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Analysis of nerve conduction block induced by direct current
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Abstract The mechanisms of nerve conduction block
induced by direct current (DC) were investigated using a
lumped circuit model of the myelinated axon based on
Frankenhaeuser—Huxley (FH) model. Four types of nerve
conduction block were observed including anodal DC
block, cathodal DC block, virtual anodal DC block, and
virtual cathodal DC block. The concept of activating
function was used to explain the blocking locations and
relation between these different types of nerve block.
Anodal/cathodal DC blocks occurred at the axonal nodes
under the block electrode, while virtual anodal/cathodal DC
blocks occurred at the nodes several millimeters away from
the block electrode. Anodal or virtual anodal DC block was
caused by hyperpolarization of the axon membrane result-
ing in the failure of activating sodium channels by the
arriving action potential. Cathodal or virtual cathodal DC
block was caused by depolarization of the axon membrane
resulting in inactivation of the sodium channel. The
threshold of cathodal DC block was lower than anodal
DC block in most conditions. The threshold of virtual
anodal/cathodal blocks was about three to five times higher
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than the threshold of anodal/cathodal blocks. The blocking
threshold was decreased with an increase of axonal
diameter, a decrease of electrode distance to axon, or an
increase of temperature. This simulation study, which
revealed four possible mechanisms of nerve conduction
block in myelinated axons induced by DC current, can
guide future animal experiments as well as optimize the
design of electrodes to block nerve conduction in neuro-
prosthetic applications.
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1 Introduction

It is well known that anodal DC current applied to nerves
can block the conduction of action potentials (Kuffler and
Gerard 1947; Petruska et al. 1998). Anodal block has been
used in neurophysiological studies to block large diameter
axons in nerves allowing only small axons to conduct
action potentials (Whitwam and Kidd 1975; Mendell and
Wall 1964; Hopp et al. 1980). Because most studies
employing DC block often used bipolar electrodes (i.e.
one electrode was anode and the other was cathode), it is
uncertain whether the axonal block occurs at the anodal
electrode or the cathodal electrode (Kuffler and Gerard
1947; Petruska et al. 1998; Whitwam and Kidd 1975;
Mendell and Wall 1964; Hopp et al. 1980; Sassen and
Zimmermann 1973; Zimmermann 1968; Manfredi 1970).
Some studies (Sassen and Zimmermann 1973; Zimmermann
1968) provided evidence showing that DC block occurs
under the cathodal electrode rather than the anodal
electrode. This view was supported by a recent study
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(Bhadra and Kilgore 2004) employing both computer
simulation and electrophysiological methods, which indi-
cated that the DC block was primarily due to depolarization
of the nerve membrane under the cathodal electrode.

DC block can be easily observed in animal experiments
using isolated nerves by determining whether the action
potentials can propagate through the region where the block
electrode is located (Kuffler and Gerard 1947; Petruska et
al. 1998; Whitwam and Kidd 1975; Mendell and Wall
1964; Hopp et al. 1980; Sassen and Zimmermann 1973;
Zimmermann 1968; Manfredi 1970). However, it is very
difficult to determine the blocking mechanism and the
precise blocking location along the nerve in animal experi-
ments since it will require recording neural activity at each
axonal node near the blocking electrode, including not only
membrane potentials but also ionic currents. Computer
simulation employing an axonal model has the advantage
of analyzing activity at every node along an axon, but such
detailed analysis is currently still not available in animal
experiments. In this study we analyzed the DC block
induced by a monopolar point electrode using a myelinated
axonal model. Membrane potentials, ionic currents, and
ionic channel activity were analyzed node-by-node at the
region close to the blocking electrode. Understanding the
mechanism and location of DC block induced by a
monopolar point electrode could provide the basic concepts
and knowledge that could be used to guide a more complex
design of stimulating electrodes in neuroprosthetic applica-
tions (Loeb 1989; Roth 1994; Tai and Jiang 1994).

