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Abstract
Strength-duration time constants, rheobase currents, and recovery cycles allow the nerve adaptive processes to single or pairs
of depolarizing stimuli to be assessed. This study investigates the temperature dependence of these excitability indices of
human motor nerve fibers with one of three increasingly-severe type of amyotrophic lateral sclerosis pathology, referred to as
ALS1, ALS2, and ALS3. The temperature dependence of the excitability indices was investigated during hypothermia (≤ 25oC),
hyperthermia (≥ 40oC), and in the physiological temperature range (30–37oC). Numerical solutions were computed using a
temperature-dependent multi-layered model. Results showed the following trends: (i) while the strength-duration time constants
gradually decreased with a temperature increase from 20oC to 42oC, they were longer in the three ALS cases than those of
the normal case; (ii) the reciprocally dependent strength-duration time constants and rheobase currents were more sensitive to
hyperthermia, especially at 42oC, than at temperatures across the physiological range of 30–37oC; (iii) the shape of temperature-
dependent recovery cycles was similar for both the normal and ALS1 cases; (iv) in the ALS2 case, each test stimulus applied at
the end of 100 ms recovery cycle failed to initiate a second action potential during hypothermia at 20oC; and (v) in the ALS3 case
during hypothermia, hyperthermia and across the physiological temperature range, each test stimulus applied beyond a given
conditioning-test interval was blocked. This blockage was a result of the spontaneous action potential generation caused by the
conditioning (first) stimulus. The changes obtained for the temperature-dependent strength-duration time constants, rheobase
currents, and recovery cycles reflect nodal and internodal ion channel dysfunctions in the three amyotrophic lateral sclerosis
cases. It is proposed that these excitability indices can be applied clinically as specific indicators for amyotrophic lateral sclerosis
motor neuron disease.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a usually fatal disorder caus-
ing progressive death of the motor neurons in both the cerebral cortex
and the spinal cord. The pathological mechanisms of upper and
lower motor neuron degeneration in this disorder have not been fully
elucidated. ALS is a progressively debilitating disease character-
ized by increasing skeletal muscle atrophy starting in the limbs and
spreading to the rest of the body [1–3], often accompanied by wide-
spread fasciculations [4–12], possibly suggesting motor nerve axonal
hyperexcitability [4, 7, 12, 13]. There is also the theory that these
fasiculations are due the spreading of acetylcholine (ACh) receptors
over the muscle surface: denervation hypersensitivity.

A threshold tracking technique [14–17] has been clinically em-
ployed to assess nerve adaptation in control subjects [18, 19] and
patients with neurological disorders including and three progres-
sively greater degrees of ALS severity (at or above a skin temper-
ature of 32oC) referred to as ALS1, ALS2, and ALS3 [20–27]. In
those studies, the following excitability parameters were measured:
strength-duration curves, charge-duration curves, strength-duration

time constants, rheobase currents, refractoriness, superexcitability,
and late subexcitabiliy in a 100 ms recovery cycle. The same ex-
citability indices have previously been simulated for the three ALS
classes at normal temperature (37oC [28, 29]). These studies showed
that in comparison to the normal case, the strength-duration time
constants gradually increase and the rheobase currents gradually
decrease in the gradually increasingly severe ALS1 and ALS2 cases.
No differences were obtained for strength-duration time constants
and rheobase currents for ALS2 and ALS3 cases. Recovery cycles
showed that the excitability changes of normal and abnormal ALS
axons are particularly different. The ALS1 axon has a shorter re-
fractoriness, greater superexcitability (or supernormality), and late
subexcitability than for those of the normal one. In the ALS2 case,
superexcitability increases markedly and the axon remains superex-
citable to the end of the tested period. In the ALS3 case, the su-
perexcitability increases rapidly and abnormalities are obtained in
the recovery cycle beyond a 50 ms conditioning-test interval. In
this case, a block of each test stimulus applied to the internodal
axolemma is the result of the spontaneous axonal activities caused
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by the conditioning action potential.
Temperature effects on adaptive processes have also been ex-

