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Abstract 

Introduction: Immune-mediated neuropathies are disorders affecting peripheral motor and sensory 

nerves, where nerve damage leads to loss of muscle power, loss of sensation, or both. The downstream 

mechanisms leading to the actual nerve dysfunction are not well understood and cannot be well-studied 

with the available experimental methods. Such as multifocal motor neuropathy(MMN), although 

peripheral nerve fascicles contain motor and sensory nerves, no sensory abnormalities are involved in 

MMN. 

Methode: We developed a mathematical model of the human peripheral myelinated motor and sensory 

axon, which incorporates 41 successively connected nodes of Ranvier and detailed internodal regions 

including the paranode, juxtaparanode and standard internode with the myelin modelled using a 

double-cable structure, with a fiber diameter of 10.0 µm at 36 oC. To accurately simulate the human 

peripheral myelinated axon, we modified the parameters for the nodal and internodal membrane 

dynamics to those found in patch-clamp studies and used in human peripheral nerve excitability testing. 

Main results. The sensory axon was simulated with respect to the motor axon by a decreased slow 

potassium channel conductance, an increased internodal inward rectifier current, a depolarizing shift of 

the voltage for half-activation for hyperpolarization-activated cyclic nucleotide–gated channels channels 

and depolarization of the resting membrane potential. Simulations with the developed models of a 

peripheral motor and sensory myelinated axon showed that the conduction velocities (CVs: motor: 47.3 

m/sec, sensory: 50.6 m/sec) and strength-duration properties (motor:  204 µsec, sensory: 385 µsec) 

matched well with experimental studies. Further validation of the models was obtained by assessing the 

effects of temperature (36, 34, 32, 30, 28 and 26 oC), which showed an increase in CV with 1.52 

m/sec/0C for motor and 1.58 m/sec/0C for sensory simulation, and an increase in fiber diameter (16 µm) 

shows an increase in CV of 79.5 m/sec for motor and 101.5 m/sec for sensory axons). All effects agreed 

with experimental data.    

Significance. The developed model consists of detailed morphological and biophysical properties of the 

human peripheral myelinated motor and sensory axon. These computational platforms make it possible 

to systematically study downstream mechanisms of peripheral nerve diseases, which cannot be 

assessed with experimental studies. Obtaining insight into these mechanisms is essential, because it may 

provide knowledge on what morphological or functional elements are most likely targeted, which aids 

the development of novel treatment strategies to prevent irreversible nerve damage.   

 

 

 

 

Keywords: mathematical model, peripheral myelinated axon, sensory axon, motor axon, neuropathies, 

multifocal motor neuropathy, demyelination, mechanical injuries 
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Abbreviations: 

AMAN: Acute motor axonal neuropathy 

CB: Conduction block 

Ex: Nernst potential  

F: Faradays constant [KC/mol] 

GBS: Guillain–Barré syndrome 

HCN-channels: Hyperpolarization-activated cyclic nucleotide–gated channels 

IR: Inward rectifier 

Kf: fast potassium 

Ks: slow potassium 

Lk: leakage 

MMN: Multifocal motor neuropathy 

Na: sodium 

Nap: persistent sodium 

Nat: transient sodium 

Na/K pump: sodium/potassium pump 

NCS: Nerve conduction study 

R: Universal gas constant [MJ/K x mol] 

SDTC: Strength-duration time constant 

T: temperature [Kelvin]  
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1. Introduction 
Human myelinated nerves in arms and legs have their primary function in transferring nerve impulses to 

mediate muscle movement or skin sensation. Immune-mediated neuropathies, such as Guillain–Barré 

syndrome (GBS), multifocal motor neuropathy (MMN) and acute motor axonal neuropathy (AMAN) are 

disorders where the body generates antibodies against its own nerves. As a result, they affect peripheral 

motor and sensory nerves, where nerve damage leads to loss of muscle power, loss of sensation, or 

both. Although the antibodies play a role in the initial attack against nerves, the downstream 

mechanism leading to the actual nerve dysfunction is not well understood. Knowledge of these 

mechanisms is essential for the development of treatments aimed at prevention of irreversible nerve 

damage. 

 

Available methods in patients, like needle electromyography(EMG), EMG, nerve conduction studies 

(NCS), excitability test, single axon tracing, voltage or current clamp methods. These methods are 

invasive for the patient and are inaccurate, no channel disruptions or dynamics can directly be detected. 

These methods also take mostly a lot of time to perform(1,2). Furthermore, experimental methods in 

single myelinated axons are considerably more difficult to perform in mammalian and human fibers than 

in amphibian fibers, due to extreme fragility of the fibers and because they are surrounded by large 

connective tissue. Additionally, experimental findings in  single myelinated amphibian or lower 

mammalian axons cannot always be extrapolated to human axons due to essential differences in ion-

channel characteristics(3). 

 

We developed a peripheral motor and sensory axon model with this present study and aimed to 

systematically study downstream mechanism, which cannot be assessed with experimental studies. For 

instance, about selective involvement of motor axons at the peripheral nerve level, such as in MMN and 

AMAN or about myelin damage that is associated with axonal conduction loss in trauma and chronic 

neurodegenerative diseases(4–6). With this peripheral axon simulation, patients do not have to come 

that often to a hospital for research purposes, clinical trials can be done more specific using outcome of 

the computer simulation. Computer simulations are relatively cheap and fast to perform, no additional 

tools are required.   

 

Aim: The first step to develop a complex forward mathematical model of the human peripheral 

myelinated motor and sensory axon which incorporates all available functional knowledge on 

higher mammalian or human myelinated axons to study downstream mechanisms 

systematically in human neuropathies.  
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1.1 Normal physiology of a peripheral myelinated axon 

A peripheral nerve consists of a bundle of motor and sensory axons. Each myelinated motor and sensory 

axon is surrounded by a myelin sheath, which is interrupted at the node of Ranvier(7,6). Myelination is a 

process whereby Schwann cells, elaborate double membrane wrappings around axons, creating an 

insulating layer that results in fast conduction of nerve impulses. The wrappings increase the total 

membrane resistance, decrease the total membrane capacitance and reduces the leakage of current 

between two adjacent nodes, which is essential for impulse propagation by saltatory conduction.(8) The 

speed of conduction between nodes of Ranvier depends on different aspects. The distance between the 

nodes of Ranvier is a determinant of the conduction velocity over the axons(9).  

The node of Ranvier is in direct contact with the extracellular fluid, there is no myelin at the node of 

Ranvier. The axon area between adjacent nodes is called the internode, which is surrounded by 

Schwann cells (myelin). The internode consists of three main segments, the paranode, juxtaparanode 

and standard internode. The paranodal region is located adjacent to the node of Ranvier, where the 

myelin lamellae terminate in paranodal loops. Then follows the juxtaparanodal region, which has a very 

large surface area, because it has a fluted surface and the widest diameter, followed with the standard 

internode region(10,11). 

The size of the internode varies and is positively correlated to the axon size. The node of Ranvier 

occupies approximately 0.1% of the total surface area of a node and internode together. The diameter 

of a myelinated axon ranges from 1-2 μm to 20 μm. The distance between two adjacent nodes is for the 

thickest fibers up to 1-2 mm. Thicker nerve fibers have a wider axon diameter, more myelin lamellae, a 

longer internodal distance and a faster internodal conduction velocity. The conduction velocity reaches 

a maximum in which conduction remains constant, despite longer internodes(9,10,12). 

Adequate functioning of voltage-gated ion channels in nerve cells is essential for efficient signal transfer 

along the axons. Voltage-gated ion channels are specialized nerve cell membrane proteins. Voltage-

gated ion-channels are not uniform distributed over the axolemma. Each channel is found in the above 

described axon segments, but the density per channel type differs between segments. The node of 

Ranvier contains mostly persistent and transient sodium(Nat and Nap) channels and slow potassium(Ks) 

channels. Fast potassium(Kf) channels have a very high density at the juxtaparanode(6). 

Hyperpolarization-activated cyclic nucleotide gated channel (HCN-channels) are located at the 

internode. As well as Na+ channels and slow and Kf channels(6,13,14). The location of Na/K pumps are 

controversial, however advanced electrophysiological and immunostaining techniques suggest an 

internodal localization rather than nodal(15,16). A schematic overview of a myelinated axon can be seen 

in figure 1.  
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Figure 1: Myelinated axon diagram. Voltage-gated ion channels on the axolemma, which includes the 

node of Ranvier (light green), paranode(dark green), juxtaparanode(yellow), standard internode(blue). 

Channel descriptions; Ks: Slow potassium, Nap: persistent sodium, Nat: transient sodium, Kf: fast 

potassium, HCN: Hyperpolarization-activated cyclic nucleotide gated channels, Na/K pump: 

sodium/potassium pump.  

 

In the next chapter the development of the model will be explained. First a general description of the 

modal and then the motor model, continued by the differences of the sensory model and the ion 

channel specification. After the development procedure, the validation process will be explained and 

next an example of a clinical application will be given. The results will be discussed in the discussion and 

recommendation for further improvement will be made.  
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2. Model development 
There are a lot of existing peripheral axon models(17–22), however, the model of McIntyre et al.(23) has 

also described paranodal, juxtaparanodal and internodal compartments in his model and was available 

in MATLAB and was easy to adjust to our needs. Therefore, we chose to extend the double cable model 

of McIntyre et al.(23) in this study. 

 

2.1 General description of the model  

The original model of McIntyre et al. (23) represents a detailed description of voltage-gated ion-

channels in the node of Ranvier and simplified internodal membrane dynamics.  As it does not contain 

internodal voltage-gated ion-channels, we extended the model by including a more detailed description 

of the internodal membrane dynamics and described the functional differences between peripheral 

human myelinated motor and sensory axon. As starting point, we used the MATLAB implementation of 

this model as published by Danner et al. (24), and subsequently modified it for the specific purposes of 

this study (MATLAB 2016b, MathWorks). Numerical integration of the differential equations was 

performed with the CVODE diferential equation solver from the Suite of nonlinear differential/algebraic 

equation solvers (SUNDIALS, version 2.6.1)(25) with time steps of 0.001ms. The sundialsTB MATLAB 

bindings, supplied with the SUNDIALS distribution were used to interface the CVODE solver in MATLAB.  

