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ABsTRACT Generally, single muscle fiber action potentials (SFAPs) are modeled as a convolution of the bioelectrical source (being the
transmembrane current) with a weighting or transfer function, representing the electrical volume conduction. In practice, the intracellular
action potential (IAP) rather than the transmembrane current is often used as the source, because the IAP is relatively easy to obtain
under experimental conditions. Using a core conductor assumption, the transmembrane current equals the second derivative of the 1AP.
In previous articles, discrepancies were found between experimental and simulated SFAPs. Adaptations in the volume conductor slightly
altered the simulation results. Another origin of discrepancy might be an erroneous description of the source. Therefore, in the present
article, different sources were studied. First, an analytical description of the IAP was used. Furthermore, an experimental IAP, a special
experimental SFAP, and a measured transmembrane current scaled to our experimental situation were applied. The results for the
experimental IAP were comparable to those with the analytical IAP. The best agreement between experimental and simulated data was

found for a measured transmembrane current as source, but differences are still apparent.

1. INTRODUCTION

The time course of a single muscle fiber action potential
(SFAP) is related to the volume conduction properties
of the medium, as well as to the distance between the
active fiber and the recording site. Also, the bioelectrical
source, in fact the active fiber impressing current to the
medium, is of importance. It is generally assumed that
the SFAP can be modeled as a convolution of source and
transfer functions (e.g., 1-9). Most studies use a macro-
scopic, purely resistive, homogeneous approximation to
describe volume conduction, and tissue is electrically
characterized by its bulk parameters. On a microscopic
scale, this approximation is not allowed: conductivity in
skeletal muscle depends on the spectral characteristics of
the injected current (10-13). Close to the active fiber,
the frequency-dependent behavior of the muscle fiber
membranes has to be taken into account. Microscopic,
frequency-dependent volume conduction parameters in
skeletal muscle tissue can be introduced in an electrical
network model (7, 8). Such a network model has been
used to calculate SFAPs (7-9, 14), and its results (9, 14)
have been related to experimental results (15, 16).

In general, the resemblance between measured and
computed SFAPs was still insufficient. Measured peak-
to-peak voltages of SFAPs were higher (up to a factor 7)
for equal recording distances and their durations were
shorter (up to a factor 2). Furthermore, the shape of
computed SFAPs was more dependent on the recording
distance than was observed in experiments.

Several attempts have been made to explain the dis-
crepancies between experimental and simulation results
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by volume conduction effects. Attention was paid to (a)
sensitivity to changes in the network parameters (8), ()
capacitive properties of the T-tubular system (7), {c¢)
frequency-dependent properties of the outer medium
surrounding the core network part of the model (9), (d)
muscle boundary (14), and (e¢) the presence of inhomo-
geneities (not yet published). However, no apparently
improving effect was found either on the duration or on
the shape of the computed SFAPs. In the present article,
the effects of changes in the bioelectrical source will be
studied.

The transmembrane current is usually considered as
the bioelectrical source of SFAPs. In an approximating
description, the current can be represented by a current
tripole along the fiber axis (17, 18). Alternatively, the
shape of the intracellular action potential (IAP) can be
approximated by a synthetic Gaussian curve (19) or a
quasicontinuous function (6-9, 14). The transmem-
brane current is then calculated as the second derivative
of the IAP.

The actual transmembrane current during action po-
tentials can be measured under in vitro conditions using
the loose-patch clamp technique (20, 21). Under in vivo
conditions, however, this has not proved feasible as yet.
Therefore, the IAP rather than the transmembrane
current is often considered as the bioelectrical source,
and again the transmembrane current is equalled to the
second spatial derivative of the IAP, as formulated in the
linear core conductor model (e.g., 5, 22).