amined in the range of 20–42oC in simulated human motor nerve
axons [30]. The temperature effects on adaptive processes in the
cases of ALS1, ALS2, and ALS3 were investigated and analyzed
across the same range of temperatures in the present study. Results
showed that in these ALS cases as in the normal case, the strength-
duration time constants and rheobase currents were more sensitive to
hypothermia (≤ 25oC) and most sensitive to hyperthermia (≥ 40oC),
especially at 42oC, than for temperatures across the physiological
range (30–37oC). Results also showed that for both the normal and
the three abnormal ALS cases, with a temperature increase from
20oC to 42oC the axonal superexcitability in a 100 ms recovery cycle
was complex. It will be shown that such temperature-dependent
changes obtained in the investigated excitability indices reflect ax-
onal ion channel dysfunctions and membrane potential in the three
ALS cases.

2. Methods

The simulations presented here were performed using a temperature-
dependent multi-layered numerical model of human motor nerve fi-
bres developed by the authors. The control (normal) temperature was
37oC ([31, 32]; see [33, 34] for detailed descriptions of this model).
Results due to temperature variations were computed by changing the
temperature coefficients (Q10-values; see Appendix of [35]) for both
the ionic currents (nodal, internodal) and the geometry-independent
conductivities of axoplasm and periaxonal space. The equilibrium
potential values were also temperature (T) corrected (i.e. RT/F where
R is the universal gas constant and F is the Faraday constant). The
Q10’s and related details were also thoroughly described and dis-
cussed. The myelin sheath was represented as a series of 150 parallel
interconnecting lamellae with 150 lipid and 150 aqueous layers. The
model axon consisted of 30 nodes and 29 internodes. Each internode
was sub-divided into two paranodal and five internodal segments.
The lengths of node, paranode, and nodal center to nodal center were
1.5, 200 and 1400 µm, respectively. All calculations were carried
out for fibers with an axon diameter of 12.5 µm, an external fibre
diameter of 17.3 µm, with a conduction velocity of 61.25 m/sec. All
other parameters were as previously given [31, 32].

This temperature-dependent, multi-layered model was applied
to the previously simulated ALS1, ALS2, and ALS3 cases [28, 29].
The uniform axonal dysfunctions of active parameters such as maxi-
mum permeabilities of nodal and internodal ion channels with their
characteristic values follow those suggested by Bostock et al. [20].
Specifically they were: (i) nodal fast potassium (K+

f ) channels were
blocked in the ALS1 case, i.e. PKf = 0, (ii) nodal slow potassium
(K+

s ) and internodal fast potassium (K+
f ) channels were blocked

in the ALS2 case, i.e. PKs = 0 and P∗Kf = 0, and (iii) nodal slow
(K+

s ), internodal fast (K+
f ), and slow (K+

s ) potassium channels were
blocked in the ALS3 case, i.e. PKs = 0, P∗Kf = 0, and P∗Ks = 0. The
asterisk denotes an internodal quantity. Also, the values of passive
parameters such as axoplasmic resistance (Rax), paranodal seal resis-
tance (Rpn), and remaining active parameter values in the ALS1 case
were adjusted to achieve near normal conduction velocity and polar-
izing threshold electrotonus obtained in vivo and in vitro in human
motor nerve fibers at normal temperature [20]. Each increasingly-
severe ALS type was simulated based on the previous type and the
active parameter values were adjusted to produce: (i) action poten-

tial generation during the early part of the depolarizing electrotonic
potential in the ALS2 case, and (ii) spontaneous discharge of the
electronic potential after termination of the applied hyperpolarizing
stimulus in the ALS3 case. These ALS pathologies were originally
described at normal temperature by Bostock et al. [20].

Temperatures were changed concurrently and equally in each
segment along the fibre length. The strength-duration curves, charge-
duration curves, strength-duration time constants, rheobase currents,
and recovery cycles were investigated during hypothermia (≤ 25oC),
hyperthermia (≥ 40oC) and in the physiological range (30–37oC). To
study adaptation, depolarizing long-duration pulses of intracellular
current were applied simultaneously at the center of each internodal
segment [36] using threshold or suprathreshold amplitudes. Elicited
action potentials occurred simultaneously within each nodal and
internodal segment along the fibre.