 

For the longitudinal model we used in total 41 nodes of Ranvier separated by 40 internodes. The fiber 

geometry was kept as the original McIntyre et al.(23), where from node-to-node, the model consists of 

11 segments geometrically representing the node(1 segment), paranode (paranodal myelin attachment, 

1 segment), the juxtaparanode (paranodal main segment, 1 segment), the internode (6 segments), and 

again the juxtaparanode (1 segment), and paranode (1 segment), see figure 2 and 3.  

 

Figure 2: Representation of the model with a node of Ranvier, a double cable structure with 2 paranodal 

segments, 2 juxtaparanodal segments and 6 standard internode segments in each compartment. 

 

 

 

Figure 3: Representation of the first 6 simulated components. With a total of 41 nodes of Ranviers and 

40 internodal compartments. 
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2.2 Nodal and internodal membrane dynamics of the myelinated motor axon model  
We adjusted the original model as obtained by Danner et al.(24) which is based on the model of 

McIntyre et al.(23) and developed a peripheral motor and sensory axon simulation.  

In the original model of McIntyre et al.(23) the node of Ranvier contained a voltage-gated Nat
 and Nap 

channels, voltage-gated Ks channels, a leak conductance and a nodal membrane capacitance. The 

dynamics of these ion-channels were based on experimental studies of Scholz et al.(26) Schwarz et 

al.(27) and Reid et al.(28)  To simulate a human myelinated axon model as closely as possible, McIntyre 

et al. modified the parameters of membrane dynamics to those assessed in human peripheral motor 

nerve excitability test for fiber diameters of 10.0 μm, 14.0 μm and 16.0 μm, see table 1(19,20,23). Also, 

the temperature-dependency, and gating kinetics were based on earlier experimental work in human 

myelinated axons(23,26–28) . We chose to set the resting membrane potential at -80 mV in case of 

simulation of a peripheral motor axon.   

 

 The paranode was presented as a passive contributor by a conductance in parallel a capacitance at the 

axolemma(23). We chose not to implement channels in the paranode and kept it as the original.  

McIntyre et al.(23) described Kf channels in the juxtaparanode but chose not to use them in their study. 

Danner et al.(24) implemented an optional Kf channel in the juxtaparanode. Because Kf channels are 

certainly present in the juxtaparanode, we chose to implement them in our simulation(3,16,23). 

Furthermore, we implemented a non-specific leakage current to the juxtaparanode to compensate for 

channel isoforms or channels we did not incorporate in our study. 

The original model of McIntyre et al.(23) did not describe any internodal channels. To more accurately 

describe the membrane dynamics in the internode, a series of ion-channels were additionally 

implemented. At the internode, the density of the Na channels has been suggested to be approximately 

1/100 compared to that of nodal Na channels(3,13). Hence, internodal Nat and Nap channels were 

modelled by setting their conductance to 1% compared to that of the node. Based on Waxman et al.(16) 

also Kf and Ks channels are present  in the internode. The estimated density of Kf channels in the 

internode compared to the juxtaparanode is about 1/6. For the Ks channels its density has been 

suggested to be 1/30 compared to that of the nodal density(14,16). Furthermore, the voltage-gated 

inwardly rectifying currents (IR) flow through, hyperpolarization-activated cyclic nucleotide gated 

channels (HCN-channels), and play an important role in pace-making, determination of the resting 

membrane potential, determination of axonal threshold in human motor axons and are also 

implemented in the internode. (20,29,30). Like the non-specific leakage current in the juxtaparanode, 

we implemented a current that may stand for the isoforms of channels we did not incorporate in our 

study (like the unmodeled slow HCN isoforms) (14). Finally, a Na+/K+-pump is implemented in the 

internode. Although, the localization of the Na+/K+-pump is controversial, it has been suggested to have 

an internodal localization(3,15,31). Therefore, a localization of the Na+/K+-pump in the internode is 

chosen, with a value of 0.1 nA(18,19,32).  

An overview of the implemented ion-channels, the conductances and gating kinetics can be found in 

table 3. A schematic description of the mathematical model can be seen in figure 4, which represents 

the axolemma, and each compartments, with linear conductances in parallel with membrane 

capacitances. The electrical parameters of each compartment can be seen in table 2.  
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Table 1: The model geometric parameters for fiber diameters of 10.0, 14.0 and 16.0 μm. Each 

compartment consists of 2 paranodal and 2 juxtaparanodal regions and 6 standard internodal regions. 

All parameters, beside the number of myelin lamella, are in μm.  

 Fiber diameter 

 10.0 14.0 16.0  

Node-node separation(23,33) 1150  1400 1500 

Number of myelin lamella(12,23) 120 140 150 

Node length(23,34,35) 1 1 1  

Node diameter(23,34,35) 3.3 4.7 5.5 

Paranode length(11,23) 3  3 3 

Paranode diameter(11,12,23) 3.3  4.7 5.5  

Paranode periaxonal space width(11,23) 0.002  0.002 0.002  

Juxtaparanode length(11,23) 46 56 60 

Juxtaparanode diameter(11,12,23) 6.9 10.4 12.7  

Juxtaparanode periaxonal space width(11,23) 0.004 0.004 0.004 

Standard internode length(23,33) 175.2  213.5 228.8 

Standard internode diameter(12,23) 6.9  10.4 12.7  

Standard internode periaxonal space 

width(11,23) 

0.004 0.004 0.004  

 

Table 2: Conductance and capacitance values of each compartment. The value in bracket is the value for 

sensory simulations if this is chosen different from the motor axon simulations.  

Vrest(23,36) -80 mV (-78 mV) 

Axoplasmic + periaxonal resistivity(23) 70 Ohm*cm 

Myelin capacitance(23,37,38) 0.1 μF/cm2 

Capacitance of the nodal membrane23,39 2 μF/cm2 

Capacitance of the internodal membrane(23,39) 2 μF/cm2 

Myelin conductance(23) 0.001 S/cm2 

Paranodal conductance(23) 0.001 S/cm2 

Juxtaparanodal conductance(23) 0.0001 S/cm2 

Standard internodal conductance(23) 0.0001 S/cm2 

Na/K pump(18,32) 0.1 nA 

 

The conductances values are all in S/cm2, therefore, the conductances are automatically adjusted to 

differences in fiber diameters and other geometric differences. The conductances are converted into 

values in nS. The conductance in S/cm2 is first converted to a conductance value in nS/μm2. Then the 

formula: conductance in nS = conductance in nS/μm2 x diameter x length x pi, is used.  The capacity 

values are also recalculated to values of pF in the same manner. The same method is used with the 

channel conductances, these are given in table 3 for motor and sensory axons.  
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2.3 Nodal and internodal membrane dynamics of the myelinated sensory axon model  
There are differences between motor and sensory axons. These are important to implement, so that a 

different model for sensory and motor axons can be used, to see the effects of peripheral nerve 

diseases, myelin damage and mechanical injuries on sensory and motor axons and for example answer 

questions about selective involvement of motor axons in MMN.  

A  prominent difference between sensory and motor axons has been suggested to be their 

accommodation to hyperpolarizing currents produced by HCN channels (40). The more significant 

accommodation to hyperpolarize currents have been ascribed to HCN channels, which are expressed 

more in sensory axons than in motor axons(20,31,40–43). Furthermore, increased expression of HCN 

channels has been suggested as a contributing factor to the greater anode break hyperexcitability seen 

in sensory axons(40,44). Therefore, we made adaptations to the HCN channels using the method of 

Howells et al. (20), combining an increase in the maximal conductance of HCN of 39% with a 13.1 mV 

depolarizing shift in Bq, the voltage activation of the conductance underlying HCN.  

Experimental studies have shown that sensory axons are more depolarized than motor axons. Nodal and 

internodal slow potassium channels and the potassium equilibrium potential contribute to the resting 

membrane potential(14,31). Furthermore, it is hypothesized that reduces slow potassium channel 

expression contributed to increased susceptibility to ectopic activity in sensory axons(45,46). 

Adaptations to nodal slow potassium conductance is made based on the study of Howells et al. (20) and 

a of 49% is chosen in the sensory axon model(20). Whereas, we are using a fixed resting membrane 

potential in our model, adapting values of slow potassium will not eventually lead to depolarization. 

Therefore, the resting membrane potential of sensory axons more depolarized (-78 mV).  

Table 3: Parameter and descriptions of the conductances of all the implemented channels in the model in 

S/cm2. 

Parameter Motor Sensory References 

Maximum nodal Nat
+ conductance (GNatN) 3.0  3.0 (16,23,26,27) 

Maximum nodal Nap
+ conductance (GNapN) 0.010 0.010 (23,47) 

Maximum nodal Ks
+ conductance (GKsN) 0.080 0.0411 (20,23,26,27,48) 

Nodal leakage conductance (GLkN) 0.007 0.007 (23) 

Juxtaparanodal maximum Kf
+ conductance  (Gkf) 0.02 0.02 (23,48,49) 

Internodal maximum Na+ conductance  GNafN/100 GNafN/100 (3) 

Internodal maximum Ks
+ conductance  GKsN/30 GKsN/30 (16,49) 

Internodal maximum Kf
+ conductance  Gkf/6 Gkf/6 (16,49) 

Internodal maximum HCN conductance 0.0016 0.0022 (18–20) 

Internodal leakage conductance GLkN/330 GLkN/330 (18,19) 
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2.4 Ion-channel specifications 
Nernst potentials of Na+, K+ and HCN channels the model are calculated with the formula: 

Ex = 
RT

F
 log 

[K]o+Selx[Na]o−Selx[K]o

[K]i+Selx[Na]i−Selx[K]i
 

For the universal gas constant(R) 8315569.8 MJ / K x mol, temperature(T) 309 Kelvin, Faradays constant 

(F) 96485 KC/mol. The concentration Na+ outside and inside are respectively 144.2 mol/m3 and 9 

mol/m3. The concentration K+ outside and inside are respectively 4.5 mol/m3 and 155 mol/m3. The 

selectivity of the channels are for Na+ channels 0.9, for K+ 0 and for HCN channels 0.097(20). The leakage 

reverse potential is set the same value as the resting membrane potential.  

