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Abstract

The temperature-frequency relationship in nerve conduction block induced by high-frequency,
biphasic electrical current was investigated by computer simulation using an amphibian myelinated
axon model based on Frankenhaeuser-Huxley (FH) equations. For an axon of diameter 10 um, the
minimal blocking frequency was changed from 6 kHz to 3 kHz as the temperature was decreased
from 37 °C to 15 °C. The maximal blocking temperature below which the axon could be blocked
was increased from 22 °C to 37 °C as the stimulation frequency was increased from 4 kHz to 8 kHz.
The maximal blocking temperature was not influenced by axon diameter. Simulation analysis also
revealed that activation of potassium channels might determine the temperature-frequency
relationship. This study indicates that temperature might be one of the factors that cause the frequency
discrepancy as reported in previous animal studies.
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Introduction

A reversible nerve blocking method using biphasic, charge-balanced, electrical current could
have many potential clinical applications, especially in the development of a neural prosthesis
for the people with neurological disorders (Bhadra et al., 2006; Tai et al., 2004; 2005c;
2008). Previous studies using animals (Bowman and McNeal, 1986; Reboul and Rosenblueth,
1939; Rosenblueth and Reboul, 1939; Tanner, 1962) have shown that high-frequency, biphasic,
electrical current applied to peripheral nerves can block nerve conduction. This conduction
block is quickly reversible once the stimulation is terminated. In chronic applications a nerve
blocking method employing biphasic, charge-balanced, electrical current will cause less
damage to the nerve due to electro-chemical reactions than using uniphasic electrical current
(Agnew and McCreery, 1990). Therefore, recently attention has been focused on the axonal
conduction block induced by high-frequency, biphasic, charge-balanced electrical current
(Bhadra et al., 2007; Liu et al., 2008; Tai et al., 2005a; 2005b; 2008; Wang et al, 2008; Zhang
et al., 2006a; 2006b).

However, the minimal stimulation frequency required to induce the nerve block has varied
significantly in reports from different investigators. The minimal stimulation frequency of 4—
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5 kHz was reported in studies using cat sciatic nerves when the temperature varied between
25 °C and 35 °C (Reboul and Rosenblueth, 1939; Rosenblueth and Reboul, 1939), or was
undefined (presumably at room temperature 20-25 °C) (Bowman and McNeal, 1986). Our
studies (Tai et al., 2004; 2005c; 2008) on the pudendal nerve of cat indicated that a minimal
stimulation frequency of 6 kHz is required at 37 °C. Studies using sciatic nerve of rats (Bhadra
and Kilgore, 2005; Williamson and Andrews, 2005) have shown that the stimulation frequency
has to be higher than 10 kHz. In a recent study using frog sciatic nerve (Kilgore and Bhadra,
2004) it was shown that nerve conduction could be most efficiently blocked at a stimulation
frequency as low as 3-5 kHz at room temperature. The different nerves used by different
investigators might contribute to the frequency differences, since they are from different
species (frog, rat, or cat). However, other experimental conditions may also play a role,
including electrode geometry, experimental temperature, etc. Currently the frequency
discrepancy has not been explained.

Our simulation studies (Liu, et al., 2008; Wang, et al., 2008) using mammalian myelinated
axon models indicated that both slow and fast potassium channels could play an important role
in the nerve conduction block induced by high-frequency biphasic electrical current and the
temperature could be one of the factors that influence the minimal blocking frequency. Our
recent animal experiments using mammalian myelinated nerve (i.e. cat pudendal nerve) further
showed that the minimal blocking frequency was reduced from 6 kHz to 4 kHz as the
temperature was decreased from 37 °C to 15 °C (Tai, et al., 2008). However, amphibian
myelinated axon is different from mammalian myelinated axon. The slow potassium current
is dominant in mammalian myelinated axon, but the amphibian myelinated axon only has fast
potassium channels without slow potassium channels. It is not clear whether the temperature
could also influence the minimal blocking frequency in amphibian myelinated axons, although
animal experiments using frog sciatic nerve (Kilgore and Bhadra, 2004) indicated the most
efficient minimal blocking frequency changed between 3 kHz and 5 kHz at room temperature.
Although the results from amphibian myelinated axon might not directly applicable to the
development of neural prosthesis involving mammalian myelinated axon, they will certainly
help to further understand the frequency discrepancy reported in previous studies using both
mammalian and amphibian myelinated axons. Therefore, in this study the relationship between
temperature and stimulation frequency was investigated using a model of amphibian
myelinated axon.

