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Abstract The investigation of multiple nerve membrane
properties by mathematical models has become a new tool
to study peripheral neuropathies. In demyelinating neuropa-
thies, the membrane properties such as potentials (intracel-
lular, extracellular, electrotonic) and indices of axonal
excitability (strength-duration time constants, rheobases
and recovery cycles) can now be measured at the peripheral
nerves. This study provides numerical simulations of the
membrane properties of human motor nerve Wbre in cases
of internodal, paranodal and simultaneously of paranodal
internodal demyelinations, each of them mild systematic or
severe focal. The computations use our previous multi-lay-
ered model of the Wbre. The results show that the abnor-
mally greater increase of the hyperpolarizing electrotonus,
shorter strength-duration time constants and greater axonal
superexcitability in the recovery cycles are the characteris-
tic features of the mildly systematically demyelinated
cases. The small decrease of the polarizing electrotonic
responses in the demyelinated zone in turn leads to a com-
pensatory small increase of these responses outside the
demyelinated zone of all severely focally demyelinated
cases. The paper summarizes the insights gained from these
modeling studies on the membrane property abnormalities
underlying the variation in clinical symptoms of demyelin-
ation in Charcot-Marie-Tooth disease type 1A, chronic
inXammatory demyelinating polyneuropathy, Guillain-
Barré syndrome and multifocal motor neuropathy. The
model used provides an objective study of the mechanisms
of these diseases which up till now have not been suY-
ciently well understood, because quite diVerent assump-

tions have been given in the literature for the interpretation
of the membrane property abnormalities obtained in heredi-
tary, chronic and acquired demyelinating neuropathies.
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Abbreviations
ISD Internodal systematic demyelination
PSD Paranodal systematic demyelination
PISD Paranodal internodal systematic demyelination
IFD Internodal focal demyelination
PFD Paranodal focal demyelination
PIFD Paranodal internodal focal demyelination

Introduction

Accuracy in establishing the diagnosis in nerve disorders is
related, in part, to the appropriate application of electrodi-
agnostic techniques. In routine diagnostic studies, only
latency or conduction velocity can be measured accurately.
However, while such measurements may be very useful in
deWning pathology, they provide little insight into underly-
ing disease mechanisms. Moreover, a number of morpho-
logical and functional changes such as demyelination,
remyelination, branching, axonal tapering, axonal attenua-
tion, cooling, axonal hyperpolarization or depolarization
can aVect the latency and conduction velocity.

In the 1990s, a non-invasive threshold tracking tech-
nique has been developed (Bostock and Baker 1988;
Bostock et al. 1998; Kiernan et al. 2000) to study multiple
excitability measurements (threshold electrotonus, strength-
duration relationship and recovery cycle) in control groups
and patients with demyelinating neuropathies such as
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Charcot-Marie-Tooth disease type 1A (CMT1A), chronic
inXammatory demyelinating polyneuropathy (CIDP),
Guillain-Barré syndrome (GBS) and multifocal motor
neuropathy (MMN) (Cappelen-Smith et al. 2001; Kaji
2003; Kuwabara et al. 2002, 2003; Nodera et al. 2004;
Nodera and Kaji 2006; Priori et al. 2005; Sung et al. 2004 ).
CMT1A is the most common form of hereditary neuropa-
thy and its hallmark is uniform demyelination (Birouk et al.
1997; Dyck et al. 1993). CIDP is one of several chronic
demyelinating neuropathies that can occur with other sys-
temic diseases (Barohn et al. 1989; Gorson et al. 2000;
Katz et al. 2000). Acute segmental conduction slowing or
conduction block in certain parts of the nerve characterizes
demyelinating forms of GBS. The latter is classiWed into
acute inXammatory demyelinating polyneuropathy (AIDP)
and acute motor axonal neuropathy (AMAN) by electrodi-
agnostic and pathological criteria (Choudhury and Arora
2001; Feasby et al. 1986; GriYn et al. 1995). Diagnostic
features in the MMN are the demonstration of conduction
block (Kaji 2003; Priori et al. 2005) or conduction slowing
(Delmont et al. 2006). The authors (Bostock 2006; Bostock
et al. 1991, 1998; Nodera et al. 2004) also use a computer
program based on a two-component (node + internode)
model of human motor nerve Wbre in order to match the
multiple nerve excitability recordings and to provide them
with a simple interpretation. However, that model ignores
spatial gradients of potential and currents within internodes
and cannot propagate intracellular potentials.