The voltage and time dependent parameters for the rate constants α and β can be found in table 4. The 

values between brackets are the different used for the sensory model. The values without brackets are 

the same for motor and sensory simulations. The difference between motor and sensory is a 

depolarizing shift of 13.1mV in αq and βq as described by Howells et al.(20). 

Table 4: Voltage and time dependent parameters for the rate constants, α and β for motor and sensory 

models, taken from McIntyre et al.(23) and Jankelowitz et al.(19). The values within the brackets are for 

the sensory model only. 

 A (m/s, at 309 K) B (mV) C (mV) 

Fast potassium αn 0.0462 83.2  1.1 

Fast potassium βn 0.0824 66 10.5 

Transient sodium αh 0.062  114  11 

Transient sodium βh 2.3 31.8 13.4  

Transient sodium αm 1.86  20.4 10.3  

Transient sodium βm 0.086  25.7 9.16  

Persistent sodium channel αmp 0.01  27  10.2  

Persistent sodium channel βmp 0.00025 34  10  

Inward rectifier αq 0.00057  103.1 (90) 13.7 

Inward rectifier βq 0.00057  103.1 (90) 13.7 

Slow potassium αs 0.00084  22.4  14.6  

Slow potassium βs 0.000509  90.1  13.49  
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The gating values of the different channels can be calculated with the following formula: 

(1)   
𝑑𝑥

𝑑𝑡
 = [αx ( 1 – x ) – βxx] * q10[(Tac - Tref)/10]   

With x representing the different channels  including, m,h, mp , s, n, and q . The rate constants alpa and 

beta are given by: 

(2)   αm, αmp, αn, αs = ( (A (V + B)) / (1 - 𝑒(−𝑉−𝐵)/𝐶  )) 

(3)   βm, βmp, βn, βs, αh =  ( (A (-V - B)) / (1 - 𝑒(𝑉+𝐵)/𝐶  ))  

(4)   βh = A / (1 + 𝑒(−𝑉−𝐵)/𝐶 ))     

(5)   αq =  A · (𝑒(−𝑉−𝐵)/𝐶 )      

(6)   βq = A / (𝑒(−𝑉−𝐵)/𝐶  )      

The temperature dependence of the gating kinetics is expressed by q10. The rate of change equals q10 

when the actual temperature (Tac) increases with 10 degrees relative to the references temperature 

(Tref). The q10 values for αm, αmp, βm, βmp are 2.2, for αh, βh is q10 2.9 and for αn, αs, αq, βn, βs, βq 3.0.   

The currents of each channel are calculated with the following formulas:  

(7)   Ina = gna · m3 · h · (Vm – Ena)      

(8)   Inap = gnap · p3 · (Vm – Ena)       

(9)   Iks = gks · s · (Vm – Ek)       

(10)   Ikf = gkf · n4 · (Vm – Ena)       

(11)   IIR = gIR · q · (Vm – Eh)       

(12)   ILk = gLk · (Vm – ELk)  

With Vm the membrane potential, E the Nernst potential of the channel and g the conductance of the 

channel, resulting in the current I.  

After the development of the model it is validated using different methods. First of all the action 

potential dynamics are taken into account, secondly the gating kinetics and the currents induced by the 

channels. Next the effect of temperature and fiber diameter on the conduction velocity and action 

potential are studied and lastly some strength-duration properties are calculated. These are all 

explained in the following chapter.  
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3. Model validation 

3.1 Methods 

Simulations were conducted to generate the action potential, its propagation to measure the 

conduction velocity, the effect of temperature on conduction velocity and on the shape of the action 

potential, the effect of fiber diameter on the conduction velocity, and the strength-duration properties.   

 

Single intracellular stimuli were delivered with a stimulus duration of 1 ms. The fiber diameter was set to 

10.0 μm and the temperature to  36° C. To assess their effect on conduction velocity the fiber diameter 

was altered to 14.0 and 16.0 μm. By increasing the fiber diameter, also the axon diameter, node 

diameter, paranode and juxtaparanode and internode diameter increased. The length of the internode 

changed and the amount of lamella(myelin) surrounding the internode also increased, see table 1. The 

implemented temperature changes were adjusted with steps of 2 K from 299 K (26oC) till 309 K(36oC).      

To calculate the conduction velocity, first, the derivative of the action potential was taken in every node 

from which the time points with maximum rising slope were determined. The internodal conduction 

velocity was then calculated by dividing the node-to-node distance (1150 µm, see Table 1) by the 

internodal conduction time. Averaging the internodal conduction velocities resulted in the overall 

conduction velocity of the model. To avoid boundary effects of the model the internodal conduction 

velocities and activation thresholds were derived from node 11 to 31.   

 

To determine the activation threshold a binary search algorithm was applied as implemented by 

Hennings et al.(50) In the model, an action potential was defined as the myelinated axon was 

depolarized to 0 mV at the node.    

 

From the action potential the maximum amplitude, rise time, fall time and total duration was 

determined. Rise and fall times were calculating by approximating the action potential as a triangle. The 

rise time was taken as the time from the intersection of the 10% of the difference between the resting 

membrane potential and the maximum amplitude till the moment of maximum amplitude. The falling 

time was calculated at the same manner using the falling edge (51,52).The total duration of the action 

potential was taken as the sum of the rise and falling times.    

 

The strength-duration properties are characterized by the rheobase and the strength-duration time 

constant (SDTC)(53). SDTC is commonly assed in nerve excitability studies as a measure of axonal 

excitability where it depends on the biophysical properties of the axonal membrane at the node of 

Ranvier. It also provides information about Na channel functioning(54). Rheobase is defined as the 

theoretical asymptotic current required to just excite a nerve using  a stimulus with infinite duration(3). 

For simulating the SDTC and rheobase the changes in activation threshold was determined by varying 

the stimulus duration from 1 ms to 0.2 ms in steps of 0.2 ms, which is similar to that of nerve excitability 

testing(54). 
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3.2 Action potential 
In figure 5 the generated action potential at the middle node of the model (node 20) for the motor 

(blue) and sensory (red) axon is shown after applying a 1ms intercellular stimulus pulse at node 11 with 

a stimulus current of 1000nA. The sensory axon starts a little bit earlier with an action potential and has 

a slightly lower peak amplitude(motor: 24.4 mV, sensory: 23.5 mV). Compared with the motor action 

potential the sensory action potential is broader. The activation threshold of node 20 is 478 nA for the 

motor model and 294 nA for the sensory model. Following an action potential, the models generated 

the characteristic depolarizing(DAP, black arrouw) and hyperpolarizing afterpotentials(AHP, green 

arrow)  (see Figure 8).   

 

Figure 5: (A) The generated action potential of the motor (blue) and sensory (red) axon model up to 4ms 

from node 20. (B)  Visualization of the same action potential as in (A), but close to its resting membrane 

potential(-80mV for motor and -78mV for sensory) from which the characteristic depolarizing after 

potential (DAP, black arrow) and hyperpolarizing afterpotential (AHP, green arrow) can be observed., for 

a duration of 200ms.  

 

3.3 Ion channel gating kinetics and currents 

The validation of the model starts with observing the channel kinetics and currents. The mathematical 

model contains parallel ion channels. A correct implementation using Hodgkin-Huxley equations for the 

calculation of the channel currents and correct chosen voltage and time dependent parameters will 

show us channel gating kinetics varying between 0 and 1(55). Currents are defined by inward or outward 

currents, these are different in each ion channel.  

Figure 6 shows the nodal gating kinetics and currents for motor (A) and sensory (B) axon simulations. No 

big differences between motor and sensory simulation could be observed. Figure 7 shows the nodal 

kinetics and currents for the Kf channel implemented in the juxtaparanode. The Kf channel current has a 

A 

B 
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higher peak in the sensory axon then in the motor simulation. Figure 8 shows the internodal gating 

kinetics and current values of the Kf and Ks, Na and HCN channels. The gating kinetics and currents are 

different in motor and sensory simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: The nodal gating kinetics for the implemented ion channels at node 20: transient(red) and 

persistent(green) sodium and slow potassium(black) channels. The gating kinetics are slightly different in 

motor (A) than in the sensory(B) simulation. Nodal current values of transient sodium (Nat, red), 

persistent sodium(Nap, green), slow potassium (Ks, black), are also shown at node 20. No big differences 

between motor(A) and sensory(B) simulations are seen.  

 

 

A) Motor 

B) Sensory 
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Figure 7: The gating kinetics of the fast potassium channel (n-gate) in the juxtaparanode at node 20. The 

n-gating kinetics are similar in motor (A) and sensory(B) simulations. Juxtaparanodal current values of 

fast potassium (Kf) at node 20. The juxtaparanode of the sensory(B) axon shows a higher peak current 

then the motor(A) model.  
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Figure 8: The gating kinetics of the fast potassium channel (n-gate), slow potassium (s-gate), sodium (m 

and h-gate) and HCN (q-gate) in the internode at node 20. Only the s-gate remains the same in motor(A) 

and sensory(B) axons. The remaining gating values are different in motor(A) and sensory(B) axons. 

Internodal current values for sodium (Na), fast potassium (Kf), slow potassium (Ks), Inward Rectifier 

current of the HCN channel (IR), leakage (Lk) and a total current value with all ion channels and leakage 

together at node 20. The form of the currents are different in motor (A) and sensory (B) axons. 

 

  

B) Sensory 

A) Motor 
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3.4 Fiber diameter.  
The action potential propagation along nodes 11 to 31 for motor and sensory simulations can be seen in 

figure 9 A and B, where the line represents the steepest part from which the internodal conduction 

velocity was calculated, see section 3.1 for a detailed description on how the conduction velocity is 

calculated.  