For a given temperature, the threshold stimulus duration was
increased in 0.025 ms steps from 0.025 ms to 1 ms for construct-
ing the strength-duration curves. These curves were not simple
single-exponential functions, and thus the associated charge-duration
curves were not linear. However, the following polynomial function
of second degree (transfer parabola), which related the threshold
charge (Q) to stimulus duration (t), provided an accurate fit of the
data: Q = a2[t2 +(a1/a2) · t +a0/a2], where a0, a1, and a2 are the
polynomial coefficients. The strength-duration time constant (chron-
axie) was defined as the absolute value of the smallest square root
of the function (i.e. only one of both direct intercepts of the regres-
sion curve on the duration axis has a biophysical sense and only
this direct intercept is shown on the charge-duration figures). The
rheobase current was defined as the final decreased threshold value,
after which action potentials could not be obtained by increased
stimulus duration.

For a given temperature, the test stimulus amplitude required to
elicit a second action potential during the relative refractory period
was either greater or less than the conditioning stimulus amplitude,
depending on the conditioning test (CT) intervals. To obtain the
time course of recovery of axonal excitability following a single
stimulus (the recovery cycle), test threshold current stimuli of one
ms duration were delivered at CT intervals of 2–100 ms after a
suprathreshold conditioning current stimulus of one ms duration.
The test stimulus thresholds were determined at 27 CT intervals,
with the intervals being increased up to 100 ms in approximately
geometric progression. Three stimulus combinations were tested: (i)
conditioning (first) stimulus (duration one ms) was determined at
threshold; (ii) suprathreshold conditioning stimulus (duration one
ms) was calculated, which was increased by 5% of threshold, and
(iii) the first suprathreshold (conditioning) plus the test (second)
threshold stimuli were used to obtained the recovery cycle.

3. Results
3.1. Abnormalities in the strength-duration time constants

and rheobase currents in the ranges of 20–42oC and
30–37oC for the normal and three ALS cases

Comparison of the strength-duration curves (Fig. 1, first column)
and charge-duration curves (Fig. 1, last column) is shown for nor-
mal (Fig. 1a), ALS1 (Fig. 1b) and ALS2 (Fig. 1c) cases during hy-
pothermia (20oC, 25oC) and hyperthermia (40oC, 42oC). The same
parameters are shown in Fig. 2 for the physiological temperature
range from 30–37oC. There was no difference in these curves for
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Fig. 1. Comparison between the strength-duration curves (first column)
and charge-duration curves (last column) in the normal (a), ALS1 (b), and
ALS2 = ALS3 (c) cases of hypothermic myelinated human motor nerve fibre
(20oC and 25oC) and hyperthermia (40oC and 42oC). The strength-duration
curves almost superimpose in the ALS1 case at 20oC and 25oC, thus lower
temperature only is given.

the ALS2 and ALS3 cases with changes in temperature. Histograms
are also given to better illustrate the strength-duration time constants
(Fig. 3, first column) and rheobase currents (Fig. 3, last column)
for the normal (hatched first bars, from left to right), ALS1 (white
second bars), and ALS2 = ALS3 (hatched last bars) cases in the
panel figures for the temperature ranges of 20–42oC (Fig. 3a) and
30–37oC (Fig. 3b). The strength-duration time constants for the nor-
mal/ALS1/ALS2 cases were 0.509/0.583/0.577, 0.439/0.503/0.494,
0.159/0.236/0.462 and 0.058/0.123/0.344 ms and the rheobase cur-
rents were 0.283/0.281/0.236, 0.305/0.295/0.240, 0.631/0.443/0.340
and 1.231/0.723/0.409 nA at 20oC, 25oC, 40oC and 42oC, respec-
tively (Fig. 3a). The strength-duration time constants were longest

Fig. 2. Comparison between the strength-duration curves (first column)
and charge-duration curves (last column) in the normal (a), ALS1 (b), and
ALS2 = ALS3 (c) cases of the myelinated human motor nerve fibre in the
physiological temperature range (30oC, 32oC, 34oC, and 37oC). The strength-
duration and charge-duration curves almost superimpose, thus lowest and
highest temperatures only are given.