Recently, a double cable model (Blight 1985; Halter and
Clark 1991; Stephanova and Bostock 1995, 1996) is used to
provide an objective interpretation of the membrane prop-
erty abnormalities obtained in the above discussed demye-
linating neuropathies (Stephanova and Alexandrov 2006;
Stephanova and Daskalova 2005a, b; Stephanova et al.
2005, 2006a, b, 2007). The following changes have been
simulated in these papers: (1) uniform reduction of myelin
thickness in all internodes (Stephanova et al. 2005) termed
internodal systematic demyelination (ISD); (2) demyelina-
tion of all paranodal regions (Stephanova and Daskalova
2005a) termed paranodal systematic demyelination (PSD);
(3) simultaneous reduction of myelin thickness and paran-
odal demyelination in all internodes (Stephanova and Das-
kalova 2005b) termed paranodal internodal systematic
demyelination (PISD); (4) reduction of myelin thickness of
up to three internodes (Stephanova et al. 2006a, b) termed
internodal focal demyelination (IFD) and (5) simultaneous
reduction of myelin thickness and paranodal demyelination
of up to three internodes (Stephanova et al. 2007) termed
paranodal internodal focal demyelination (PIFD). In the
studies, the membrane properties are investigated for three
progressively greater degrees (25, 50 and 70%) of demye-
lination in the systematically demyelinated cases. The same
abnormalities are investigated for two progressively greater

degrees (70 and 96%) of demyelination in one, two and
three consecutive internodes for the focally demyelinated
cases. Moreover, the multiple potentials and indices of
axonal excitability are compared for mild (70%) systematic
and focal demyelinations (Stephanova and Alexandrov
2006). The results show that the membrane properties of
these Wbres are not identical and depend on the type and
degree of demyelination. Each of the above discussed type
and degree of demyelination could be realized and
observed in patients with motor demyelinating neuropa-
thies (Cappelen-Smith et al. 2001; Kaji 2003; Kuwabara
et al. 2002, 2003; Nodera et al. 2004; Nodera and Kaji
2006; Priori et al. 2005; Sung et al. 2004).

The aim of the present study is the simulation of system-
atically (ISD, PSD, PISD) and focally (IFD, PFD, PIFD)
demyelinated cases, using a multi-layered model of human
motor nerve Wbre (Stephanova 2001) (Paranodal demyelina-
tion of up to a given number of internodes is termed paran-
odal focal demyelination (PFD)). The investigations are
performed for myelin reduction values of 70% (in the ISD,
PSD, PISD cases) and 96% (in the IFD, PFD and PIFD
cases). The Wrst value is not suYcient to develop a conduc-
tion block, but the second leads to a block and the corre-
sponding demyelinations are regarded as mild and severe,
respectively. Comparison and analysis are also made of the
membrane property abnormalities obtained of these mildly
systematically and severely focally demyelinated cases. The
demyelination is restricted to only three (8th, 9th and 10th)
consecutive internodes in all focally demyelinated cases.

Methods

Multi-layered model

Electrical behavior of human studies continues to reveal
more information regarding the complex anatomical and
diverse electrophysiological properties of myelinated
Wbres. The electrogenesis of human motor nerve Wbre can
now be studied successfully using a multi-layered model of
this Wbre (Stephanova 2001). The myelin sheath as a series
of interconnecting parallel lamellae was Wrst presented in
the literature in this model, which is a further development
of our previous detailed double cable model (Stephanova
and Bostock 1995, 1996). The interested reader is referred
to the Wrst Wgure of Stephanova (2001) for an electric
equivalent circuit representation of the human motor nerve
Wbre in which the myelin sheath comprises alternate lipid
and aqueous layers. The aqueous layers within the myelin
provide appreciable longitudinal and radial conductance,
the latter via a spiral pathway. In the cited paper, KirchoV’s
current law is used to derive a system of partial diVerential
equations for the electric equivalent circuit. The myelin
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sheath is simulated by N = 150 interconnected parallel
lamellae, and their double structure is simulated by alternat-
ing N = 150 aqueous and N = 150 lipid layers. In this model
three cases can be explored and they are thoroughly
described in the cited paper. In the present study the Wrst
case of the model is used. This is the simplest classical case
in which the aqueous layers in the myelin sheath are not
taken into account and the 150-lamella model is with inW-
nite aqueous-layered longitudinal (Raql) and radial (Raqr)
myelin resistances. The eVect of the aqueous layers on the
membrane properties of the demyelinated cases will be
investigated in our next studies. In the present study, the
model assumes a leakage pathway to the internodal axo-
lemma via the paranodal seal resistance and periaxonal
space. The Rpn (paranodal seal resistance) is 125 M�. The
entire Wbre myelin sheath is characterized by Cmy (myelin
capacitance) 1.5 pF and Rmy (myelin resistance) 250 M�.
Each value of the parameters Cmy, Rmy for a given spiral
diVers in arithmetic progression from N. The rule of the
arithmetic increasing or decreasing of the value, however,
depends on the type of the given parameter and is explicitly
written in Stephanova and Alexandrov (2006).