 

Figure 9: Modeled action potentials at successive nodes of Ranvier(node number 11 till 31) in a model 

motor (A, blue) and  sensory (B, red)  myelinated axon. The black line represents the steepest points of 

the action potential.  

Changing the fiber diameter had an effect on the conduction velocity between motor and sensory 

axons. The conduction velocity for a fiber diameter of 10 μm was for motor and sensory axons 

respectively 49.9 m/sec and 53.4 m/sec. When the fiber diameter was increased to 14 µm and 16 µm 

the motor conduction velocity increased to respectively to 74.8 m/sec and 79.5 m/sec and the sensory 

conduction velocity to respectively 76.9 m/sec and 101.5 m/sec. The conduction velocity of the sensory 

axon is higher in respect to the conduction velocity of the motor axon and stays higher when the fiber 

diameter increases, see figure 10.   

 

  

A 

B 
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Figure 10: Fiber diameter dependency of the conduction velocity for a motor (blue) and sensory (red) 

nerve fiber. The conduction velocity of the sensory axon remains higher than the motor axon and 

increases both when the fiber diameter increases.  

3.5 Temperature effects 
In figure 11, the effect of temperature on the motor and sensory conduction velocity are shown with the 

expected increase in conduction velocity with increasing temperature in both the motor and sensory 

simulations.  

The slope of the change in conduction velocity per degree in Celsius as calculated by taking a linear line 

from the conduction velocities 26 to 36°C and divide that with 10°C, was for the motor model 1.50 and 

the sensory model 1.51 m/s per °C The conduction velocity of motor axon simulations remained lower 

than the simulation of sensory axons. The q10 values as defined as a measure of the rate of change of 

because of the increasing temperature by 10 °C, are also different for motor and sensory simulations, 

which were respectively 1.44 and 1.40.   

The action potential rise, fall and total times were calculated at temperatures of 26, 30 and 36°C. Figure 

12 shows the definition of rise, fall and total times. Figure 13 shows the values of the rise and fall times 

for motor and sensory axons at different temperatures. Time rise, fall and total time decreased when 

the temperature increased in both motor and sensory simulations. The total action potential duration 

times are slightly more in sensory axon simulations in each chosen temperature, see figure 13.  The 

maximum reached potentials of motor axons at a temperature of 26, 30 and 36°C were respectively 31.5 

mV, 29.5 mV and 24.6. For sensory axons these were 30.9 mV, 28.9 mV and 23.6 mV.  
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Figure 11:  Temperature dependency of conduction velocity for a motor and sensory nerve fiber. The 

conduction velocity of the sensory axon(red) remains higher than the motor axon(blue) and has a slightly 

higher slope value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: The description of the rise and fall time. The rise time starts at 10% of the action potential 

and continues till the maximum. The fall time starts at the maximum and ends at 10% of the action 

potential.   
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Table 13: The rise, fall and total times of the action potentials for motor and sensory simulation at 

temperatures of 26°C, 30°C and 36°C. The sensory model simulation has a longer action potential 

duration at each chosen temperature. 

3.6 Strength-duration properties 
The strength-duration properties were assessed by stimulating at node 21, using a transformation of 

Weiss’s charge-duration equation, transformed as Bostock et al (53,56,57). Weiss proposed a linear 

equation using a charge Q duration curve. The electrical charge Q van be calculated with the formula:  

(13)    Q = I · d or Q = b(d + SDTC) 

Where I is the current measured in amperes multiplied by the duration d. B relates to the rheobase 

value. Rheobase is the threshold current required if the stimulus is of infinitely long duration. In this 

formulation the SDTC equates to chronaxie (the stimulus duration corresponding to a threshold current 

that is twice rheobase).  As can be seen, there is a linear relationship between charge and stimulus 

duration. Therefore, the rheobase and SDTC can be calculated from a charge-stimulus duration plot 

when different stimulus widths are used (see figure 14). The SDTC can be derived from the interception 

with the y-as (when the charge is 0), whereby the slope of this relationship corresponds to the rheobase.  

 

The rheobase for the motor axon was higher with 393 pA compared to the sensory axon with 211 pA. 

The SDTC was lower for the motor axon with 204 µsec than the sensory axon with 385 µsec, see figure 

14.  
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Figure 14: (A) The strength duration curve for motor(blue) and sensory (red). The threshold value of the 

sensory model remains lower than the motor axon model. (B) The charge-duration curve for motor (blue) 

and sensory (red), the sensory charge remains larger than motor.  
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4. Clinical application of the model 
We gave to examples of clinical applications of the model in the introduction. First, we tried to answer 

questions about the selective involvement of motor axons in MMN.  

 

4.1 Multifocal Motor Neuropathy 

4.1.1 Introduction 
Multifocal Motor Neuropathy(MMN) is characterized by progressive asymmetric weakness and atrophy 

of the muscles, due to focal conduction blocks(CB) along motor fibers. The presence of a CB in motor 

nerves, outside the usual sites of nerve compression, is an electrophysiological hallmark of MMN. A CB 

occurs when an action potential fails to propagate through a segment of an intact axon(58,59).  

Although, peripheral nerve fascicles contain motor as well as sensory axons, sensory symptoms are 

usually absent and sensory nerve conduction studies are often normal, also in segments with motor 

CB(1,2). The exact pathophysiological mechanism underlying CB is still unknown. Therefore, a computer 

simulation of the human peripheral myelinated axon which includes all available functional knowledge 

on higher mammalian or human myelinated motor and sensory axons is needed.  

 

The most common theories about the developmont of CB in MMN are demyelination, a permanent 

altered resting membrane potential and nodal Na channel disruptions(2,60). Demyelination of an axon 

causes a reduced safety factor, which may lead to a CB. A safety factor is the ratio (available outward 

capacitative current = driving current)/(required inward ionic current = driving current) for the excitation 

of a node(3,61). There are different types of demyelination which can lead to a reduced safety factor, 

these are segmental demyelination, paranodal demyelination and juxtaparanodal demyelination. 

Segmental demyelination leads to a decreased driving current at the node that must be activated due to 

outward flowing of the driving current across the damaged myelin sheath, which eventually may result 

in a conduction block. Paranodal demyelination causes the driving current to be dissipated over an area 

consisting the node and the denuded paranode. The large capacitance of this area impairs depolarizaton 

of the former nodal area. Juxtaparanodal demyelination is similar to paranodal demyelination but 

depolarization is additionally impaired by activation of exposed juxtaparanodal K+ channels(3).   

 

Intra and extra-cellular ion concentrations are important determinants for the resting membrane 

potential. The resting membrane potential is kept stable by maintaining the intracellular Na and K 

concentrations by active transport using Na/K pumps(62). Damage to voltage-gated Na-channels at the 

node will lead to loss of the action current and leads to a CB(6). Half of the MMN patients have anti-

GM1 antibodies, suggesting an immune-mediated attack on nodal molecules(63–65). Anti-GM1 leads to 

structural alterations in paranodal regions and to subsequent disruption of the ion channel integrity, 

resulting in the formation of membrane attack complex, which allows uncontrolled ion influx due to 

compromises to the membrane integrity. Which eventually leads to disruption of Na channels(66). 

Experimental models also suggest that binding of anti-GM1 at the axolemma, causes blocking and 

disruption of Na channels associated with reduced nodal Na current density(3,67). 
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4.1.2 Simulation of MMN 
Taken the information above into consideration three types of demyelination(segmental, paranodal and 

juxtaparanodal) could be simulated to have an overview of MMN. Furthermore, disruption of nodal Na 

channels could be added.  

We first focused on modelling segmental demyelination. Segmental demyelination is when the whole 

part of the myelin, surrounding the paranode, juxtaparanode and internode are demyelinated, for a 

certain number of following internodes. Segmental demyelination is chosen for the comparison 

between motor and sensory axons because this type of demyelination leads to conduction block 

eventually(68). Focal segmental demyelination was simultaneously applied on the paranodal, 

juxtaparanodal, and internodal regions surrounding the three middle nodes(node 20, 21 and 22) by 

gradually increasing myelin capacitance and conductance, which corresponds with a certain percentage 

(30%, 50%, 70%, 95%, 96% and 97%) lamellae decrease, until conduction failure occurred.  

 

Figure 15 and 16 show the propagation of the action potential of the motor(figure 15) and 
sensory(figure 16) axon after 50%, 96% and 97% demyelination. The potential decreases surrounding 
the demyelinated nodes but increases after the demyelinated area. Figure 15 shows that the motor 
axon reaches a state of conduction block after 96%. In case of the sensory axon this is at 97% 
demyelination. 

 
Demyelination of the middle nodes causes a decrease of the conduction velocity resulting in conduction 
block eventually. The conduction velocity returns to normal after the signal passes the demyelinated 
nodes, as can be seen in figure 15 and 16.   

 
Figure 17 shows a nice overview of the effect of demyelination on conduction velocity after a certain 
percentage demyelination. You can see that both in motor and sensory axons the conduction velocity 
decreases when the percentage demyelination increases.  

 
The internodal conduction time is defined as the time of conduction between two adjacent nodes. The 
internodal capacitance increases when the percentage demyelination increases. Figure 18 shows the 
internodal conduction time over the internodal capacitance. Which shows an in general higher 
internodal conduction duration for motor axons and a steeper increase in the internodal conduction 
time for motor axons.   
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Figure 15: The propagation of the action potential for 1.5 ms after 96% and 70% demyelination is shown 
for motor axon, resulting in a conducting block at 96% demyelination for the motor axon simulation and 
a decrease in the maximum potential at 70% in the middle nodes. The figures show the action potentials 
of node 11 till 31.  
 
 

 
Figure 16: The propagation of the action potential for 1.5 ms after 97% and 70% demyelination is shown 
for sensory axon, resulting in a conducting block at 97% demyelination for the sensory axon simulation 
and a decrease in the maximum potential at 70% in the middle nodes. The figures show the action 
potentials of node 11 till 31.  

