature; their synergistic interactions are 

far from understood. The NEURON simulation environment, a well-established 

computational tool for theoretical / in silico neuroscience, was used to develop and 
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simulate our models. Specific stimulation protocols were designed and applied to assess 

neuronal responses. With these stimulation protocols, we analyzed the combined 

behavior of the voltage-gated channels during electrical stimulations and at different 

temperatures (as produced by magneto-thermal stimulation). 

In this work, we constructed the first computational model for TRPV1 channels. The 

results of simulations with this model were validated and a good match to experimental 

records was observed. With the goal of understanding the behavior of TRPV1 channels, 

several simulations were designed and interesting results were reached. As an example, 

results show that AP does not occur at temperatures higher than about 40𝑜𝐶 when 

TRPV1 channels are not expressed in the membrane. TRPV1 channels are responsible 

for generation of APs in the temperature range of 40𝑜𝐶 to 51𝑜𝐶. Interestingly, a different 

trend for 𝐶𝑎𝑉 channels gating was recorded at 43𝑜𝐶 which is an important temperature 

level for activation of TRPV1 channels. It can be concluded that 𝐶𝑎𝑉 channels may have 

an important role in gating process of TRPV1s. The produced biophysical models of the 

neuronal membrane also allowed us to uncover the combined contributions of the 

temperature- and voltage-gated channels in the process of AP generation upon 

magneto-thermal stimulation. This allows optimization of future systems using this type 

of stimulation. Finally, a novel quantal model is put forward as an aid to explain the 

behavior of ionic channels when thermal stimulation changes the temperature of the 

system and cause neural impulses. Using basic rules of thermodynamics, the behavior 

of channels under thermal and electrical stimulation is formalized. It is suggested that 

this model can be applied to find the mechanisms of a wide range of channel type under 

a wide range of physical stimulation. In fact, it is indicated that channels use the easiest 

way to consume energy for gating. The gate to activate/deactivate uses any type of 

energy that matches well with the gating requirements (in the case of energy amount 

and frequency). Thereafter, this model is investigated for TRPV1 and voltage gated 

channels in general. This leads to mathematical equations describing the gating process 

when heat and/or current is ‘injected’ to the membrane. The constructed model shows 

that exposure of heat increases the entropy and enthalpy of the system to a threshold 

value which provides the required conditions for generation of TRPV1-caused spikes. 

The results of simulations with this model matches well experimental data. In addition, 

our model addresses key problems arising from the use of the temperature factor (𝑄10) 

for the description of temperature dependence.  

Key words: neuron, soma, TRPV1, Hodgkin and Huxley, ionic channel, 

temperature, Gibbs energy  
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Chapter 1      

Introduction 

 

Neurons are the basic element of the nervous system. Despite of the different responses 

of the nervous system to various stimulations, similar fundamental mechanisms underlie 

their response to the physical inputs. Ionic channels are pores in lipid bilayer, which allow 

certain ions to pass in response to the changes in the neuron environment and generate 

electrical neural impulses. Studying the gating mechanism of these channels helps to 

understand the behavior of neurons in particular circumstances. 

Several techniques are used in both research and clinical approaches to control the 

nerve behavior by modulating the activity of ionic channels. In electric stimulation, 

injection of a specific amount of current changes membrane potential. Since the voltage 

gated ionic channels depend strongly on the membrane voltage, they start to show 

reaction and generate APs. Therefore, electrical stimulation is capable to control the 

signaling process of neurons. Another technique used for signal controlling is named 

optogenetic, which involves the use of light to control the kinetics of ion flux through light-

sensitive ion channels. However, since visible light does not penetrate deep into tissues, 

optical stimulation approach also requires implantation of an optical fiber. Therefore, 

despite of several advantages, these techniques are invasive because of the 

requirement of surgical implantations. In this thesis, we discuss an alternative non-

invasive technique of magnetic stimulation and the roles it plays for gating the ionic 

channels. 

In magneto thermo genetics technique, superparamagnetic ferrite nanoparticles are 

targeted to the membrane plasma expressing Transient Receptor Potential type V 

member 1 (TRPV1) channels. Application of magnetic field heats the nano-labeled 

membrane and so temperature sensitive TRPV1 channels are activated. In this 

technique, magnetic field is applied remotely to stimulate the nanomagnets attached to 

the neuron membrane. The applied magnetic field interacts very weakly with biological 

molecules but the depth of penetration is large. These properties results in noninvasive 

magnetic therapy techniques that are used for treatment of various neurological 

disorders.  Contribution of several factors such as voltage, magnetic and particularly 

thermal stimulation results in generation of an action potential. One way to understand 
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the involvement of each stimulation factor is computing their effect on the conductance  

of ionic channels on a single nerve cell[1] . 

Hodgkin and Huxley or HH mathematical model is one of the quantitative models that 

describes the behavior of the membrane potential under various conditions [2]. In this 

model, Voltage Clamp amplifier is used in space clamp configuration to study the current 

carried mostly by sodium and potassium ions. Since temperature has strong effect on 

the behavior of voltage gated channels, a temperature coefficient is used to quantify this 

dependence.  

HH model can only be solved numerically, and although several software packages 

include the appropriate numerical methods to solve HH equations, Neuron software 

provides a flexible numerical environment for modeling and study of neuroscience 

including the possibility of using databases and software tools. The NMODEL language 

can be used to add new components by specification of reaction and diffusion 

systems[3]. This simulation environment is suitable for modeling individual neurons and 

neuron networks. NEURON software has tools to simulate the behavior of voltage gated 

channels at different membrane temperatures. In this work, this simulation environment, 

and its associated numerical methods are used to create biophysically detailed neuronal 

models and to assess the impact thermos-stimulation of magnetic nanoparticles. 

Namely, the profile, rate and threshold value of action potentials generated on a soma 

membrane are analyzed as a function of thermos/magnetic-stimulation parameters. 

Studding the effect of temperature on dynamics of voltage gated channels provide a 

general perspective for function of Transient Receptor Potential (TRP) channels that are 

the main candidates responsible for generation of action potential caused by magnetic 

nanoparticles thermo stimulation. The mechanism of its interaction with biological cells 

is still unknown. Using NEURON software programming environment, we constructed a 

computational model for simulating voltage sensitivity of TRPV1 channels . Thereafter, 

several simulations are designed to evaluate the mechanism of TRPV1 channels during 

electrical stimulation at different initial temperatures on a single soma that includes 

voltage gated 𝐶𝑎𝑉 , 𝑁𝑎𝑉  𝑎𝑛𝑑 𝐾𝑉 channels on its membrane. 

Furthermore, considering basic roles of thermodynamic, we present a mathematical 

model that suggests a unifying framework for the function of voltage gated and 

temperature sensitive channels. These expressions enable us to compare the 

contribution of thermal and electrical stimulation factors on voltage gated and 

temperature sensitive channels and find the mechanism of AP generated by temperature 

changes in the environment of TRPV1s. Since physical base roles are utilized in this 
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model, and the channels are considered as (an) energy barrier(s), it is possible to 

investigate this model for all types of ionic channels under all types of physical or even 

chemical stimulations. 

The work presented here have the following main contributions: 

1. Using HH model in NEURON to simulate the kinetics of ion flux through voltage-gated 

𝑁𝑎𝑉 , 𝑘𝑉 𝑎𝑛𝑑 𝐶𝑎𝑉  channels when a specific amount of current is injected in the membrane. 

Then the results are analyzed in MATLAB. 

2. Construction of the first computational model for behavior of TRPV1 channels under 

electric stimulation and at different initial temperatures.  

3. Comparing the behavior of a soma under electric stimulation in the case that only 

voltage gated channels are inserted to the simulation and the case that TRPV1 channel 

model is added to the simulation construction. 

5.  Introdusing a mathematical model by basic thermodynamic roles that not only 

suggests a mathematical expression for temperature-caused gating of TRPV1 channels 

but also it is capable to include the expressions for effect of other types of stimuli on 

TRPV1 and other types of channels. 

Overall, we studied  the effect of temperature in two aspects: 1- numerical method that 

the results of simulations and model constructions are presented in chapters 3 to 5 and 

2- suggestion of a mathematical model with physical perspective that is explained in 

chapter 6.  

Chapter 2 reviews the general properties of neuron membrane and mathematical models 

for generation of spikes focusing on certain aspects of ionic channels, HH 

model,Goldman-Hodjkin-Kats (GHK)flux equation, TRP family and effect of electrical, 

thermal and magnetic stimulation on ionic channels. 

In chapter 3, the results of simulations about different effects of temperature on voltage 

gated sodium, potassium and calcium channels is presented using  NEURON software 

and MATLAB.  

Chapter 4 presents the numerical model we instructed for voltage sensitivity of TRPV1 

channels at different initial temperatures. It concludes the methods we used to reach this 

approach. At the end of this chapter, several simulations are designed to check if our 

model matches well with the experimental records of Voets et al [4].  
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Chapter 5 presents the results of simulations about the condition that TRPV1 model is 

inserted on a soma that includes voltage gated 𝑁𝑎𝑉 , 𝐾𝑉 and 𝐶𝑎𝑉 channels and is applied 

electric stimulation. This chapter compare the effect of electric exposure on soma at 

different initial temperatures. 

Finally, in chapter6, several mathematical formulas are derived and a quantal model is 

generated to describe the mechanism of temperature-caused AP by TRPV1 channels. 

In addition, this model includes the effect of voltage on TRPV1 as well as voltage gated 

channels.  
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Chapter 2 

Literature Review 

 

In this chapter, we explain the method for remote activation of the ionic channels. 

Additionally, the action potential (AP), physiological concepts and several methods that 

can be used to evaluate the effect of this procedure is  analyzed. These methods include  

expressions formechanism of voltage gated sodium and potassium channels, voltage 

gated calcium channels, Transient Receptor potential (TRP) channels under electrical, 

magnetic and thermal stimulation. 

This chapter describes many of the publications relevant for this work. 

Heating of ionic channels by magnetic stimulation of nanoparticles  

In a new approach by Huang et al. a new method for magnetic stimulation of cells is 

suggested. Since the interaction of magnetic field with tissue is very low, exposure of 

this field alone cannot cause a noticeable effect on issue. However, targeting 

nanoparticles on neural membrane converts the magnetic field to local thermal energy, 

which is high enough to stimulate temperature-sensitive channels to generate neural 

impulse. Because of small side effect of magnetic stimulation on tissue and its large 

depth of penetration, it is a proper method to use in clinical procedures.  

To produce an effective interaction, it is possible to label magnetic sensitive nano-

particles to cell membrane, so that the nanoparticles translate the magnetic field to 

mechanical or thermal irritations. In an in vivo experiment presented by Huang et al. (Fig 

2.1) superparamagnetic nanoparticles named Manganese ferrite(𝑀𝑛𝐹𝑒2𝑂4) with 6 nm 

diameter were labeled to the cell membrane expressing TRPV1 channels and heated 

using  a RF magnetic field that resulted in increasing the temperature of the cells’ 

membrane. At about 42𝑜𝐶 APs are recorded by fluorophores in molecular-scale.  
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Fig 2.1 a)A schematic illustration to show the activation process of ionic channels by magnetic stimulation. The 
nanomagnets are labeled near the ionic channels and convert the magnetic field to local heat, which leads to increase 
the local temperature near the gates, and  result is activation of the temperature sensitive ionic channels b) effect of 
magnetic stimulation on water is much smaller than the case it includes magnetic sensitive nanoparticles[1]. 

It is suggested that TRPV1 channels are the main responsible to generate AP in this 

method. Moreover, cells with the absence of TRPV1 channels did not generate spikes 

upon application of RF magnetic field. Therefore, it is concluded that activation of TRPV1 

channels is triggered by heating of RF magnetic-field-induced nanoparticles. 

In this experiment, hippocampal neurons that included uniform expression of TRPV1 

channels were targeted by nanoparticles. Stimulation of the nanoparticles resulted in the 

local heating of the channels and changes in the membrane potential that was measured 

by ANNINE6 dye. When the membrane temperature reached about 40𝑜𝐶  an AP 

happened. Huang et al. concluded that this method can be used for remote stimulation 

of nerve cells in different future researches and clinical approaches.  

In other experiment, during the magnetic stimulation of human embryonic kidney (HEK 

293) cells the concentration of calcium ions inside the cell is recorded to increase as the 

result of 𝐶𝑎2+ flux. So it is suggested that TRPV1 channels may be activated by passing 

calcium ions through them. 

To understand the contribution of electric, magnetic and thermal factors on excitation of 

different types of ionic channels, we will study the effect of these factors on a single nerve 

cell in the next chapters [1].  

Membrane potential 

Neurons are the signaling units of the body. Their capability for electrical excitation leads 

the process and transfer of signals rapidly over large distances. Electrical activation of 

the neurons is possible by action potential (AP), phenomenon in the cell membrane that 

is defined as the extreme change of the membrane potential due to flow of ions inside, 

and then, outside the cell through the ionic channels of the membrane.  

The structure and function of nerve cells can be divided in four main parts: 
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1. Soma that is the body of the cell 

2. Dendrites  

3. Axon, long nerve fiber 

Neural membrane consists  a double layer of phospholipids  impermeable to water and 

intra-extra cellular ionic solutions which causes excess of positive charges on the outside 

than the inside. Membrane rest potential is about -70 mV relative to the potential of the 

outside of the cell (consider 𝑽𝒐𝒖𝒕 = 0) and the cell is in polarized condition. 

Membrane also consists of a number of ionic channels made up of proteins that transfer 

selective ion flow through the membrane. Change in potential or other parameters of the 

membrane irritate the channels to open and close. Ion flow occurs to keep the balance 

between the chemical driving force (concentration gradient) and electrical driving force 

(potential difference) inside and outside the cell. There are several types of channels in 

the membrane that each type is activated only by a specific ion flux. Usually the name of 

the channel is determined by the ion that the channel is permeable to it, for example, 

potassium channel only transfers 𝐾+ions in-out side of the cell.  

Studies show that nerve cells are permeable to 𝑁𝑎+, 𝐾+ and 𝐶𝑙− ions when they are at 

rest. The number of 𝐾+ resting channels is much more than the other channels. So, the 

rest potential in the membrane is closer to the equilibrium potential of the 𝐾+ions. 𝐾+ions 

tend to move out of the cell because of their high concentration inside. But, the 

concentration of 𝑁𝑎+ ions is more than the outside, so they tend to flow inside the cell. 

This phenomenon may also happen for other types of ionic channels. The membrane 

has a steady rest potential, so the influx ions are balanced by the out-flux ions. Passive 

movements of ions reduce the rest potential, so to have a constant rest potential, ion 

leaks are prevented by 𝑁𝑎+- 𝐾+ pump channels that pump the ions against their 

electrochemical gradients (flow two 𝐾+ions in and three 𝑁𝑎+ ions out of the cell). An ATP 

is used to provide energy for each pump. Fig 2.2 illustrates the explained phenomenon. 
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Fig2.2 Cell is isolated by impermeable lipid bilayer from its environment. There is a potential difference in out and inside 
of the membrane due to electrochemical gradients. This difference forces the sodium and potassium ions to flow against 
it. Sodium ions tend to pass to the inside of the cell and potassium ions tend to move out. This phenomenon perturbs the 
rest potential difference of the membrane. Therefore, ion pumps flow the ions to exchange 3 sodium ions with 2 potassium 
ions to keep the potential in a steady value[5]. 

Goldman equation expresses the contribution of each type of ion to the rest 

potential[6,7]: 

𝑉𝑚 =  
𝑅𝑇

𝐹
𝑙𝑛
𝑃𝐾[𝐾

+]𝑂 + 𝑃𝑁𝑎[𝑁𝑎
+]𝑂 + 𝑃𝐶𝑙[𝐶𝑙

−]𝑖
𝑃𝐾[𝐾

+]𝑖 + 𝑃𝑁𝑎[𝑁𝑎
+]𝑖 + 𝑃𝐶𝑙[𝐶𝑙

−]𝑂
             (2.1) 

Here R is universal gas constant (~8.314 𝑘𝐽.𝑚𝑜𝑙−1), T is absolute temperature (in 

Kelvin), z is the valance of the ion, F is the Faraday constant and [𝑋]𝑜 and [𝑋]𝑖 are 

concentrations of the ion outside and inside the membrane. Permeability of each type of 

ion is considered as P. When the membrane is at rest, the highest permeability is for 

𝐾+ ions. For sodium and chloride ions: 𝑃𝑁𝑎 = 0.04 𝑃𝐾  and 𝑃𝐶𝑙 = 0.45 𝑃𝐾 . However, at 

the peak of the action potential, the most permeable ions are Na+ ions: 𝑃𝑁𝑎 =  20𝑃𝐾  

and𝑃𝐶𝑙 = 0.45 𝑃𝐾. [8] 

Some types of channels respond to the changes in the membrane potential by changing 

their permeability of the ion, these are called active channels. In our study, we consider 

passive channels that their permeability is almost independent of the membrane 

potential.  

The equilibrium potential resulting from the permeability of a channel to a single ion is 

described by Nernst potential equation: 

𝐸𝑋 =
𝑅𝑇

𝑧𝑋𝐹
𝑙𝑛
[𝑋]𝑖
[𝑋]𝑜

              (2.2) 

Where 𝐸𝑋 is the equilibrium potential or Nernst potential and z is the ion valancy that is 

2 for 𝐶𝑎2+ , 1 for 𝑘+  and -1 for 𝑁𝑎+. The outward flux is considered in positive direction 

[9].  

Concentration of ion X is not the same inside and outside of the cell, so the ions 

diffuse through the channels due to their concentration gradient  
𝑑[𝑋]

𝑑𝑥
: 

𝐽𝑋,𝑑𝑖𝑓𝑓 = −𝐷𝑋
𝑑[𝑋]

𝑑𝑥
       (2.3) 

That 𝐷𝑋 is the diffusion coefficient measured in 𝑐𝑚2𝑠−1[10].On the other hand, the 

electric potential difference at both sides of the membrane results in the ionic flux down 

the neurite which is called drift flux: 
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𝐽𝑋,𝑑𝑟𝑖𝑓𝑡 = −
𝐷𝑋𝐹

𝑅𝑇
𝑧𝑋[𝑋]

𝑑𝑉

𝑑𝑥
       (2.4) 

Taking into account both diffusion flux and drift flux we can express the total 

electrodiffusion flux of ion X: 

𝐽𝑋 = 𝐽𝑋,𝑑𝑖𝑓𝑓 + 𝐽𝑋,𝑑𝑟𝑖𝑓𝑡        (2.5) 

This expression is named Nernst-Planck equation [9,11]. We will use this expression to 

explain the mathematics for function of TRPV1 channels. 