To investigate the effects of various current sources,
we will use four different representations of the bioelec-
trical source. The first is a quasicontinuous representa-
tion of the transmembrane current. It is calculated as the
second derivative of an analytical IAP expression (6).
The second is derived from an IAP, measured under in
vivo conditions (23). In source three, the membrane
current is similar to an experimental SFAP. The one
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TABLE 1 Parameter set

Symbol Value Unit Description

A 0.450 (9m)™!  The intracellular conductivity

o, 2.500 (@m)~'  The extracellular conductivity

C, 0.1 Fm™? The capacitance of the membrane
per surface unit

G 1.00 Q'm™ The conductivity of the membrane
per surface unit

A 25-10° m The fiber radius

d 1.35-100* m The thickness of the extracellular
space around each fiber

p 0.9 — The intracellular volume fraction

U 5.0 ms~! The conduction velocity

R 1510 m The radius of the muscle

a 225-10° V573 a, B, and vy are parameters
describing the intracellular action
potential

B8 15-10° s~

¥ 0.075 \'

with the highest peak-to-peak voltage ever observed in
our experiments is used as an input function. The fourth
source is a direct representation of a transmembrane
current as actually measured under in vitro conditions
and scaled to the in vivo situation of our SFAP experi-
ments. In all cases we used the volume conductor model
presented before (14).

2. METHODS

2.1 Measured SFAPs

To validate simulation results obtained for four different bioelectrical
sources, SFAPs were measured. The experimental procedure was basi-
cally the same as presented before (15). For clarity, the most important
aspects will be summarized below.

Experiments were carried out in vivo on the extensor digitorum lon-
gus (EDL ) muscle of the rat. The muscle was prepared free, leaving the
blood supply intact. The muscle temperature was 308 + 2 K. Activity
of a fiber was evoked by penetrating the fiber with a micropipette elec-
trode (tip diameter 1-2 um) and applying a hyperpolarizing current
pulse. No superficially lying fibers were explored. Extracellular re-
sponses were recorded with an array of 14 wire electrodes (wire diame-
ter 25 um). The SFAPs were low pass filtered (cutoff frequency 40 kHz,
12 dB/oct). Recordings were stored digitally after sampling at a rate of
100 kHz and A-D conversion (10 bits resolution, 4,096 samples per
channel).

2.2 Source 1: membrane current
based on an analytical description of
the IAP

The first bioelectrical source used was based on an analytical expres-
sion for the IAP (17):

v(t) = a- £’-exp(—Bt) — v, (1)
with v;(¢) the intracellular action potential and ¢ the time. Parameters

for o, 8, and « are listed in Table 1. Transmembrane current i, () was
calculated according to the core conductor model (5, 22):

3%v(1)

in(t)=/f- P (2)
with
A2 Lo,
f='1'r"U2—a', 3)

and U the conduction velocity of the IAP, A4 the radius of a muscle
fiber, L the length of the membrane fragment, ¢; the intracellular con-
ductivity. Values are listed in Table 1. The conductivity parameter o;
was chosen according to experimental data reported in literature (24,
25). The value of U was in the middle of the range, given in reference
16. The analytical IAP and the corresponding transmembrane current
are depicted in Fig. 1, 4 and B, respectively. Throughout this study the
sample interval was 10 us. It was checked before that a further refine-
ment of the model with shorter sample times did not change the simula-
tion results.

2.3 Source 2: membrane current
based on a recorded |IAP

The second source was based on a measured IAP (23). IAPs were
recorded in rat EDL muscle under the same in vivo conditions as men-
tioned in section 2.1. IAPs were characterized by their resting mem-
brane potential, voltage, maximum rate of depolarization and repolar-
ization, and rise time (defined as the time between 10 and 90% in the
depolarization phase). The signal chosen in our present study is de-
picted in Fig. 2 A. Its characteristics were in the middle of the range
(voltage —94 mV; rise time 0.15 ms). The second derivative was com-
puted numerically, using a second-order procedure (26). The result,
multiplied by f(Eq. 3), constituted bioelectrical source 2 (Fig. 2 B).

2.4 Source 3: membrane current
based on large SFAP

The third source (Fig. 3) was based on a measured single fiber action
potential. It is generally assumed that the SFAP voltage decreases and
duration increases with extending recording distance. For this reason,
the SFAP with the highest peak-to-peak voltage and the shortest dura-
tion obtained from our experiments was taken to derive source 3.

For computational reasons, the measured signal had to be trans-
formed into a current according to:

im(1) = k- v.(2), 4)

with i, (#) the source current, v.(¢) the experimental SFAP, and « a
conversion constant, depending on the conductivity ¢ of the medium
and the distance p between the active fiber and the recording site of the
SFAP. However, p as well as o are unknown, and therefore x was arbi-
trarily chosen such that the amplitude of the current of source 3 was
about equal to that of source 1.