2 Methods
2.1 Axonal model

The nerve model used in this study is shown in Fig. 1. A
60 mm long, myelinated axon is modeled with the inter-
node length Ax=100d (where d is the axon diameter). Each
node (nodal length: L=2.5 um) is modeled by a membrane
capacitance (C,,) and a variable membrane resistance (R,).
The ionic currents passing through the variable membrane
resistance are described by FH model (Rattay and Aberham
1993; Frankenhaeuser and Huxley 1964). Two monopolar
point electrodes (with the indifferent electrode at infinity)
are placed at 1 mm distance from the axon (Fig. 1). One is
the block electrode at the 40 mm location along the axon,
where the DC blocking current will be delivered. The other
is the test electrode at the 10 mm location, which will
deliver a uniphasic single pulse (pulse width 0.1 ms and
intensity varying from 0.5 to 2 mA) to evoke an action
potential and test whether this action potential can
propagate through the site of the block electrode. The test
electrode will always be a cathode (negative pulse), and the
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Fig. 1 Myelinated axonal model used to simulate conduction block
induced by direct current (DC). The inter-node length Ax=100d; d is
the axon diameter. L is the nodal length. Each node is modeled by a
resistance-capacitance circuit based on the FH model. R,: inter-nodal
axoplasmic resistance; R,,: nodal membrane resistance; C,,: nodal
membrane capacitance; V;;: intracellular potential at the jth node; 7 ;:
extracellular potential at the jth node

block electrode will deliver either anodic DC or cathodic
DC depending on the purpose of the study. The test pulse is
always delivered at 2 ms after the start of the DC blocking
current.

We assume that the axon is in an infinite homogeneous
medium (resistivity p.=300 Qcm). After neglecting the
small influence induced by the presence of the axon in the
homogeneous medium, the extracellular potential V;; at
the jth node along the axon can be calculated by:

Vos() = Lo Totock (7) n Liest (1)

VUAr =4z \/Gar—x)+2

where lyoc(f) is the DC current delivered to the block
electrode (at location xp=40 mm, zo=1 mm); /i.(?) is the
single test pulse delivered to the test electrode (at location
x1=10 mm, z;=1 mm).

The change of the membrane potential V; at the jth node
is described by:

AV _ [dAx (Vi =2V 4 Vi | Ve = 2Vej+Vejur 1/,
dr — |4p,L Ax? Ax? v

where V=V, =V, /= Vies; Vi is the intracellular potential at
the jth node; V;; is the extracellular potential at the jth node;
Viest 1S the resting membrane potential; p; is the resistivity
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of axoplasm (100 Qcm); ¢, is the capacity of the membrane
(2 uF/em?); I, .; 1s the ionic current at the jth node described by
FH equations (Rattay and Aberham 1993; Frankenhaeuser
and Huxley 1964).

The axonal model was solved by Runge—Kutta method
(Boyce and Diprima 1997) with a time step of 0.001 ms.
The simulation always started at initial condition V;=0. The
membrane potentials (both trans-membrane potential V; and
extracellular potential V; ;) at the two end nodes of the
modeled axon were always equal to the membrane potentials
of their closest neighbors, which implemented the sealed
boundary conditions (no longitudinal currents) at the two
ends of the modeled axon. The simulations were performed
with the temperature parameter set at 37°C if not specified.

2.2 Activating function

The activating function f; at the jth node introduced by
Rattay (2008, 1989) is defined as:

—2Vei+ Vejn
Ax2

which explains the influence of an externally applied
electrical field on a targeted axon. The activating functions
generated by a single point electrode (either cathodic or
anodic) along an axon in an infinite homogeneous medium
are schematically plotted in Fig. 2. The axonal region with
a positive f; will be depolarized, whereas a negative f; will
hyperpolarize the axonal membrane. A cathodal electrode
can induce membrane depolarization under the electrode
and at the nodes very close to the electrode, while inducing
hyperpolarization at the nodes farther away from the
electrode (i.e. at the “side lobe” region, see Fig. 2).
Similarly, an anodal electrode can hyperpolarize the axonal
membrane in the center area, while depolarizing the
membrane at the “side lobe” region. Although only a single
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Fig. 2 Activating function generated by a point electrode along the
axon. The axonal region where the activating function is positive will
be depolarized, whereas the region where the activating function is
negative will be hyperpolarized

point electrode is used in this model, the depolarization or
hyperpolarization in the “side lobe” region could be assumed
to be induced by a virtual anode for the cathodal point
electrode, and by a virtual cathode for the anodal point
electrode (Fig. 2). The concept of activating function will be
used in this study to explain the DC block phenomenon.