Electrical circuits help explain neural functions 

It is useful to consider the neurons as electrical circuit units. In this frame, conductors 

and resistors represent the ion channels, batteries represent the pumping of the charges, 

and Capacitors displays the ability of the membrane to store the charge.  

Consider the neural membrane. Since, double lipid layer of the membrane is 

impermeable, the charges inside and outside of the membrane cannot move according 

to their electrical and chemical gradients.  So the inside surface of the membrane is 

negatively charged and the outside surface of it is positively charged. This condition is 

similar to the capacitance with parallel plates. One of the plates is negatively charged 

and the other (outside surface) is positively charged. As we know, the separation of the 

positive and negative charges on both sides of the capacitor creates an electric field, and 

thus a potential difference between the plates is proportional to the charge excess 

between two plates: 

𝑉 =
𝑞

𝐶
      (2.6) 

Here q is the charge excess between the surfaces and C is the capacitance measured 

in farads. The capacity of the parallel surfaces is proportional to the area of the plates ‘a’ 

and the distance between them ‘d’: 

𝐶 =
𝑎

휀𝑑
       (2.7) 

Where 휀 is the permittivity of the insulator.  

By differentiating the V=q/C formula it is found that current is proportional to the changes 

in the membrane potential and capacitance: 

𝑑𝑉

𝑑𝑡
=  
𝐼

𝐶
=  
1

𝐶

𝑑𝑞

𝑑𝑡
       (2.8) 
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The electromotive force that causes the ions to gather in both side of the membrane is 

shown by a Battery in the equivalent circuit.  

 

Figure 2.3 the collection of charges on both sides of dielectric membrane creates an electric field in the membrane that 
can be considered to function as a capacitor[8]. 

If potential of the inside of the cell is 𝑉𝑖𝑛 and for outside is 𝑉𝑜𝑢𝑡  then the membrane 

potential is determined as: 

𝑉𝑚 =  𝑉𝑖𝑛 −  𝑉𝑜𝑢𝑡       (2.9) 

The membrane potential is positive when the inside of the membrane is more positively 

charged than the outside. [5] 

Ions flow in or out of the cell through the ion channels. Each channel can be considered 

as a resistor or conductor with a conductance of 𝛾 (1/Ω). If there was no electrochemical 

forces, the flow through the channel would be 𝑖 =   𝛾 ×  𝑉𝑚 . However, due to the effect 

of the electromotive force the ionic flow is determined by: 

𝑖 = ( 𝛾 × 𝑉𝑚) − (𝛾 ×  E)       (2.10) 

= 𝛾 × ( 𝑉𝑚 − 𝐸) 

Here ( 𝑉𝑚 − 𝐸) is called electrochemical driving force. 

For N number of a specific type of channel, the overall conductance is: 

𝑔 = 𝑁 ×  𝛾       (2.11) 

In the equivalent circuit, each population of channels can be represented by a battery in 

series with a conductor (Fig 2.4) 

 

Fig 2.4  Each type of ionic channel is considered as a resistor and the electromotive force through the channels is 
illustrated as a battery that pushes the sodium ions inside the cell and the potassium and Chloride ions out of the cell[8].  
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As the ions flow through the selective ionic channels due to the electrochemical force, 

the pumps flow the ions back to keep the membrane potential at the steady state (for 

example Na+-K+ channels pump out three Na+ for every two K+ ions pumping inside the 

cell using an ATP molecule). This process can be represented as a current generator in 

the equivalent circuit. 

The total membrane current is the sum of the capacitive current and the current passing 

through the channels[8]. 

Hodgkin and Huxley model for equivalent circuit of  𝑁𝑎𝑉 , 𝐾𝑉 , 𝐶𝑙𝑉 

channels 

The Hodgkin and Huxley (HH) model explains the effect of movement of ions through 

ionic pores on the membrane potential and generation of AP in voltage-gated channels. 

The current generated by the voltage-gated channels varies in time and voltage. 

Therefore, to model these channels, several methods were used to control the 

parameters. In 1940 Hodgkin and Huxley successfully used VClamp technique on squid 

giant axon to produce some experimental data for constructing their model [12-16].  

Voltage clamp (VClamp) technique holds the voltage to a specific value to control the 

membrane potential and study the effects of stimuli on it. First, an electrode is injected 

to the membrane. It measures the membrane potential by an amplifier, then, to provide 

voltage difference between the measured and considered voltage, a proper current is 

generated by an amplifier and is injected to the membrane (Fig 2.5) 

 

 

Fig 2.5 Voltage clamp technique used to keep the membrane potential unchanged. First the voltage difference(V) is 
measured for both sides of the membrane, then a current electrode injects current to provide the voltage difference(V) 
that was necessary to keep the membrane potential to a constant value [5].  

To be sure that membrane potential is uniform in a large volume of the membrane, 

Hodgkin and Huxley used space clamp technique where the electrodes are long and thin 
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wires, so, the resistance of the cytoplasm and extracellular space can be assumed to be 

zero[17,18]. 

 This technique is used in H-H model to analyze the function of each type of channels 

separately. The equivalent circuit of the H-H model is shown in Fig 2.6. 

 

 

 

 

 

 

 

Fig 2.6 HH circuit model [5] and the description of parameters used in the model 

Figure 2.6 The equivalent circuit in HH model. The table shows the parameters used in 

the this model. The membrane lipid bilayer is shown as a capacitor, each channel is 

illustrated as a resistance and the electrochemical force through the channel is 

represented as a battery. The total current includes the sum of currents generated by 

each type of channel and the capacitive current. 

The bar on the leakage conductance indicates that it is constant over potential and time. 

Capacitance 𝐶𝑚 represents the capacity of the membrane that creates a potential 

difference inside and outside of the cell. The capacitive current 𝐼𝐶 occurs in a very short 

time at the beginning and the end of the pulse. The current passing to the outside of 

membrane is the sum of the capacitive current and the current passing through the 

channels:  

𝐼 =  𝐼𝐶 + 𝐼𝑖  = 𝐶𝑚
𝑑𝑉

𝑑𝑡
+ 𝐼𝑖      (2.12)    

𝐼𝑖 =  𝐼𝑁𝑎 + 𝐼𝑘 + 𝐼𝐿        (2.13)  

The current passing from channel is calculated by multiplying the conductance of that 

type of channel and the electrochemical driving force. 

(𝐼𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝑔𝑐ℎ𝑎𝑛𝑛𝑒𝑙 × (𝑉 −  𝐸𝑐ℎ𝑎𝑛𝑛𝑒𝑙))        (2.14) 

In voltage clamp technique 𝑔𝑐ℎ𝑎𝑛𝑛𝑒𝑙  can be calculated this formula: 

symbol Correlated parameter 

𝐶𝑚 Membrane capacitance 

𝐼𝐶 Capacitive current 

    I Total current 

�̅�𝐿 Leakage conductance 

𝑔𝑁𝑎 Sodium conductance 

𝑔𝑘 Potassium conductance 

𝐸𝐿   Leakage equilibrium potential 

𝐸𝑁𝑎 𝑁𝑎+ equilibrium potential 

𝐸𝐾 𝐾+ equilibrium potential 

𝐼𝐿 Leakage current 

𝐼𝑁𝑎 Sodium  current 

𝐼𝑘 Potassium  current 
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𝑔𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 
𝐼𝑐ℎ𝑎𝑛𝑛𝑒𝑙

𝑉 −  𝐸𝑐ℎ𝑎𝑛𝑛𝑒𝑙
       (2.15) 

Action Potential 

Action potential (AP) is an impulse phenomenon in which the membrane potential 

increases sharply to a positive value and then decreases to the rest value in a short 

period of time (Fig 2.7). The process and details of action potential was studied first by 

Hodgkin and Huxley. Their experiments show that the action potential can be described 

by the variation in the conductance of Na+ and k+ channels. Other type of channels has 

small contribution in action potential. They measured the rate, shape and other 

properties of the gated channels.  

 

Fig 2.7 Action potential  and the different stages that membrane passes to return to the rest value. The kinetics of sodium 
and potassium ions are illustrated at each state[8]. 

The first step to reach this model was discovering the increase in ion flow during the 

action potential.  

For measuring the parameters contributed in action potential, ‘Voltage Clamp’ 

technique is used. This technique enables the experimenter to set the voltage of the 

membrane to the considered value. Hodgkin and Huxley used the ion substitution 

method to separate the inward and outward current. They prevented the inward 

current by decreasing the extracellular sodium concentration. The K+ current was 

obtained by reducing 𝐼𝑁𝑎 ,𝐼𝐿 and 𝐼𝐶 from the total current. Fig 6 illustrates the 

function of related channels in detail. 

According to HH model for AP:  

1- Increasing the membrane potential is called depolarization and decreasing 

the potential is named repolarization. 
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2- The depolarization of membrane leads the opening of Na+ channels that 

results further membrane depolarization. So more 𝑁𝑎𝑉 channels are opened 

that causes increasing the inward current. After a very short period time, KV 

channels are opened and K+ current begin flowing outward. The outflow of 

potassium ions prevents the voltage inside the cell to increase, so the 

membrane potential reaches to a peak value. This process continues to 

decrease the potential of cell to the rest value. 

3- When the membrane potential reaches the rest value, some of the potassium 

channels are still open and flow the positive ions outside the cell.  This process 

leads decreasing the membrane potential to a value a little smaller than the 

rest value (hyperpolarization) After a short time all the stimulated 𝐾𝑉 

channels close and the membrane potential increases to the rest value. 

HH model suggests all –or- none behavior for the action signals. It means that for a 

voltage more than threshold value, the amount of signal does not affect the amplitude of 

the action potential.  

In the HH model, the first order chemical reaction model is used to express the ‘open’ or 

‘close’ state of the individual gates. 

                                                                                                   (2.16) 

that  𝛼 𝑛 is the number of times per second that a close-gate opens and  𝛽𝑛 is the number 

of times per second that a gate closes. These two factors are called ‘rate constants’ and 

depend on the membrane potential. 

 In HH model, the probability of an individual gate to be in open state is 𝑃𝑛 ranging 

between 0 and 1. For a large number of a specific type of channel, 𝑃𝑛 and (1 − 𝑃𝑛) can 

be expressed as the fraction of gates in the open state and close state respectively. The 

rate of transition between open and close state is: 

𝑑𝑃𝑖

𝑑𝑡
= 𝛼𝑖(𝑉)(1 − 𝑃𝑖) − 𝛽𝑖(𝑉)𝑃𝑖     (2.17) 

If the membrane potential is clamped to a fixed value, the fraction of gates in open state 

reaches a steady-state value (𝑑𝑃𝑖 𝑑𝑡⁄ = 0 𝑎𝑠 𝑡 → ∞) 

𝑃𝑖,∞(𝑉) =  
𝛼𝑖(𝑉)

𝛼𝑖(𝑉) + 𝛽𝑖(𝑉)
           (2.18) 

And the time needed to reach the steady state is called time constant 𝜏𝑖(𝑉) given by: 

𝜏𝑖(𝑉) =  
1

𝛼𝑖(𝑉) + 𝛽𝑖(𝑉)
       (2.19) 

The general form of the answer for equation 2.17  is: 
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𝑃(𝑡) =  𝑃∞(𝑉) − [𝑃∞(𝑉) − 𝑃0] exp (
−𝑡

𝜏𝑖(𝑉)
)           (2.20) 

Or 

𝜏𝑖(𝑉)
𝑑𝑃𝑖
𝑑𝑡
= 𝑃𝑖,∞(𝑉) − 𝑃(𝑡)       (2.21)   

Here 𝑃0 is the initial value of P at the beginning of the step. Equation (2.20) describes 

that 𝑃(𝑡) reaches to the steady value at time 𝜏𝑖(𝑉) . 

The value of 𝑃𝑖,∞(𝑉),𝜏𝑖(𝑉), 𝛼𝑖(𝑉) and  𝛽𝑖(𝑉) is determined(as a function of voltage) from 

experiment. However, to give a physical description for  𝛼𝑖(𝑉) and  𝛽𝑖(𝑉), the 

thermodynamic arguments are useful. The rate of function of 𝛼𝑖(𝑉) and  𝛽𝑖(𝑉) is 

controlled by barriers requiring thermal energy. The function of rate constants is effective 

when an effective charge (denoted by q𝐵𝛼) passes the membrane (with potential V), so 

the thermal energy barriers depend on the membrane potential [19]. 

In the AP process, Boltzmann factor is used to  express the probability that the thermal 

energy transitions provide enough energy to come over the energy barrier:  

exp (−𝑞𝐵𝛼 𝐾𝑇⁄ ) . The expression for 𝛼𝑖(𝑉) can be determined based on this factor: 

 𝛼𝑖(𝑉) =  𝐴𝛼 exp(−𝑞𝐵𝛼 𝐾𝑇⁄ ) = 𝐴𝛼 exp(−𝐵𝛼𝑉 𝑉𝑇⁄ )       (2.22)  

In this equation 𝐴𝛼 and 𝐵𝛼 are determined from experimental data. The closing rate  𝛽𝑖(𝑉) 

is expressed similarly with different constants. 

If we consider �̅�𝑖 as the maximum possible conductance in the condition that all the 

channels are open for a specific type of ion, the total conductance for that type of channel 

will be [19]: 

𝑔𝑖 = �̅�𝑖∏𝑃𝑖
𝑖

         (2.23) 

Potassium current  

To determine the KV channel conductance, from the Hodgkin and Huxley experiment, 

the time course of the potassium conductance shows that the steady-state potassium 

conductance (𝑔𝑘∞)increases with increasing the voltage. The graph also shows that 𝑔𝑘∞ 

reaches a maximum value (denoted�̅�𝐾). At higher voltages, the speed at which the 

conductance reaches the maximum value becomes faster (Fig 2.8). 
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Fig 2.8 Potassium conductance changing with time in VCLAMP technique. Conductance of potassium increases faster in 
higher membrane voltages to its maximum value[5,16]. 

To describe this process, Hodgkin and Huxley represent that the expected fraction of 𝐾𝑉 

channels in open state(∏ 𝑃𝑖)𝑖  is 𝑛𝑥, so from equation(2.23) the potassium conductance 

is: 

𝑔𝐾 = �̅�𝐾 𝑛
𝑥       (2.24) 

Hodgkin and Huxley fit the calculated date with the experimental data by assuming x=4. 

Therefore, the conductance of 𝐾𝑉 channels is (Fig 2.9): 

𝑔𝐾 = �̅�𝐾𝑛
4       (2.25)   

 

Fig 2.9 The time evolution of potassium conductance with different values for power of n. The data fit well with 𝑛4.[5,16] 

According to Equation (2.17) the time evolution of a first order kinetic process is: 

𝑑𝑛

𝑑𝑡
=  𝛼𝑛(1 − 𝑛) − 𝛽𝑛𝑛       (2.26)  

According to Equation (2.20) the general form for n(t) is: 

𝑛(𝑡) =  𝑛∞(𝑉) − [𝑛∞(𝑉) − 𝑛0] exp (
−𝑡

𝜏𝑛(𝑉)
)       (2.27)            

Where 𝑛0 is the value of n at the beginning of the step.  

From Equation (2.18) and (2.19) the values for 𝑛∞(𝑉) and 𝜏𝑛(𝑉) can be calculated: 

𝑛∞(𝑉) =  
𝛼𝑛(𝑉)

𝛼𝑛(𝑉) + 𝛽𝑛(𝑉)
       (2.28)            
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𝜏𝑛(𝑉) =  
1

𝛼𝑛(𝑉) + 𝛽𝑛(𝑉)
        (2.29) 

To simplify Equation (2.26) we consider that the increment of the open-gates(𝛼𝑛) is linear 

with voltage(Fig 2.9). 

 

Fig 2.10 Rate constants of potassium conductance as a function of voltage can be considered linear[5,16]. 

Therefore the amount of changes from n to dn during dt is the same as the changes from 

n to 𝑛∞ during time 𝜏𝑛: 

𝑑𝑛

𝑑𝑡
=
𝑛∞ − 𝑛

𝜏𝑛
       (2.30) 

And: 

𝛼𝑛 =
𝑛∞
𝜏𝑛
       (2.31) 

𝛽𝑛 =  
1 − 𝑛∞
𝜏𝑛

       (2.32) 

Using Equation (2.25) we can find the value for  𝑛∞: 

𝑛∞(𝑉) =  (
𝑔𝐾∞(𝑉)

�̅�𝐾
)

1
4
       (2.33) 

Finally, the summary of the calculations for the potassium ionic current through the 

membrane is: 

𝐼𝑘 = �̅�𝐾𝑛
4(𝑉 − 𝐸𝐾)       (2.34) 

𝑑𝑛

𝑑𝑡
=  𝛼𝑛(1 − 𝑛) − 𝛽𝑛𝑛       (2.35) 

𝛼𝑛 = 0.01
𝑉 + 55

1 − exp (− (𝑉 + 55) 10)⁄
      (2.36) 
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𝛽𝑛 = 0.125exp (− (𝑉 + 65) 80)⁄        (2.37) 

Sodium current 

Hodgkin and Huxley isolated the sodium current using the substitution method and 

measured the conductance of 𝑁𝑎+ current in voltage clamp condition. 

As we see in the Fig (2.11) 𝑁𝑎+current increases and reaches a peak value, then, 

decreases to the rest condition (inactivation). In potassium channels, the conductance 

reaches a maximum value and remains constant. However, for the sodium channels, the 

gates spend very short period at the maximum conductance state. To explain the 

difference in the conductance of sodium channels with potassium gates, Hodgkin and 

Huxley suggested activation and inactivation gate for sodium channels. 

 

Fig 2.11 The conductance of sodium channel over time. The conductance reaches a peak value and then decreases by 
time. Two gates (activation and inactivation gates) are considered to explain these channels conductance [5,8,16]. 

The variable ‘h’ represents the level of inactivation and ‘m’ for activation level. 

The rate of transition between two open-close states for ‘h’ gating particle is: 

𝑑ℎ

𝑑𝑡
=  𝛼ℎ(1 − ℎ) − 𝛽ℎℎ       (2.38) 

 

And for ‘m’ gating particle is: 

𝑑𝑚

𝑑𝑡
=  𝛼𝑚(1 −𝑚) − 𝛽𝑚𝑚       (2.39) 

Using the above formulas, the inflected activation curve for sodium conductance is 

explained by: 

𝑔𝑁𝑎 = �̅�𝑁𝑎𝑚
3ℎ       (2.40) 

That fit well with the experimental recordings. So the model of sodium current is: 

𝐼𝑁𝑎 = �̅�𝑁𝑎𝑚
3ℎ(𝑉 − 𝐸𝑁𝑎)      (2.41) 
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With the same method for potassium channels, Hodgkin and Huxley find the model for 

sodium conductance: 

𝛼𝑚 = 0.1
𝑉 + 40

1 − exp (− (𝑉 + 40) 10)⁄
       (2.42) 

𝛽𝑚 = 4exp (− (𝑉 + 65) 18)⁄          (2.43) 

𝛼ℎ = 0.07exp (− (𝑉 + 65) 20)⁄        (2.44) 

𝛽ℎ =
1

1 + exp (− (𝑉 + 35) 10)⁄
       (2.45) 

These expressions for rate constants of sodium channels are used to find the number of 

activated and inactivated sodium channels in HH model. 