The amphibian axonal model used in this study to analyze the relationship between temperature
and stimulation frequency is shown in Fig.1. A 40 mm long 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 (cy,) and a variable membrane resistance (Ry,). The
ionic currents passing through the variable membrane resistance are described by FH equations
that were derived from frog sciatic nerves (Frankenhaeuser and Huxley, 1964;Rattay and
Aberham, 1993). 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 25 mm
location along the axon, where the high-frequency, biphasic, continuous rectangular wave (as
shown in Fig.1) will be delivered. The other is the test electrode at the 5 mm location, which
delivers a uniphasic single pulse (pulse width 0.1 ms at variable intensities ranging from 0.5
mA to 2 mA) to evoke an action potential and to 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 block electrode will always deliver biphasic pulses with the cathodal phase first.
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We assume that the axon is in an infinite homogeneous medium (resistivity pe= 300 Qcm).
After neglecting the small influence induced by the presence of the axon in the homogeneous
medium, the extracellular potential V. , at the nth node along the axon can be calculated by:

Ipiock(t Lios (1
Ve.n(’)zi—; block(1) + resi (1)
\/(nAx - xo)2+z(2) \/(nAx - X1 )2+zf

where lpock(t) is the high-frequency, biphasic pulse current delivered to the block electrode
(at location xg = 25 mm, zg = 1 mm); liest(t) is the single test pulse delivered to the test electrode
(at location x; =5 mm, z; = 1 mm).

The change of the membrane potential V,, at the nth node is described by:

dv, dAx (Vo1 =2V 4+ Vit Ven1 = 2Vent+Vens
= + —ILin|/cm

dr  |4piL Ax2 Ax2

where Vi = Vg n Ve n—Vrest; Van is the intracellular potential at the nth node; V; j is the
extracellular potential at the nth node; Veg is the resting membrane potential (=70 mV); p; is
the resistivity of axoplasm (100 Qcm); ¢y, is the capacity of the membrane (2 uF/cm?); linis
the ionic current at the nth node described by FH equations. See appendix for more detail about
the FH equations (Frankenhaeuser and Huxley, 1964; Rattay and Aberham, 1993; Zhang et al,
2006b).

The model was solved by Runge-Kutta method with a time step of 0.001 ms (Boyce and
Diprima, 1997). The simulation always started at initial condition V, = 0. The membrane
potentials 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 (ho
longitudinal currents) at the two ends of the modeled axon. In order to analyze the relationship
between temperature and stimulation frequency, the simulation was performed at different
temperatures (37, 27, 20 and 15 °C). The stimulation intensity threshold was determined with
a resolution of £0.1 mA. The temperature threshold was determined with a resolution of +1 °
C.

Using the amphibian myelinated axon model shown in Fig.1, we successfully simulated the
nerve conduction block. The simulation analysis mainly focused on the relationship between
temperature and stimulation frequency. Fig.2 shows a typical nerve firing pattern and
conduction block at a temperature of 27 °C induced by stimulation of 5 kHz at different
stimulation intensities in an axon of 10 pum diameter. The test pulse at the test electrode was
applied at 2.5 ms after the start of the high-frequency, biphasic stimulation in Fig.2 A, B, and
D, but was not applied in Fig.2 C. It generated an action potential propagating toward the block
electrode. At a stimulation intensity of 0.5 mA (Fig.2 A) the high-frequency, biphasic
stimulation (5 kHz) generated an initial action potential and failed to block the propagation of
the action potential induced by the test electrode; whereas at a higher intensity (3.5 mA, Fig.
2 B) it successfully blocked the nerve conduction. However, further increasing the intensity of
the high-frequency stimulation caused repetitive firing as shown in Fig.2 C (5 mA), although
only an initial action potential was induced at other intensities (Fig.2 A, B and D). This
repetitive firing disappeared and nerve conduction could be blocked again after the stimulation
intensity increased further (7 mA, Fig.2 D).
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Fig.3 shows the pattern of nerve block or repetitive firing at different stimulation frequencies
(1-10 kHz), intensities (0-10 mA), and temperatures (15, 20, 27, and 37 °C) in an axon of 10
pm diameter. At a temperature of 37 °C (Fig.3 A), the minimal stimulation frequency required
to produce nerve conduction block is 6 kHz. This minimal blocking frequency is reduced to 5
kHz at a temperature of 27 °C (Fig.3 B), and can be reduced to 4 kHz or 3 kHz if the temperature
is decreased to 20 °C or 15 °C respectively (Fig.3 C and D). At the minimal blocking frequency,
the nerve block can only occur at a certain range of stimulation intensity. This means that once
the stimulation frequency reaches the minimal frequency, nerve block can always be achieved
by adjusting the stimulation intensity. The minimal frequencies required to observe nerve block
in an axon of diameter 10 um are plotted against the corresponding temperature in Fig.4. The
minimal blocking frequency changes from 3 kHz to 6 kHz as the temperature increases from
15°Cto 37 °C.