3 Results

The axonal model as shown in Fig. 1 successfully
simulated the nerve conduction block induced by a DC
current. Four different types of DC blocks were observed
including anodal DC block (Fig. 3), cathodal DC block
(Fig. 4), virtual anodal DC block (Fig. 5), and virtual
cathodal DC block (Fig. 6) depending on the polarity of the
electrode and the intensity of the DC current. The blocking
mechanisms and locations are analyzed in detail in the
following sections.

3.1 Anodal DC block

Figure 3(a) shows that the action potential initiated by the
test electrode (at 10 mm location after applying the DC
blocking current for 2 ms) was propagating toward the
block electrode. The propagation of this action potential
was blocked by an anodal DC current (0.8 mA) delivered to
the block electrode (at 40 mm location) from the beginning.
Figure 3(b—g) shows the change of membrane potential,
ionic current, and ion channel activity at every axonal node
near the block electrode during the anodal DC block as
shown in Fig. 3(a). Membrane hyperpolarization was
maximal at the node under the block electrode and declined
in a gradual manner at nodes of increasing distance from
the block electrode [see Fig. 3(b)]. The membrane
hyperpolarization under the block electrode was so strong
that the arriving action potential could not depolarize the
membrane enough to activate the sodium channels
(Fig. 3(e), m=0) resulting in no inward sodium current
[Fig. 3(c)] and the conduction failure [Fig. 3(a)]. Mean-
while, the potassium channels were closed [Fig. 3(g)] (n=0)
and there was no potassium current [Fig. 3(d)] at the node
under the electrode. Therefore, the anodal DC block
occurred at the node under the block electrode due to the
failure of sodium channel activation.

3.2 Cathodal DC block

Figure 4(a) shows that the action potential initiated by the
test electrode was blocked by a cathodal DC current
(0.4 mA). In contrast to the anodal DC current [Fig. 3(a)],
the cathodal DC current induced an initial action potential
at the beginning of its application that was propagating in
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Fig. 3 Change of membrane
potentials, ionic currents and
activation/inactivation of the ion
channels at different locations
along the axon near the block
electrode during anodal block.
The legends in (e) indicate the
locations along the axon. The
intensity of the anodal DC cur-
rent delivered to the block elec-
trode at 40 mm location is

0.8 mA. Axon diameter, 10 pum.
Distance from block electrode to
axon, 1 mm
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both directions [Fig. 4(a)]. After the initial action potential
the cathodal DC current constantly depolarized the mem-
brane and blocked the propagation of the action potential
induced by the test electrode. Figure 4(b—g) shows the
change of membrane potential, ionic current, and ion
channel activity at every axonal node near the block
electrode during the cathodal DC block as shown in
Fig. 4(a). The axonal membrane was maximally depolar-
ized under the block electrode [see Fig. 4(b)] and exhibited
a gradually decreasing depolarization at axonal nodes at
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Time (ms)

greater distances from the block electrode. The membrane
depolarization under the block electrode caused a complete
inactivation of the sodium channel [Fig. 4(f)] (2=0)
resulting in no sodium current when the action potential
arrived at the node under this electrode [Fig. 4(c)]. The
potassium channel was constantly open [Fig. 4(g)] resulting
in large outward potassium current [Fig. 4(d)] when the
action potential arrived at the block electrode. Therefore,
the cathodal DC block occurred at the node under the block
electrode due to inactivation of the sodium channels.
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Fig. 4 Change of membrane
potentials, ionic currents and
activation/inactivation of the ion
channels near the block elec-
trode during cathodal block.
The legends in (¢) indicate the
locations along the axon. The
intensity of the cathodal DC
current delivered to the block
electrode at 40 mm location is
0.4 mA. Axon diameter, 10 pum.
Distance from block electrode to
axon, 1 mm
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3.3 Virtual anodal DC block

Figure 5(a) shows a nerve conduction block induced by
cathodal DC current (1.1 mA) at a location about 2-3 mm
away from the block electrode (i.e., at locations of 37—
38 mm along the axon) where the membrane was
maximally hyperpolarized [Fig. 5(b)]. This hyperpolariza-
tion was due to the virtual anodal effect of the cathodal
electrode (Fig. 2). It is worth noting that the virtual anode
induced hyperpolarization also prevented the initial action
potential induced by the cathodal DC current from propagat-