Leak current 

When there is no sodium current and potassium flux is the major current, the diving force 

of K+ ions is zero (V-𝐸𝐾 = 0) and no potassium current flows. At this level of potential, 

Hodgkin and Huxley found some non-sodium current. They suggested that this current 

is the mixture of ions (mostly chloride ions) that does not depend on voltage and named 

it leakage current ‘𝐼𝐿′. Using aquasi-ohmic current–voltage relationship they derived[15]: 

𝐼𝐿 = �̅�𝐿  × (𝑉 −  𝐸𝐿)       (2.46) 

Summary of HH model: 

HH current model is the sum of the contributed ionic current models[12-16]: 

𝐶𝑚
𝑑𝑉

𝑑𝑡
=  −   �̅�𝐿(𝑉 −  𝐸𝐿) − �̅�𝑁𝑎𝑚

3ℎ(𝑉 − 𝐸𝑁𝑎) − �̅�𝐾𝑛
4(𝑉 − 𝐸𝐾) + 𝐼       (2.47) 

That I is the circuit current. Fig 2.12 shows the contribution of sodium and potassium 

conductance in action potential.  
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Fig 2.12 time evolution of membrane potential during the action potential phenomenon. The second graph compares the 
conductance of Na+ and k+ channels over the action potential period and the last graph illustrates the related gating 
variables[12-16]. 

From Fig 2.12 it is clear that the conductance of sodium channels starts increasing earlier 

than that for potassium channels, so we can conclude that sodium current is the beginner 

of action potential. The outflow of potassium channels and inactivation of sodium 

channels lead the voltage stop increasing and go back to the rest value. However, since 

a proportion of potassium channels are still activated, the membrane voltage continues 

to decrease under the rest potential value.  

A number of numerical methods attempt to solve the HH model, such as: forward Euler, 

modified Euler, backward Euler, Runge-Kutta, Adams-Bashforth-Moulton predictor-

corrector, and Matlab’s ODE45 function[19].  

Effect of temperature 

Temperature highly affects the constant rates. To involve its effect a temperature 

coefficient is used. Temperature coefficient 𝑄10  is a measurement of increasing in the 

rate coefficient due to 10𝑜𝐶 temperature alteration: 

𝑄10 = 
𝑟𝑎𝑡𝑒 𝑎𝑡 𝑇 + 10𝑜𝐶 

𝑟𝑎𝑡𝑒 𝑎𝑡 𝑇
       (2.48) 

We can find the rate constants by using this factor: 

𝛼(𝑉, 𝑇2) = 𝛼(𝑉, 𝑇1)𝑄10

𝑇2−𝑇1
10       (2.49) 

And 

𝛽(𝑉, 𝑇2) = 𝛽(𝑉, 𝑇1)𝑄10

𝑇2−𝑇1
10        (2.50) 
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And for maximum conductance: 

�̅�𝑋(𝑇2) =  �̅�𝑋(𝑇1)𝑄10

𝑇2−𝑇1
10        (2.51) 

This expression can be explained also by Arrhenius equation. This equation is a formula 

for temperature dependent reaction rates in equilibrium condition. According to this 

equation for a mole of particles, the rate constant k is: 

𝑘 = 𝐴𝑒−
𝐸𝑎
𝐾𝑇       (2.52) 

 

That 𝐸𝑎 is the activation energy, R is the Boltzmann constant and T is the absolute 

temperature. 

The rate coefficient at temperature 𝑇1 and 𝑇2 is 𝑘(𝑇1) and 𝑘(𝑇2): 

𝑙𝑜𝑔 (
 𝑘(𝑇2)

𝑘(𝑇1)
) =

𝐸𝑎
𝑅
(
1

𝑇1
−
1

𝑇2
)      (2.53) 

 

We consider 𝑇2 = 𝑇1 + 10. [12,20,21] 

So: 

𝑙𝑜𝑔(𝑄10) =
𝐸𝑎
𝑅
(

10

𝑇1(𝑇1 + 10)
)       (2.54) 

Voltage gated Calcium currents 

Voltage-gated Calcium channels initiate and moderate many physiological events. 𝐶𝑎𝑉 

channels are effective in mechanisms such as cardiac and smooth muscle 

cells[22,23],Skeletal muscles[24,25] and in neurons, they initiate synaptic 

transmission[24,26,27,28]. 

Concentration of calcium inside the cell is very low, so a model named GHK is used to 

study the behavior of voltage-gated calcium channels. Goldman (1943) and Hodgkin and 

Katz (1949) devised the theory of membrane current flow and derived GHK formula 

based on this theory that describes the currents and voltages through permeable 

membranes[6,29,30]. The net current 𝐼𝑋 (in 𝑐𝑚−2) of ion X through a unit area of 

membrane is: 

𝐼𝑋 = 𝑃𝑋𝑧𝑋𝐹
𝑧𝑋𝐹𝑉

𝑅𝑇
(
[𝑋]𝑖𝑛 − [𝑋]𝑜𝑢𝑡𝑒

−𝑧𝑋𝐹𝑉 𝑅𝑇⁄

1 − 𝑒−𝑧𝑋𝐹𝑉 𝑅𝑇⁄
)       (2.55) 
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That 𝑧𝑋 and 𝑃𝑋 in (𝑐𝑚𝑠−1) are the valency and permeability of ion X respectively: 

𝑃𝑋 = −
𝐽𝑋

[𝑋]𝑖𝑛 − [𝑋]𝑜𝑢𝑡
       (2.56) 

𝑃𝑋 is proportional to the diffusion coefficient (𝐷𝑋) described by Fick’s low. It is assumed 

that the membrane includes a homogenous distribution of the activated calcium ion 

channels. However, to consider the direct relationship of the number of opened channels 

with the amount of ionic current, diffusion coefficient 𝐷𝑋 is interpreted as variable: 

𝐽𝑋,𝑑𝑖𝑓𝑓 = −𝐷𝑋
𝑑[𝑋]

𝑑𝑥
       (2.57) 

Here 𝐽𝑋,𝑑𝑖𝑓𝑓 is the molar flux of ion X that is diffused due to concentration gradient 
𝑑[𝑋]

𝑑𝑥
. 

The current is not proportional to the voltage, so the I-V curve does not abbey the Ohm’s 

law. In the GHK equation, it is assumed that ions flow independently. According to 

Nernst–Plank equation, the gradient of ion internal concentration and electric field control 

the movement of the ions through the membrane.  

This expression can also be used to obtain more accurate I-V relationship for sodium 

and potassium voltage gates[20] . 

Transition State Theory 

Transition State theory is based on Arrhenius (1889) concept and describes the energy 

𝐸𝑎  required for an ion to pass through the voltage gated channels [31]. The reaction rate 

𝑘𝜇 is given by 

𝑘𝜇 ∝ 𝑒𝑥𝑝 (−
𝐸𝑎
𝑅𝑇
)       (2.58) 

That R is the universal molar gas constant and T is temperature in Kelvin.  

To find an expression for the reaction rate between the opening and closing states, Gibbs 

free energy is introduced as the required energy to activate the channels: 

𝑘𝜇 =
𝑘𝐵𝑇

ℎ
exp (−

∆𝐺𝜇

𝑅𝑇
)       (2.59) 

Where 𝑘𝐵 is the Boltzmann constant and h is the planck’s constant. The difference in the 

Gibbs energy is described by: 

∆𝐺𝜇 = ∆𝐻𝜇 − 𝑇∆𝑆𝜇        (2.60) 
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Here ∆𝐻𝜇   and ∆𝑆𝜇 are the differences in enthalpy and entropy between the two states 

[31-33]. 

TRP channels 

Our nerve system is capable of detecting the changes in the environment temperature. 

Thermal detection occurs in the dorsal root and trigeminal ganglia through the primary 

afferent sensory neurons [34,35].TRP superfamily is mainly responsible for temperature 

sensation[36,37].Different types of temperature sensitive channels exist that each can 

be activated in a specific temperature range. The basic principle for temperature sensing 

of these channels belong to the Transient Receptor Potential (TRP) family [36-40]. There 

are four types of heat sensitive channels. Increasing the temperature first excites TRPV4 

channels which are activated for the temperature ranges higher than 25𝑜𝐶, when the 

temperature reaches 31𝑜𝐶  TRPV3 channels produce signal[41-45],ranges higher 

than 430𝐶 results in generation of action potentials by TRPV1 channels[46,47] and the 

TRPV2 channels begin to produce signals for temperatures greater than  52𝑜𝐶 [48]. 

Indeed, TRPM8 and TRPA1 are cold sensitive TRP channels [49-51]. TRPs are also 

sensitive to pain, touch, taste and other stimulations [52]. Although several studies 

evaluated the mechanism of these channels [55-59], the fundamental knowledge of the 

gating mechanism of TRP channels is still unsolved. 

In this study, since TRPV1 channels are activated in the temperature range that magnetic 

stimulations are applied, this channel type is studied in more details. 

Effect of Magnetic field  

Some physical explanations are developed to provide a new insight for utilizing the 

magnetic stimulation technique. Magnetic stimulation of the tissue induces electric field 

that causes AP or inhibition in the nerve cell. The connection between time varying 

electric and magnetic fields can be described by Maxwell equations.  

In Transcranial Stimulation of the brain, magnetic field penetrates through the skull with 

ignorable interaction. Therefore, this technique is the most interesting method to 

stimulate the nervous system[60,61]. 

Basic principles 

Several Experiments have done to study TMS mechanism. In an experiment that 

successfully described the mechanism of signaling, a time-varying electromagnetic field 

is applied externally which results in excitation in nerve cells. In this method, a coil is 
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placed on the surface of the skin or over the tissue. Pulses with current I(t) passes 

through the coil and magnetic field B is produced according to Biot-Savart law: 

𝐵(𝑟, 𝑡) =
𝜇0
4𝜋
𝐼(𝑡)∮

𝑑𝑙(𝑟′) × (𝑟 − 𝑟′)

|𝑟 − 𝑟′|3

 

𝐶

      (2.61) 

Where 𝑙 is the length of the coil and 𝜇0 is the permeability of free space measured in 

H/m. in practice, first, a large capacitor is charged a passing current to a high voltage, 

then it discharges by a thyristor switch through the coil. 

 According to Faraday’s law, magnetic waves then induce an electric field E in the tissue: 

∇ × 𝐸 = −
𝜕𝐵

𝜕𝑡
       (2.62) 

Fig 2.13 shows the process of inducing magnetic field and the neural response[62] . This 

magnetic field induction method is called TMS or Transcranial Magnetic Stimulation. The 

induced magnetic field has a sinusoidal wave form that lasts about 300 𝜇𝑠 16. 

The required threshold voltage for generation of  AP is described by cable equation 

[63,64]. 

The required energy to excite the nerve cells in tissue is proportional to the square of 

magnetic field:  𝑊 ∝ 𝐵2, that B is the magnetic flux density 

According to Faraday’s law, the magnetic field is proportional to the product of the electric 

field and the pulse duration:𝐵2 ∝ 𝐸2𝑡2 [65,66]. 

 

 

Fig 2.13  TMS technique, magnetic field B induces electric field E by a coil placed over the patient’ head. Induced electric 
field then excites the Pyramidal nerves.    The activation of nerves can be detected by some tools such as  EEG,  PET, 
fMRi,  NIRS  and Spect, with behavioral or surface EMG changes. [62] 
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In an experiment, Rotem and Moses located a closed loop over a disk of 1-D cell culture 

and generated magnetic field induced an electric field in the culture. They   present a 

mathematical expression for generation of AP due to MF induction[67].We consider a 

coil of radios R placed in x-y plane at z=0. We can calculate the induced electric field E 

along the closed loop L. According to Faraday’s law, the changes of magnetic flux (ϕ(t)) 

with time through the surface s enclosed by L is equal to the induced electric field along 

the loop with radios r: 

∫
 

E⃗⃗ (t). d𝑙 
 

L

= 
∂

∂t
ϕ(t) =  

∂

∂t
∫

 

B⃗⃗ (t). d𝑠 

 

s

       (2.63) 

Magnetic field near and inside the coil is almost uniform and perpendicular to the coil 

plane: 

∫

 

B⃗⃗ (t). d𝑠 = 𝐵(𝑡)∫ ds 
 

s

= 𝐵(𝑡) × 𝜋𝑟2
 

s

       (2.64) 

Therefore,  magnetic flux through L is  

ϕ(t) =𝐵(𝑡) × 𝜋𝑟2       (2.65) 

and  

∂

∂t
ϕ(t) = 𝜋𝑟2  ×

∂

∂t
𝐵(𝑡)       (2.66) 

In this experiment, all boundaries of the vessel and neurites are concentric with the coil, 

thus, the amount of the electric field in any radius is uniform.  

∫
 

E⃗⃗ (t). d𝑙 
 

L

= 2πr ×E(t)        (2.67) 

So, the equation is simplified to 

E(t) =  
𝑟

2

∂

∂t
𝐵(𝑡)      (2.68) 
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Fig 2.14 Magnetic stimulation of a culture in the form of a ring . A 1-d neuronal ring culture is placed 5 mm under the 
circumference of a coil. We use Faraday’s law to calculate the electric field induced at rings concentric and parallel to the 
plane of the coil[67]. 

We consider that the neurite lie along the x direction and its passive length and passive 

time constants are 𝜆 and 𝜏  

𝜆2
𝜕2𝜑𝑚
𝜕𝑥2

−  𝜏
𝜕𝜑𝑚
𝜕𝑡

− 𝜑𝑚 = 𝜆
2
𝜕𝐸𝑥
𝜕𝑥
       (2.69) 

That 𝜑𝑚 is the deviation of the membrane potential from the resting value. To solve the 

passive cable equation, it is necessary to use Green’s function: 

𝐺(𝑥, 𝑦; 𝑡) =
𝑒−
𝑡
𝜏

𝐿
+
2

𝐿
∑(𝑐𝑜𝑠

𝑛𝜋𝑥

𝐿

⋈

𝑛=1

𝑐𝑜𝑠
𝑛𝜋𝑦

𝐿
𝑒−𝛼𝑛

1
𝜏)     𝑡 ≥ 0       (2.70) 

And 

𝛼𝑛 = 1 + (
𝑛𝜋𝜆

𝐿
)2       (2.71) 

The magnetic sinusoidal pulse induce an electric field parallel to the x direction, 

consisting a sinusoidal cycle with a constant time cycle of 240 𝜇𝑠  that depends on the 

amplitude of the magnetic field 

𝐸𝑥(𝑥, 𝑡) = (𝐸0⃗⃗⃗⃗  . 𝑥) cos𝜔𝑡            𝜔 =  
2𝜋

240𝜇𝑠
≈ 25 𝐾𝐻𝑧       (2.72)  

Here 𝐸0 is the maximum amplitude of the electric field. It depends on the strength of the 

magnetic pulse and the geometry of the experiment. In Table 2.1 the geometrical and 

electrophysiological parameters of neurons are given. 

 

PARAMETERS DENDRITE AXON 

DIAMETER 5 𝜇𝑚 1 𝜇𝑚 

LENGTH CONSTANT 𝝀 865 𝜇𝑚 384 𝜇𝑚 

PHYSICAL LENGTH L ≤ 200𝜇𝑚 ≥ 1000𝜇𝑚 

TIME CONSTANT 𝝉 ≈ 5 𝑚𝑠 ≈ 300 𝑚𝑠 

𝐄𝐓 ≥ 458 𝑉/𝑚 ≈ 280 𝑉/𝑚 

   
Table 2.1  the model parameters of axons and dendrites [64,68-71] The data is collected by Rotem et al.[67] 

𝐸𝑥(𝑥, 𝑡) =  𝐸0 cos𝜔𝑡            𝜔𝑡 ∈ [0,2𝜋]       (2.73) 

To determine the boundary condition we assume that 𝜑𝑇 is the voltage threshold of the 

membrane and induces a threshold electric field𝐸𝑇.  
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Boundary conditions: 

Uniform external field induces currents in the membrane at the two ends (0, L) of the 

neurite. 