for the normal and three ALS cases at 20oC and they were shortest at
42oC, while the rheobase currents were lowest at 20oC and highest
at 42oC. Compared to the normal case, ALS1 and ALS2 = ALS3
cases had longer strength-duration time constants and lower rheobase
currents. However, the strength-duration time constants and rheobase
currents for the three abnormal ALS cases were most sensitive to
hyperthermia (≥ 40oC), especially 42oC, than to hypothermia (≤
25oC). Consequently, the transition from 20oC to 42oC leads to am-
plification of the degree of parameter changes, as the direction of
these changes is maintained.

In the almost superimposed strength-duration curves for the nor-
mal/ALS1/ALS2 cases at 30oC, 32oC, 34oC, and 37oC (Fig. 2, first
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Fig. 3. Comparison between the strength-duration time constants (first
column) and rheobase currents (last column) for normal (hatched first bars,
from left to the right), ALS1 (white second bars), and ALS2 = ALS3 (hatched
last bars) cases in the panel figures for the temperature ranges of 20–42oC (a)
and 30–37oC (b), respectively.

column), the threshold stimulus currents were highest for the 0.025
ms stimulus and lowest for the one ms stimulus. However, for each
of these normal and three ALS cases, the strength-duration time
constants and rheobase currents were slightly changed with a temper-
ature increase from 30oC to 37oC (Fig. 3b) when compared to those
of the temperature range of 20–42oC (Fig. 3a). In the physiological
temperature range, there was again an inverse relationship between
the strength-duration time constants and rheobase currents, where
the ALS1 and ALS2 = ALS3 cases had longer strength-duration
time constants and lower rheobase currents when compared with
the normal case (Fig. 3b). The strength-duration time constants for
the normal/ALS1/(ALS2 = ALS3) cases were 0.376/0.435/0.445,
0.351/0.416/0.429, 0.328/0.390/0.416, and 0.291/0.361/0.399 ms and
the rheobase currents were 0.327/0.307/0.270, 0.340/0.313/0.275,
0.356/0.320/0.288 and 0.388/0.332/0.300 nA at 30oC, 32oC, 34oC
and 37oC, respectively (Fig. 3b).

Consequently, with the increase of temperature from 20oC to
40oC, strength-duration time constants for the normal/ALS1/ALS2
cases decreased by a factor of 3.20/2.47/1.25 times, while they
decreased by a factor of 1.15/1.12/1.07 times in the range of
30–37oC. Conversely, the rheobase currents increased by a fac-
tor of 2.23/1.58/1.44 times from 20oC to 40oC, while they in-
creased by a factor of 1.09/1.04/1.06 times in the range of 30–37oC.
Changes in these axonal excitability parameters increased especially
rapidly at 42oC. The strength-duration time constants for the nor-
mal/ALS1/ALS2 cases decreased by a factor of 8.77/4.74/1.68 times,
while the rheobase currents for the same cases increased by a factor
of 4.35/2.57/1.79 times, with a temperature increase from 20oC to
42oC. The significant changes in the rheobase currents in the range of

20–42oC can be attributed to the higher threshold stimulus currents in
the corresponding cases, as can be seen from their strength-duration
curves (Fig. 1, first column).