L L LJ L) v
3.2 3.4 3.6 2.6 2.8 3.0 3.2 34 3.6
Time (ms)

Time (ms)

ing away from the cathodal electrode [Fig. 5(a)], whereas this
initial action potential could propagate when the cathodal
DC current was low (0.4 mA) [Fig. 4(a)]. The virtual anodal
effect was so strong that the arriving action potential could
not depolarize the membrane enough to activate the sodium
channels [Fig. 5(e)] (m=0) resulting in no inward sodium
current [Fig. 5(c)] and the conduction failure [Fig. 5(a)].
Meanwhile, the potassium channels were closed [Fig. 5(g)]
(n=0) and there was no potassium current at the virtual
anode [Fig. 5(d)]. Therefore, when the cathodal DC current
was of sufficient intensity, the virtual anodal DC block could
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Fig. 5 Change of membrane
potentials, ionic currents and
activation/inactivation of the ion

channels near the block elec- Virtual
trode during virtual anodal

block. The legends in (e) indi- Anodal
cate the locations along the Block

axon. The intensity of the cath-
odal DC current delivered to the
block electrode at 40 mm loca-
tion is 1.1 mA. Axon diameter,
10 pm. Distance from block
electrode to axon, 1 mm

Detailed in b-g

Elec.
b s
(b) %
T_“' 120 (e) 1.0
= 1l N 38 mm
£ 809 E 081 --- 37 mm
o c ==36 mm
© 40 4 o 064 __ 35
g 8 m
S o4 £ 0.4 4 — 34 mm
5 © — 33 mm
£ 40 +'z“ 0.2 1
k]
[ 0.0
g’ '80 L) L) L L) L) L L) L)
s 26 28 3.0 3.2 34 3.6 26 2.8 3.0 3.2 3.4 3.6
(3} Time (ms) Time (ms)
(c) (f)
— 0 1.0
NE E
§ -2000 A = 084
= -4000 0
= T 06
£ -6000 2
o g 044
S -8000 - 2
o -10000 e 027
3 -4
-12000 < 0.0 1
L L L L L) L) L) L)
26 2.8 3.0 3.2 3.4 3.6 26 28 3.0 3.2 34 3.6
Time (ms) Time (ms)
( d) _ 3000 (g) 1.2
C 2500 1 _ 1.0
S £
< 2000 4 = 0384
= 2
— 1500 T 06 4
s 2
; 1000 S 044
o +
g, 5001 X 024
0 3 T - T 0.0 T T T T
26 28 3.0 3.2 3.4 3.6 26 2.8 3.0 3.2 34 3.6
Time (ms) Time (ms)

occur at the nodes about 2-3 mm away from the block
electrode due to the failure of sodium channel activation.

3.4 Virtual cathodal DC block

Similar to the virtual anodal block, virtual cathodal block
could also occur when the anodal DC current is at high
intensity. Figure 6(a) shows a virtual cathodal block
induced by an anodal DC current (2.5 mA) at a location
about 3—4 mm away from the block electrode (i.e., at
locations of 36-37 mm along the axon) where the
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membrane was maximally depolarized [Fig. 6(b)]. This
depolarization was due to the virtual cathodal effect of the
anodal electrode (Fig. 2). It is worth noting that the virtual
cathode induced depolarization also produced an initial
action potential propagating away from the block electrode
[Fig. 6(a)], whereas no initial action potential was produced
when the anodal DC current was low (0.8 mA) [Fig. 3(a)].
The virtual cathodal effect caused a complete inactivation
of the sodium channel [Fig. 6(f)] (A=0) and no sodium
current when the action potential arrived at the nodes
depolarized by the virtual cathode [Fig. 6(c)]. The virtual
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Fig. 6 Change of membrane
potentials, ionic currents and
activation/inactivation of the ion
channels near the block elec-
trode during virtual cathodal

block. The legends in (¢) indi- Virtual
cate the locations along the

axon. The intensity of the anod- Cathodal
al DC current delivered to the Block

block electrode at 40 mm loca-
tion is 2.5 mA. Axon diameter,
10 pm. Distance from block
electrode to axon, 1 mm
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cathodal depolarization also induced a constant opening of
potassium channels [Fig. 6(g)] and a large potassium
current [Fig. 6(d)]. Therefore, virtual cathodal DC block
can occur at the nodes about 3—4 mm away from the block
electrode by inactivation of sodium channels when the
anodal DC current was of sufficient intensity.