The matched geometry of the complex extended double
cable structure to measured morphology of the compart-
ment axonal segments and multi-layered myelin sheath is
thoroughly described and discussed in Stephanova (2001).
The model Wbre comprises 30 nodes and 29 internodes.
Each internode is divided into two paranodal and Wve inter-
nodal segments. Non-uniform spatial step sizes are used in
accordance with the complex structure of the Wbre. These
step sizes are deWned as the lengths of the consecutive
nodal, paranodal and internodal segments. They do not
change during the course of the computation. The relatively
complicated geometry of the myelin attachment region of
the paranode is simulated by a single segment, which joins
each internode to the adjacent nodes of Ranvier. The
lengths of node, paranode and nodal center to nodal center
are 1.5, 200 and 1,400 �m, respectively. Each internodal
segment is one Wfth of the overall internodal length
(998.5 �m). All calculations are carried out for Wbres with
an axon diameter of 12.5 �m. This axon diameter and the
other geometric parameters are the same as those used in
most subsequent models of myelinated Wbres (Blight 1985;
Halter and Clark 1991), i.e., nodal diameter 5 �m, nodal
area 24 �m2, periodicity of myelin lamella 16 nm and mye-
lin thickness 2.4 �m. The temperature is 37°C.

The equations describing the current kinetics of the
channels in the multi-layered model are the same as in the
double cable model (Stephanova and Bostock 1995, 1996)
and are taken from the two-component (node + internode)
model of human myelinated motor nerve axons (Bostock
et al. 1991). In the latter paper, the thoroughly described
and discussed combination of an accurate representation of

the ion channels at the node and internode is based on
experimental studies of human, rabbit and rat nerves at
37°C. Some of their channel permeabilities according to
constant Weld theory, rather than conductances, have been
slightly changed and adjusted (Stephanova and Mileva
2000) to match both the recordings of threshold electroto-
nus from Bostock et al. (1991, 1994) and the recordings of
action potentials in human motor nerves (Dioszeghy and
Stålberg 1992). Moreover, the model maximal amplitude,
duration and afterpotential of the intracellular potential as
well as the kinetics of the nodal sodium current match those
of the action potential and sodium channel current as mea-
sured in a node of Ranvier of single human myelinated
nerve Wbre (Schwarz et al. 1995). The channel types and
maximum permeabilities (cm3 s¡1 £ 10¡9) are as follows:
node, Na (sodium) 9, Kf (fast potassium) 0.07, Ks (slow
potassium) 0.26; internode, Na* (sodium) 80, Kf

* (fast
potassium) 27, Ks

* (slow potassium) 2, IR* (inward recti-
Wer) 0.008, Lk

* (leak) 0.0064; I*
pump (net outward current

generated by electrogenic Na+/K+ pump) 0.1 nA; ion con-
centrations (mM): [Na+]i 9, [Na+]o 144.2, [K+]i 155, [K+]o

3. The presented maximum permeabilities of the channel
types PNa 9; PKf 0.07, 27*; PKs 0.26; PIR 0.008* are the
updated ones taken from the paper of Stephanova and Mil-
eva (2000). The * denotes an internodal quantity. (The
absolute channel permeabilities (cm3 s¡1) are formed by the
multiplication of the channel axolemmal speciWc perme-
abilities (cm s¡1) by the surface axolemmal areas (cm2) of
the node or internode, respectively, in dependence of the
given channel types. The permeability dimension (cm3 s¡1)
avoids the current densities). The other membrane parame-
ter values for the normal motor Wbre are the same as
described earlier (Stephanova and Bostock 1995), i.e., Cn

(nodal capacitance) 1 pF, Ci (internodal axolemmal capaci-
tance) 350 pF, Rax (axoplasmic resistance) 8 M�, Rpa

(periaxonal resistance) 300 M�, Vr (nodal resting potential)
¡86.7 mV, Vra (internodal axolemmal resting potential)
¡86 mV. The full system of diVerential equations is solved
by an implicit numerical integration method (Euler version
with subcycles). In this Euler version, a time step usually of
0.001 ms can be automatically halved (when the membrane
potential is out of range) during the course of the calcula-
tion and the course is repeated at the beginning until the
numerical stability of the solution is achieved.

The same multi-layered model is used in the present
study to simulate internodal, paranodal and paranodal inter-
nodal demyelinations, each of them systematic or focal.
The demyelinations are associated with a corresponding
loosing or lifting of the myelin end bulbs and myelin lamel-
lae away from the axolemma (Fig. 1). In the Wgure, the 70%
reduction of the myelin lamellae or of the paranodal seal
resistance or simultaneously of the paranodal seal resis-
tance and myelin lamellae is uniform along the Wbre length
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for the systematically demyelinated subtypes. This reduc-
tion value is not suYcient to develop a conduction block in
the systematically demyelinated subtypes. The 96% reduc-
tion of the same myelin parameters is used but restricted to
only three (8th, 9th and 10th) consecutive internodes for the
focally demyelinated subtypes. This reduction value is not
chosen arbitrarily. It is the Wrst degree of the focally demye-
linated subtypes for achieving the conduction block in a
single internode. Our unpublished data also show that for
the systematic demyelinations, the conduction block is
achieved when the myelin reduction value is 93% for the
ISD, 89% for the PSD and 82% for the PISD. In all calcula-
tions, same axonal diameter (12.5 �m) is used which gives
possibility for the diVerent demyelinated subtypes to be
compared and analyzed. However, both the myelin thick-
ness and external diameter are reduced in the ISD, PISD,
IFD, and PIFD cases.