𝐹(𝑥, 𝑡) = 𝜆2
𝜕

𝜕𝑥
(𝐸0⃗⃗⃗⃗  . 𝑥) cos𝜔𝑡 =  𝜆

2 𝐸0[𝛿(𝑥) − 𝛿(𝑥 − 𝐿)] cos𝜔𝑡       (2.74)  

Combination of this formula with Green function yields[72]: 

𝜑𝑚(𝑥, 𝑡) = ∫ 𝐺(𝑥, 𝑦; 𝑡)
𝐿

0

𝜑𝑚(𝑦, 0)𝑑𝑦 + ∫ ∫ 𝐺(𝑥, 𝑦; 𝑡 − 𝑠)
𝐿

0

𝐹(𝑦, 𝑠)𝑑𝑠𝑑𝑦
𝐿

0

       (2.75) 

To solve the integral, it is important to note that the ends of the neurite is considered to 

be fixed: 

𝜕𝜑𝑚(0, 𝑡)

𝜕𝑥
=
𝜕𝜑𝑚(𝐿, 𝑡)

𝜕𝑥
= 0       (2.76) 

Membrane resting potential is assumed to be zero before the excitation: 

𝜑𝑚(𝑥, 0) = 0       (2.77) 

Therefore 

∫ 𝐺(𝑥, 𝑦; 𝑡)
𝐿

0

𝜑𝑚(𝑦, 0)𝑑𝑦 = 0       (2.78) 

SO 

𝜑𝑚(𝑥, 𝑡) = 0 + 𝜆
2𝐸0∫ ∫ [

𝑒−
𝑡
𝜏

𝐿
+
2

𝐿
∑(𝑐𝑜𝑠

𝑛𝜋𝑥

𝐿

⋈

𝑛=1

𝑐𝑜𝑠
𝑛𝜋𝑦

𝐿
𝑒−𝛼𝑛

𝑡−𝑠
𝜏 𝑐𝑜𝑠𝜔𝑠]

𝑡

0

𝐿

0

[𝛿(𝑦)

− 𝛿(𝑦 − 𝐿)]𝑑𝑠𝑑𝑦                                                                                  (2.79) 

     

The existence of two delta functions gives two discrete values for y (y=0 and y=L) .Thus  

∫ [
𝑒−
𝑡
𝜏

𝐿
+
2

𝐿
∑(𝑐𝑜𝑠

𝑛𝜋𝑥

𝐿

⋈

𝑛=1

𝑐𝑜𝑠
𝑛𝜋𝑦

𝐿
𝑒−𝛼𝑛

𝑡−𝑠
𝜏 𝑐𝑜𝑠𝜔𝑠]

𝑡

0

[𝛿(𝑦) − 𝛿(𝑦 − 𝐿)]𝑑𝑦

= 0 +
2

𝐿
∑(𝑐𝑜𝑠

𝑛𝜋𝑥

𝐿

⋈

𝑛=1

)(1 − cos𝑛𝜋)𝑒−𝛼𝑛
𝑡−𝑠
𝜏 𝑐𝑜𝑠𝜔𝑠       (2.80) 

So for n= 2,4,.. the above equation is zero[(1 − cos 𝑛𝜋) = 0 𝑓𝑜𝑟 𝑛 = 2,4,… ]. The solution 

for 𝜑𝑚(𝑥, 𝑡) will be 
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𝜑𝑚(𝑥, 𝑡) =
2𝜆2𝐸0
𝐿

∑ [(𝑐𝑜𝑠
𝑛𝜋𝑥

𝐿
)(1 − cos 𝑛𝜋)∫ 𝑒−𝛼𝑛

𝑡−𝑠
𝜏 𝑐𝑜𝑠𝜔𝑠𝑑𝑦

𝑡

0

]

⋈

𝑛=1

 

=
4𝜆2𝐸0
𝐿

∑ [𝑐𝑜𝑠
𝑛𝜋𝑥

𝐿
×
𝛼𝑛𝑐𝑜𝑠𝜔𝑡 + 𝜔𝜏𝑠𝑖𝑛𝜔𝑡 − 𝛼𝑛𝑒

−𝛼𝑛
𝑡
𝜏

𝛼𝑛
2 + (𝜔𝜏)2

]

⋈

𝑛=1

                 

=
4𝜆2𝐸0
𝐿

× {∑𝑐𝑜𝑠
𝑛𝜋𝑥

𝐿
[
sin (𝜔𝑡 + 𝜙𝑛)

√𝛼𝑛
2 + (𝜔𝜏)2

+
𝛼𝑛𝑒

−𝛼𝑛
𝑡
𝜏

𝛼𝑛
2 + (𝜔𝜏)2

]

⋈

𝑛=1

}       (2.81) 

The answers for 𝛼𝑛 and 𝜙𝑛 is: 

𝛼𝑛 = 1 + (
𝑛𝜋𝜆

𝐿
)2                                  𝜙𝑛 = 𝑡𝑎𝑛

−1 (
𝛼𝑛

√𝛼𝑛
2 + (𝜔𝜏)2

)       (2.82)  

For numerical solutions: 

The passive cable can be solved numerically using PDE toolbox in MATLAB. The 

boundary conditions are (
𝜕𝜑𝑚(0,𝑡)

𝜕𝑥
=
𝜕𝜑𝑚(𝐿,𝑡)

𝜕𝑥
= 0 ), initial value (𝜑𝑚(𝑥, 0) = 0). The 

biological values for l, L and t are substitute. We assume that the cell start to be activated 

when the membrane reaches the threshold value. 

Considering the boundary conditions (
𝜕𝜑𝑚(0,𝑡)

𝜕𝑥
=
𝜕𝜑𝑚(𝐿,𝑡)

𝜕𝑥
= 0 ), initial value (𝜑𝑚(𝑥, 0) =

0) , and an external force, we can solve passive cable numerically using PDE toolbox in 

MATLAB (The Math Works, Natick, MA). 

The values for l, L and t are chosen according to biological data. When membrane 

voltage reaches a threshold value (Here is considered 𝜑𝑇 =30 mV), AP happens. The 

correlated threshold electric field ET   is: 

𝐸𝑇 = (𝑚𝑖𝑛{𝐸0}|𝑚𝑎𝑥𝑥,𝑡{𝜑𝑚(𝑥, 𝑡)} ≥ 𝜑𝑇)       (2.83) 

Where E0 is the minimum electric field amplitude matches with the requirements. So the 

value of 𝜑𝑚 in the boundaries (0, L) is maximum. For x=0 

𝑚𝑎𝑥𝑥{𝜑𝑚(𝑥, 𝑡)} = 𝜑𝑚(0, 𝑡)       (2.84) 

=
4𝜆2𝐸0
𝐿

∑ [
sin (𝜔𝑡 + 𝜙𝑛)

√𝛼𝑛
2 + (𝜔𝜏)2

+
𝛼𝑛𝑒

−𝛼𝑛
𝑡
𝜏

𝛼𝑛
2 + (𝜔𝜏)2

]

⋈

𝑛=1

       (2.85) 

For a typical dendrite, we use the approximation (𝜆 𝐿⁄ ≫ 𝜔𝜏 ≫ 1: 

𝜑𝑚𝑎𝑥 = 𝑚𝑎𝑥𝑥,𝑡{𝜑𝑚(𝑥, 𝑡)}       (2.86) 
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≈ 𝑚𝑎𝑥𝑡 {
4𝐸0𝐿

𝜋2
cos(𝑤𝑡) ∑

1

𝑛2

∞

𝑛=1,3,..

} =  
𝐸0𝐿

2
       (2.87) 

𝜆 > 0.8 𝑚𝑚    𝐿 < 0.1  𝑚𝑚      𝜏 < 10 𝑚𝑠 

 

If the length L increases or I decreases, axon condition will be 𝜆 𝐿 < 𝜔𝜏⁄ . The maximum 

value for 𝜑𝑚 is the sum that can be solved numerically using PDE: 

𝜑𝑚𝑎𝑥 ≈
𝐸𝑜𝜆

√𝜔𝜏
       (2.88) 

𝜆 < 0.5 𝑚𝑚    𝐿 > 1  𝑚𝑚      𝜏 > 0.1 𝑚𝑠 

Reduction of 𝜏 to to <0.1 ms results in saturation of  𝜑𝑚 at the highest value (𝜑𝑚𝑎𝑥 =

 𝐸𝑜𝜆). Therefore, reducing 𝜏 does not result in maximum value of 𝜑𝑚. 

Likewise, we can not increase L , 𝜆 to reach the maximum value. So, we conclude 

that  𝜑𝑚𝑎𝑥 has a limited range[67] 

𝑚𝑎𝑥𝜏{𝜑𝑚𝑎𝑥} ≤ 𝑚𝑖𝑛 {𝜆,
𝐿

2
} × 𝐸        (2.89)  
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NEURON software 

NEURON is a simulation environment that present neural models. This program is 

designed with a flexible environment that includes a high range of simulation scales from   

(or a part of) a single neuron to complex nerve models. It allows inserting the properties 

of nerve sections and connecting them together to form complex morphologies. In 

Neuron software, simulation of models are specified with GUI tools or with the HOC 

language.  The NMODL language allows for development and improvement of neural 

models by adding new components to a model [73]. These advantages allowed the 

researches in Human Brain Project (HBP) for modeling several neural instructions by 

this software [74,75]. 

NEURON is an object-oriented interpreter based on creating cable sections which 

include the physical properties of the section and can be connected together to form an 

arbitrary branched cable[76].  

Creating a simple compartment 

To create a compartment in NEURON using Hodgkin and Huxley model, the simplest 

possible model is neuron’s body simulation. In this model, neuron’s axon and dendrites 

are removed: According to HH model, the simplest form of the membrane circuit consists 

of a membrane capacitance 𝐶𝑚, a membrane resistance 𝑅𝑚, a leakage reversal potential 

𝐸𝐿 and a current source 𝐼𝑒 (Fig 2.14). 

 

Fig 2.15  The simplest compartment in HH model considered in modeling by NEURON, consisting of a capacitanceC_m 
that represents the voltage difference between two sides of membrane lipid bilayer, a resistor and battery representing 
the conductance and passing force of the channel and a current source [78] 

To create this circuit first we create a section. Each section contains several segments 

that have the same membrane potential. We create soma: 

create soma 

A new section with default properties (Table 2.2) is created.  

To refer to this section in the object oriented environment of NEURON we type: 
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access soma 

To print the properties of the section type: 

soma psection() 

The printed properties, their default values and units are shown in Table. 

VARIABLE  MEANING VALUE UNITS 

NSEG Number of segments in section 1  

L Length of section l 100 𝜇𝑚 

RA    

(PASSIVE) 

Specific axial resistance 𝑅𝑎 35.4      Ω cm 

DIAM Diameter d 500 𝜇𝑚 

CM    

(PASSIVE) 

Specific membrane capacitance 𝐶𝑚 1 𝜇𝐹/𝑐𝑚2 

Table 2.2  Default properties of a section[78] 

The section has nseg segments with L/nseg length.  

The default values of the parameters can be changed. For example, we change the 

diameter to 400 μm, soma length to 120 μm and Ra to 70 Ω cm: 

soma.diam = 400 

soma.L = 120 

soma.Ra = 70 

or we can type the name of the parameter in front of the statement without using dot: 

 soma diam = 400 

soma L = 120 

soma Ra = 70 

or :  

soma { 

     diam =  400 

     L = 120 

     Ra = 70 

 } 
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The third way to change the values is : 

access soma 

diam = 400 

L = 120 

Ra = 70 

The access statement should not be used for more than one otherwise, we will get 

confused what section we are referring to. 

Inserting the properties of the membrane 

To create channels on the model, NEURON includes two mechanisms: passive 

channels(pas) and Hodgkin and Huxley channels(hh). 

According to Fig 2.14 we need to create the properties for the leakage channel that are 

the leakage reversal potential ‘𝐸𝐿’ and its related specific leakage conductance ‘�̅�𝐿’. To 

introduce the membrane conductance and reversal potential to the leakage and other 

types of channels we use pas channel[78]: 

soma insert pas 

This command adds more two properties to soma section that are listed in Table 2.4. 

The resistance of the channel is the reverse of the conductance, so 𝑟𝑚 =
1

0.001
= 1000 Ω

𝑐𝑚2 

VARIABLE  MEANING VALUE UNITS 

G_PAS Specific leakage conductance �̅�𝐿 0.001    𝑆 𝑐𝑚2⁄  

E_ PAS leakage reversal potential 𝐸𝐿 -70 𝑚𝑉 

Table 2.3  Default properties of the pas channel. 

Injection of current: 

To complete the model of Fig 2.14, we have to insert a current source 𝐼𝑒 that represents 

the passive current injected to the section. The current will be injected in a point on soma, 

so it will work on a specific area of the section. It is proper to express the injected 

parameter in absolute value (in this example, we express the current in terms of nA 

instead of nA/𝑐𝑚2). The related commands are: 

objref  stim        or        objectvar stim 

soma stim = new IClamp(0.5) 
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The object is named stim, objref creates a new reference to stim. In the second 

command, we created an object variable named stim. In the second line the property of 

the new object (stim) is determined that is the injection of current (current clamp: IClamp). 

The new created object is associated to soma section. The location of the point process 

is justified in the parenthesis. 

Three properties of IClamp are: 

- del: The delay until the onset of the stimulus (in ms) 

- dur: The duration of the stimulus (in ms)  

- amp: The amplitude of the stimulus (in nA) 

In our model, we set the properties of the IClamp as follows: 

stim.amp = 1 

stim.del = 100 

                                                                           

The current pulse has 1 nA amplitude, starts after 100 ms and lasts for 90 ms. 

For point process objects we have to use ‘dot’ notation. 

The point processes are expressed in absolute terms(ex: nA) whereas the parameters 

that are attributed to the entire section are usually expressed in terms of per unit area(ex: 

nA/𝑐𝑚2).  

In addition to IClamp, there are VClamp, ExpSyn poin processes.Each of them have their 

own properties that should be set.The program for our model is [77,78]: 

create soma 

access soma 

 

soma diam = 400 

soma L = 120 

soma Ra = 70 

 

objectvar stim 

stim = new IClamp(0.5) 

 

stim.amp = 0.1 

stim.del = 100 

stim.dur = 90 
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How to run the simulation? 

 A simple command to run the program is. 

run() 

To compare the changes in membrane potential, we use ‘print’ command before and 

after running the program: 

soma print v  

The default duration for running the program is 5 ms. However, we can change the 

duration time by the command bellow [77]: 

tstop = 300  

run() 

Modeling by graphical interface 

From the main menu (Fig 2.16.up) click Tools/RunControl. A window will be open that 

allows us to specify the related parameters for the simulations (Fig 2.16.down). There 

are several buttons; each is used to determine the value of a specific property on the 

membrane. A general initial default values are set in front of each icon. We can change 

the values by typing the numbers or using the ‘up& down’ button. When a new value is 

set, a check mark appears beside the value. Clicking on it returns the parameter to the 

initial default value. 

 

 

Fig 2.16 up) the NEURON main menu, down)  RunControl window is designed to determine the related values of 
properties of the model and see the graphical plot of the changes of the membrane parameters[77]. 
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After specification of the parameter values, we apply them on the model by pressing 

Enter key or clicking or Init&Run button. 

To see the plot for the time evolution of the membrane voltage, we click the Voltage axis 

button from the Graph window of the NEURON main menu. A window will open that 

shows the time course (horizontal axis) of the voltage (vertical axis). 

The initial value for membrane potential is -70 mV. This amount of voltage is related to 

the voltage difference in the capacitance, leakage reversal potential and resistance. 

Application of current with 1 nA amplitude, and 5 mS duration (is plotted as a sloping 

line) increases the membrane voltage to -40 mV. 

There is a square mark at the top-left corner of the window. We can study the figure with 

more details by clicking on it or just right-click on the plot and choosing the submenus[77]. 

Kirchhoff’s law: 

From the Kirchhoff’s first law, we drive the equation which relates the time corse of 

voltage with other related parameters: 

𝐶
𝑑𝑉

𝑑𝑡
= −

𝑉 − 𝐸𝐿
𝑅𝑖𝑛

+ 𝐼𝑒     (2.90) 

 Here 𝑅𝑖𝑛 is the inject current needed to increase the membrane potential by a desired 

amount and 𝐼𝑒 is the current injected. 

The answers of equation above is: 

When the current is began to inject at t=0, the time evolution of the membrane is: 

𝑉 = 𝐸𝐿 + 𝑅𝑖𝑛      (2.91) 

When there is no injected current, membrane potential changes according to the 

equation below: 

𝑉 = 𝐸𝐿 + 𝑉0𝑒
− 
𝑡
𝜏     (2.92) 

 

That 𝑉0 is membrane voltage at the beginning t=0 and 𝜏 is the time constant that is the 

time it takes for the membrane potential to get the limited value. 

𝜏 =  𝑟𝑚𝑐𝑚      (2.93) 

To define𝑅𝑖𝑛 , we use Ohm law that is the ratio of the small changes in membrane 

potential over the injected current: 
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𝑅𝑖𝑛 =
∆𝑉

∆𝐼𝑒
     (2.94) 

The input resistance depends on the specific membrane resistance and the area of the 

membrane: 

𝑅𝑖𝑛 =
𝑟𝑚
𝐴
     (2.95) 

The area of the membrane ’A’ is defined by: 

𝐴 =  𝜋. 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟. 𝐿     (2.96) 

In our model: 

𝐴 =  𝜋. 50 × 10−4. 120 × 10−4 

= 1.88 × 10−4 𝑐𝑚2                (2.97) 

According to table 2.3, the specific membrane resistance is: 

 𝑟𝑚 =
1

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
=

1

𝑔_𝑝𝑎𝑠
=

1

0.001
= 1 𝑘Ω𝑐𝑚2     (2.98) 

Therefore 𝑅𝑖𝑛 is: 

𝑅𝑖𝑛 =
𝑟𝑚
𝐴
=

1000 Ω𝑐𝑚2

1.88 × 10−4 𝑐𝑚2
= 5.3 × 106Ω = 5.3 MΩ     (2.99) 

 

We compare the result for 𝑅𝑖𝑛 with the result calculated with the other formula: 

𝑅𝑖𝑛 =
∆𝑉

∆𝐼𝑒
=
𝑉0 − 𝐸𝐿
𝐼𝑒 − 0

=
(−59.69 − (−65)) × 10−3

1 × 10−9
= 5.3 × 106Ω = 5.3 MΩ    (2.100) 

Immediately after the current injection, membrane potential is -59.69 mV and its value 

before the injection (initial value determined for the model) is -65 mV. The amplitude of 

the injected current is 1 nA and there is no initial current. The results show that the 

value of 𝑅𝑖𝑛 calculated using the two methods match each other[77]. 

Saving the program 

To edit the commands and reuse them, it is more practical to enter the commands in 

notepad for windows users and save them. We can reopen the program by double click 

on it. 
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Neuronal Network 

In the next step, we connect the dendrites to the soma and then design a network of 

neurons. 

In object oriented programs, for each section of the model, specific characters and 

functions are defined, then, these independent elements are programmed to be a 

component of a larger functional environment. The same concept is applied for neurons 

when we consider each component of the membrane as a combination of circuit 

elements. These chain components connect together as shown in Fig 2.17 and are called 

cables. 

 

Fig 2.17 consideration of the neuron as a cable that is a chain of components connected each other[78]. 

In NEURON the cable is considered as several components connected each other (Fig 

2.17). The soma is considered as a sphere and the dendrites are assumed cylinders.  

 

 

Fig 2.18  Construction of a complex network of neural compartments by connecting independent sections [80] 

Before we start programing, it is useful to note the importance of the segments: The point 

possesses are poison processes that are defined in an small area that depends on the 

dimension of the segment. The point process acts on the middle of the segment. If 

section is considered as a segment, the point process will end up at the middle of the 

section. If the section consists of several segments, the point process is defined to act in 

the middle of one of the segments and not necessarily on the middle of the segment. 



- 38 - 
 

Therefore, division of the section into segments increases the spatial resolution of the 

simulation.  

In this report, our approach is to add two dendrites to the soma. A simple model of 

connection is illustrated in Fig 2.19. 

 

Fig 2.19 Three independent segments are connected each other. Dendrites are shown in cylindrical shape are connected 
to a soma (with spherical shape).    