96% demyelination 

70% demyelination 

70% demyelination 

97% demyelination 
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Figure 17: Increasing the percentage demyelination decreases the conduction velocity for both motor (A) 

and sensory(B) model.  
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Figure 15: Shows the internodal conduction duration over the internodal capacitance. The internodal 

conduction time is in general higher and steeper in motor(red) axons than in the sensory(blue) axon 

simulation.  

4.2 Example of future clinical application possibilities 
Secure transmission of impulses along myelinated axons is essential for good conduction of the nerves. 

In various human neuropathies the clinical symptoms often indicate a prominent involvement of either 

motor or sensory axons. The immune-mediated neuropathy, MMN is a disorder where specifically  

peripheral motor nerves are affected with absence of sensory symptoms, while peripheral nerve 

fascicles contain both motor as well as sensory axons(1,6). The downstream mechanisms leading to the 

actual nerve dysfunction are not well understood and cannot be well-studied with the available 

experimental methods(1,2). One of the causes of conduction block in MMN is demyelination. The 

physiological consequences of demyelination of a single axon are slowing of the internodal conduction 

time, increased refractory period, persistent conduction block, rate-dependent block and warm block.(3) 

This can be validated after simulating demyelination. However, in the case of MMN, it remains unclear 

whether motor conduction block and slowing represent paranodal demyelination, segmental 

demyelination, changes in resting membrane potential or ion channel dysfunction at the node of 

Ranvier(2). To answer this question, segmental demyelination, paranodal demyelination, resting 

membrane deficit and an ion channel dysfunction may be implemented in the model. 

Furthermore, the underlying mechanisms after mechanical injuries on peripheral nerves causing myelin 

disruption following axonal conduction failure could be studied and proper selection of drug treatment 

could be selected using treatment experiments. It is possible to simulate a mild and severe form of 

stretch or crush injury in the model. Using the definition of Babbs et al. (5) for a mild and severe form of 

stretch or crush injury. With a mild form of stretch or crush injury causing retraction of myelin around 

stretched nodes, which can be simulated by increasing the width of the exposed nodal membrane. A 

severe form of stretch or crush injury includes both retraction and detachment of paranodal myelin. 
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Which can be simulated by decreasing paranodal resistance to one tenth or one hundredth of its normal 

value(5). 

The mathematical model can also be used in morphological question about peripheral nerves and a 

broader range of immune-mediated neuropathies. It is not limited to MMN or mechanical injuries.  

As a result of the mathematical model being a good representation of experimental studies, it can also 

be used for education purposes, to understand ion-channel dynamics, the importance of morphological 

aspects in conduction, and action potential propagation.   
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5. Discussion 
In this study, we developed and validated a longitudinal peripheral myelinated motor and sensory axon 

model with the aim to provide a platform to systematically study downstream mechanisms in human 

neuropathies. The computer simulation of McIntyre et al. (23) is adapted by including internodal 

channels to the model. Using knowledge about differences between peripheral motor and sensory 

axons, differences to the motor model are made to obtain a sensory axon model. The developed model 

is then validated by looking at the action potential of the models, check for the channel gating kinetics 

and currents, look at the fiber diameter dependency of the conduction velocity and the temperature 

dependency of the conduction velocity and action potential rise and fall times. The last validation step 

was to look at the SDTC and rheobase of the two models. The model is used in a clinical application, by 

showing the effect of segmental demyelination (for example with MMN), on the conduction velocity in 

motor and sensory axons, which resulted in an earlier conduction block in motor axons (at 96% 

demyelination) than sensory axons (at 97% demyelination). This platform further offers the opportunity 

to simulate effect of drugs when targeting at specific voltage-gated ion channels. 

5.1 Development of the model.  
In this study, we simulated peripheral myelinated motor and sensory axon action potential generation 

and propagation by applying single intracellular stimuli. With repetitive firing during e.g. voluntary 

activity, additional processes can occur, such as the increase in potassium concentration in the 

extracellular space, especially in the periaxonal space(23,69,70).  This accumulation may play an 

important role when the axon fires at high frequencies for an extended period, because it influences the 

excitability of the axon(23,71,72). Although, this cannot be captured yet with the current model, the 

applied stimuli protocols resemble that of standard nerve conduction studies and nerve excitability 

studies. 

Some studies suggest that a key difference between sensory and motor axons is also the greater 

expression of the Nap channel current with 200%.(2) We did not change parameters of the Nap channel 

to create a greater expression of the Na channel current. In our model we accounted the depolarization 

change for the need for a greater expression of Nap current(14). In our model the Nap current change is 

approximately 130%. Therefore, a change in percentage Nap is not chosen.  

The ion channel types, densities, and membrane dynamics of the mammalian node of Ranvier are not 

completely characterized. Therefore, our model included a representation, based on available 

experimental data. The ion channels were modified to reproduce several different experimentally 

documented excitation characteristics. Some of the ion channels therefore represent a combination of 

channels, which match best with experimental data, like potassium channels that are normally at least 

five different types(23,26–28,45,48).  

5.2 Validation of the model 
Validation of the motor and sensory axon models gave outcome which matched with experimental 

studies and other mathematical simulations. The action potential showed as expected a depolarizing 

and hyperpolarizing after potential(73). Conduction velocities were in range with experimental studies 

and nerve conduction studies (NCS) (74).  
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Differences between motor and sensory axons are also validated. Conduction velocities of the sensory 

axon remained higher in sensory axon simulations than motor axon simulations. A temperature 

increase, increased the conduction velocity in both motor and sensory axon, with a slightly higher slope 

in sensory axons as expected from previous conducted studies(44,75). The action potential was broader 

in sensory axons in respect to motor axons. This could be seen in the rise and fall time duration of both 

simulations(27,52,76,77). The broader action potential in sensory axons is earlier described and is 

suggested that the reduction of slow potassium channels at the node could be the reason(20). The 

temperature coefficient q10 was also within range of experimental studies(77). The conduction velocity 

increased with an increased axon diameter(78). Excitability studies have shown that motor axons have a 

smaller SDTC and larger rheobase than sensory axons(3,14,20,31,43,53,79,80). Also, a linear relationship 

between the charge and its duration is found as predicted by Weiss’s formula(57). 

5.3 Recommendations for further development of the model 
No ion channels are implemented in the myelin, despite Schwann cells express several types of ion-

channels. Different types of K+ channels, Na+ channels, Ca2+ channels and ligand-gated purinergic 

channels. Also, Na/K pumps are expressed in the Schwann cells(81,82). These channels can be important 

after repetitive firing, because these channel complexes may sustain rapid repolarization after an 

impulse and may prevent accumulation of potassium ions. However, we only used single spikes in this 

study, therefore we did not expect effect of potassium accumulation in our simulations, or the need of 

ion-channel implementation in the myelin.  

We used ion channel conductances to use the Hodgkin-Huxley equation. Some mathematical models 

use permeability values(17–20,22). Using permeability values, and equations (see equation 14,15 and 

16), gave us an unstable model, but the conductance values represented a good validation and where 

also earlier used by McIntyre et al. (23) 

(14)     Ina = Pna · m3 · h · z(Na) 

(15)      Pna in cm3/s · 10-9 

(16)    z = (EF2 / RT) · ( [Na]o – [Na]iexp(EF / RT )) / (1-exp(EF/ RT) 

 

For the validation of the model, the calculation of the conduction velocity was essential. The conduction 

velocity is calculated by taking the time of the steepest point of each action potential. The sample 

frequency of the model influences the precision of the calculation of this steepest point. The time 

difference between each adjacent node is taken and the node to node distance is divided by the passing 

time. The time that passes till the steepest point is also influenced by the sample frequency. Choosing a 

larger sample frequency results in an action potential signal simulation which takes time (10 minutes for 

a simulation of 5ms, with sample frequentie of 0.001ms).  However, a decrease in simulation duration 

can be used to decrease the calculation time.   
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6. Conclusion 
We successfully developed a longitudinal peripheral myelinated motor and sensory axon model which 

matches well with experimental studies. This platform provides a place to systematically study 

downstream mechanisms in human neuropathies. It offers for example to study selective involvement 

of motor axons in MMN and AMAN or the opportunity to simulate effect of drugs when targeting at 

specific voltage-gated ion channels. With this platform a direction can be given to clinical research and it 

can be performed more effectively.   
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Abstract 

Objective. Immune-mediated neuropathies are disorders affecting peripheral motor and sensory nerves, 

where nerve damage leads to loss of muscle power, loss of sensation, or both. The downstream 

mechanisms leading to the actual nerve dysfunction are not well understood and cannot be well-studied 

with the available experimental methods. Such as multifocal motor neuropathy(MMN), although 

peripheral nerve fascicles contain motor and sensory nerves, no sensory abnormalities are involved in 

MMN.  Approach. We developed a mathematical model of the human peripheral myelinated motor and 

sensory axon, which incorporates 41 successively connected nodes of Ranvier and detailed internodal 

regions including the paranode, juxtaparanode and standard internode with the myelin modelled using 

a double-cable structure, with a fiber diameter of 10.0 µm at 36 oC. To accurately simulate the human 

peripheral myelinated axon, we modified the parameters for the nodal and internodal membrane 

dynamics to those found in patch-clamp studies and used in human peripheral nerve excitability testing. 