3.5 Threshold of DC block

The threshold for anodal or cathodal block was influenced
by axon diameter [Fig. 7 (a)], electrode distance to the

axon [Fig. 7(b)], and the temperature [Fig. 7(c)]. Large
axons have a lower blocking threshold than small axons
[Fig. 7(a)]. Increasing the electrode distance to the axon
requires more current to block conduction [Fig. 7(b)]. At a
low temperature range (15-25°C) the blocking threshold
is constant, but declines at a high temperature (37°C)
[Fig. 7(c)]. It is worth noting that the threshold for cathodal
block is lower than the threshold for anodal block except
for a large diameter axon (20 um) [Fig. 7(a)], at a close
electrode distance (I mm) [Fig. 7(b)], or at a high
temperature (37°°C) [Fig. 7(c)].
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Fig. 7 The thresholds of anodal or cathodal block change with axon
diameter (a), electrode distance (b), and temperature (c). (a) Electrode
distance=2 mm, temperature=37°C. (b) Axon diameter=10 um;
temperature=37°C. (¢) Electrode distance=1 mm, axon diameter=
10 um

4 Discussion

In this study, we investigated the possible mechanisms
underlying axonal conduction block induced by DC current
in myelinated axons using the FH model. Four types of
conduction block were identified including anodal DC
block (Fig. 3), cathodal DC block (Fig. 4), virtual anodal
DC block (Fig. 5), and virtual cathodal DC block (Fig. 6).
The anodal/cathodal DC block occurred at the axonal nodes
under the block electrode (Figs. 3 and 4), but the virtual
anodal/cathodal DC block occurred at the nodes about 2—
4 mm away from the block electrode (Figs. 5 and 6). The
threshold of cathodal DC block was lower than the
threshold of anodal DC block in most conditions (Fig. 7).
The blocking threshold was higher for smaller axons and
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for a larger electrode distance to the axon [Fig. 7(a, b)]. The
influence of temperature on blocking threshold was only
observed at a higher temperature of 37°C [Fig. 7(c)], which
decreased the threshold. Understanding the DC block of
nerve conduction could provide a very useful guide to
design stimulation electrodes for neuroprosthetic applica-
tions (Loeb 1989; Roth 1994; Tai and Jiang 1994).

The thresholds of virtual anodal/cathodal DC block were
not determined in this study. They were about three to five
times higher than the threshold of anodal/cathodal DC
block. As the intensity of DC current increased, there was
always a transition from a cathodal (or anodal) block under
the block electrode to a virtual anodal (or cathodal) block
adjacent to the block electrode (Fig. 2). It was very difficult
to determine the exact threshold when the virtual anodal (or
cathodal) block occurred since the transition occurred
gradually. The threshold of anodal/cathodal DC block
could be easily determined by the failure of the action
potential to propagate through the site of the block
electrode. But this criterion could not be applied to
determine the threshold of virtual anodal/cathodal DC
block because the anodal/cathodal DC block had already
occurred under the block electrode. Therefore, Figs. 5 and 6
only showed the virtual anodal and cathodal blocks when
the DC current was at an intensity that produced an
unambiguous block. This also indicates that it would be
very difficult in physiological experiments (Kuffler and
Gerard 1947; Petruska et al. 1998; Whitwam and Kidd
1975; Mendell and Wall 1964; Hopp et al. 1980; Sassen
and Zimmermann 1973; Zimmermann 1968; Manfredi
1970; Bhadra and Kilgore 2004) to determine if a nerve
conduction block was a cathodal (or anodal) DC block or a
virtual anodal (or cathodal) DC block, since at a low current
intensity it could be the former but at a high current
intensity it could shift to a virtual block. Therefore, the DC
block observed in animal experiments was probably due to
either depolarization or hyperpolarization under the block
electrode or adjacent to the electrode (see Fig. 2) depending
on the intensity and polarity of the DC current.