To create the components, we type create command with the name of the sections that 

are two dendrites and a soma: 

ndend = 2 

create soma, dend[ndend] 

access soma 

The second step is defining the characteristics of each of the sections. For soma: 

soma { 

    nseg = 1 

    diam = 18.8 

    L = 18.8 

    Ra = 123.0 

    insert hh 

} 

 

Then, we determine the properties for each dendrite: 

dend[0] { 

    nseg = 5 

    diam = 3.18 

    L = 701.9 

    Ra = 123 
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    insert pas 

} 

 

dend[1] { 

    nseg = 5 

    diam = 2.0 

    L = 549.1 

    Ra = 123 

    insert pas 

} 

To connect the components, we use connect command in the form below: 

connect dend[0](0), soma(0) 

connect dend[1](0), soma(1) 

After introducing the components, we can apply different processes on the sections. For 

example, we inject a current pulse in the soma: 

objectvar stim 

stim = new IClamp(0.5) 

 

stim.del = 100 

stim.dur = 100 

stim.amp = 0.1 

tstop = 300 

It is important to note that the initial potential of the membrane is similar but not 

necessarily the same in all the components. Voltage variation on the membrane depends 

on time, so , to reach a stable state, it is better to let the simulation run for a while before 

applying a stimulation (in our program  the delay is 100 ms before applying IClamp 

)[79,80]. 
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Figures generation 

To plot the voltage graph of the three section, we right click on the voltage graph window 

and choose “plot what?” A window will open with the list of the sections and their 

properties.  

The variables are calculated at different times. For example, voltage is calculated at the 

beginning of the time step, whereas current is calculated at the middle of the time 

step[80]. 
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Chapter 3 

Effect of temperature on voltage-gated sodium, 

potassium and calcium channels 

 

Regarding the influence of temperature on chemical and enzymatic processes involved 

in channels function, as well as its effect on membrane lipids associated with channels 

[81], effect of temperature on channel responses is an important issue. Influence of 

temperature on ion channels of unmammalian neurons have been studied in several 

researches [82-85], nevertheless its effect on mammalian neural channels have become 

a hot topic recently.  

In this section, we analyze the response of the voltage gated sodium 𝑁𝑎𝑉  and potassium 

𝐾𝑉 channels to the changes in temperature with NEURON software. We apply Hodgkin 

and Huxley equations for Na, K, leak currents in mammalian nerve cells (HH2). Using 

ICLAMP technique, we injected a current with specific amplitude (0.1 nA) and duration 

(5 ms) and simulate the behavior of voltage gated ionic channels at temperatures 30 

(activation range of TRPV4 channels), 36, 40, 43 (TRPV1 is activated at this temperature 

[46]), 45, 52 (activation temperature of TRPV2 channels) and 55𝑜𝐶. Finally, we use 

VCLAMP technique and find the changes in time constant and gating parameters versus 

temperature and voltage.  

Methods and Settings 

In this simulation, a typical soma with 20𝜇𝑚 length and 20𝜇𝑚  diameter is considered, 

then we express 𝑁𝑎𝑉   and 𝐾𝑉 channels by inserting hh2 model and adding leakage 

current: 

create soma 

soma diam = 20  

soma L = 20 

insert hh2 

insert pas 
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The amplitude of the leakage current is set to )(0001.0
2

cmS . The values of 
Na

g  and 

k
g equals to )(003.0

2
cmmho and )(005.0

2
cmmho  respectively according to the hh2 

model conditions.  After initial settings , we fix the temperature to 25𝑂𝐶 and form ‘ 

NEURON Main Menue’ we choose ‘Tools’  and select ‘RunControl’ to control the initial 

potential , simulation duration and other parameters. Then from ‘Tools’ , ‘Point 

Processes’ we select ‘ Managers’ then ‘  Electrode’. ‘I/V Clamp Electrode’ window will 

open. We choose ICLAMP and set the delay period to 5 ms, current injection period to 5 

ms and the current amplitude to 0.1 nA. In Fig 3.1 the considered settings are illustrated. 

 

 

Fig 3. 1  Initial settings for our simulations with ICLAMP technique. 

After setting the parameters, we run the program for several considered temperatures. 

To see the simulation results, Neuron has graph options that is explained in Ch2. We 

illustrated V-t, gating numbers-t and time constant 𝜏 − 𝑡 graphs in the following sections. 

Result 1: Membrane voltage versus time 

Membrane potential remains at rest value until the time the current is injected (t = 5ms 

to 10 ms). From t = 5ms, the potential starts to rise and when it passes the threshold 

potential, AP happens.  According to Fig 3.2.a, the amplitude and duration of the spikes 

decrease with temperature significantly. 

For more precised evaluation, we divide the AP process to 3 stages as shown in Fig 

3.2.b. The first stage is from the time that the current is turned on to the threshold voltage 

which is about -40 mV ( from Voff to Vinit), the second stage is the time that the potential 
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jumps from the threshold value (-40 mV) to the maximum peak of the spike(Vmax) and 

the last stage is the time interval that the membrane potential drops from Vmax to its 

threshold value named  Vend. 

 

Fig 3. 2  a) Reaction of soma to the injection of current with 0.1 nA amplitude and 5ms duration at 30, 36, 40, 43, 45, 52, 
and 55𝑜𝐶. The dynamic rate of channels increases with temperature. b) AP at 30 C◦ that is pointed by four voltage values 
to divide the AP process to several stages for more precise evaluation. 

Fig 3.3 shows the changes in potential versus time. As it is clear form Fig 3.3.a, 

membrane potential at lower temperatures rises more than the case it does at higher 

temperatures. The pattern of membrane voltage is similar from Voff to Vinit in all 

temperatures as shown in Fig 3.3.b.But the differences are significant from Vinit to 

maximum peak (Fig 3.3.c) and it is almost equal for the pattern from Vmax to Vend  but 

with inverse trend. 

Fig 3.3.e, f and g show the duration of APs in various temperatures. In these figures, the 

duration of the ionic flux from Voff to Vmax have an exponential trend. At low 

temperatures, the spike duration is high. However, alteration of the temperature results 

in decreasing the duration of the ionic fluxes except in Fig 3.3.f that the duration of the 

ion flux from Voff to Vinit is highest at C
0

30 , then it decreases by temperature and hits 

a minimum peak at C
0

45  and then rises again. Although, the changes of the period from 

Voff to Vinit is very small in this graph, it has a small effect on the total figure of APs. 
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Fig 3. 3  Voltage difference, rate and duration of spikes at different temperatures. The ion fluxes is described in four 
phases: The first column of figures from left side (a, e and i) show the changes from Voff to Vmax. The second and third 
column illustrates the changes from Voff to Vinit and from Vinit to Vmax respectively. The last column is about the changes 
from Vmax to Vend. 

The last four plots (Fig 3.3 i, j, k and l) show the changes of voltage over time (i.e voltage 

rate) versus temperature. In Fig 3.3.i, the voltage rate decreases slowly but steadily at 

lower temperatures. However, it falls more steeply as the temperature alters. 

Enhancement of the temperature results in a small fluctuation in Fig 3.3.j that is from Voff 

to Vinit. An unusual figure is shown in Fig 3.3.k. The slope of V over t is low at C
0

30 , it 

plunges and hits a maximum peak at C
0

36  and then falls again. The opposite pattern is 

resulted in Fig 3.3.l from the simulations.Total width of the spike (duration of AP) is 

illustrated in Fig 3.4. It decrease exponentially with rising the temperature. 

 

 

 

 

 

 

 

 

 

Fig 3. 4 Changes of the spike durations (spike width) with temperature. As the temperature alters, the duration decreases 
exponentially. 
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Result 2: Gating parameters 

We also study the contribution of m and h gates for sodium channels and n gates of 

potassium channels. The time course of these gate activations is illustrated in Fig 3.5. 

In Fig 3.5a, as the temperature increases, the percentage of the activated m gates and 

its duration decreases. The apposite pattern is shown for h gates (Fig 3.5.b). For 

Potassium channels only one type of gate is defined (n gates). In Fig 3.5.c, the 

enhancement of temperature results in decreasing the width and amplitude of the n-t 

graphs. The plot for n gates at 43𝑜𝐶 follows an unusual trend. It is important to note that 

at this temperature range TRPV1 channels are activated. We can conclude that 𝐾𝑉 

channels may moderates the TRPV1-caused spikes.  

Fig 3. 5 The percentage of the activated gating number of a)Na-m, b)Na-h and c) k-n  gates over time and at various 

temperatures. In all plots, as the temperature rises, the proportion of reacted gates decreases except the n gates at 43𝑜𝐶 

that show a different pattern in plot c 

Fig 3.6 shows the maximum number of activated m, h and n gates and the related time.  

Considering that m gates of the sodium channels start action potential, and HH model 

considers all or none role, response is possible only when high proportion of m gates are 

activated.  Since only around 60% of the channels get activated, we can indicate from 

Fig 3.6.a that the membrane perturbations at 53  and C
0

55  are not defined as an AP. 
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It is important to note that in Fig 3.6.c, mechanism of  n gating at C
0

43  does not follow 

similar pattern of gating at other temperatures.  

Fig 3. 6 the maximum percentage of gating of a) m gates for sodium channels, b) h gates for sodium channels, c) n gates 

for potassium channels and d) comparison of the three plots. The time and maximum gating numbers decrease with 

temperature. However, maximum n at 43o C shows a different trend. 

From Fig 3.6.d it is clear that h gates reach their maximum activation percentage earlier 

than the m and n gates. Comparing the plots for m and n gates for sodium and potassium 

channels, the time and percentage of maximum gating for both gates and the related 

time period is similar at high temperatures( C
0

43,45,52,55 ) but at low temperatures the 

plot for m gates is far higher than n gates. Indeed, although the numbers of activated 

gates change very small by temperature, the m gates activation percentage is increasing 

but for n gates it is decreasing.  

Fig 3.7 compares the activation percentage of m, h and n gates as a function of voltage 

for different temperatures. As it is clear from Fig 3.7a, none of the m gates are in activated 

condition at rest potential. Injection of current leads to the activation of gates that is 

continued until it reaches a maximum value, which is proportional reversely to the 

temperature. Then it goes back to the initial value. Fig 3.6.b shows the activation 

percentage of h gates. For the membrane temperature of C
0

30 , the activation process 

happens in vast wide of voltages, however as we set the membrane to higher  

temperatures, the width and the percentage of the h gates become smaller.  For the n 
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gates of potassium channels, in low temperatures ( C
0

45,40,36,30 ), the maximum 

number of activated gates have similar value around 60% of the total number of gates. 

In this plot also, we see the activation trend of n gates at C
0

43  behave differently with 

others. The maximum percentage and the voltage interval of the activation at 52 and

C
0

55  is much smaller than those for low temperatures. 

Fig 3.7  Activation percentage versus membrane voltage for a)m gates and b)h gates of voltage gated sodium channels 

and c)n gates of potassium channels at different temperatures. As the temperature decreases the rating process happens 

in smaller range of voltage. 

Effect of thermal and electrical stimulation in VClamp condition 

Vclamp technique is the other method that is used in HH model. In this case, the 

voltage remains constant during the experiment. To study the effect of temperature 

on the kinetics of ionic fluxes, we use the formulas in the HH2 model.  We set the 

voltage to change from -75 to 45 mV and the temperature from 25 to C
0

65  with 1𝑜𝐶 

steps. The results are shown in Fig 3.8.  

Result 1 : Effect of temperature on time constant 

Before analyzing the results, it is useful to note that changes in temperature affects the 

time constant ( ) directly: 
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The temperature factor (tadj) is appeared only in time constant parameter in HH model 

in NEURON [73]. 

In this simulation, we changed the temperature from 25𝑜𝐶 to 65𝑜𝐶 with 1𝑜𝐶 steps to find 

the relation of time constants with temperature.  

Fig 3.8 compares the changes in the time constant of m, h and n gates with temperature. 

The m gates, which are beginners of AP, 

 are affected very small from changing the temperature, but the time constant for h gates 

of sodium channels decrease exponentially. Effect of temperature on time constant for n 

gates of potassium channels is higher than for those of sodium channels but the trend of 

changes is similar with the h gates. 

 

Fig 3. 8 Changes of the time constant for m, h gates of the sodium channels and n gates of the potassium channels. 
Temperature increases from 25o C to 65o C with 1o C  steps. 

Result 2: Gate number versus temperature and voltage 

Fig 3.9 illustrates the kinetics of 
V

Na  and 
V

k channels as a result of thermal and electrical 

stimulation of soma. In the first plot, the fraction of activated gates is shown (in 20 

temperature values) as a function of voltage. The graphs at different temperatures almost 

coincide each other. As it is clear from the plots, the number of activation of m and n 



- 49 - 
 

gates increases by thermal and electrical stimulations, but the number of activated h 

gates decreases from 100% to zero. At first glance, we see that the patterns of the gating 

is the same in both types of stimulation. However, it is important to note that the voltage 

stimulation is in [-80(mV):1 mV: 60(mV)] interval but the thermal stimulation is between 

25 to C
0

65  with 1𝑜𝐶 step. 

For better comparison between the effect of thermal and electrical stimulation, the 3 

dimensional plot is illustrated for changes in fraction of activated gates with temperature 

(Fig 3.9.a) and also with voltage (Fig 3.9.b).  

 

Fig 3. 9 Fraction of m gates(blue), h gates(green) and n gates(red) that are activated due to change in a) voltage from -

80 to -60 mV. Each gating number trend is simulated at temperatures 25,26,… , 65o C .  b) Fraction of m gates (blue), h 
gates(green) and n gates(red) that are activated due to change in  temperature at constant voltage of -80,-79,…,60 mV. 

As it is clear from Fig 3.9.a, the GateNumber-V graph for each gate is almost the same 

at all temperatures.( The lines include the overlapped plots of the Gate Number-V graph 

at considered temperatures). Similar figure is recorded for Gate Number-T at considered 

voltages). Changes in Gate number with temperature and voltage looks similar. The only 
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notable difference is the range of variations in voltage(-80 to 60 mV ) and temperature(25 

to 65𝑜𝐶). For better comparison, we illustrate the 3-D plot for the Gate Number-V-T in 

Fig 3.10. 

 

Fig 3.10 changes in the fraction of activated gate number as a result of thermal ( 25:1: 65o C) and electrical (-80:1:60 mV) 
stimulations. 
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Chapter 4 

A code for TRPV1 

Mechanism of TRPV1 channels is still obscured. However, some experimental attempts 

involve the contribution of electrical stimulation on TRPV1 channels [4]. To construct an 

appropriate numerical model for gating mechanism of TRPV1 channels, we first use 

these experimental results to study the mathematics for involvement of voltage changes 

on TRPV1 gating. These expressions help us to provide an algorithm for electrical 

stimulation of TRPV1 channels at different temperatures. After bulding a computational 

model, we design several simulations similar to the experimented data recorded by Voets 

et al. [4] and discuss the cases that the  results agree or disagree with experimental 

records. We also simulate and discus the effect of voltage on  𝑁𝑎𝑉, 𝑘𝑉, 𝐶𝑎𝑉 and TRPV1 

channels. 

Experiments on dependence of TRPV1 on membrane voltage 

Heat-sensitive TRPV1 channels are also sensitive to the changes in membrane voltage. 

It seems that voltage and temperature dependency are linked together. 

In an experiment, Voets et .al used whole-patch clamp technique on human embryonic 

kidney (HEK) 293 cells to study the kinetics of ion flux through TRPV1  gates[4]. The 

time course of current is described with a two state model for voltage gated channel. 

     (4.1) 

They fitted the results to a mathematical model and derived a formula for opening and 

closing rate of the TRPV1 channels that determines the contribution of voltage on them: 

𝛼 = 𝐴𝑒−
𝐸𝑎,𝑜𝑝𝑒𝑛
𝑅𝑇 𝑒

𝛿𝑧𝐹𝑉
𝑅𝑇        (4.2) 

𝛽 = 𝐵𝑒−
𝐸𝑎,𝑐𝑙𝑜𝑠𝑒
𝑅𝑇 𝑒−

(1−𝛿)𝑧𝐹𝑉
𝑅𝑇        (4.3) 

That 𝐸𝑎,𝑜𝑝𝑒𝑛 and 𝐸𝑎,𝑐𝑙𝑜𝑠𝑒 are activation energies for opening and closing the gates, R is 

the gas constant(8.31 J.𝑚𝑜𝑙−1. 𝐾−1), T is absolute temperature, z is effective charge 

associated with voltage dependent gating , 𝛿 is the fraction of z moved outward, F is 

Faraday constant(9.65× 104 𝐶𝑒𝑙𝑠𝑖𝑢𝑠.𝑚𝑜𝑙−1) and A and B are preexponential factors. 

According to Eyring rate theory, the activation energy is calculated by[20,87]: 
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𝐸𝑎 = ∆𝐻 + 𝑅𝑇       (4.4) 

And                                                   𝐴 = 𝑘0𝑒
∆𝑆 𝑅⁄        (4.5) 

Where 𝑘0 is the frequency factor. The gating rates are related to channel opening 

probability by: 

                                                          𝛼=𝑃𝑜𝑝𝑒𝑛 𝜏⁄        (4.6)     

And 

𝛽 = (1 − 𝑃𝑜𝑝𝑒𝑛) 𝜏⁄        (4.7) 

The following parameters are obtained for TRPV1 channels in -100 and  +100 mV : 

A =1.61 × 1037   𝑆−1 , 𝐸𝑎,𝑜𝑝𝑒𝑛 = 208   kJ. 𝑚𝑜𝑙−1        (4.8) 

B = 9.67 × 105  𝑆−1, 𝐸𝑎,𝑐𝑙𝑜𝑠𝑒 = 23.2   kJ. 𝑚𝑜𝑙−1         (4.9) 

 𝛿= 0.5                                                                              

 z = 0.71 

We used the above information to build our model for voltage sensitivity of TRPV1 

channels in NEURON. In this model, we can fix membrane temperature at different 

temperatures and inject arbitrary amount of current. The same as 𝐾𝑉 channels, only one 

type of gating is considered for TRPV1s. The following sections explains the results of 

simulations we did with our model that matches well with the experimental records. 

Results of simulations for voltage dependency of TRPV1 

We provided a model that is the computational construction of the set of equations 

explained above. To check if the computational model match with the experimental 

records, we designed some simulations: 

We create a soma with 20 𝜇𝑚 length and 20 𝜇𝑚 diameter and then insert  TRPV1 model. 

After that, we use VCLAMP technique to keep the membrane voltage at a constant value. 

The value for g_pas is set to 0.0001 (S/𝑐𝑚2). 

Create soma 

Soma diam = 20 

Soma L = 20 

insert pas 
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insert TRPV1   

The primary membrane voltage is set to -70 mV with 100 ms duration and the simulation 

voltage amplitude is set to 100 mV with duration of 100 ms.  Fig 4.1 shows the VCLAMP 

settings. 