3.2. Recovery cycle abnormalities in the range of 20–42oC
for the normal and three ALS cases

Absolute temperature-dependent recovery cycles of the normal,
ALS1, ALS2, and ALS3 cases are plotted in Fig. 4 on logarithmic
x-axes and linear y-axes. The horizontal lines in the panel figures
indicate the threshold current (i.e. suprathreshold current increased
by 5% of threshold) of conditioning stimuli. To clarify presenta-
tion, the recovery cycles and the control threshold currents of their
corresponding conditioning stimuli are numbered from 1 to 6 and
each consecutive number corresponds to temperatures of 20oC, 30oC,
34oC, 37oC, 40oC and 42oC, respectively. Recovery cycles are given
for hypothermia (Fig. 4, 20oC–curves 1), the physiological tempera-
ture range (Fig. 4, 30oC–curves 2, 34oC–curves 3, and 37oC–curves
4), and during hyperthermia (Fig. 4, 40oC–curves 5 and 42oC–curves
6). The data comparing two temperatures (20oC and 30oC in Fig. 4,
first row; 34oC and 37oC in Fig. 4, second row; 40oC and 42oC in
Fig. 4, last row) are given in each panel figure for the normal and
three ALS cases. The dotted curves and lines indicate the lower of
the two temperatures. The presented data clearly show the complex
effect of temperature on the conditioning control threshold current
for the normal and three ALS cases. First, this current decreased
with a temperature increase from 20oC to 30oC for the normal and
abnormal cases. It then slightly increased for the normal and ALS1
cases and then slightly decreased for the ALS2 and ALS3 cases in the
physiological temperature range of 34–37oC. Finally, the threshold
current increased rapidly during hyperthermia, especially at 42oC,
where it was large for the ALS1 case and largest for the normal case.

The absolute refractory period, relative refractory period, and
axonal superexcitability in the 100 ms recovery cycle changed with
increased temperature. The absolute refractory periods in the nor-
mal/ALS1/ALS2/ALS3 cases were 4.0/4.0/5.0/5.0, 2.8/2.8/2.9/2.9,
2.5/2.5/2.7/2.7, 2.4/2.4/2.5/2.5, 2.1/2.1/2.1/2.1 and 2.1/2.1/2.1/2.1
ms at 20oC, 30oC, 34oC, 37oC, 40oC and 42oC, respectively. Con-
sequently, these periods were longest in the ALS2 and ALS3 cases
during hypothermia, especially at 20oC, and shortest during hyper-
thermia. The post-stimulus artifact (testing V (t)) relaxes back to
the normal resting axonal membrane potential during the absolute
refractory period. The related refractory period (i.e. the period after
the conditioning action potential during which the threshold current
of the test stimulus is elevated) was also different for the normal and
abnormal cases. For the normal case, this period increased during
hypothermia, especially at 20oC, then decreased slightly for the phys-
iological temperature range (30–37oC). It again increased during
hyperthermia, especially at 42oC and after then decreased rapidly at
40oC (Fig. 4, first column). The refractoriness (i.e. the increase in
threshold current during the relative refractory period) was highest
at the lowest temperature (20oC) for the normal case. This refrac-
toriness gradually decreased as the temperature increased from 30oC
to 37oC. It then increased during hyperthermia. Compared with the
normal case, refractoriness was reduced in the ALS1 case for temper-
atures ranging from 20oC to 42oC. For the same temperature range,
there was no relative refractory period for the ALS2 and ALS3 cases
(Fig. 4, third and last columns).

For the normal and ALS1 cases with increased temperature, the
axonal superexcitability decreased during hypothermia and increased
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Fig. 4. Comparison between the absolute recovery cycles in the normal (first column), ALS1 (second column), ALS2 (third column), and ALS3 (last column)
cases. The recovery cycles are numbered from 1 to 6 and each consecutive number corresponds to 20oC, 30oC, 34oC, 37oC, 40oC and 42oC, respectively.
The recovery cycles are given in the temperature ranges of 20–30oC (first row), 34–37oC (second row) and 40–42oC (last row). The dotted curves and lines
indicate the lower of the two temperatures. The horizontal lines indicate the control threshold current (i.e. suprathreshold current increased by 5% of threshold)
of the conditioning stimulus. CT intervals are plotted on logarithmic x-axis scales.

rapidly during hyperthermia. Also, the superexcitability period was
followed by a late subexcitability period when the temperature was
37oC (Fig. 4, curves 4). Unexpectedly, the axonal superexcitability
increased rapidly in the ALS2 case at 20oC and a block of each test
stimulus applied at the end of recovery cycle was obtained (Fig. 4,
curve 1). This axonal superexcitability decreased with the increase of
temperature from 30oC to 42oC, but a late axonal subexitability was
not obtained until the end of 100 ms recovery cycles (Fig. 4, third
column). However, the axonal superexcitability increased rapidly
in the ALS3 case, and a block of each test stimulus applied beyond

the given CT intervals was obtained for temperatures from 20oC to
42oC (Fig. 4, last column).