Stimulations, extracellular and electrotonic potentials

To make accurate inference about the anatomical structures
or physiological mechanisms involved in electric stimula-
tion, one must know which elements are stimulated. Two
cases of Wbre stimulation are considered. The stimulation
for producing intracellular potentials is simulated by adding
a short (0.1 ms) rectangular current pulse to the center of
the Wrst node. This case of point application of current
intra-axonally at the center of the node closely approxi-
mates the eVects of point application of current extra-axo-
nally at the node and realizes a point Wbre polarization. The

intracellular potentials in the case of adaptation (i.e., in the
case of intracellular current application delivered simulta-
neously at the center of each internodal segment) are simu-
lated by adding a long-lasting suprathreshold depolarizing
pulse. This second case closely approximates the eVects of
external surface stimulation with a large electrode and real-
izes a periodic kind of uniform Wbre polarization. The gen-
erated intracellular potentials, in the second case of Wbre
stimulation, are then used as input to a line source model
(Stephanova et al. 1989) that allows calculation of the cor-
responding extracellular potentials at various radial dis-
tances in the surrounding volume conductor. The
extracellular recordings provide information about the bio-
electric activity of a speciWc region of tissue. In that sense,
the description of the extracellular potential Weld of a single
Wbre in an extensive conducting media is of great interest in
the Weld of electrophysiology. The extracellular potentials
of the normal human motor nerve Wbre, calculated by us,
are in the same ranges as reported in the literature (Ganapa-
thy and Clark 1987; Schoonhoven and Stegeman 1995).
The relationship between the extracellular potentials from
volume conductor model simulations and recorded com-
pound nerve action potentials is thoroughly discussed in the
critical review by Schoonhoven and Stegeman (1995). The
line source model is the most frequently used model in the
literature for calculation of the extracellular potentials
(Ganapathy and Clark 1987; Schoonhoven and Stegeman
1995; Stegeman et al. 1979).

The electrotonic potentials are simulated by adding a
100 ms subthreshold current to the center of each internodal

Fig. 1 Schematic diagram of 
human motor nerve Wbres from 
the 7th to the 14th nodes in the 
normal, mildly systematically 
and severely focally demyelinat-
ed cases. The 70% reduction of 
the myelin thickness (ISD) or of 
the paranodal regions (PSD) or 
simultaneously of the paranodal 
regions and myelin thickness 
(PISD) is uniform along the Wbre 
length of the systematically 
demyelinated subtypes. The 
96% reduction of the same 
myelin parameters is restricted 
to only three (8th, 9th and 10th) 
consecutive internodes for the 
focally demyelinated subtypes 
(IFD, PFD, PIFD)
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segment and the case of periodic kind of uniform Wbre
polarization is also realized. The periodic kind of uniform
polarization is Wrst simulated in the human motor electroto-
nus model (Stephanova and Bostock 1996). The potentials
are calculated for polarizing currents, which correspond to
0.4 times the threshold for a 1 ms current pulse.

Excitability calculations

The indices of the axonal excitability (such as strength-
duration, charge-duration curves, strength-duration time
constants, rheobases and recovery cycles) delivered from
single or pairs of threshold stimuli are investigated in the
case of adaptation. The threshold stimulus duration is
increased in 0.025 ms steps from 0.025 ms to 1 ms, to
obtain the strength-duration curves. According to the classi-
cal theory, the strength-duration time constant (chronaxie)
of an excitable structure is based on the single passive (RC)
membrane parameters in parallel and can be calculated by
the classical Weiss’s formula (Weiss 1901) applied to the
linear charge-duration curve. In the human myelinated
nerve Wbre, RC parameters in parallel are as in the nodal
and internodal axolemma as well as in the myelin sheath.
Because of this complicated situation, the strength-duration
curves of the normal and demyelinated Wbres are not natu-
ral exponential expressions and the charge-duration curves
are not linear. In this case a polynomial function of degree
2 (transfer standard parabola), which relates threshold
charge (Q) to stimulus duration (t), provides an accurate Wt
of the data: Q = a2[t

2 + (a1/a2)£t + a0/a2], where a0, a1, a2

are the polynomial coeYcients. The strength-duration time
constant is deWned as the absolute value of the smallest
square root of the function (i.e., only one of both direct
intercepts of the regression curve on the duration axis has a
biophysical sense and only this direct intercept is shown on
the below given Wgures). The rheobasic current is deWned
as the Wnal decreased threshold value, after which the
potential generation cannot be obtained with an increase of
the stimulus duration.

When two equal-duration pulses are used in pairs, the
response of the second (testing) pulse in the refractory
period may be greater or less than the response of the Wrst
(conditioning) pulse and depends on the conditioning-test
intervals. To obtain the time course of recovery of the
axonal excitability following a single threshold stimulus
(the recovery cycle), test stimuli of 1.0 ms duration are
delivered at conditioning-test intervals of 2–100 ms after a
threshold conditioning stimulus of 1.0 ms duration. The
recovery cycle depends on the regenerative depolarization
caused by the conditioning potential and can be explained
by the delay-dependent testing potential. During the abso-
lute refractory period when the inactivation of Na+ channels
is high and the activation of K+ channels is low, the thresh-

old potential (Vt) and the corresponding threshold current
for the testing pulse are increased due to the more
expressed increase of the critical membrane potential (Ec).
((Vt = Ec ¡ Er); Er is resting membrane potential). With
increasing the conditioning-test interval, Ec is decreased
and as the membrane potential remains above the Er, the
threshold potential becomes lower than that of the initial
one. The result is the change from subnormality to super-
normality of the membrane excitability.