For a certain stimulation frequency, nerve block can only occur when the temperature is below
a maximal value. Fig.5 shows the maximal temperatures below which axons of different
diameters (2, 5, 10, or 20 um) can be blocked by a 5 mA stimulation at different frequencies
(4, 6, or 8 kHz). Although the maximal blocking temperatures for an axon of certain diameter
decrease as the stimulation frequency is reduced, they are almost same for different diameter
axons at a certain stimulation frequency. However, at a stimulation frequency of 4 kHz the
small axon of 5 um diameter can not be blocked at temperatures above 15 °C due to repetitive
firing (see Fig.2 C). Our previous study (Zhang et al., 2006a) using amphibian myelinated axon
model has shown that the repetitive firing occurs in a larger range of stimulation intensity in
small axons (2-5 um) than in large axons (10-20 um). Although the repetitive firing is
dependent on axon diameter, the maximal temperature for nerve block seems independent on
axon diameter (Fig.5). Therefore, the relationship between maximal blocking temperature and
stimulation frequency is not influenced by axon diameter as long as the nerve block is not
interrupted by the repetitive firing.

Our previous simulation studies using both myelinated and unmyelinated axon models (Liu et
al., 2008; Tai etal., 2005a; 2005b; Wang et al., 2008; Zhang et al., 2006a; 2006b) have revealed
that the high-frequency, biphasic electrical stimulation constantly activates the potassium
channels in axonal membrane, causing the failure for action potentials to propagate through
the region where the block electrode is located. Although this mechanism still needs to be
verified by further animal experiments, the activation of potassium channels under the block
electrode can very well explain the relationship between the stimulation frequency and the
maximal blocking temperature. Fig.6 A shows how the activation (n) of potassium channels
changes with temperature at a stimulation frequency of 4 kHz. When the temperature changes
from 37 °C to 15 °C, the activation (n) of potassium channels changes from oscillation to
constant activation at a higher level (around 0.6). At temperatures of 15 °C or 20 °C, nerve
conduction block can be observed due to the strong activation (n) of potassium channels. This
explains why at a frequency of 4 kHz the temperature has to be lower than 24 °C in order to
block the nerve conduction (Fig.5).

Fig.6 B shows how the activation of potassium channels under the block electrode changes
with stimulation frequency at a temperature of 30 °C. As the frequency increases from 4 kHz
to 8 kHz, the activation of potassium channels changes from oscillation to constant activation
at a higher level (around 0.6). At frequencies of 6 kHz or 8 kHz, nerve conduction block can
be observed due to the strong activation of potassium channels. This explains why at a certain
temperature the stimulation frequency has to be high enough in order to block the nerve
conduction (Fig.3-Fig.4).

Fig.6 C shows that the activation of potassium channels under the block electrode is not
significantly influenced by axon diameter. At 30 °C, the stimulation of 6 kHz and 5 mA induced
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an activation of potassium channels oscillating around 0.5 (between 0.4 and 0.6) for axons of
different diameters (2-20 pm). This explains why the maximal temperature as shown in Fig.
5 is not influenced by the axon diameter.

Discussion

In this study we investigated the relationship between temperature and stimulation frequency
in the conduction block of amphibian myelinated axon. The minimal frequency required to
block nerve conduction increases as the temperature increases (Fig. 3—Fig.4). The maximal
temperature below which the nerve block can be induced decreases as the stimulation frequency
decreases (Fig.5). Axon diameter does not influence the maximal blocking temperature (Fig.
5). The activation of potassium channels under the block electrode correlates well with the
temperature-frequency relationship (Fig.6).