Main results. The sensory axon was simulated with respect to the motor axon by a decreased slow 

potassium channel conductance, an increased internodal inward rectifier current, a depolarizing shift of 

the voltage for half-activation for hyperpolarization-activated cyclic nucleotide–gated channels channels 

and depolarization of the resting membrane potential. Simulations with the developed models of a 

peripheral motor and sensory myelinated axon showed that the conduction velocities (CVs: motor: 47.3 

m/sec, sensory: 50.6 m/sec) and strength-duration properties (motor:  204 µsec, sensory: 385 µsec) 

matched well with experimental studies. Further validation of the models was obtained by assessing the 

effects of temperature (36, 34, 32, 30, 28 and 26 oC), which showed an increase in CV with 1.52 

m/sec/0C for motor and 1.58 m/sec/0C for sensory simulation, and an increase in fiber diameter (16 µm) 

shows an increase in CV of 79.5 m/sec for motor and 101.5 m/sec for sensory axons). All effects agreed 

with experimental data.   Significance. The developed model consists of detailed morphological and 

biophysical properties of the human peripheral myelinated motor and sensory axon. These 

computational platforms make it possible to systematically study downstream mechanisms of peripheral 

nerve diseases, which cannot be assessed with experimental studies. Obtaining insight into these 

mechanisms is essential, because it may provide knowledge on what morphological or functional 

elements are most likely targeted, which aids the development of novel treatment strategies to prevent 

irreversible nerve damage.    
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1. Introduction 

Human myelinated nerves in arms and legs have their primary function in transferring nerve impulses to 

mediate muscle movement or skin sensation. Immune-mediated neuropathies, such as Guillain–Barré 

syndrome (GBS), multifocal motor neuropathy (MMN) and acute motor axonal neuropathy (AMAN) are 

disorders where the body generates antibodies against its own nerves. As a result, they affect peripheral 

motor and sensory nerves, where nerve damage leads to loss of muscle power, loss of sensation, or 

both. Although the antibodies play a role in the initial attack against nerves, the downstream 

mechanism leading to the actual nerve dysfunction is not well understood. Knowledge of these 

mechanisms is essential for the development of treatments aimed at prevention of irreversible nerve 

damage. 

 

Available methods in patients, like needle electromyography(EMG), EMG, nerve conduction studies 

(NCS), excitability test, single axon tracing, voltage or current clamp methods. These methods are 

invasive for the patient and are inaccurate, no channel disruptions or dynamics can directly be detected. 

These methods also take mostly a lot of time to perform(1,2). Furthermore, experimental methods in 

single myelinated axons are considerably more difficult to perform in mammalian and human fibers than 

in amphibian fibers, due to extreme fragility of the fibers and because they are surrounded by large 

connective tissue. Additionally, experimental findings in  single myelinated amphibian or lower 

mammalian axons cannot always be extrapolated to human axons due to essential differences in ion-

channel characteristics(3). 

 

We developed a peripheral motor and sensory axon model with this present study and aimed to 

systematically study downstream mechanism, which cannot be assessed with experimental studies. For 

instance, about selective involvement of motor axons at the peripheral nerve level, such as in MMN and 

AMAN or about myelin damage that is associated with axonal conduction loss in trauma and chronic 

neurodegenerative diseases(4–6). With this peripheral axon simulation, patients do not have to come 

that often to a hospital for research purposes, clinical trials can be done more specific using outcome of 

the computer simulation. Computer simulations are relatively cheap and fast to perform, no additional 

tools are required.   

 

2. Development of the mathematical model 

2.1 General description 

There are a lot of existing peripheral axon models(17–22), however, the model of McIntyre et al.(23) has 

also described paranodal, juxtaparanodal and internodal compartments in his model and was available 

in MATLAB and was easy to adjust to our needs. Therefore, we chose to extend the double cable model 

of McIntyre et al.(23) in this study. 

 

The original model of McIntyre et al. (23) represents a detailed description of voltage-gated ion-

channels in the node of Ranvier and simplified internodal membrane dynamics.  As it does not contain 

internodal voltage-gated ion-channels, we extended the model by including a more detailed description 

of the internodal membrane dynamics and described the functional differences between peripheral 
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human myelinated motor and sensory axon. As starting point, we used the MATLAB implementation of 

this model as published by Danner et al. (24), and subsequently modified it for the specific purposes of 

this study (MATLAB 2016b, MathWorks). Numerical integration of the differential equations was 

performed with the CVODE diferential equation solver from the Suite of nonlinear differential/algebraic 

equation solvers (SUNDIALS, version 2.6.1)(25) with time steps of 0.001 ms. The sundialsTB MATLAB 

bindings, supplied with the SUNDIALS distribution were used to interface the CVODE solver in MATLAB.  

 

 For the longitudinal model we used in total 41 nodes of Ranvier separated by 40 internodes. The fiber 

geometry was kept as the original McIntyre et al.(23), where from node-to-node, the model consists of 

11 segments geometrically representing the node(1 segment), paranode (paranodal myelin attachment, 

1 segment), the juxtaparanode (paranodal main segment, 1 segment), the internode (6 segments), and 

again the juxtaparanode (1 segment), and paranode (1 segment). The double cable structure at the 

paranode juxtaparanode and internode for the myelin sheath was represented as a myelin conductance 

and myelin capacitance. The geometric parameters for an axon fiber diameter of 10.0, 14.0 and 16.0 μm 

are shown in table 1. (23)     

Table 1: The model geometric parameters for fiber diameters of 10.0, 14.0 and 16.0 μm. Each 

compartment consists of 2 paranodal and 2 juxtaparanodal regions and 6 standard internodal regions. 

All parameters, beside the number of myelin lamella, are in μm.  

 Fiber diameter 

 10.0 14.0 16.0  

Node-node separation(23,33) 1150  1400 1500 

Number of myelin lamella(12,23) 120 140 150 

Node length(23,34,35) 1 1 1  

Node diameter(23,34,35) 3.3 4.7 5.5 

Paranode length(11,23) 3  3 3 

Paranode diameter(11,12,23) 3.3  4.7 5.5  

Paranode periaxonal space width(11,23) 0.002  0.002 0.002  

Juxtaparanode length(11,23) 46 56 60 

Juxtaparanode diameter(11,12,23) 6.9 10.4 12.7  

Juxtaparanode periaxonal space width(11,23) 0.004 0.004 0.004 

Standard internode length(23,33) 175.2  213.5 228.8 

Standard internode diameter(12,23) 6.9  10.4 12.7  

Standard internode periaxonal space 

width(11,23) 

0.004 0.004 0.004  
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2.2 Membrane dynamics of the myelinated motor axon model  

We adjusted the original model as obtained by Danner et al.(24) which is based on the model of 

McIntyre et al.(23) and developed a peripheral motor and sensory axon simulation.  

In the original model of McIntyre et al.(23) the node of Ranvier contained a voltage-gated transient and 

persistent sodium channel, voltage-gated slow potassium channels, a leak conductance and a nodal 

membrane capacitance. The dynamics of these ion-channels were based on experimental studies of 

Scholz et al.(26) Schwarz et al.(27) and Reid et al.(28)  To simulate a human myelinated axon model as 

closely as possible, McIntyre et al. modified the parameters of membrane dynamics to those assessed in 

human peripheral motor nerve excitability test for fiber diameters of 10.0 μm, 14.0 μm and 16.0 μm, see 

table 1(19,20,23). Also, the temperature-dependency, and gating kinetics were based on earlier 

experimental work in human myelinated axons(23,26–28) . We chose to set the resting membrane 

potential at -80 mV in case of simulation of a peripheral motor axon.  Table 2 shows the membrane 

dynamics of the model.   

Table 2: Conductance and capacitance values of each compartment. The value in bracket is the value for 

sensory simulations if this is chosen different from the motor axon simulations.  

Vrest(23,36) -80 mV (-78 mV) 

Axoplasmic + periaxonal resistivity(23) 70 Ohm*cm 

Myelin capacitance(23,37,38) 0.1 μF/cm2 

Capacitance of the nodal membrane23,39 2 μF/cm2 

Capacitance of the internodal membrane(23,39) 2 μF/cm2 

Myelin conductance(23) 0.001 S/cm2 

Paranodal conductance(23) 0.001 S/cm2 

Juxtaparanodal conductance(23) 0.0001 S/cm2 

Standard internodal conductance(23) 0.0001 S/cm2 

Na/K pump(18,32) 0.1 nA 

 

 

 The paranode was presented as a passive contributor by a conductance in parallel a capacitance at the 

axolemma(23). We chose not to implement channels in the paranode and kept it as the original.  

McIntyre et al.(23) described fast potassium channels in the juxtaparanode but chose not to use them in 

their study. Danner et al.(24) implemented an optional fast potassium channel in the juxtaparanode. 

Because fast potassium channels are certainly present in the juxtaparanode, we chose to implement 

them in our simulation(3,16,23). Furthermore, we implemented a non-specific leakage current to the 

juxtaparanode to compensate for channel isoforms or channels we did not incorporate in our study. 

The original model of McIntyre et al.(23) did not describe any internodal channels. To more accurately 

describe the membrane dynamics in the internode, a series of ion-channels were additionally 

implemented. At the internode, the density of the sodium channels has been suggested to be 

approximately 1/100 compared to that of nodal sodium channels(3,13). Hence, internodal transient and 

persistent channels were modelled by setting their conductance to 1% compared to that of the node. 

Based on Waxman et al.(16) also fast and slow potassium channels are present  in the internode. The 
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estimated density of fast potassium channels in the internode compared to the juxtaparanode is about 

1/6. For the slow potassium channels its density has been suggested to be 1/30 compared to that of the 

nodal density(14,16). Furthermore, the voltage-gated inwardly rectifying currents (IR) flow through, 

hyperpolarization-activated cyclic nucleotide gated channels (HCN-channels), and play an important role 

in pace-making, determination of the resting membrane potential, determination of axonal threshold in 

human motor axons and are also implemented in the internode. (20,29,30). Like the non-specific 

leakage current in the juxtaparanode, we implemented a current that may stand for the isoforms of 

channels we did not incorporate in our study (like the unmodeled slow HCN isoforms) (14). Finally, a 

Na+/K+-pump is implemented in the internode. Although, the localization of the Na+/K+-pump is 

controversial, it has been suggested to have an internodal localization(3,15,31). Therefore, a localization 

of the Na+/K+-pump in the internode is chosen, with a value of 0.1 nA(18,19,32).  

A schematic overview of the myelinated axon model can be seen in figure 1 and table 3 shows the 

conductances of all the implemented channels in the model.  