The recovery cycles commented on above are normalized and
presented together in Fig. 5. Each recovery cycle in the normal
and abnormal cases for the given temperature is normalized to the
control threshold current of its corresponding conditioning stimulus.
The presented panel figures clearly show that the profile of recovery
cycles is similar for the normal and ALS1 cases (Fig. 5, first row),
and that the axonal superexcitabilities increase rapidly in the ALS2
case at 20oC (Fig. 5, last row on the left) and in the ALS3 case for
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Fig. 5. Comparison between the normalized recovery cycles in the normal,
ALS1, ALS2 and ALS3 cases. The recovery cycles are numbered from 1
to 6 and each consecutive number corresponds to 20oC, 30oC, 34oC, 37oC,
40oC and 42oC, respectively. For all cases, the y-axis is defined as 100 x
(Itest− Icond)/Icond (%), where Itest (nA) is the threshold current of the test
stimulus and Icond (nA) is the control threshold current (i.e., suprathreshold
current increased by 5% of threshold) of the conditioning stimulus. CT
intervals are plotted on logarithmic x-axis scales.

temperatures from 20oC to 42oC (Fig. 5, last row on the right).

Recovery cycles depend not only on the temperature, but also on
the regenerative axonal membrane depolarization or hyperpolariza-
tion caused by the conditioning afterpotential and could be explained
by the delay-dependent testing potential. The temporal distributions
of testing potentials for the normal, ALS1, ALS2, and ALS3 cases as
a function of CT intervals are given during hypothermia and hyper-
thermia (Fig. 6). During hypothermia at 20oC, the generated testing
potentials for the different cases are given at moments corresponding
to 99 ms (normal, ALS1, ALS2) and 39 ms (ALS3) CT intervals.
For the normal and ALS1 cases, the conditioning afterpotentials
were near the normal resting membrane potential (−86.7 mV) and
the testing potentials were normal at the end of 100 ms recovery
cycles. However, these afterpotentials increased rapidly at 97 ms
and 35 ms in the ALS2, and ALS3 cases, respectively, and the test
stimuli applied at 99 ms and 39 ms CT intervals were blocked (Fig. 6,
first row). During hyperthermia at 40oC and 42oC, the generated
testing potentials are given at moments corresponding to 69 ms and
79 ms CT intervals, respectively, for the normal, ALS1, ALS2, and
ALS3 cases (Fig. 6, second and last rows). In the normal and ALS1
cases with increased temperature, the conditioning afterpotentials
decreased to the normal resting potential and then became hyper-
polarized, whereas the testing action potentials were similar. Also,

during hyperthermia, the depolarizing conditioning afterpotentials
increased slightly in the ALS2 case and the testing action potentials
exhibited reduced amplitude. However, in the ALS3 case at 40oC,
the depolarizing conditioning afterpotential increased rapidly and
oscillations of the generated testing action potential were obtained
after application of the test stimulus at 69 ms CT interval (Fig. 6,
second row). In this ALS3 case at 42oC, the test stimulus applied at
79 ms CT interval was blocked as a result of the spontaneous axonal
activity caused by the conditioning action potential (Fig. 6, last row).

The temporal distributions of testing potentials for the normal,
ALS1, ALS2, and ALS3 cases as a function of CT intervals are also
presented for the physiological temperature range at 30oC, 34oC, and
37oC (Fig. 7). For the normal and the three ALS cases, the generated
testing potentials are given at moments corresponding to 49 ms CT
intervals for all temperatures, except in the case of ALS3 at 37oC,
where they are given at the moment corresponding to a 55 ms CT
interval. Also, the testing action potentials are compared with the
spontaneous membrane activities caused by the conditioning action
potential in the ALS3 case (Fig. 7, last column). In the physiological
temperature range, the testing potentials were near normal for the
ALS1 case, but exhibited reduced amplitudes in the ALS2 case.
However, for the ALS3 case, each test stimulus (applied at 49, 49,
and 55 ms CT intervals at 30oC, 34oC, and 37oC, respectively) was
blocked as a result of the spontaneous axonal activities caused by
the conditioning action potential.