2.5 Source 4: based on recorded
membrane current

The transmembrane current was measured under in vitro conditions at
a muscle fiber of the EDL of the mouse, using a loose-patch clamp
technique (20, 21). A small bundle of fibers was prepared free and kept
at room temperature (295 + 2 K) in a bath with normal Ringer solu-
tion. Activity of a single fiber at the surface of the bundle was evoked by
penetrating the fiber with a micropipette (tip diameter 0.5-1.0 um) and
using a hyperpolarizing current pulse (40 ms, 200-300 nA). The trans-
membrane current was measured using a patch pipette ( tip diameter 10
pum) positioned on the surface of the fiber. Signals were sampled at a
rate of 42 kHz.

An important difference in conditions between the patch clamp and
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FIGURE 1

(A) An intracellular action potential, computed according to Rosenfalck’s model. ( B) The corresponding transmembrane current,

calculated according to the core conductor theory. This signal is referred to as source 1.

the SFAP experiments is temperature. Patch clamp measurements
were done at a temperature 13 K lower than the (in vivo) SFAP mea-
surements. Because it is not exactly known how membrane currents
depend on temperature, we used a detour to obtain a scaling factor.
First, the patch clamp transmembrane current i, (¢) was integrated
twice, using Euler’s method (e.g., 27). The result was multiplied by a
factor 1/f(Eq. 3). Thus, the intracellular action potential v;(¢) was

computed from:
1 .
vi(1) —7£[J; in(2) dt] dr. (5)

Then, v;(¢) was compared with experimental data (23). The peak volt-
age of v;(¢) was 110 mV, slightly larger than the voltages of the IAPs
ranging between 91 and 102 mV (23). The rise time of v;(¢) appeared
to be much slower than the average rise time of the measured IAPs and
was therefore scaled in time (scaling factor 2.6). The resulting IAP is
plotted in Fig. 4 4. Its rise time is 0.15 ms, whereas the rise time of
recorded IAPs ranged from 0.14 t0 0.16 ms (23). Its maximum rates in
the depolarization and repolarization phases (680 and —200 V/s, re-
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spectively) are within the experimental range. The scaled version of
in(2) (calculated according to reference 2) is plotted in Fig. 4 B.

2.6 Essential aspects of the
calculation of SFAPs

SFAPs, v.(t), were computed as a convolution of i, (¢) with a transfer
function h(t), where A(t) is the impulse response of the volume con-
ductor model and i, (¢) one of the four sources:

ve(t)=f _in(7)-h(t = 1) dr. (6)

The volume conductor model accounts for the microscopic, frequency
dependent, fibrous structure of muscle tissue ( 10). Microscopic param-
eters describing this structure are ¢; and o, (intracellular and extracellu-
lar conductivities), G, and C,, (membrane conductance and capaci-
tance), A4 (fiber radius), and 4 (thickness of the extracellular layer
around the fibers). All fibers were assumed to have the same radius and
to run parallel. The model was given a radial bound (14), with the
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FIGURE2 (A) A measured IAP, obtained from reference 23 representing a mean JAP for in vivo conditions (rat, m.EDL). (B) The corresponding
(computed according to the core conductor theory) transmembrane current (source 2).
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FIGURE 3 Source 3, computed from a SFAP recorded in the neighbor-
hood of the active fiber. In this approximation no core conductor
theory has been used.

radius of the total muscle model being R. Values of parameters (listed
in Table 1) were chosen in the physiological range (7, 9, 14).

3. RESULTS

194 SFAPs from 40 experiments were examined. They
were characterized by peak-to-peak voltage V,,, the volt-
age of the first phase V|, and the time interval At be-
tween the first and second phase (Fig. 5). Actually, these
three characteristics all depend on the distance between
the active fiber and the recording site, shortly recording
distance. However, sufficient experimental data con-
sidering the recording distance were not available. There-
fore, V| and At were both studied as function of V,,. This
was allowed because the three parameters are implicit
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functions of the recording distance. Fig. 6 presents At as
a function of V,, for every recorded SFAP. Fig. 6 shows
At to decrease with increasing V,,. Another aspect of
SFAP shape was examined by relating V', to V,, for every
recorded SFAP (Fig. 7).