We would like to note that although the calculations for
the 70% systematic demyelination are done with our new
multi-layered model, the results of the model approxima-
tion used here show that they are almost identical with
those from our paper (Stephanova and Alexandrov 2006).
Although the results for this reduction value are presented
here in a diVerent manner than in the cited paper, permis-
sion has been granted from the original journal for the use
of these Wgures.

Results

Intracellular, electrotonic and extracellular potentials

A comparison of the temporal intracellular potentials is pre-
sented for the normal, ISD, PSD, PISD (Fig. 2a) and IFD,
PFD, PIFD (Fig. 2b) cases of human motor nerve Wbres.
The potentials are at each node, from the 7th to the 14th.
They are of constant amplitude at the successive nodes for a
given systematic demyelination (Fig. 2a). Compared to the
normal case, the potentials have lower peak amplitudes.
The afterpotential amplitudes are larger. Node-to-node con-
duction is slower. The conduction velocities, calculated
from the times of the potential maxima at the nodes are 58,
31, 45 and 25 m/s for the normal, ISD, PSD and PISD
cases, respectively. The maximal amplitudes are 38, 18, 21
and 9 mV for the same cases, respectively. The progres-
sively greater increase in focal loss of myelin blocks the
invasion of the potentials into the demyelinated zone
(Fig. 2b). Thus, with the increase of the demyelinated sub-
type from the IFD to the PIFD, the conduction failure
occurs more rapidly.

The electrotonic potentials are also compared for the
normal, ISD, PSD, PISD (Fig. 3a) and IFD, PFD, PIFD
(Fig. 3b) cases of the Wbres. The temporal distributions of
the potentials during and after 100 ms depolarizing and
hyperpolarizing currents (§40% of threshold) are again at
each node, from the 7th to the 14th. However, because of
the systematic demyelination (Fig. 3a), each node behaves
identically, and an overlap of the potentials at the nodes is
obtained. The same is also valid for the normal case. There
are small diVerences in the potentials during and after the
100 ms depolarizing and hyperpolarizing currents between
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the normal and ISD cases. When the normal case is com-
pared with the PSD and PISD cases, the obtained diVer-
ences are the abnormally greater increase in the early and
late parts of the hyperpolarizing responses. The potentials
are the most abnormal in the PISD case. For the focally
demyelinated subtypes (Fig. 3b), the depolarizing and
hyperpolarizing electrotonic potentials are similar, with a

small drop to a minimum amplitude in the 10th node and
with a small rise to a maximum amplitude in the 14th node.
For the PIFD case, the depolarizing and hyperpolarizing
responses show the largest drop to a minimum amplitude in
the 10th node and the largest rise to a maximum amplitude
in the 14th node, than those for the IFD and PFD cases.

Figure 4 illustrates the temporal distributions of the
intracellular potentials (V) and their corresponding extra-
cellular potentials (P) in the case of adaptation for the nor-
mal, mildly systematically and severely focally
demyelinated cases, respectively. The potentials are at each
node, from the 7th to the 14th. However, because of the
systematic demyelination, each node again behaves identi-
cally, and an overlap of the potentials at the nodes is
obtained in Fig. 4a. The potential overlap is also valid for
the normal case. The extracellular potential amplitudes
depend on the radial distance of the Weld point for all inves-
tigated cases. Close to the Wbre membrane (r = 0.05 mm),
the potentials have a two-phase shape, while far from the
membrane at the volume conductor (r = 1.0 mm), they have
the usual three-phase shape. At large radial distances
(r ¸ 5 mm) the shape of potentials is the same. The poten-
tials in the PSD and PISD cases have increased polyphasia
at r = 1.0 mm (Fig. 4a). The peak-to-peak amplitude of the
potentials decreases in the demyelinated zone of the
severely focally demyelinated cases (Fig. 4b), and this can
be seen more clearly in Fig. 5. In this Wgure, the extracellu-
lar potential time courses for radial distance r = 1 mm are
repeated from Fig. 4b. The potentials are plotted for the
same eight consecutive nodes from the 7th to the 14th as
shown in the Wrst row, except in the second, third, fourth
and Wfth rows where the potentials are shown at the 7th,
8th, 9th and 10th nodes, respectively. The results show that
with the increase of the demyelinated subtype from the IFD
to the PIFD, the peak-to-peak amplitude of the potentials
abnormally decreases until the potential dies out. However,
the potential shapes in the regions distal to the demyeli-
nated zone are normal.