It has been known for more than 60 years (Reboul and Rosenblueth, 1939; Rosenblueth and
Reboul, 1939) that the high-frequency alternating currents could block nerve conduction.
However, the minimal stimulation frequency required to block the nerve varied considerably
in reports from different investigators (Bhadra and Kilgore, 2005; Bowman and McNeal,
1986; Reboul and Rosenblueth, 1939; Tai et al., 2004; 2005c; Tanner, 1962; Williamson and
Andrews, 2005). Our previous studies by both computer simulation (Wang, et al., 2008) and
animal experiment (Tai, et al., 2008) have shown that the temperature could be one of the
factors causing the frequency discrepancy in mammalian myelinated axons. The results
presented in this study further indicated that the temperature could also be a factor in amphibian
myelinated axons. A recent study using isolated frog sciatic nerve (Kilgore and Bhadra,
2004) reported that more effective or consistent block could be achieved at a lowest frequency
between 3 kHz and 5 kHz at room temperature. It is unfortunate that the specific room
temperature was not defined. If we assume that the room temperature was between 15 °C and
27 °C, the minimal blocking frequency of 3-5 kHz obtained in animal experiments using frog
sciatic nerve agrees very well with our simulation results (Fig. 3—Fig. 4). It is worthy noting
that the temperature influence could only partially explain the discrepancy of minimal blocking
frequency (1-10 kHz) presented in previous animal studies, since it only caused the minimal
blocking frequency changing from 6 kHz to 3 kHz in the temperature range of 15-37 °C based
on the results from this study. Other factors causing the frequency discrepancy might include
electrode geometry (bipolar or tripolar), different types of nerves (sciatic nerve or pudendal
nerve), or different species (frog, rat, or cat). Simulation studies using axon models, for
example, incorporating stochastic gating mechanism of ion channels (Adair, 2003), may further
resolve the freqeucny discrepancy in nerve conduction block.

Our previous simulation studies using both myelinated and unmyelinated axon models (Liu et
al., 2008; Tai etal., 2005a; 2005b; Wang et al., 2008; Zhang et al., 2006a; 2006b) have indicated
that the constant activation of potassium channels under the block electrode is a possible
mechanism underlying the nerve conduction block, although the other study suggested a
dynamic steady-state depolarization under the block electrode as a possible mechanism
(Kilgore and Bhadra, 2004; Bhadra et al., 2007). In this study, the activation of potassium
channels also explains very well the relationship between temperature and minimal blocking
frequency (Fig.3-Fig.4 and Fig.6B) and the relationship between stimulation frequency and
maximal blocking temperature (Fig.5 and Fig.6A). When the temperature decreases, the
kinetics of the potassium channel becomes slower such that the channels remain open between
stimulus pulses. This allows the potassium channel activation to increase with each stimulus
pulse and eventually reach a plateau (Fig.6A). Therefore, as the temperature decreases the
activation of potassium channels changes from an oscillatory pattern to constant activation for
a certain stimulation frequency (Fig.6A). This explains why there is a maximal blocking
temperature for a certain stimulation frequency. At a certain temperature where the kinetics of
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the potassium channels remain constant, an increase of stimulation frequency will eventually
keep the potassium channels open between stimulus pulses and allow the potassium channel
activation to gradually increase to a plateau level (Fig.6B). Therefore, as the frequency
increases the activation of potassium channels changes from oscillation to constant activation
(Fig.6B). This explains why there is a minimal blocking frequency for a certain temperature.
The blocking mechanism suggested by our previous studies, i.e. the constant activation of
potassium channels, could also explain why the maximal blocking temperature is not
influenced by axon diameter (Fig.5). As shown in the appendix, the axon diameter does not
determine the Kinetics of potassium channels, which is reflected in Fig.6 C as a very similar
level of potassium channel activation for all axons (2-20 um diameters). This explains why
the axon diameter has no influence on the relationship between maximal blocking temperature
and stimulation frequency (Fig.5).