Voets et al. calculated the opening probability and activation and inactivation rates for 

25, 30, 35, 42𝑂𝐶 temperature (Fig 4.2) [4]. We do the same measurements to test if the 

simulation results match with the experimented records. We plot 𝑛∞(i.e 𝑃𝑜𝑝𝑒𝑛) and 𝜏𝑛 for 

25, 30, 35, 42𝑂𝐶 temperature as a function of time for each temperature and find 𝛼 , 𝛽 

and 𝑃𝑜𝑝𝑒𝑛 and compare them with the correlated experimental result.  

 

 

Fig 4.1  initial settings for simulation of the activation current and opening probability of TRPV1 
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Fig 4.2  a) Current(nA) related to the activation of TRPV1 channels at 25, 30, 35, 42^O Cduring depolarization of the 
membrane from 0 to 0100 mV. Opening probability and the time constant is indicated under each graph and the constant 
rates is calculated from the measurements [4]. The fitted currents is shown in red and scale bars indicate 10 ms duration. 
b) Similar trend is used to simulate the related parameters in NEURON with TRPV1 code and non-passive current 
condition.   

Fig 4.2.a illustrates the experimental measurements of current, opening probability 

(𝑃𝑜𝑝𝑒𝑛) ,the time constant (𝜏) and the activation and deactivation rate constants at 

25,30,35 and 42𝑂C. 

Changing the membrane voltage results in a rising trend of current through TRPV1 

channels. As the result of electrical stimulation, the low-level current increases in all four 

temperatures albeit to varying the flux rates and then remains stable. It can be concluded 

that temperature alteration leads to decrease in time constant and increase in 𝑃𝑜𝑝𝑒𝑛 , and 

the constant rates. 

Simulation of this experiment in NEURON with TRPV1code is illustrated in Fig 2.b It 

shows that the stimulation of TRPV1 channels results in dramatic increasing of the ionic 

current. At 42𝑂𝐶 the current increases from about -34 nA to 36 nA. As the temperatures 

falls, the primer current increases to about -9, -3 and -1 nA, and the maximum current 

amplitude also decreases. As temperature declines, the value for 𝑃𝑜𝑝𝑒𝑛 decreases and 

the time constant rises which result in smaller flux rates. 

Overall, it can be concluded that the quantity for the parameters simulated using TRPV1 

code does not show a considerable difference with the experimental records. 

a 
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In the next simulation, we evaluated the changes in current amplitude at various injected 

voltage (-120, -100 , -80, … , 100, 120 mV) with similar condition with the experiment 

done by Voet et al. which is illustrated in Fig 4.3.a below. In this experiment, the primary 

voltage is set to 0 mV for 12 ms and the final voltage is set to +60 mV with 38 ms duration. 

The injected voltages range from -120 mV to +160 mV with 20 mV steps and the duration 

is 100 ms (Fig 3c and Fig 2.c Voet et al). In our simulations the function of TRPV1 

channels are simulated by TRPV1 code(Fig 4.3.b). In Fig 2 the related settings is 

illustrated. 

 

Fig 4.3  Simulation settings related to measurement of effect of voltage changes on TRPV1 in different temperatures (The 
result of simulations is shown in Fig 4.3) 

The experimental records[4] in Fig 4.3.a show that changes in voltage does not affect 

the mechanism of TRPV1 channels significantly at low temperatures, but as the 

temperature increases, increasing voltage cause a larger alteration of ionic current 

through the TRPV1 gates. Indeed, stimulation of the TRPV1 gates with positive voltages 

leads large ionic fluxes.  
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a 

 

b 

 

Fig 4.4 Effect of changing in the amplitude of injected voltage to dynamics of TRPV1 channels at 17, 25, 35 and 42o C. A) 
the experimental results recorded by Voet et al [4] b) result of simulations by TRPV1 code   

It is also clear from the graphs that stimulation of membrane with negative voltages does 

not affect the gates considerably, however as the voltage increases (voltage steps are 

equal, 20 mV), the current steps become larger. At 42𝑂𝐶 ,the difference between the 

current flowed in +160 mV and in -120 mV is about 11 nA in the records of Voet et . al. 

However, the current amplitude difference in our simulations with TRPV1 code is about 

8 nA. 

The last simulation is set to check the opening probability of the TRPV1 gates in different 

voltages and temperatures. Fig 4.5 shows the related settings.  

Voet et .al studied the probability of gating of the TRPV1 channels (P_open)at various 

temperatures(Fig 4.6.a). They set the temperature to a specific value and injected -120 

mV voltage and recorded 𝑃𝑜𝑝𝑒𝑛, they measured 𝑃𝑜𝑝𝑒𝑛 each time they increased the 

voltage to +20 mv higher amplitude. 
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Fig 4.6 b show that the opening probability obtained from simulations by TRPV1 code is 

similar with the experimental records.  

 

Fig 4.5 Settings related to simulation of opening probability at different voltages and temperatures 

 

 

Fig 4.6 The opening probability versus voltage at different temperatures. A) experimental records by voet et .al [4] b) 
Results of simulation by TRPV1 code 
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Chapter 5 

Simulation: Role pf TRPV1 channels in 

membrane stimulations 

We aim to investigate some properties of TRPV1 channels function and compare it with 

Voltage gated sodium, potassium and calcium channels for mammalian. We compare 

the voltage and its rate of change, duration of spike and related gating numbers when 

thermal or electrical stimulation is applied in the cases with and without TRPV1 channels. 

In the next step, we compare the threshold current required to generate AP with 

contribution of all the considered channels. Finally, the firing rate and the spike widths at 

different simulation condition is studied. 

Simulation settings 

To construct the model of our simulations, first, we create soma with 20𝜇𝑚 diameter and 

20𝜇𝑚 length. Second, we insert passive current, HH2 and Ca_t_thal. Finally, we insert 

TRPV1 model to the previous simulation instruction and compare the kinetics of ionic 

fluxes through  𝐶𝑎𝑉    𝑁𝑎𝑉  and 𝑘𝑉  and TRPV1 gates. 

create soma 

access soma 

L = 20 

diam=20 

insert pas 

insert hh2 

insert Ca_t_thal 

*insert TRPV1 

We set the passive conductance to 0.0005 𝑆 𝑐𝑚2⁄ and �̅�𝑇𝑅𝑃𝑉1 to 1.7 × 10−4mho/𝑐𝑚2. Fig 

5.1 shows the primer settings for the simulations. We simulate the stimulation of soma 

at 30, 36, 40, 43, 45, 52, 55𝑂𝐶. At each temperature, we inject 0.1 nA current with 5 ms 

duration. 
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Fig 5. 1  Settings for simulating the stimulation of a soma using ICLAMP technique . 

Result 1: Simulation of Pulses caused by alteration of temperature 

Using TRPV1 model, it is possible to study the effect of fixed temperatures on TRPV1 

channels and the spikes produced by these temperature sensitive channels. We set the 

amplitude of the current to zero and increase the temperature to evaluate the mechanism 

of voltage gated and TRPV1 channels in the condition that no current is injected.  

Fig 5. 2 changes in membrane voltage due to the change in temperature in the condition with 0 nA current amplitude   

Fig 5.2 shows that at low temperatures, TRPV1 channels are not activated to produce 

AP, therefore at 43𝑂𝐶 and lower temperatures, AP does not happen. However, in higher 

temperatures, ionic fluxes through TRPV1 gates are high enough to generate AP. This 

figure is illustrated for simulation of TRPV1 gates together with the 

𝐶𝑎𝑉  𝑁𝑎𝑉  𝑎𝑛𝑑 𝑘𝑉  channels. Two spikes can be observed at 45𝑂𝐶, one of them is occurred 
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during the current application, the second spike is after stimulation period. The width of 

the AP is the same for both spikes (0.7 ms) but the height of the spike for the first AP is 

slightly higher than the second spike. At T= 52𝑂𝐶 , although we see several APs in the 

V-t graph, since the membrane voltage after each spike does not pass to 

hyperpolarization stage, these spikes are do not occur in reality and perhaps another 

temperature sensitive TRP channel is activated to moderate the condition. 

Result 2: Membrane potential perturbations 

We can study the effect of temperature on AP at different temperatures. The graphs for 

spikes at various temperature are illustrated in Fig5.3 .We use MATLAB in our 

evaluations. 

Fig 5.3.a shows the voltage perturbations resulted due to the ionic flux through 

𝐶𝑎𝑉  𝑁𝑎𝑉  𝑎𝑛𝑑 𝑘𝑉  channels. The same stimulation is applied for only 𝑁𝑎𝑉  𝑎𝑛𝑑 𝑘𝑉 

channels. As it is clear from the figures, injection of current from 5 ms to 10 ms results in 

small increase in the potential that its magnitude is the same in all considered 

temperatures. Comparing the two figures, function of calcium channels do not cause any 

significant difference in the pattern of voltage changes. 

 

 

 

 

 

 

 

Fig 5. 3 perturbation in membrane potential caused by ionic flux through a)  𝑁𝑎𝑉 𝑎𝑛𝑑 𝑘𝑉 channels and b)𝐶𝑎𝑉, 𝑁𝑎𝑉 𝑎𝑛𝑑 𝑘𝑉 
channels under the stimulation of the soma with 0.1 nA current with 5 ms duration.  

However, when TRPV1 model is inserted in the simulation instruction, notably several 

spikes are observed. 
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Fig 5. 4 perturbation in membrane potential due to injection of 0.1 nA current with 5 ms duration at different temperatures. 

Red graphs represent the ionic fluxes through)  𝑁𝑎𝑉, 𝑘𝑉 𝑎𝑛𝑑 𝑇𝑅𝑃𝑉1 channels, and the blue graphs show the flux through 

) 𝐶𝑎𝑉 , 𝑁𝑎𝑉, 𝑘𝑉 and TRPV1 channels.  

Now we analyze the APs illustrated in Fig 5.4. These spikes are generated by voltage 

gated sodium, potassium, calcium and temperature sensitive TRPV1 channels. At low 

temperatures of 30𝑂C and 36𝑂𝐶 the voltage rose gradually to about -55 mV, so no spike 

is occurred. Nevertheless, at 40𝑂𝐶 an AP with 1ms duration is happened due to the 

alteration of temperature and injection of current. Fig 5.5 shows the details of the spike. 

Application of current at t=5 ms cause the membrane voltage increase slowly, then after 

2.7 ms an AP starts at 7.7 ms, the membrane voltage is soared from -40 mV to 47 mV, 

then it plummeted to again -40 mV at 8.7 ms. Then it dips during the hyperpolarization. 

After this injection period that ends at 10 ms, the membrane potential decreases steadily.  

Comparing Fig 5.4.c with Fig 5.3.a, it can be concluded that despite the fact that 

temperature has a large effect on production of AP at 40𝑂𝐶, the main reason for its 

generation is injection of 0.1 nA current to the membrane that include TRPV1 channel 

distribution. 
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Fig 5. 5  Detail of V-t graphs for the spikes happened at different temperatures and 0.1 nA current application with 5 ms 
duration in ICLAMP technique. 

At higher temperature of 43𝑂𝐶 two APs are recorded that both are generated during the 

stimulation period. AP durations are almost the same, but the peak value of the second 

spike is slightly smaller than the first spike. Also, at 45𝑂𝐶 two APs are produced. In 

addition to these spikes, we can see a third  AP that happens after the stimulation period. 

The width of all three spikes are the same with 0.7 ms duration. The magnitude of peak 

voltage is highest in the first spike, decreases about 6.4 mV in the second peak, and 

stays almost the same in the third AP.  

Comparing the V- t graphs at considered temperatures, we conclude that with an 

insignificant difference, the height and the duration of the spikes decreases as the 

temperature alters. It is interesting to note that the width of the AP does not change in a 

specific temperature.  In addition, the spike at 40𝑂𝐶 begins at t=7.7 ms with 1 ms 

duration. At 43𝑂𝐶, generation of spike starts earlear at t=6.3 ms with lower duration(0.7 

ms) than that for the AP at 40𝑂𝐶. The time of AP generation is even smaller at 45𝑂𝐶 

(t=5.6 ms) and the duration of the AP is also smaller ( 0.7 ms) . Therefore, increasing the 

temperature alters firing rate when soma is exposed to electrical stimulation. 

Fig 5.2.c shows that at higher temperatures even without current injection, the membrane 

can have an AP. At 45𝑂𝐶 two spikes are recorded that the first spike occurs during the 

stimulation. It is produced at 6.4 ms with 0.7 ms duration and the maximum voltage in 

42.8 mV.  Injection of 0.1 nA current (Fig 5.5) causes generation of AP 0.6ms earlier and 

alteration in firing rate. However, the width of the spike is the same in both conditions.  
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The graphs related to T= 52𝑂𝐶 and higher temperatures show that since the membrane 

does not pass to hyperpolarization stage, the temperature sensitive TRPV1 channels 

and voltage gated channels do not generate action potential at this temperature (Fig 5.2 

and 5.4 ). 

Result 3: Contribution of  𝐶𝑎𝑉 , 𝑁𝑎𝑉 , 𝐾𝑉 channels in membrane 

potential variations 

We aim to find out which channel is the main responsible for beginning of AP at 

36, 40, 43 𝑎𝑛𝑑 45𝑂𝐶. The candidates are m, nTRPV1 and mCa channels. First, we 

compare 𝑚∞ and 𝑛𝑇𝑅𝑃𝑉1∞ versus time. We plot the kinetics of ionic flux through the 

channels in Fig 5.6.  

 

 

 

 

 

 

 

 

 

 

 

Fig 5. 6 proportion of activated 𝑚∞ for 𝑁𝑎𝑉 channels (blue) and  𝑛𝑇𝑅𝑃𝑉1∞ (red) at different   temperatures 

According to Fig 5.6.a, at 36𝑂𝐶 the proportion of both  𝑚∞ and 𝑛𝑇𝑅𝑃𝑉1∞ parameters 

does not increase significantly when current is applied at 5 ms.  For this reason, AP does 

not happen at this temperature. Fig 5.6.b shows the proportion of the considered 

parameters at 40𝑂𝐶. At t=7.7 ms that the membrane voltage reaches -40 mV (beginning 

of AP) 45% of  𝑛𝑇𝑅𝑃𝑉1∞ is activated but only 18% of 𝑚∞ is opened. The value of 

 𝑛𝑇𝑅𝑃𝑉1∞ is much higher than 𝑚∞ at high temperatures. Therefore, nTRPV1 channels 

are mainly responsible for beginning of AP and contribution of sodium channels is small. 

In addition, it seems that temperature does not affect the gating of m channels at -40mV, 

because at this voltage, the percentage of   𝑚∞ is the same (18%) in all temperatures. 

On the other hand, although the width of spikes is the same for 𝑚∞ and 𝑛𝑇𝑅𝑃𝑉1∞, the 

maximum value and the related duration is larger for nTRPV1 channels. During the spike, 
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the maximum value that 𝑚∞ of sodium channels reaches is 100% and remains in this 

stage for a short period. This period is less than 1 ms and decreases by temperature, 

nevertheless, the maximum percentage of 𝑛𝑇𝑅𝑃𝑉1∞ is not constant and increases as 

the temperature alters, but unlike the m gates, the duration of this condition is about a 

microsecond.  

In Fig 5.7 all these parameters and the correlated time constants are compared at a 36𝑂𝐶  

and 40𝑂𝐶. 

 

 

 

 

 

Fig 5. 7 changes of 𝑚∞, ℎ∞, 𝑛∞ 𝑎𝑛𝑑 𝑛𝑇𝑅𝑃𝑉1∞ when 0.1 nA current with 5 ms duration is injected at left) 36𝑂𝐶  right) 40𝑂𝐶 

As it is clear in Fig 5.7, although at 36𝑂𝐶 the current is induced, the proportion of the 

parameters do not change significantly. However, when we increase the temperature 

and apply the current the gates become activated and after a while, they approach their 

maximum possible percentages. This pattern is the same at higher temperatures of 43𝑂𝐶 

and  45𝑂𝐶 illustrated in Fig 5.8. 

 

 

 

 

 

 

 

 

 

 

Fig 5. 8 Changes of 𝑚∞, ℎ∞, 𝑛∞ 𝑎𝑛𝑑 𝑛𝑇𝑅𝑃𝑉1∞ when 0.1 nA current with 5 ms duration is injected at a) 43𝑂𝐶  b) 45𝑂𝐶 .  
The period of first spike is zoomed below each graph. The black line shows the time that the AP is began. 

According to Fig 5.8, the percentage of 𝑚∞,𝑚𝑎𝑥 and also the rate of activation of sodium 

gates is the largest during action potential at all temperatures. The two graphs are plot 
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in a larger scale to focus on the stage that AP starts. The vertical black line shows the 

time that AP started (-40 mV). As it is clear from the figures, although the rate and the 

maximum value of 𝑚∞ of sodium channels is much higher than those for  𝑛𝑇𝑅𝑃𝑉1∞, the 

TRPV1 gates begin the spike due to their high concentration. Interestingly, since the 

initial proportion of nTRPV1 gates depend strongly on temperature, so the time that AP 

starts also depends on the temperature of the membrane. 

For better analyzation of the changes in 𝑔𝑎𝑡𝑒 − 𝑛𝑢𝑚𝑏𝑒𝑟∞, in Fig 5.9 we plot it versus 

membrane voltage from t=0 to the time that the considered value reaches its maximum. 

In all the cases that AP occurs, although the initial proportion of 𝑛𝑇𝑅𝑃𝑉1∞ is much higher 

than that for voltage gated channels, the rate of alteration of  𝑚∞ is the highest, and 

when the voltage reaches 0 mv, its proportion gets the higher value than  𝑛∞ and 

even  𝑛𝑇𝑅𝑃𝑉1∞. In addition, during the period that  𝑚∞ is 100%, the other parameters 

had reached their maximum value and start to return back to their initial values. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. 9 the percentage of 𝑔𝑎𝑡𝑒 − 𝑛𝑢𝑚𝑏𝑒𝑟∞ when reaches its maximum value, during the first AP that is plot for T=36, 40, 
43,  45𝑂𝐶 . At 36𝑂𝐶 AP does not happen, so the scales of the graph for this temperature is different from the other graphs. 

In the next step, we study the effect of stimulations on the time constant of each gating 

parameter. According to Fig 5.10, The initial value of 𝜏𝑛𝑇𝑅𝑃𝑉1 is maximal, but the rate of 

alteration of  𝜏𝑛  is particularly noticeable overtaking the figure for 𝜏𝑛𝑇𝑅𝑃𝑉1 . The inititial 

value and the rate of rising of 𝜏𝑚  is minimal throughout the period.  