Axonal excitability indices

The strength-duration and charge-duration curves for the
normal, mildly systematically (Fig. 6a) and severely

Fig. 2 Comparison of the intracellular potentials of human motor
Wbres in the normal, ISD, PSD, PISD (a) and IFD, PFD, PIFD (b) cas-
es. The normal case in the Wrst row is repeated for a better comparison.
The potentials in response to 0.1 ms threshold current pulses are pre-
sented at each node from the 7th to the 14th. The focal cases are char-
acterized with three (8th, 9th and 10th) consecutively demyelinated
internodes. The 70% reduction value is not suYcient to develop con-
duction block in all investigated systematic demyelinations, which are
regarded as mild. The 96% reduction value leads to a block and the cor-
responding focal demyelinations are regarded as severe. The conduc-
tion velocities are added to the left of each data row

�
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focally (Fig. 6c) demyelinated cases are shown. Histo-
grams are also used to provide a better illustration of the
strength-duration time constants and rheobases (Fig. 6b,
d). In the diVerent strength-duration curves, the threshold
currents are signiWcantly higher in the systematically
demyelinated cases than in the normal one. The strength-
duration time constant is substantially longer for the ISD
case and substantially shorter for the PSD case than for
the normal one. There is an inverse relationship between
the strength-duration time constants and rheobasic cur-
rents for the normal, PSD and PISD cases, but this is not
the same for the ISD case. In this case, the strength-dura-
tion time constant and rheobasic current are increased.
The strength-duration time constants are 0.291, 0.583,

0.092, 0.211 ms and the rheobases are 0.388, 0.568,
0.842, 1.020 nA for the normal, ISD, PSD and PISD
cases, respectively. The progressively greater increase in
focal loss of myelin slightly increases threshold currents
in the cases of severe demyelination (Fig. 6c, d). They are
higher in the IFD, PFD and PIFD cases than in the normal
one. The strength-duration time constants are shorter.
There is an inverse relationship between the strength-
duration time constants and rheobases for the normal and
abnormal cases. The strength-duration time constants are
0.291, 0.250, 0.236 and 0.235 ms for the normal, IFD,
PFD, PIFD cases, respectively. The rheobasic currents are
0.388, 0.431, 0.447 and 0.454 nA, respectively, for the
same cases.

Fig. 3 Comparison of the 
electrotonic potentials of human 
motor Wbres in the normal 
(dotted lines), ISD, PSD, PISD 
(a) and IFD, PFD, PIFD (b) 
(continued lines) cases. The 
electrotonic potentials in 
response to 100 ms depolarizing 
and hyperpolarizing current 
pulses (§40% of threshold) are 
presented at each node from the 
7th to the 14th
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The excitability changes of the axons in the normal and
systematically demyelinated cases during the 100 ms recov-
ery cycles are illustrated in Fig. 7a. The recovery cycles
show that the axonal excitability changes in the normal and
ISD cases are similar. The axonal types are initially unexcit-
able, then excitable with a raised threshold and after about
2.5 ms they are superexcitable. In the unexcitable case, the

axons are in the absolute refractory period, during which
they cannot not generate second potential no matter how
strong the testing depolarizing pulses are. Then the axons
are in the relative refractory period, during which a stronger
than conditioning stimulus is required to generate the sec-
ond action potential. In the superexcitable case, the testing
stimulus generating a second action potential is less than the

Fig. 4 In the case of adaptation, 
the temporal intracellular poten-
tials (V) and their corresponding 
extracellular potentials (P) are 
presented in the normal, ISD, 
PSD, PISD (a) and IFD, PFD, 
PIFD (b) cases. The intracellular 
potentials are simulated by add-
ing long-lasting depolarizing 
pulses, which correspond to 
1.1 times the threshold for a 
1 ms current pulse. The poten-
tials are at each node from the 
7th to the 14th. The extracellular 
potentials are given for three ra-
dial distances (r = 0.05, 1.0 and 
5.0 mm). Fig. 4a by permission 
of JIN (2006) 5:595–623
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conditioning stimulus. Superexcitability is usually followed
by a late subexcitability. The ISD axon has greater refracto-
riness, superexcitability and less late subexcitability than
those for the normal axon. There is an increase in the refrac-
toriness without an increase in the relative refractory period
in this demyelinated axon. The recovery cycles show that
the axonal excitability changes in the PSD and PISD cases
are similar. Both axonal subtypes have abnormally greater
superexcitabilities. In these cases compared to the normal
one, the recovery cycles are without relative refractory peri-
ods and have only superexcitable and subexcitable periods.
The same investigations of the axonal excitability changes
during the 100 ms recovery cycles are repeated for the IFD,
PFD and PIFD cases of the Wbres and are illustrated in
Fig. 7b. The recovery cycles show that the axonal excitabil-
ity changes in all focally demyelinated cases are similar.
The axons have slightly less refractoriness, greater superex-
citability and less late subexcitability than those for the nor-
mal axon. However, the recovery cycles are near-overlap
for the PFD and PIFD cases.