This study investigated the temperature-frequency relationship in nerve conduction block using
an amphibian myelinated axon model. Although clinical application involves mammalian
myelinated axon, the results from amphibian myelinated axon could help to further understand
the frequency discrepancy reported in previous studies using both mammalian and amphibian
myelinated axons. Resolving the frequency discrepancy will certainly help to determine the
minimal stimulation frequency to be used in clinical application. Although the mechanism
underlying the nerve conduction block is still not completely understood, our data presented
in this study further indicates a role of potassium channels. Understanding the relationship
between temperature and stimulation frequency and the possible mechanisms underlying the
nerve conduction block will further promote the application of this nerve blocking method in
the design of neural prosthetic devices for people with neurological disorders (Bhadra et al.,
2006; Kilgore and Bhadra, 2004; Tai et al., 2004; 2005c; 2008).
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The ionic current I; , at nth node is described as:

Iip=iy, +i +i,+i,

©_ 27, EF? [Nalo—[Na]; */%"
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where Pyng (0.008 cm/s), Pk (0.0012 cm/s) and Pp (0.00054 cm/s) are the ionic permeabilities
for sodium, potassium and nonspecific currents respectively: g, (30.3 kQ ™1 cm™2) is the
maximum conductance for leakage current. V( (0.026 mV) is reduced equilibrium membrane
potential for leakage ions, in which the resting membrane potential V,est (—70 mV) has been
subtracted. [Na]; (13.7 mmole/l) and [Na], (114.5 mmole/l) are sodium concentrations inside
and outside the axon membrane. [K]; (120 mmole/l) and [K], (2.5 mmole/l) are potassium
concentrations inside and outside the axon membrane. F (96485 c/mole) is Faraday constant.
R (8314.4 mJ/K/mole) is gas constant. m, h, n and p are dimensionless variables, whose values
always change between 0 and 1. m and h represent activation and inactivation of sodium
channels, whereas n represents activation of potassium channels. p represents activation of
non-specific ion channels. The evolution equations for m, h, n and p are the following
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dm/dt=| a,,(1 — m) — B,mlk,,
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dp/di=[ap(1 - p) - Bpplk

and
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ﬁh

— l+exp(45m\"’ )
—0.02(V,-35)
1T exp( )
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where T is the temperature in °Kelvin. The initial values for m, h, n and p (when V,, =0 mV)
are 0.0005, 0.0268, 0.8249 and 0.0049 respectively.
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Fig.1.

Amphibian myelinated axon model to simulate conduction block induced by high-frequency
biphasic rectangular pulses. The inter-node length Ax = 100d; d is the axon diameter. L is the
nodal length. Each node is modeled by a resistance-capacity circuit based on the FH model.
Ra: axoplasm resistance; Rm: membrane resistance; Cm: membrane capacitance; Va:
intracellular potential; Ve: extracellular potential.
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Fig.2.

Propagation of action potentials along the axon induced by high-frequency biphasic stimulation
at different intensities. A. 0.5 mA; B. 3.5 mA; C. 5 mA; D. 7 mA. In A, B and D, the high-
frequency biphasic stimulation only induced an initial action potential, but in C it caused
repetitive firing. A second action potential was also initiated after a 2.5 ms delay by the test
electrode in A, B and D, but not in C. This action potential was propagating towards the block
electrode, and was blocked by the block electrode in B and D, but not in A. The short arrows
mark the locations of test and block electrodes. Stimulation: 5 kHz. Axon diameter: 10 um.
Temperature: 27 °C.
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frequencies at temperatures of 37 °C (A), 27 °C (B), 20 °C (C), and 15 °C (D). The dark areas
represent the stimulation intensity ranges causing nerve block as shown in Fig. 2 B or D. The
hatched areas represent the repetitive firing as shown in Fig. 2 C. The white areas represent

Pattern of nerve block and repetitive firing induced by different stimulation intensities and
normal conduction as shown in Fig.2 A. Axon diameter: 10 pm.

Fig.3.
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Fig.4.
The minimal stimulation frequency required to block the axonal conduction changes with
temperature. Stimulation intensities are at the blocking thresholds. Axon diameter: 10 um.
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Fig.5.
Influences of axonal diameter and stimulation frequency on the maximal temperature below
which the axon can be blocked. Stimulation intensity: 5 mA.
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Fig.6.

Influences of temperature (A), stimulation frequency (B), and axon diameter on potassium
channel activation (n) in the axonal node under blocking electrode. A: Stimulation of 4 kHz
frequency, 5 mA intensity in a 10 pum diameter axon. At 37 °C each stimulus evokes a transient
K+ channel activation; whereas at 15 °C and 20 °C the K+ channel is tonically activated. B:
Stimulation of 5 mA intensity in a 10 um diameter axon at 30 °C. C: Stimulation of 6 kHz and
5 mA at 30 °C.
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