Since at 360𝐶 AP does not occur, application of current from t= 5ms to 10 ms results in 

increasing the time constant for all gates. After the current injection, the time constants 

fall and then level off. Fig 5.10.b shows that after peaking, when Ap begin 𝜏ℎ  plunge to 

their minimum value ,but jump to create the second maximum peak. And they fell quickly 
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and then slightly recover. This trend is repeated whenever an AP happens throughout 

the period in all temperatures albeit to widely varying degrees. The time constant for h 

gates of sodium channels see a dramatic changing trend and the figure of 𝜏𝑚   remained 

the smallest over the simulation period. Despite a minimum peak in the figure for 𝜏𝑛𝑇𝑅𝑃𝑉1, 

the graph does not show a significant rising trend for this parameter. 𝜏𝑛 show similar 

trend but with a noticeable gap with 𝜏𝑛𝑇𝑅𝑃𝑉1 figure. 

 

Fig 5. 10  the time constant for m, h,n and nTRPV1 gates in different temperature. 

The last parameter we evaluate is the gating number m,h for 𝑁𝑎𝑉, n for 𝑘𝑉, mCa and 

hCa for 𝐶𝑎𝑉 and nTRPV1 for TRPV1 channels. Fig 5.11 shows that m gates of sodium 

channels have the maximum percentage and duration among other gates. Graph for 

activation of mCa gates is almost similar with m gats. However, it takes longer time for 

mCa gates to inactivate. The rate and proportion of activation of gates is smaller for n 

gates, but the ending tail is much longer than the other voltage gated channels. Finally, 

the proportion and the rate of TRPV1 gates is the lowest among the other channels. In 

the right side, the graphs for h and hCa gates is illustrated. Although the proportion of 

hCa is minimal in all considered time, the rate of function of h gates is much higher.   
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Fig 5. 11 the proportion of m and h gates of 𝑁𝑎𝑉 , n gates of 𝑘𝑉 , mCa and hCa gates of 𝐶𝑎𝑉 and nTRPV1 gates at 40𝑂𝐶 
during the stimulation of the soma. 

Result 4: Threshold values 

In this section, we study the effect of TRPV1 channels on the minimum current required 

to produce AP. Fig 5.12 shows that in the condition we insert only voltage gated channel 

models in our simulation, when we inject 0.7 nA current with 5 ms duration, no spike is 

produced. However, this amount of current can produce an AP when we insert TRPV1 

model to the program construction. In addition, for temperatures higher than 55𝑂𝐶 the 

graph show an irregular v-t trend when only 𝑁𝑎𝑉 , 𝐾𝑉  𝑎𝑛𝑑 𝐶𝑎𝑉  channels are distributed on 

soma. We will discuss the role of TRPV1 channels on V-t graphs at this temperature 

range in this section. 

 

 

 

 

 

 

Fig 5. 12a) Voltage-time graph for the condition that only voltage gated Na, K and Ca channels are considered (in blue) 

and the condition that TRPV1 model is added to the simulation program(in red). B) Voltage –time graph at 55𝑂𝐶 for the 
case that TRPV1 channels are not considered. 

measurements. As it is clear from the figure, at  room temperatures, TRPV1 

channels do not show reaction to electrical stimulations, However as the 

temperature increases, the role of TRPV1 gates become more notable(Fig 5.13.a). For 

the temperatures higher than 43𝑂𝐶, alteration of temperature is more effective than 
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the injection of current in producing spikes and further for T>45𝑂𝐶 contribution of 

temperature is dominated and application of current does not affect significantly in 

the process of generation of first AP. 

 

Fig 5. 13 the amplitude of threshold current at different temperatures for blue)NaV , KV and CaV, red) NaV , KV and CaV and 
TRPV1 gatings. 

Since the role of temperature at T>43𝑂𝐶 is more important than in low temperatures, we 

focus on the behavior of considered channels at this range. At low temperatures, only 

one or two spikes appear during and after the application of current. However, when the 

temperature reaches  43𝑂𝐶 or higher values, series of APs happen that the time and 

type of spikes depend on the current amplitude. In these conditions, application of 

negative currents also generates APs. Nevertheless, this process continues until the 

temperature reaches 51𝑂𝐶. At larger temperatures, spikes are not be produced any 

more. In Fig 5.12.a , the plot of V-t graph at 55𝑂𝐶 is shown as an example. 

Result 5: Series of APs 

We  measure the time, type and voltage of APs produced from 43𝑂𝐶 to 51𝑂𝐶 in the 

condition that current with -2, -1.5, -1, 0, 0.5 and 1 nA amplitude and  5 ms duration is 

injected and study the results from t=0 to t=30 ms. The initial setting is the same with our 

previous simulation that is illustrated in Fig 5.1. 

Fig 5.14 shows the changes of the membrane voltage with time when currents with 

negative, zero and positive amplitude of -1.5, 0 and 0.5 nA is injected. The figure includes 

the simulations at 44, 48 and 51𝑂𝐶.  We analyze compare the results in three stages: from 

t= 0 to 5 ms that the current is not injected yet, the period that the current is applied, i .e 

from 5 to 10 ms and the period after the stimulation from t=10 to 30ms. Although the 
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peaks are continued to be recorded after this time, they do not happen in the real soma 

because the related changes are effective maximum for 20 ms after the stimulation. 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. 14 membrane voltage versus time at T= 44, 48, 51𝑂𝐶 when current with I= -1.5, 0 and 0.5 nA amplitude is applied 
from t= 5 to 10 ms. 

From t = 0 to 5 ms we do not see any spike from 43 to   46𝑂𝐶 even when the amount of 

current is increased. However, due to alteration of temperature, one spike is produced 

from T= 47 to 50OC. Until this temperature, the AP happens few seconds earlier as we 

increase the temperature, but it does not change by current. At  51OC , the number of 

spikes increase to two.  In fact the spikes that happen in this time interval are survived 

from the current applied to the membrane at 5 ms. In the case that we do not inject any 

current to the membrane  ( I= 0 nA) spikes with the same delay and rate happens. Fig 

514.b,e and h show the condition that the spikes are produced as the result of high 

membrane temperature. As it is clear from the graphs, the height and the frequency of 

APs at each temperature remains constant and interestingly increases by temperature. 

In the next section, we will compare the firing rates at different temperatures. 

 Induction of current cause perturbations in the trend of spikes. When negative current 

is applied to the membrane( Fig 5.14.a, d, g) the membrane potential starts to decrease 

until the end of the stimulation at 10 ms. Since the voltage decreases, no AP happens in 

this condition. In the case we inject positive current, at low temperatures, the firing rate 

increases, thus there is not enough time for complete outflow of the positive ions from 

cell. Therefore, the next spike starts in the condition that there is a small amount of 
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unflawed ion inside the cell( voltage is higher than the rest potential) , additionally, the 

difference between the peak value and the voltage before the event gets smaller. The 

vertical axis shows the changes of the voltage on the membrane, therefore the height of 

the events decreases by time.  

After the stimulation, from t= 10 ms to 30 ms, the membrane recovers and the trend of 

spike becomes normal. Although the firing rate in this condition is the same with no-

current condition, the time of APs change insignificantly. 

Firing rate (spike/total time) versus temperature is illustrated in Fig 5.15. Total time in 

this case is 30 ms and no current is injected. According to this graph, as the temperature 

rises, the frequency of AP generation increases. It is important to note that either positive 

or negative current is applied; the firing rate is the same. In other words, firing rate 

depends on temperature and is independent of injected current.  

 

 

 

 

 

 

 

 

 

 

Fig 5. 15 firing rate of APs versus temperature. The total time of simulation is 30 ms 
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Chapter 6 

A mathematical model for ionic channels 

One of the recent challenges in neuroscience is to find out how nervous system 

discriminate different stimulations. A number of quantitive models have been proposed 

for mechanism of voltage gated channels which are also exhibit high temperature 

sensitivity. However, the mechanism underlying the temperature sensory of Transient 

Receptor potential (TRP) channels is still unknown. We expanded the Hodgkin and 

Huxley model by entering an additional term for mechanism of TRPV1 channels. In this 

model, we investigate transition state theory for a two state process for both voltage 

gated and temperature gated channels. This study offers a physical point of view for the 

evaluations with chemistry and biology perspectives. We suggest that using the basic 

roles of thermodynamics we can present a unified expression for voltage and 

temperature sensitivity of considered channels. This expression therefore can solve the 

problems related to the explanations for temperature sensitivity (𝑄10) for voltage gated 

channels. However, experimental measurements are required to determine the precise 

value of the parameters used in the model. 

Theory and Facts 

This paper suggests considering the process of channel gating with physical and 

thermodynamical framework.  

The gate opens when a selective ion provides a specific amount of energy rate range. 

Several thermodynamical facts are considered to build up the model: 

1. Each type of channel requires specific amount of energy in a specific time interval 

(specific energy rate) for gating.  

2. If ion provide the required amount of energy rate, it can open the barrier. 

3. Physical stimulation input is considered as a specific amount of energy given to 

the system in a specific period. 

4. Since all the stimulation methods result in changing  the membrane potential, we 

relate all the physical inputs to voltage. This is possible by Gibbs energy equation, 

because Voltage and other types of stimulations transfer the required energy by 

changing the entropy and enthalpy of the channel system.  
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New Model  

For the two sate model and in constant pressure and acidity the parameters related to 

gating of voltage gated channels and TRPV1 is:  

 

𝐼 = ∑𝐼𝑐ℎ𝑎𝑛𝑛𝑒𝑙      (6.1) 

 

𝐼𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝑃𝑋𝑧𝑋𝐹. 𝜈.
[𝑋]𝑖𝑛 − [𝑋]𝑜𝑢𝑡𝑒

−𝜈

1 − 𝑒−𝜈
    ,    𝜈 =

∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
+
𝑧𝑋𝐹𝑉

𝑅𝑇
−
∆𝐶𝑃
𝑅
ln (

𝑇

𝑇0
)     (6.2) 

 

For a simple two state model (𝑜𝑝𝑒𝑛 
𝛽(𝑉,𝑇)
⇔    𝑐𝑙𝑜𝑠𝑒) the activation and deactivation rates are: 

𝛼 = 𝑘0 exp (−
∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
−
𝛿𝑧𝐹𝑉

𝑅𝑇
+
∆𝐶𝑃
𝑅
ln (

𝑇

𝑇0
) )    (6.3) 

𝛽 = 𝑘0 exp (
∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
+
(1 − 𝛿)𝑧𝐹𝑉

𝑅𝑇
−
∆𝐶𝑃

𝑅
ln (

𝑇

𝑇0
) )    (6.4) 

𝑘0 = exp (−
∆𝐻0
𝑅𝑇

+
∆𝑆0
𝑅
) 

That 𝑘0 is the frequency factor, ∆𝐻0 and ∆𝑆0 are the initial enthalpy and entropy and 𝛿  is the 

fraction of ions that pass through the channel. The time constant is  

𝜏 =
𝑃𝑜𝑝𝑒𝑛

𝛼
     (6.5) 

And 

𝑃𝑜𝑝𝑒𝑛 =
1

1 + exp (−1 × (
∆𝐻
𝑅𝑇
−
∆𝑆
𝑅
))
       (6.6) 

=
1

1 + exp [(−
∆𝐻0
𝑅𝑇

−
∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
−
𝑧𝐹𝑉
𝑅𝑇

+
∆𝑆0
𝑅
+
∆𝐶𝑃
𝑅
ln (

𝑇
𝑇0
) )]

     (6.7) 

 

𝐼𝑐ℎ𝑎𝑛𝑛𝑒𝑙 :current of ion X through channel  

𝑃𝑋 : permeability of ion X 

𝑧𝑋 : valency of ion X 
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F : Faraday constant 

[𝑋]𝑜𝑢𝑡 : concentration of the ion outside 

[𝑋]𝑖𝑛 : concentration of the ion inside 

𝐶𝑃 : heat capacity of the channel at constant pressure 

T : absolute temperature 

𝑇0 : an arbitrary reference temperature 

R :universal gas constant 

𝐻 : enthalpy of system 

S : entropy of the system  

∆𝐻0  : enthalpy at 𝑇0 

∆𝑆0 : entropy at 𝑇0 

𝛿 : fraction of z moves outward direction 

Calculations 

Transition state theory is one of the methods that can be applied to express the reaction 

of ionic channels to voltage and temperature [18]. It describes the required work to 

activate/inactivate a channel. It describes the activation energy of the channel as Gibbs 

energy. Gibbs energy is sum of changes in enthalpy(H)  and entropy(S) terms of a 

system. (∆𝐺(𝑃, 𝑇) = ∆𝐻 − 𝑇∆𝑆). 

Considering transition state theory in combination with the first and second 

thermodynamic roles, each channel can be considered as an energy barrier. The 

correlation of the activation probability and the required gating energy is described by 

Van’t Hoff equation [87-89].  

𝑃𝑔𝑎𝑡𝑖𝑛𝑔 =
𝐾

1 + 𝐾
         (6.8)              

𝑙𝑛𝐾 =
∆𝐺

−𝑅𝑇
              (6.9) 
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Here k is the equilibrium constant, 𝑃𝑔𝑎𝑡𝑖𝑛𝑔 is the gating probability ∆𝐺  is the Gibbs energy 

R is the universal gas constant (8.31 J. 𝑚𝑜𝑙𝑒−1𝐾−1) and T is absolute temperature 

(Kelvin). 

Changes in enthalpy and entropy of the system depends on temperature [90-92]. 

Considering a molar heat capacity for a channel, contribution of temperature on K can 

be determined by [53]: 

lnK = −
∆𝐻0 + ∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
+
∆𝑆0 + ∆𝐶𝑃 × ln (

𝑇
𝑇0
)

𝑅
     (6.10) 

Where ∆𝐻0  is enthalpy at a reference temperature ( 𝑇0), ∆𝑆0 is entropy at 𝑇0 and ∆𝐶𝑃 is 

the temperature-independent heat capacity of the barrier at fixed pressure [93]. 

 

On the other hand, Voets et. al offer an expression for involvement of voltage in activation 

of TRPV1 channels [4] 

𝑙𝑛𝑃𝑜𝑝𝑒𝑛 = −
𝐸𝑎,𝑜𝑝𝑒𝑛

𝑅𝑇
+
∆𝑆

𝑅
+
𝛿𝑧𝐹𝑉

𝑅𝑇
      (6.11) 

 

That z is the effective charge associated with voltage dependent gating, 𝛿 is the fraction 

of z moves outward direction, V is the membrane potential and 𝐸𝑎,𝑜𝑝𝑒𝑛 is the activation 

energy [20,87]. The effect of temperature is involved in 𝐸𝑎,𝑜𝑝𝑒𝑛.  Eq (6.11) separates the 

effect of voltage from other parameters in channel activation. So, we conclude that using 

the term (
𝛿𝑧𝐹𝑉

𝑅𝑇
) will help us to get V-independent expression for temperature contribution. 

Therefore, if we use Eq(6.10) to explain the effect of T on 𝐸𝑎,𝑜𝑝𝑒𝑛 ,the heat capacity 

∆𝐶𝑃 will be voltage-independent. 

Using Eq 6.10 to describe the contribution of temperature parameter in Eq 6.11 we have: 

 

𝑙𝑛𝑃𝑜𝑝𝑒𝑛 = −
∆𝐻0
𝑅𝑇

−
∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
−
𝑧𝛿𝐹𝑉

𝑅𝑇
+
∆𝑆0
𝑅
+
∆𝐶𝑃
𝑅
ln (

𝑇

𝑇0
)     (6.12) 

  

We can write Eq 6.12 in the form of: 

lnk/𝑘0 = −
∆𝐺0
𝑅𝑇

−
∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
−
𝑧𝐹𝑉

𝑅𝑇
+
∆𝐶𝑃
𝑅
ln (

𝑇

𝑇0
)     (6.13) 

for simplicity in our calculations; 
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𝜈 =
∆𝐶𝑃(𝑇− 𝑇0)

𝑅𝑇
+
𝑧𝐹𝑉

𝑅𝑇
−
∆𝐶𝑃
𝑅
ln(

𝑇

𝑇0
)        (6.14) 

This expression is used to extend the GHK equation. We consider that the concentration 

of ion X at any binding site is large, therefore, its movement is independent. The electrical 

distance of the barrier is denoted by 𝜆.  

We assume that channel includes n barriers with electrical distance of 𝜆.The flux across 

the jth barrier is proportional to 𝑐𝑗−1. So the flux over the jth barrier is assumed to be: 

𝐽𝑗 = 𝜆( 𝑘𝑗−1𝑐𝑗−1 − 𝑘−𝑗𝑐𝑗)      (6.15)  

The total flux is the sum of fluxes across all the barriers: 

 

𝐽 =
𝜆𝑘0 (𝑐0 − 𝑐𝑛

𝑘−1…𝑘−𝑛
𝑘0…𝑘𝑛−1

)

1 +
𝑘−1
𝑘1
+
𝑘−1𝑘−2
𝑘1𝑘2

+⋯+
𝑘−1…𝑘−(𝑛−1)
𝑘1…𝑘𝑛−1

       (6.15) 

We consider 𝑛 → ∞ and there is no barrier height difference through the membrane: 

 

𝐽 =
𝐷𝑋
𝐿
. 𝜈.
𝑐0 − 𝑐𝑛𝑒

−𝜈

1 − 𝑒−𝜈
       (6.16) 

Here 𝐷𝑋 is the diffusion coefficient (𝐷𝑋 = 𝑘0(𝑉=0,𝑇=𝑇0)𝜆
2) over the membrane in the 

absence of electric or thermal induction and L is the width of the membrane. 

In conclusion, for voltage sensitive and some channel types of TRP family, the flux of ion 

X can be explained by: 

𝐽 = 𝑃𝑋. 𝜈.
[𝑋]𝑖𝑛 − [𝑋]𝑜𝑢𝑡𝑒

−𝜈

1 − 𝑒−𝜈
       (6.17) 

That is very similar with the GHK equation explained by Goldman-Hodgkin-Katz, but the 

value of 𝜈 is determined by taking account the effect of temperature on the enthalpy and 

entropy of the system. 