4. Discussion

Simulated excitability indices were studied, such as strength-duration
time constants, rheobase currents, and recovery cycles of the ALS1,
ALS2, and ALS3 cases during hypothermia, hyperthermia, and in
the physiological temperature range. These parameters were com-
pared to those of the normal case. The results presented here, as well
as those from both clinical [20–27] and previous studies [28, 29],
conducted at normal temperature, showed that compared to the nor-
mal case, there is a characteristic: (i) longer strength-duration time
constant and lower rheobase current, (ii) less refractoriness, and (iii)
greater axonal superexcitability and reduced late subexcitability. Nev-
ertheless, in the three ALS cases the strength-duration time constants
gradually decreased with increased temperature from 20oC to 42oC.
They were longer than those of the normal case. There was also a
reciprocal relationship between the temperature-dependent strength-
duration time constants and rheobase currents. These excitability
parameters were more sensitive to hyperthermia, especially at 42oC,
than at temperatures in the physiological range of 30–37oC. However,
the equivalent strength-duration time constants and rheobase currents
obtained for the ALS2 and ALS3 cases showed that the blockage
of internodal slow potassium channels does not contribute to these
excitability parameters. The results presented here also confirmed
that recovery cycle profiles were similar for the normal and ALS1
cases across the whole temperature range. Axonal superexcitability
increased with temperature decreases in the ALS2 case, and each test
stimulus applied at the end of the 100 ms recovery cycle was blocked
at the lowest temperature tested (20oC). Increased axonal superex-
citability was not recovered for the ALS3 case during hypothermia,
hyperthermia, and for the physiological temperature range, and each
test stimulus applied beyond a given CT interval was blocked. This
blockage resulted from spontaneous axonal activities caused by the
conditioning (first) stimulus. However, the different recovery cycles
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Fig. 6. Temporal distributions of action potentials when the test stimulus is applied as a function of CT interval, corresponding to: CT = 99 ms for the normal,
ALS1, and ALS2 cases and CT = 39 ms for the ALS3 case during hypothermia at 20oC (first row); CT = 69 ms and CT = 79 ms for the normal, ALS1, ALS2
and ALS3 cases during hyperthermia at 40oC (second row) and 42oC (last row), respectively. The testing action potentials are compared with spontaneous
axonal activity caused by the conditioning action potentials in the ALS2 case at 20oC and in the ALS3 case (last column). The action potentials are presented
at each node from the 7th to the 14th and at each internodal segment between them. However, these segments respond equally, as periodic fibre polarization is
realized and an overlap of the potentials in the nodal and internodal segments is obtained.

obtained for the ALS2 and ALS3 cases show that the blockage of
internodal slow potassium channels mainly contributes to this ex-
citability parameter. The resulting superexcitability axonal activities
of the nodal and internodal axolemma beneath the myelin sheath,
caused by spontaneous discharges based on the continuous activation
and reactivation of ion (mainly “transient” Na+) channels in these
compartments can be regarded as a prelude to neuronal death.

5. Conclusion
As suggested from simulation results, it is proposed that the
temperature-dependent strength-duration time constants, rheobase

currents, and recovery cycles in the three ALS cases can be clinically
interpreted as specific indicators for the motor neuron disease ALS.
Results obtained are essential for the interpretation of mechanisms
of excitability parameter measurements in healthy and ALS patients
with symptoms of cooling, warming and fever, which can result from
alteration in body temperature.
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Fig. 7. Temporal distributions of action potentials when the test stimulus is applied as a function of the CT intervals, corresponding to: CT = 49 ms for the
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for the ALS3 case, where the CT = 55 ms at 37oC. The testing potentials are compared with spontaneous axonal activities caused by the conditioning action
potentials in the ALS3 case (last column). The action potentials are presented at each node from the 7th to the 14th and at each internodal segment between
them. However, these segments respond equally, as periodic fibre polarization is realized and an overlap of the potentials in the nodal and internodal segments
is obtained.
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