Discussion

This study shows a number of diVerences in the membrane
properties between the simulated mildly systematically and

severely focally demyelinated Wbers. The uniformly
reduced amplitudes, prolonged duration and slowed con-
duction velocities of the intracellular potentials are charac-
teristic for the investigated systematically demyelinated
subtypes. The conduction block is typical for the severely
focally demyelinated Wbers. The intracellular potential
changes in demyelinated Wbers are determined by the kinet-
ics of the nodal ion currents. The kinetics of the ion cur-
rents passing through paranodally or internodally
demyelinated Wbers is thoroughly discussed in our previous
papers (Stephanova and Chobanova 1997; Stephanova and
Kossev 1997). In these papers, the current kinetics shows
that the reduced conduction obtained in the paranodally
demyelinated Wbers is due to the decrease of the external
membrane current and the limitation for the paranodally
short-circuited current to pass longitudinally to the periaxo-
nal space. The same explanation is valid for the PSD and
PFD cases investigated here. According to the cited papers,
the reduced conduction obtained in the internodally demye-
linated Wbers is due to the increase in the transmyelin cur-
rent generation and the limitation for the externally
recorded nodal current to pass longitudinally via the paran-
odal seal resistance to the periaxonal space. The same
explanation is valid for the ISD and IFD cases investigated
here. Compared to the ISD, PSD, IFD and PFD cases, the
simulated PISD and PIFD cases show qualitatively very

Fig. 5 The extracellular poten-
tials (P) in the normal and IFD, 
PFD, PIFD cases are repeated 
for the radial distance r = 1 mm. 
The superpositions of potentials 
are for eight consecutive nodes 
from the 7th to the 14th as shown 
in the Wrst row, except in the sec-
ond, third, fourth, and Wfth rows, 
where the potentials shown are 
at the 7th, 8th, 9th, and 10th 
nodes, respectively. * (columns) 
indicates the demyelinated inter-
nodes between the given nodes
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Fig. 6 Comparison between the 
strength-duration curves, 
charge-duration curves, 
strength-duration time constants 
and rheobasic currents in the 
normal, ISD, PSD, PISD (a, b) 
and IFD, PFD, PIFD (c, d) cases. 
Fig. 6 parts of a, b by permission 
of JIN 2006 5:595–623
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similar changes of the potentials. Consequently, the eVect
of reduced myelin lamellae, additionally increased by
reduced paranodal seal resistance, is consistent with the
reduced conduction obtained in the investigated PISD and
PIFD cases. The conduction slowing simulated in the ISD,
PSD and PISD subtypes is a characteristic feature described
in demyelinating neuropathies, namely CMT1A, CIDP
(Cappelen-Smith et al. 2001; Nodera et al. 2004; Sung et al.
2004) and n-hexane neuropathy (Chang et al. 1998; Kuwa-
bara et al. 1993). Conduction block is a critical diagnostic
feature in GBS and MMN patients (Kaji 2003; Priori et al.
2005).

The electrotonic potentials allow the accommodative
responses to polarizing currents to be investigated. The
kinetics of the ionic currents deWning the electrotonic

potentials (Stephanova and Alexandrov 2006; Stephanova
and Bostock 1996) show that the slow components of elec-
trotonic, transaxonal, and transmyelin potentials depend on
the activation of the channel types in the nodal or internodal
axolemma, whereas the fast components of the potentials
are determined mainly by the passive cable responses, i.e.,
by the capacitances and resistances of the corresponding
diVerent segments along the Wber. In the cited paper, it is
shown that for the hyperpolarizing pulses, the contribution
of the activating inward rectiWer (IR) channels dominates in
the total ionic currents passing through the paranodal and
internodal segments. For the depolarizing pulses, the con-
tribution of the activating potassium (K+) channels domi-
nates in the total ionic currents passing through the
corresponding diVerent segments along the Wber. Further-
more, the depolarizing electrotonic potential in the nodes is
determined mainly by the activation of the slow potassium
channels and the other channels as sodium (Na+) and fast
potassium has a minor contribution to its generation. Our
results show that there are no signiWcant diVerences
between the normal and ISD cases in the accommodated
responses to prolonged subthreshold depolarizing and
hyperpolarizing currents. However, these responses in the
PSD and PISD cases are abnormally greater to the hyperpo-
larizing currents than in the normal case. The greater hyper-
polarizing potentials show that, for the axons studied, the
behavior of internodal accommodative permeabilities is
largely aVected by the demyelinating pathology. The simu-
lated electrotonic potentials in the ISD case are rather simi-
lar to those described in demyelinating neuropathies,
namely CMT1A (Nodera et al. 2004; Nodera and Kaji
2006), whereas, the potentials in the PSD and PISD cases
are similar to those described in subgroups of CIDP
(Nodera and Kaji 2006; Sung et al. 2004).

Our results also show that there is a decrease in the elec-
trotonic responses to subthreshold polarizing currents in the
focally demyelinated cases. The same results are obtained
for AIDP patients who tend to have the smaller slow phase
of threshold change to polarizing currents than normal
subjects (Kuwabara et al. 2002). Our previous results
(Stephanova and Alexandrov 2006; Stephanova et al. 2006a, b)
conWrm that mild (70%) focal demyelination, not suYcient
to develop conduction block, does not signiWcantly aVect
electrotonic, extracellular potentials, strength-duration time
constants, rheobases, and recovery cycles. Their values are
equal to or near normal values.