Therefore the current is: 

𝐼 = 𝑃𝑋𝑧𝑋𝐹. 𝜈.
[𝑋]𝑖𝑛 − [𝑋]𝑜𝑢𝑡𝑒

−𝜈

1 − 𝑒−𝜈
    ,    𝜈 =

∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
+
𝑧𝐹𝑉

𝑅𝑇
−
∆𝐶𝑃
𝑅
ln (

𝑇

𝑇0
)       (6.18) 

 

With time constant: 
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𝜏 =
𝑃𝑜𝑝𝑒𝑛

𝛼
       (6.19) 

And activation and deactivation rates[20,87]: 

 

𝛼 = exp (−
∆𝐻0
𝑅𝑇

−
∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
−
𝛿𝑧𝐹𝑉

𝑅𝑇
+
∆𝑆0
𝑅
+
∆𝐶𝑃
𝑅
𝑙𝑛 (

𝑇

𝑇0
) )      (6.20) 

𝛽 = exp (
∆𝐻0
𝑅𝑇

+
∆𝐶𝑃(𝑇 − 𝑇0)

𝑅𝑇
+
(1 − 𝛿)𝑧𝐹𝑉

𝑅𝑇
+
∆𝑆0
𝑅
−
∆𝐶𝑃
𝑅
ln (

𝑇

𝑇0
) )      (6.21) 

That 𝑘0 is the frequency factor, ∆𝐻0 and ∆𝑆0 are the initial enthalpy and entropy and 𝛿  is 

the fraction of ions that pass through the channel.  

Eq (6.11) is similar to the relation used to describe the dependence of the voltage gated 

channels. In V-gated channels, changing the membrane potential leads the movement 

of channel protein and changing the state of the channel. Here, we focus on the work 

that electric energy consumes to activate the voltage gated channels:  

𝑙𝑛𝑃𝑜𝑝𝑒𝑛 = −

𝑧𝐹 (𝑉 − 𝑉1
2
)

𝑅𝑇
           (6.22) 

 

Where 𝑉1
2

 is the half activate voltage (𝑉1
2

=
∆𝐺𝑉=0

𝑧𝐹
 ) [3,4] that includes the contribution of 

temperature dependency of voltage gated channels. Using Transition state theory and 

Eyring equation we can correlate the temperature changes to thermodynamic of the 

system [33,35]. Nevertheless, it does not describe the dependence of transition state 

theory to membrane voltage. A number of researches have done to produce an 

explanation for the contribution of voltage on the enthalpy and entropy of the system 

[33,94,95]. Using transition state theory parameters, the voltage dependence of 𝑁𝑎𝑉 

channels[96-99], 𝐶𝑎𝑉 channels[96,100-103], 𝑘𝑉 channels [94,97,102,104-109] and other 

types of voltage gated channels is described. 

Since we consider the channel as an energy barrier, we can use Eq 6.10 to express the 

contribution of temperature on gating probability. Therefore, Eq 6.12 can be used also 

for voltage gated channels. 
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Conditions 

This model uses basic physics roles. The concept is simple: How much energy does an 

ion need to open the barrier. Since we can consider all types of the channels as gating 

barrier(s), it is possible to use this model for mathematical explanation of any channel 

dynamics. Each physical stimuli such as changing the pressure or PH or exposure of 

radiation, changes the enthalpy and entropy of the system. Since, the opening probability 

of the channel is related to the Gibbs energy, it is possible to calculate theoretically the 

effect of each physical input on the opening probability of a channel. 

In channels that sensations happen by phase transition of lipid membrane or 

conformational transition of the channel protein structures, these phenomenon change 

the enthalpy and entropy of the system. Therefore, these gating processes also can be 

studied by our model by calculating the energy required for an ion to provide the 

conformation or transition energy to open the barrier.  

Presentation of the model for TRPV1 and voltage gated sodium and potassium channels 

is only an example for application of this model. In our calculations for TRPV1, we only 

considered the variation of two inputs: voltage and temperature. However, it is possible 

to measure the effect of other stimulus. 

Some types of channels such as TRPV1, are multiple gating channels. This model can 

offer expression for two conditions. First, the simplest expression is to present an overall 

estimation in energy, enthalpy and entropy of all barriers in a single channel. In this case 

two state of open-close system is considered. The second case is finding the changes 

in Gibbs energy over each barrier in a single channel. Since first and second roles of 

thermodynamic is universal, the explanations for both cases is correct theoretically. 

Model for TRPV1 and voltage gated sodium and potassium channels 

TRPV1 is a type of TRP channels, which play important role in mammalian senses. 

TRPV1 channels are mainly expressed in small-diameter primary afferent neurons. They 

respond to many unpleased or harmful stimuli  such as heat changing (t≥ 43𝑜𝐶)[47], low 

PH(<6)  and also are activated by capsaicin[34,36,46,58,110]. The duration of AP 

caused by TRPV1 channels is about 100 times larger than the wide AP generated by 

voltage gated sodium channels. In ischemia and inflammation acidification increases, it 

is suggested that in this conditions, the temperature-threshold activation of TRPV1 
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decreases and AP occurs [111,112]. TRPV1s are permeable to𝑁𝑎+ ,𝑀𝑔+ and mainly 

to 𝐶𝑎2+ ions (
𝑃𝐶𝑎

𝑃𝑁𝑎
= 10 𝑎𝑛𝑑

𝑃𝑀𝑔

𝑃𝑁𝑎
= 5) [36, 58] 

TRPV1 is also sensitive to changes in membrane potential [20,113,114].Having similar 

topology with voltage gated channels, including (S1-S6)segments and reentrant pore 

loop between S5 and S6, TRPs are less sensitive to voltage because of the lack of a 

charged S4 segment[115]. 

The temperature sensitivity of the TRPV1 channels is a thermodynamic process and 

does not associated with the temperature –dependent phase transition of the channel 

protein structure [4]. Therefore, to explore the mechanism of this process, it is desirable 

to consider some basic thermodynamic roles [116]. Although experiments on gating 

mechanism of a single TRPV1 channel recorded multiple open and closed sates[89] for 

simplicity, we consider two state model for a voltage gated channel with correlated 

opening and closing rates 𝛼 𝑎𝑛𝑑 𝛽 respectively [20,87].  

On the other hand, voltage dependency of the voltage gated channels can be expressed 

by thermodynamic roles. According to these explanations, the voltage course of 

considered functions has exponential forms. The temperature dependence of the 

considered functions is described by 𝑄10 parameter, which is a nominal function. 

However, experimental results showed that using this parameter, some unignorabl errors 

happen in describing the processes. Controlling the temperature dependence by 

thermodynamical expressions links the activation energy and𝑄10. 

Since fitting the processes to the most principled functions is likely to minimize errors, it 

is desirable to base the form of voltage gated and temperature gated functions as much 

as possible on the thermodynamic theories [94].  

 

We plot the changes in the opening probability due to changes of T or V for TRPs ad 

voltage gated 𝑁𝑎𝑉   and 𝐾𝑉  channels and compare the effect of considered parameters 

on them. 

For 𝑁𝑎𝑉 and 𝐾𝑉 channels 𝑄10 ≈ 3 [5] and for TRP channels 𝑄10 ≈ 20 [53].we set 𝑇0 to 

273 + 25𝑜𝐶 = 298 𝐾 , rest potential to -70 mV. 

We can estimate the heat capacity for 𝑁𝑎𝑉 and 𝐾𝑉 channels using eq (6.13). We ignore 

the voltage dependent term (−
𝑧𝐹V

𝑅𝑇
) and use the approximation for the logarithmic term 

(ln (
𝑇

𝑇0
) ≈ 1 −

𝑇0

𝑇
+ (

𝑇0

𝑇
)2) we have: 
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𝑙𝑛𝑃𝑜𝑝𝑒𝑛 = 𝑙𝑛𝑃𝑖,𝑜𝑝𝑒𝑛 −
∆𝐶𝑃
𝑅
(1 −

𝑇0
𝑇
) +
∆𝐶𝑃
𝑅
(1 −

𝑇0
𝑇
+ (
𝑇0
𝑇
)2)     (6.23) 

 

𝑙𝑛𝑘0 is the sum of initial entropy and enthalpy terms. 

 

ln (
𝑃𝑜𝑝𝑒𝑛

𝑃𝑖,𝑜𝑝𝑒𝑛
) =

∆𝐶𝑃
𝑅
(
𝑇0
𝑇
)2      (6.24) 

𝑄10 is the ratio (
𝑃𝑜𝑝𝑒𝑛

𝑃𝑖,𝑜𝑝𝑒𝑛
). Therefore it is possible to calculate ∆𝐶𝑃 from 𝑄10  : 

 

Ln (𝑄10) = 
∆𝐶𝑃

𝑅
(
𝑇0

𝑇0+10
)2      (6.25) 

 

A typical value for this ratio for 𝑁𝑎𝑉 and 𝐾𝑉 is 3.8 [5] but Hodgkin et al. (1952) recorded 

the value to be 3.and T=𝑇0 + 10. According to Rosen [117], the value for 𝑄10 is different 

for sodium channels in 23-28𝑜𝐶 and in 29-37𝑜𝐶. For the membrane voltage of -70 mV 

and in the temperature interval of 29-37𝑜𝐶 the value for 𝑄10 equals to about 3.8.  

So for voltage gated sodium and potassium channels at 𝑇0 = 25
0𝐶 the heat capacity 

is ∆𝐶𝑃 ≈ 250 (
𝑐𝑎𝑙

𝑚𝑜𝑙.𝐾
) ∗ 4.184 × 106(

𝑚𝐽

𝑐𝑎𝑙
) that is  about 1/8 of TRP heat capacitance. The 

effective charge of sodium channels is about 6[118,119]. 

Eq (6.13) enables us to compare the reaction of voltage gated and TRP channels to 

thermal and electrical stimulation. To study the effect of temperature, we first consider 

that stimulation occurs only by changing the membrane temperature and not the voltage. 

Fig 6.1 compares the kinetics of 𝑁𝑎𝑉  , 𝐾𝑉  and TRP channels under thermal stimulation. 

It can be seen that the activation probability in all cases increased, but activation 

probability for TRPV1 remained at higher rate throughout the stimulation period. 

Contribution of temperature in activation probability of 𝑁𝑎𝑉  , 𝐾𝑉 is similar because their 

heat capacities are considered to have ignorable difference. At the room temperature, 

the activation probability of voltage gated channels is not considerable, but it increases 

continuously as the temperature reaches higher values. Although according to Eq (6.13), 

the rates for TRP and voltage gated channels follow similar pattern, the probability of 

activation increased quite sharply from about 8 at T=273 K to about 35 at 393 K. This is 

because the heat capacity of TRPs are assumed to be 8 times larger than voltage gated 

channels. Thus, they are more sensitive to the changes in the temperature of the 

membrane. 
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Fig 6. 1 contribution of temperature (in Kelvin) in the changes in activation probability of temperature sensitive TRP and 

voltage gated 𝑁𝑎𝑉 and 𝐾𝑉 channels.  

Voltage is the other parameter that is considered to affect the kinetics of voltage gated 

and TRP channels. Fig 6.2 compares the activation probability of 𝑁𝑎𝑉  , 𝐾𝑉 and TRP 

channels at constant temperature. It can be seen that the value of activation probability 

in all three cases is currently declining as the membrane voltage is increasing. Overall, 

the activation probability of sodium channels is far higher than that for the remaining 

channels (Fig 6.2.b) so the correlated graphs coincide each other. This is because the 

effective charge of the sodium channels is assumed to be around 6, which is 3 and 12 

times higher than that for potassium and TRPs respectively. 

When we increase the temperature, in fact, we provide a fraction of energy required to 

come over the barrier energy, the rest of the energy will be provided by electric energy. 

As the temperature increases, less amount of voltage is needed for ion to pass through 

a channel. Since each channel requires smaller amount of energy to activate in higher 

temperatures, the injected electric energy is consumed to activate larger number of 

channels. This is the reason that the rate of activation is larger in higher temperatures.   

 

 

 

 

 

 

 

 

 

Fig 6. 2 The activation probability of 𝑁𝑎𝑉 , 𝐾𝑉 and TRP channels are compared. A) the logarithmic graph lines for the 
activation probability of the considered channels. B) The activation probability of sodium channels is much higher in the 
negative membrane potentials. C) comparison between the activation probability of   𝐾𝑉 and TRP channels  
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Chapter 7 

Conclusions & Discussion 

The purpose of this research is to develop methods for measuring the parameters 

contribute to generate signals when nano-labeled neuron is heated under exposition of 

magnetic field. We provide mathematical and computational analyses to measure the 

contribution of voltage gated and TRPV1 channels in the generation of AP.  

Conclusions 

In this study, we evaluated the involvement of temperature on dynamics of voltage gated 

and Temperature Resistor Potential, member V, number1 (TRPV1) channels. To 

approach this goal, we used NEURON software that is one of the important programing 

environments for simulations of nervous system behavior. This software is used in 

several important neuroscience studies such as Human Brain Project (HBP).    

In our simulations, first, voltage gated potassium and sodium channels are distributed on 

a single soma by inserting Hodgkin and Huxley (hh2) model for mammalian. Behavior of 

these channels under electrical stimulations (using IClamp and VClamp stimulation 

techniques) is studied at various membrane temperatures. Results show that alteration 

of temperature increases the rate of channels dynamic. Notably the pattern of changes 

in potassium gate number at 43𝑂𝐶 (the temperature that TRPV1 channels produce AP) 

is significantly different from the patterns generated in other temperatures.  

Secondly, we used the expression suggested by Voets et .al explaining the effect of 

voltage on temperature sensitive TRPV1 channels [4] to construct a computational model 

for voltage sensitivity of TRPV1s in NEURON environment. We simulated the APs 

produced at different temperatures by 𝑁𝑎𝑉 , 𝑘𝑉 ,𝐶𝑎𝑉 and TRPV1 channels and compare 

with simulations when only voltage gated channels are inserted. Results show that 

existence of TRPV1 channels leads generation of a spike that does not occur in the case 

that only voltage gated channels are inserted. According to these results, firing rate 

increases with temperature, but the spikes width does not change significantly. In 

addition, only in the range of temperature between 43  to   52𝑜𝐶, high temperature causes 

spike(s), even without electrical stimulation.  

Since magnetic stimulation of neurons is effective only when it is converted to thermal 

energy by magnetic nano particles, the most important issue in this type of stimulation is 
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the involvement of temperature on behavior of membrane channels. Therefore, the 

information of these simulations can be used to define the magnetic stimulation protocol, 

by providing insights. For example, it is possible to measure the effect of 

temperature(and thus the effect of magnetic field) on duration, current threshold, gating 

numbers etc. by our analyses. 

Finally, this thesis proposed a mathematical model to express the effect of arbitrary 

inputs on gating of ionic channels. We used basic thermodynamic rules to express 

channel behavior. According to the transition state theory, the channel is considered as 

a single or a number of barriers. In the case that a selective ion provides the required 

energy, the channel activates and ion passes through the gate. The amount of this 

energy- that is described as Gibbs energy- is specific for each type of ionic channel and 

is dependent on environment condition. It includes the contribution of enthalpy and 

entropy on the system of the channel and its environment. As the physical stimulations 

change the entropy and/or enthalpy of the system, it is possible to calculate their effect 

on gating dynamics by this expression.  

This model suggests a single expression for effect of different inputs on different types 

of channels. We applied this model on TRPV1 and voltage gated channels to compare 

the effect of temperature and voltage on them. Results show that in voltage-gated 

channels, the dependence of Gibbs energy on voltage is larger than the temperature. 

Thus, they are affected highly by electrical stimulations. However, in TRPV1 channels, 

the barrier energy depends strongly on the temperature than the voltage; therefore, 

thermal energy is more effective on their behavior.  

Investigation of this model will enable the scientists to study and discover the effect of 

changes in environment on nervous system.   
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Discussion 

The goal of this study is to evaluate the neuronal processes occur in the magnetic 

stimulation of the nano—labeled neurons. Since for effective stimulation, magnetic 

energy is converted to thermal energy by the labeled nanoparticles, the most important 

parameter contributed in this type of stimulation is temperature. 

Experimental records show that magnetic stimulation results in an action potential at 

temperature range of 40-43𝑜𝐶  that is the range that TRPV1 channels are activated. To 

find the contribution of TRPV1 channels in gating processes, we provided a programming 

model using NEURON environment. With this model, it is possible for the scientists to 

measure the contribution of TRPV1 channels in different signaling processes.  

The neural modeling approach proposed evaluates the function of TRPV1 channels 

under electrical stimulations at different membrane temperatures. This model is the first 

construction used to simulate the ionic flux through TRPV1 channels. Using this new 

model, it is possible to design several simulations to study the effect of temperature on 

the function of TRPV1 channels under electrical stimulation. However, other channels 

may also involve in signaling process that can affect the rate, period etc. Therefore, we 

also analyzed the behavior of voltage gated 𝑁𝑎𝑉 , 𝑘𝑉  𝑎𝑛𝑑 𝐶𝑎𝑉 channels and compared 

signaling condition when the TRPV1 channels are distributed in the membrane. 

Our TRPV1 model describe these channel function under electrical stimulation at 

different fixed temperatures. Nevertheless, it does not describe the gating process of 

TRPV1 channels when the membrane temperature changes (without involving electrical 

stimulation). The new mathematical model that we suggested for the contribution of 

temperature on opening probability of channels enables us to calculate the effect of 

heating phenomenon. 

In the ne, thermodynamic model, mathematical expressions are proposed for the first 

time to measure the ionic flux generated by heating the membrane. In addition, this 

expression explains the effect of temperature and voltage on the ionic flux through 

voltage gated and temperature sensitive TRPV1 channels. This means that using this 

formula, it is possible to construct devices to stimulate and treat the nervous system by 

temperature. In addition, this expression can be important for devices used for electrical 

stimulation therapies, in the context of deep brain stimulation or pain. 
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Further research 

The following list presents a compilation of ideas, and future directions that would be 

very interesting to pursue,and can benefit from the work developed in this thesis: 

 

1. This research evaluates the effect of physical inputs on the function of voltage gated 

and TRPV1 channels on a single soma. Further study is required to measure the 

propagation of the spikes throughout a neuron or a number of neurons. 

 

2. COMSOL software could be used to simulate the thermal stimulation condition in 2-

D scale. We consider the soma as a cylinder and the nano particles as small heating 

sources. A dense distribution of nano particles in one side of cell results in 

temperature difference in different soma parts. 

 

 

3. The simulations designed in this thesis by NEURON software can also be studied 

experimentally.  

 

4. Since the mathematical model is constructed theoretically by considering a heat 

capacity for the channel, several experiments are required to find the value for related 

parameters. Experimental data about TRPV1 channels was recorded only for a fixed 

initial temperature and was not changed during the electrical stimulations. In some 

other experiments that thermal stimulation causes TRPV1 impulses, the parameters 

required to indicate in our model was not measured or the difference between the 

values of a parameter were high because of different environmental condition of 

TRPV1 channels. 

 

 

5. It is possible to use the computational model introduced in this study to explore 

possible therapeutic strategies to address diseases and pathologies such as pain, 

Parkinson, among other neurological diseases. 
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