Table 3: Parameter and descriptions of the conductances of all the implemented channels in the model in 

S/cm2. 

Parameter Motor Sensory References 

Maximum nodal Nat
+ conductance (GNatN) 3.0  3.0 (16,23,26,27) 

Maximum nodal Nap
+ conductance (GNapN) 0.010 0.010 (23,47) 

Maximum nodal Ks
+ conductance (GKsN) 0.080 0.0411 (20,23,26,27,48) 

Nodal leakage conductance (GLkN) 0.007 0.007 (23) 

Juxtaparanodal maximum Kf
+ conductance  (Gkf) 0.02 0.02 (23,48,49) 

Internodal maximum Na+ conductance  GNafN/100 GNafN/100 (3) 

Internodal maximum Ks
+ conductance  GKsN/30 GKsN/30 (16,49) 

Internodal maximum Kf
+ conductance  Gkf/6 Gkf/6 (16,49) 

Internodal maximum HCN conductance 0.0016 0.0022 (18–20) 

Internodal leakage conductance GLkN/330 GLkN/330 (18,19) 
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Figure 1: Myelinated axon diagram. Voltage-gated ion channels on the axolemma, which includes the 

node of Ranvier (light green), paranode(dark green), juxtaparanode(yellow), standard internode(blue). 

Channel descriptions; Ks: Slow potassium, Nap: persistent sodium, Nat: transient sodium, Kf: fast 

potassium, HCN: Hyperpolarization-activated cyclic nucleotide gated channels, Na/K pump: 

sodium/potassium pump.  

2.3 Nodal and internodal membrane dynamics of the myelinated sensory axon model  

There are differences between motor and sensory axons. These are important to implement, so that a 

different model for sensory and motor axons can be used, to see the effects of peripheral nerve 

diseases, myelin damage and mechanical injuries on sensory and motor axons and for example answer 

questions about selective involvement of motor axons in MMN.  

A  prominent difference between sensory and motor axons has been suggested to be their 

accommodation to hyperpolarizing currents produced by HCN channels (40). The more significant 

accommodation to hyperpolarize currents have been ascribed to HCN channels, which are expressed 

more in sensory axons than in motor axons(20,31,40–43). Furthermore, increased expression of HCN 

channels has been suggested as a contributing factor to the greater anode break hyperexcitability seen 

in sensory axons(40,44). Therefore, we made adaptations to the HCN channels using the method of 

Howells et al. (20), combining an increase in the maximal conductance of HCN of 39% with a 13.1 mV 

depolarizing shift in Bq, the voltage activation of the conductance underlying HCN.  

Experimental studies have shown that sensory axons are more depolarized than motor axons. Nodal and 

internodal slow potassium channels and the potassium equilibrium potential contribute to the resting 

membrane potential(14,31). Furthermore, it is hypothesized that reduces slow potassium channel 

expression contributed to increased susceptibility to ectopic activity in sensory axons(45,46). 

Adaptations to nodal slow potassium conductance is made based on the study of Howells et al. (20) and 

a of 49% is chosen in the sensory axon model(20). Whereas, we are using a fixed resting membrane 

potential in our model, adapting values of slow potassium will not eventually lead to depolarization. 

Therefore, the resting membrane potential of sensory axons more depolarized (-78 mV).   
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3. Validation of the mathematical model 

3.1 Simulation protocol and validation methods  

Simulations were conducted to generate the action potential, its propagation to measure the 

conduction velocity, the effect of temperature on conduction velocity and on the shape of the action 

potential, the effect of fiber diameter on the conduction velocity, and the strength-duration properties.   

 

 Single intracellular stimuli were delivered with a stimulus duration of 1 ms. The fiber diameter was set 

to 10.0 μm and the temperature to  36° C. To assess their effect on conduction velocity the fiber 

diameter was altered to 14.0 and 16.0 μm. By increasing the fiber diameter, also the axon diameter, 

node diameter, paranode and juxtaparanode and internode diameter increased. The length of the 

internode changed and the amount of lamella(myelin) surrounding the internode also increased, see 

table 1. The implemented temperature changes were adjusted with steps of 2 K from 299 K (26oC) till 

309 K(36oC).      

To calculate the conduction velocity, first, the derivative of the action potential was taken in every node 

from which the time points with maximum rising slope were determined. The internodal conduction 

velocity was then calculated by dividing the node-to-node distance (1150 µm, see Table 1) by the 

internodal conduction time. Averaging the internodal conduction velocities resulted in the overall 

conduction velocity of the model. To avoid boundary effects of the model the internodal conduction 

velocities and activation thresholds were derived from node 11 to 31.   

To determine the activation threshold a binary search algorithm was applied as implemented by 

Hennings et al.(50) In the model, an action potential was defined as the myelinated axon was 

depolarized to 0 mV at the node.    

From the action potential the maximum amplitude, rise time, fall time and total duration was 

determined. Rise and fall times were calculating by approximating the action potential as a triangle. The 

rise time was taken as the time from the intersection of the 10% of the difference between the resting 

membrane potential and the maximum amplitude till the moment of maximum amplitude. The falling 

time was calculated at the same manner using the falling edge (51,52).The total duration of the action 

potential was taken as the sum of the rise and falling times.    

The strength-duration properties are characterized by the rheobase and the strength-duration time 

constant (SDTC)(53). SDTC is commonly assed in nerve excitability studies as a measure of axonal 

excitability where it depends on the biophysical properties of the axonal membrane at the node of 

Ranvier. It also provides information about sodium channel functioning(54). Rheobase is defined as the 

theoretical asymptotic current required to just excite a nerve using  a stimulus with infinite duration(3). 

For simulating the SDTC and rheobase the changes in activation threshold was determined by varying 

the stimulus duration from 1 ms to 0.2 ms in steps of 0.2 ms, which is similar to that of nerve excitability 

testing(54). 
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3.2 Action potential 

In figure 2 the generated action potential at the middle node of the model (node 20) for the motor 

(blue) and sensory (red) axon is shown after applying a 1ms intercellular stimulus pulse at node 11 with 

a stimulus current of 1000nA. The sensory axon starts a little bit earlier with an action potential and has 

a slightly lower peak amplitude(motor: 24.4 mV, sensory: 23.5 mV). Compared with the motor action 

potential the sensory action potential is broader. The activation threshold of node 20 is 478 nA for the 

motor model and 294 nA for the sensory model. Following an action potential, the models generated 

the characteristic depolarizing(DAP, black arrow) and hyperpolarizing afterpotentials(AHP, green arrow)  

(see figure 2).   

 

Figure 2: (A) The generated action potential of the motor (blue) and sensory (red) axon model up to 4ms 

from node 20. (B)  Visualization of the same action potential as in (A), but close to its resting membrane 

potential(-80mV for motor and -78mV for sensory) from which the characteristic depolarizing after 

potential (DAP, black arrow) and hyperpolarizing afterpotential (AHP, green arrow) can be observed., for 

a duration of 200ms. 

 

3.3 Fiber diameter 

The action potential propagation along nodes 11 to 31 for motor and sensory simulations can be seen in 

figure 3 A and B, where the line represents the steepest part from which the internodal conduction 

velocity was calculated, see section 3.1 for a detailed description on how the conduction velocity is 

calculated.  

A 

B 
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Figure 3: Modeled action potentials at successive nodes of Ranvier(node number 11 till 31) in a model 

motor (A, blue) and  sensory (B, red)  myelinated axon. The black line represents the steepest points of 

the action potential.  

Changing the fiber diameter had an effect on the conduction velocity between motor and sensory 

axons. The conduction velocity for a fiber diameter of 10 μm was for motor and sensory axons 

respectively 49.9 m/sec and 53.4 m/sec. When the fiber diameter was increased to 14 µm and 16 µm 

the motor conduction velocity increased to respectively to 74.8 m/sec and 79.5 m/sec and the sensory 

conduction velocity to respectively 76.9 m/sec and 101.5 m/sec. The conduction velocity of the sensory 

axon is higher in respect to the conduction velocity of the motor axon and stays higher when the fiber 

diameter increases, see figure 4.   

  

A 

B 
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Figure 4: Fiber diameter dependency of the conduction velocity for a motor (blue) and sensory (red) 

nerve fiber. The conduction velocity of the sensory axon remains higher than the motor axon and 

increases both when the fiber diameter increases.  

3.4 Temperature effects 

In figure 5, the effect of temperature on the motor and sensory conduction velocity are shown with the 

expected increase in conduction velocity with increasing temperature in both the motor and sensory 

simulations.  

The slope of the change in conduction velocity per degree in Celsius as calculated by taking a linear line 

from the conduction velocities 26 to 36°C and divide that with 10°C, was for the motor model 1.50 and 

the sensory model 1.51 m/s per °C The conduction velocity of motor axon simulations remained lower 

than the simulation of sensory axons. The q10 values as defined as a measure of the rate of change of 

because of the increasing temperature by 10 °C, are also different for motor and sensory simulations, 

which were respectively 1.44 and 1.40.   

The action potential rise, fall and total times were calculated at temperatures of 26, 30 and 36°C. Figure 

6 shows the definition of rise, fall and total times. Figure 7 shows the values of the rise and fall times for 

motor and sensory axons at different temperatures. Time rise, fall and total time decreased when the 

temperature increased in both motor and sensory simulations. The total action potential duration times 

are slightly more in sensory axon simulations in each chosen temperature, see figure 7.  The maximum 

reached potentials of motor axons at a temperature of 26, 30 and 36°C were respectively 31.5 mV, 29.5 

mV and 24.6. For sensory axons these were 30.9 mV, 28.9 mV and 23.6 mV.  
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Figure 5:  Temperature dependency of conduction velocity for a motor and sensory nerve fiber. The 

conduction velocity of the sensory axon(red) remains higher than the motor axon(blue) and has a slightly 

higher slope value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: The description of the rise and fall time. The rise time starts at 10% of the action potential and 

continues till the maximum. The fall time starts at the maximum and ends at 10% of the action potential.   
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Table 7: The rise, fall and total times of the action potentials for motor and sensory simulation at 

temperatures of 26°C, 30°C and 36°C. The sensory model simulation has a longer action potential 

duration at each chosen temperature. 
 