Simulations were done with four different descrip-
tions of the transmembrane current, described in Meth-
ods. SFAPs were calculated for several recording dis-
tances in the range of 50-350 um. Again, Af and V, are
plotted as functions of V,,. In Fig.(s) 6 and 7 simulation
results obtained for four different sources are compared
with experimental data.

Simulation results with source 1 differed apparently
from the experimental data. Simulated SFAPs had peak-
to-peak voltages up to 1 mV and experimental voltages
up to 5 mV (not all plotted in Figs. 6 and 7). The short-
est At in simulated SFAPs was 140 us and in experimen-
tal SFAPs 70 ps. Furthermore, the relation between V),
and V,, for this simulation did not agree with the rela-
tionship between ¥, and V,, for experimental SFAPs.

Simulation results obtained with source 2 were, in
contrast with our expectations, not improved in compari-
son with those of source 1. In fact, results with this source
differed from the experimental data most markedly. Sim-
ulation results were also virtually the same when using
another IAP (voltage 102 mV, rise time 0.16 ms) from
the same set (23). Only small variations (up to 15%) in
the maximum value of V,, were found.

Results computed with source 3 fitted the experimen-
tal data better than those with sources 1 and 2, but V, did
not reach values above 0.9 mV. Up to 0.7 mV, this
source gave the best fit with respect to the V,/V,, plot.
The fastest SFAP had a duration of 110 gs.

Simulation results with source 4 matched the experi-
mental data better than the results obtained with sources

)
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FIGURE 4 (4) An intracellular action potential, computed from a measured transmembrane current and scaled to the in vivo situation. (B) The
measured transmembrane current, obtained from a loose-patch clamp experiment on a fiber in a bundle of fibers in Ringer solution (mouse,
m.EDL). The signal is scaled to the in vivo situation and is referred to as source 4.
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FIGURE 5 An example of an experimental SFAP. Also, At, V|, and V,,
are indicated.

1 and 2. Peak-to-peak voltages of simulated SFAPs were
up to 2 mV. The fastest Ar was 100 us. At as a function of
V., (Fig. 6) fitted the experimental data nicely.

The decline of V,, as a function of recording distance
for all source representations was studied to elaborate
the source effects (Fig. 8 4). Here no experimental check
was possible due to lack of data. The range in peak-to-
peak voltages was conspicuous, whereas the decline of
V,, was comparable for all sources. Using source 4, volt-
ages were more than a factor of two higher than obtained
for the other sources.

In Fig. 8 B, the V,/V,, ratio is plotted as a function of
the recording distance for simulations with all sources.
For simulations with sources 1 and 2, V,/V,, decreased
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FIGURE 6 Comparison of simulations and experimental results: Az as
a function of V,,. Symbols represent experimental data; (dashed line)
result obtained with source 1; (dashed-dotted line) source 2; (dotted
line) source 3; (solid line) source 4. The total squared difference be-
tween the experimental points and the modeled lines was for source 1
0.183; for source 2 0.253; for source 3 0.140, and for source 4 0.084
(ms)? in the ¥, range from 0 to 0.7 mV.
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FIGURE 7 Comparison of simulations and experimental results: V, as
a function of V,,. Symbols represent experimental data; (dashed line)
result obtained with source 1; (dashed-dotted line) source 2; (dotted
line) source 3; (solid line) source 4. The total squared difference be-
tween the experimental points and the modeled lines was for source 1
0.230, for source 2 0.316, for source 3 0.080, and for source 4 0.125
(mV)?in the V, range from 0 to 0.7 mV.

from 0.50 close to the active fiber to 0.28 (source 2) or
0.30 (source 1) at 350 um. With source 4, V,/V,, de-
creased from 0.30 to 0.24. Only for source 3, V,/V,, was
independent of the recording distance, in agreement
with experimental results where V,/V,, was about con-
stant in the whole range of V, (16).