Only a monopolar electrode was analyzed in this study
in order to simplify the complex nerve block phenomena
observed in animal experiments and analyze the basic
mechanisms and blocking locations. However, bipolar and
tripolar electrodes were often used in animal experiments to
block the nerve conduction (Kuffler and Gerard 1947;
Petruska et al. 1998; Whitwam and Kidd 1975; Mendell
and Wall 1964; Hopp et al. 1980; Sassen and Zimmermann
1973; Zimmermann 1968; Manfredi 1970; Bhadra and
Kilgore 2004). The activating function produced by a
bipolar/tripolar stimulating electrode will be more complex
than that produced by a monopolar electrode. However, the
basic principles for DC block as revealed in this study
should still be applicable, i.e. the anodal/cathodal DC block
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will occur under an individual electrode while virtual
anodal/cathodal DC block should occur adjacent to elec-
trode depending on electrode polarity and current intensity.
It is worth noting that the activating function produced by a
bipolar/tripolar electrode in the animal experiments (Kuffler
and Gerard 1947; Petruska et al. 1998; Whitwam and Kidd
1975; Mendell and Wall 1964; Hopp et al. 1980; Sassen
and Zimmermann 1973; Zimmermann 1968; Manfredi
1970; Bhadra and Kilgore 2004) would also be influenced
by the distances between the individual electrodes and by
the inhomogeneity of the medium surrounding the nerve
and electrodes (Rattay 1989, 2008). These factors could
significantly change the shape of the activating function in
different animal experiments even if the same electrode
designs were used (i.e. bipolar or tripolar), creating addi-
tional uncertainty about the mechanism of DC block that
was reported in previous animal experiments (Kuffler and
Gerard 1947; Petruska et al. 1998; Whitwam and Kidd
1975; Mendell and Wall 1964; Hopp et al. 1980; Sassen
and Zimmermann 1973; Zimmermann 1968; Manfredi
1970; Bhadra and Kilgore 2004). Thus, a quantitative study
to record from the axonal nodes around the stimulation
electrode using either microelectrode or optical imaging
technologies is warranted, so that the nodal activity similar
to what was shown in this study (Figs. 3, 4, 5, 6) could be
investigated during DC block in animal experiments.

Nerve conduction block induced by extracellularly
applied DC current has been studied by other investigators
(Bhadra and Kilgore 2004) using both FH (Frankenhaeuser
and Huxley 1964) and MRG models (Mclntyre et al. 2002).
It was reported that the anodal DC block did not occur
because the virtual cathodal DC block had a lower blocking
threshold and always occurred before the anodal DC block
(Bhadra and Kilgore 2004). However, it was not reported
whether the result was from MRG model or from FH model.
The result in our study demonstrated clearly using FH model
that anodal DC block can occur before virtual cathodal DC
block (Figs. 3 and 6). In a previous study (Bhadra and
Kilgore 2004) in order to determine the location of the
conduction block only the amplitude of the action potential
was used. However, the amplitude of the action potential
gradually decreases along the axon during DC block
causing difficulties in identifying the location and type of
the conduction block (see Figs. 3, 4, 5, 6). Therefore, in
this study membrane potentials as well as the ionic currents
and ionic gating parameters were used to identify the
blocking mechanisms and determine the blocking locations.
Similar studies using other myelinated or unmyelinated
axonal models (MclIntyre et al. 2002; Hodgkin and Huxley
1952; Chiu et al. 1979; Schwarz and Eikhof 1987; Schwarz
et al. 1995) are needed to confirm the results presented in
this study and to reveal other possible mechanisms of
DC block.

This simulation analysis has revealed that nerve con-
duction block induced by DC current should not be
determined simply as anodal or cathodal DC block based
on the polarity of the electrode as most often described in
previous animal studies (Kuffler and Gerard 1947; Petruska
et al. 1998; Whitwam and Kidd 1975; Mendell and Wall
1964; Hopp et al. 1980; Sassen and Zimmermann 1973;
Zimmermann 1968; Manfredi 1970). It also demonstrated
the usefulness of computer simulation in situations where it
is difficult to obtain reliable data in animal experiments.
The results obtained in this simulation study should be
useful in the design of animal experiments to obtain further
support for our conclusions. This simulation study will also
be very helpful in designing stimulation electrodes to be
used in neuroprosthetic devices for people with disabilities
(Loeb 1989; Roth 1994; Tai and Jiang 1994).
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