3.5 Strength-duration properties 

The strength-duration properties were assessed by stimulating at node 21, using a transformation of 

Weiss’s charge-duration equation, transformed as Bostock et al (53,56,57). Weiss proposed a linear 

equation using a charge Q duration curve. The electrical charge Q van be calculated with the formula:  

(13)    Q = I · d or Q = b(d + SDTC) 

Where I is the current measured in amperes multiplied by the duration d. B relates to the rheobase 

value. Rheobase is the threshold current required if the stimulus is of infinitely long duration. In this 

formulation the SDTC equates to chronaxie (the stimulus duration corresponding to a threshold current 

that is twice rheobase).  As can be seen, there is a linear relationship between charge and stimulus 

duration. Therefore, the rheobase and SDTC can be calculated from a charge-stimulus duration plot 

when different stimulus widths are used (see figure 8). The SDTC can be derived from the interception 

with the y-as (when the charge is 0), whereby the slope of this relationship corresponds to the rheobase.  

The rheobase for the motor axon was higher with 393 pA compared to the sensory axon with 211 pA. 

The SDTC was lower for the motor axon with 204 µsec than the sensory axon with 385 µsec, see figure 8.  
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Figure 8: (A) The strength duration curve for motor(blue) and sensory (red). The threshold value of the 

sensory model remains lower than the motor axon model. (B) The charge-duration curve for motor (blue) 

and sensory (red), the sensory charge remains larger than motor.  

In this study, we developed and validated a longitudinal peripheral myelinated motor and sensory axon 

model with the aim to provide a platform to systematically study downstream mechanisms in human 

neuropathies. The computer simulation of McIntyre et al. (23) is adapted by including internodal 

channels to the model. Using knowledge about differences between peripheral motor and sensory 

axons, differences to the motor model are made to obtain a sensory axon model. The developed model 

is then validated by looking at the action potential of the models, check for the channel gating kinetics 

and currents, look at the fiber diameter dependency of the conduction velocity and the temperature 

dependency of the conduction velocity and action potential rise and fall times. The last validation step 

was to look at the SDTC and rheobase of the two models. The model is used in a clinical application, by 

showing the effect of segmental demyelination (for example with MMN), on the conduction velocity in 

motor and sensory axons, which resulted in an earlier conduction block in motor axons (at 96% 

demyelination) than sensory axons (at 97% demyelination). This platform further offers the opportunity 

to simulate effect of drugs when targeting at specific voltage-gated ion channels. 

 

 

 

 

 

 

(A) 
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4. Discussion 

In this study, we developed and validated a longitudinal peripheral myelinated motor and sensory axon 

model with the aim to provide a platform to systematically study downstream mechanisms in human 

neuropathies. The computer simulation of McIntyre et al. (23) is adapted by including internodal 

channels to the model. Using knowledge about differences between peripheral motor and sensory 

axons, differences to the motor model are made to obtain a sensory axon model. The developed model 

is then validated by looking at the action potential of the models, check for the channel gating kinetics 

and currents, look at the fiber diameter dependency of the conduction velocity and the temperature 

dependency of the conduction velocity and action potential rise and fall times. The last validation step 

was to look at the SDTC and rheobase of the two models. This platform further offers the opportunity to 

simulate effect of drugs when targeting at specific voltage-gated ion channels. 

4.1 Development of the model.  

In this study, we simulated peripheral myelinated motor and sensory axon action potential generation 

and propagation by applying single intracellular stimuli. With repetitive firing during e.g. voluntary 

activity, additional processes can occur, such as the increase in potassium concentration in the 

extracellular space, especially in the periaxonal space(23,69,70).  This accumulation may play an 

important role when the axon fires at high frequencies for an extended period, because it influences the 

excitability of the axon(23,71,72). Although, this cannot be captured yet with the current model, the 

applied stimuli protocols resemble that of standard nerve conduction studies and nerve excitability 

studies. 

Some studies suggest that a key difference between sensory and motor axons is also the greater 

expression of the Nap channel current with 200%.(2) We did not change parameters of the Nap channel 

to create a greater expression of the Na channel current. In our model we accounted the depolarization 

change for the need for a greater expression of Nap current(14). In our model the Nap current change is 

approximately 130%. Therefore, a change in percentage Nap is not chosen.  

The ion channel types, densities, and membrane dynamics of the mammalian node of Ranvier are not 

completely characterized. Therefore, our model included a representation, based on available 

experimental data. The ion channels were modified to reproduce several different experimentally 

documented excitation characteristics. Some of the ion channels therefore represent a combination of 

channels, which match best with experimental data, like potassium channels that are normally at least 

five different types(23,26–28,45,48).  

4.2 Validation of the model 

Validation of the motor and sensory axon models gave outcome which matched with experimental 

studies and other mathematical simulations. The action potential showed as expected a depolarizing 

and hyperpolarizing after potential(73). Conduction velocities were in range with experimental studies 

and nerve conduction studies (NCS) (74).  

Differences between motor and sensory axons are also validated. Conduction velocities of the sensory 

axon remained higher in sensory axon simulations than motor axon simulations. A temperature 
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increase, increased the conduction velocity in both motor and sensory axon, with a slightly higher slope 

in sensory axons as expected from previous conducted studies(44,75). The action potential was broader 

in sensory axons in respect to motor axons. This could be seen in the rise and fall time duration of both 

simulations(27,52,76,77). The broader action potential in sensory axons is earlier described and is 

suggested that the reduction of slow potassium channels at the node could be the reason(20). The 

temperature coefficient q10 was also within range of experimental studies(77). The conduction velocity 

increased with an increased axon diameter(78). Excitability studies have shown that motor axons have a 

smaller SDTC and larger rheobase than sensory axons(3,14,20,31,43,53,79,80). Also, a linear relationship 

between the charge and its duration is found as predicted by Weiss’s formula(57). 

 

4.3 Future clinical applications 

Secure transmission of impulses along myelinated axons is essential for good conduction of the nerves. 

In various human neuropathies the clinical symptoms often indicate a prominent involvement of either 

motor or sensory axons. The immune-mediated neuropathy, MMN is a disorder where specifically  

peripheral motor nerves are affected with absence of sensory symptoms, while peripheral nerve 

fascicles contain both motor as well as sensory axons(1,6). The downstream mechanisms leading to the 

actual nerve dysfunction are not well understood and cannot be well-studied with the available 

experimental methods(1,2). One of the causes of conduction block in MMN is demyelination. The 

physiological consequences of demyelination of a single axon are slowing of the internodal conduction 

time, increased refractory period, persistent conduction block, rate-dependent block and warm block.(3) 

This can be validated after simulating demyelination. However, in the case of MMN, it remains unclear 

whether motor conduction block and slowing represent paranodal demyelination, segmental 

demyelination, changes in resting membrane potential or ion channel dysfunction at the node of 

Ranvier(2). To answer this question, segmental demyelination, paranodal demyelination, resting 

membrane deficit and an ion channel dysfunction may be implemented in the model. 

Furthermore, the underlying mechanisms after mechanical injuries on peripheral nerves causing myelin 

disruption following axonal conduction failure could be studied and proper selection of drug treatment 

could be selected using treatment experiments. It is possible to simulate a mild and severe form of 

stretch or crush injury in the model. Using the definition of Babbs et al. (5) for a mild and severe form of 

stretch or crush injury. With a mild form of stretch or crush injury causing retraction of myelin around 

stretched nodes, which can be simulated by increasing the width of the exposed nodal membrane. A 

severe form of stretch or crush injury includes both retraction and detachment of paranodal myelin. 

Which can be simulated by decreasing paranodal resistance to one tenth or one hundredth of its normal 

value(5). 

The mathematical model can also be used in morphological question about peripheral nerves and a 

broader range of immune-mediated neuropathies. It is not limited to MMN or mechanical injuries.  

As a result of the mathematical model being a good representation of experimental studies, it can also 

be used for education purposes, to understand ion-channel dynamics, the importance of morphological 

aspects in conduction, and action potential propagation.   
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4.4 Recommendations for further development of the model 

No ion channels are implemented in the myelin, despite Schwann cells express several types of ion-

channels. Different types of K+ channels, Na+ channels, Ca2+ channels and ligand-gated purinergic 

channels. Also, Na/K pumps are expressed in the Schwann cells(81,82). These channels can be important 

after repetitive firing, because these channel complexes may sustain rapid repolarization after an 

impulse and may prevent accumulation of potassium ions. However, we only used single spikes in this 

study, therefore we did not expect effect of potassium accumulation in our simulations, or the need of 

ion-channel implementation in the myelin.  

We used ion channel conductances to use the Hodgkin-Huxley equation. Some mathematical models 

use permeability values(17–20,22). Using permeability values, and equations gave us an unstable model, 

but the conductance values represented a good validation and where also earlier used by McIntyre et al. 

(23) 

For the validation of the model, the calculation of the conduction velocity was essential. The conduction 

velocity is calculated by taking the time of the steepest point of each action potential. The sample 

frequency of the model influences the precision of the calculation of this steepest point. The time 

difference between each adjacent node is taken and the node to node distance is divided by the passing 

time. The time that passes till the steepest point is also influenced by the sample frequency. Choosing a 

larger sample frequency results in an action potential signal simulation which takes time (10 minutes for 

a simulation of 5ms, with sample frequentie of 0.001ms).  However, a decrease in simulation duration 

can be used to decrease the calculation time.   

5. Conclusion 

We successfully developed a longitudinal peripheral myelinated motor and sensory axon model which 

matches well with experimental studies. This platform provides a place to systematically study 

downstream mechanisms in human neuropathies. It offers for example to study selective involvement 

of motor axons in MMN and AMAN or the opportunity to simulate effect of drugs when targeting at 

specific voltage-gated ion channels. With this platform a direction can be given to clinical research and it 

can be performed more effectively.   

 