4. DISCUSSION

Several authors discussed the importance of source func-
tions. Changes in the power spectra of simulated extra-
cellular potentials were related to changes in conduction
velocity, voltage, and duration of the IAP (3). Extracel-
lular potentials were calculated as a convolution of a
source function with a weighting function. The weight-
ing function appeared to be strongly frequency depen-
dent, also close to the active fiber. As a consequence,
simulated extracellular potentials were not proportional
to the second spatial derivative of the IAP, even in close
proximity to the active fiber. The same result was experi-
mentally found in our present study: the shape of the
second derivative of the recorded IAP (Fig. 2 B) differs
markedly from the highest recorded SFAP (Fig. 3).
Fleisher (19) used three models for the transmem-
brane potential: the so-called synthetic Gaussian model
(where the IAP was approximated by a Gaussian func-
tion), the tripole model, and a model based on an ap-
proximation of the transmembrane potential by a sum
of rectangular waves. The simulated extracellular poten-
tial results were compared with experimental data (28).
With respect to the radial decline of the peak-to-peak
voltage, a reasonably good agreement was found for the
synthetic Gaussian model (4, 19). This agreement was
achieved by varying the duration and the peak voltage of
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FIGURES (A)Comparison of simulation results for the different sources: ¥V, as a function of the recording distance. ( Dashed line) Result obtained
with source 1; (dashed-dotted line) source 2; (dotted line) source 3; ( solid line) source 4. ( B) Comparison of simulation results: The V,/V, ratioasa

function of the recording distance. For legends see A.

the function describing the IAP. The shape of the best
Gaussian IAP model showed no similarity with mea-
sured IAPs (e.g., 23).

Other authors used the analytical IAP model of Ro-
senfalck (17) (source 1 in the present study) (6-9, 14). It
was found that in general the peak-to-peak voltage of
recorded SFAPs (17) was four times the voltage of simu-
lated ones (6). Furthermore, the duration of simulated
SFAPs (6) was too long: twice the duration of recorded
SFAPs (17). The same discrepancy was found by van
Veen et al. (9, 14) as well as in the present study (source
1). Modification of Rosenfalck’s model by dividing the
time scale by two enhanced the peak-to-peak voltage of
the transmembrane current ( proportional to the second
derivative of the IAP) (6). After this transformation, the
simulated data of Nandedkar and Stalberg (6) matched
the experimental data. However, after this transforma-
tion, their IAP had a duration that was never obtained
from experiments (23).

Rosenfalck’s analytical IAP model was also used in the
microscopic, frequency-dependent network model (8).
Fast, as well as slow, IAP analytical expressions were
derived from experimental data (23). In the case of a fast
IAP in combination with a low value of the membrane
capacitance C,,, the SFAP voltage was very sensitive for
variations of the conduction velocity. Almost no sensitiv-
ity was found in case of a slow IAP with higher values of
C,,- Although the intracellular action potential rather
than the transmembrane current was used as the bioelec-
trical source, the importance of a reliable description of
the source input function in SFAP model studies was
demonstrated (8).

Differences between a measured i, (Fig. 4 B) and one
derived using the core conductor model (Fig.(s) 1 Band
2 B) are clear. In our patch clamp measurements, we
seldomly measured an i, with a first phase voltage larger
than that of the second phase, whereas this is common
for transmembrane currents computed from Rosen-

falck’s expression in combination with the core conduc-
tor model (source 1). The same phenomenon was found
for transmembrane currents computed as the second de-
rivative of measured IAPs (source 2).

When using a volume conductor model in conjunc-
tion with core conductor theory, the active fiber is sepa-
rated from the volume conductor; the influence of the
surrounding medium is neglected. Theoretically, the
transmembrane current depends on the intracellular as
well as the extracellular potential field, but the effect of
the extracellular potential distribution will be small in
case of a single active fiber in a volume conductor (29).
In dog Purkinje tissue ( 30), it was experimentally found
that the influence of the medium surrounding the active
fiber could not be neglected when computing the trans-
membrane current. Our present study also shows that
the core conductor theory is less usable for a reliable
description of volume conducted SFAPs in the case of
only one active fiber. Apparently, in our research, a
transmembrane current measured at in vivo conditions
should be used as the best possible source function.

As mentioned in the introduction, large discrepancies
were found between experimental data (15, 16) and sim-
ulation results obtained from the microscopic network
model in combination with Rosenfalck’s IAP source (7~
9, 14). In the present study, these discrepancies seem to
be attenuated by introducing a more realistic source
based on measured transmembrane currents. Higher
simulated values of V,, and shorter values for Ar were
found, whereas the V,/V,, ratio was less dependent on
the recording distance.
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