The extracellular potentials in the PSD, PISD, PFD and
PIFD cases have increased polyphasia, which is a charac-
teristic feature of compound motor action potentials
(CMAPs) in patients with demyelinating neuropathies
(Donofrio and Albers 1990).

The strength-duration time constants are longer in the
ISD case and shorter in the PSD and PISD cases than in the

Fig. 7 Comparison of the recovery cycles in the normal, ISD, PSD,
PISD (a) and IFD, PFD, PIFD (b) cases of human motor nerve Wbres.
For all investigated cases, the y-axis is deWned as 100 £ (Itest ¡ Icond)/
Icond (%), where Itest (nA) and Icond (nA) are the threshold currents of the
testing and conditioning pulses, respectively. Fig. 7a by permission of
JIN (2006) 5:595–623
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normal one. However, they are slightly shorter in the IFD,
PFD and PIFD cases. These relationships are attributed to
the current thresholds as they can be seen in the strength-
duration curves for the corresponding cases. Longer and
shorter time constants are characteristic for CMT1A
(Nodera et al. 2004; Nodera and Kaji 2006) and CIDP
(Cappelen-Smith et al. 2001; Nodera and Kaji 2006)
patients, respectively. The slightly shorter time constants
are characteristics for the demyelinating forms of GBS.

Moreover, the pattern of the recovery cycles for the PSD
and PISD cases is characteristic for CIDP patients (Sung
et al. 2004), whereas the recovery cycles for the IFD, PFD
and PIFD are characteristic for the median motor nerves in
AIDP patients (Kuwabara et al. 2002; Nodera and Kaji
2006).

In summary, the current study indicates quite diVerent
abnormalities in the potentials and axonal excitability indi-
ces of mild systematic and severe focal demyelinations of
human motor nerve Wbres. The changes in the excitability
properties obtained in these simulations are in good accor-
dance with the data from patients with CMT1A, CIDP,
GBS and MMN. Our previous studies show that in the mild
focal demyelinations, changes are so slight as to be essen-
tially indistinguishable from normal values (Stephanova
and Alexandrov 2006). It was concluded that the excitabil-
ity-based approaches that have shown strong potential as
diagnostic tools in systematically demyelinated conditions
may not be useful in detecting mild focal demyelinations.
In contrast, the abnormal potentials and excitability indices
in severe focal demyelinations are quite diVerent from
those in mild systematic demyelinations and can provide
important information about the pathophysiology of
acquired demyelinating neuropathies. However, compared
to mild systematic demyelination, the eVect of severe focal
demyelination is relatively weak. This can explain the rea-
son for measured minor changes in the threshold electroto-
nus and for obtaining no signiWcant changes in excitability
properties in patients with GBS.

The simulations are done using a well-validated model.
It incorporates a double-cable structure, with explicit repre-
sentation of the nodes of Ranvier, paranodal, internodal
sections of the axon and multi-layered myelin sheath. This
model is able to reproduce a wide range of experimental
data on the potentials and excitability properties in human
demyelinating neuropathies. The results show that the sys-
tematic demyelinations are speciWc indicators for heredi-
tary and chronic neuropathies, whereas the focal
demyelinations are speciWc indicators for acquired demye-
linating neuropathies. The myelin reduction values, leading
to conduction block in the various focally and systemati-
cally demyelinated human motor Wbres, can be deWned by
the model. Our previous and present studies conWrm that
the transition from conduction slowing to conduction block

leads to ampliWcation of the degree of the membrane prop-
erty changes, as the direction of these changes is main-
tained. The eVect of aqueous layers within the myelin on
the multiple membrane properties of the various focally and
systematically demyelinated cases can also be predicted by
this model. The model provides an objective interpretation
of the mechanisms of the membrane property abnormalities
obtained in the hereditary, chronic and acquired demyelin-
ating neuropathies, which up till now have not been suY-
ciently well understood. Quite diVerent assumptions have
been given in the literature for the membrane property
mechanisms of these diseases. For example, in the review
by Nodera and Kaji (2006), where a diVerence between sys-
tematic and focal demyelinations has not been made, it is
written that: (1) “Given the almost constant membrane
capacitance, the major factor determining passive mem-
brane behavior is the resistance of the membrane”; (2)
“Therefore, the degree of potassium channel opening deter-
mines both membrane conductance (the inverse of resis-
tance) and resistance”; (3) “Depolarization decreases the
Na+ current through the persistent channels, resulting in a
lower rheobase, and hyperpolarization has the opposite
eVect. As the charge–duration relationship suggests, SDTC
(strength-duration time constant) behaves in the opposite
direction than does the membrane potential, being
increased by depolarization and decreased by hyperpolar-
ization”; (4) “Paranodal demyelination increases capaci-
tance and SDTC”, and etc. However, we have to keep in
mind that neither model of demyelinated axon looks like an
actual demyelinating neuropathy, but they are simple ways
of showing the eVect of various demyelinations and their
degrees on the multiple membrane properties of these neur-
opathies.
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