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Abstract

The effects of temperature (from 20°C to 42°C) on action
and polarizing electrotonic potentials (nodal and internodal)
and their current kinetics were previously studied by us in
a simulated case of 70% chronic inflammatory demyelinating
polyneuropathy (70% CIDP). To complete the cycle of our
studies on adaptive processes in this case, the temperature
effects on strength-duration time constant, rheobasic current
and recovery cycle are investigated. The computations use our
temperature dependent multi-layered model of the myelinated
human motor nerve fibre and the temperature is increased from
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CIDP is an immune-mediated neuropathy [11] and is clinically defined
as a symmetric polyneuropathy involving both proximal and distal
muscles. It is characterized by symmetric proximal and distal muscle
weakness and motor-dominant manifestation [1, 5, 8, 10]. This disor-
der is also characterized by systematic demyelination, which results in
slowing or blocking of action potential conduction in motor and sen-

sory nerves [8]. The temperature dependent strength-duration time

20°C to 42°C. The results show that as the action and polariz-
ing electrotonic potential parameters, these excitability param-
eters are more sensitive to the hyperthermia (> 40°C) and are
most sensitive to the hypothermia (< 25°C), especially at 20°C,
than at temperatures in the range of 28°C-37°C. With the in-
crease of temperature from 20°C to 42°C, the strength-duration
time constant decreases ~ 5.2 times, while it decreases ~ 3.5
times in the physiological range of 28°C-37°C. Conversely, the
rheobasic current increases ~ 3.0 times from 20°C—42°C, while
it increases ~ 1.2 times in the range of 28°C-37°C. As in the
normal case, the behavior of axonal superexcitability in the
CIDP case is complex in a 100 ms recovery cycle with the in-
crease of temperature. The axonal superexcitability decreases
with the increase of temperature during hypothermia and in-
creases with the increase of temperature during hyperthermia,
especially at 42°C. However, the superexcitability period in
the CIDP case is followed by a late subexcitability period at
37°C only and the recovery cycles are with reduced superex-
citability and without relative refractory periods in the range of
20°C—40°C. The present results are essential for the interpreta-
tion of mechanisms of excitability parameter changes obtained
here and measured in CIDP patients with symptoms of cool-
ing, warming and fever, which can result from alterations in
body temperature. They suggest that the adaptive processes
in CIDP patients are in higher risk during hypothermia than
during hyperthermia.
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constants, rheobasic currents and recovery cycles of peripheral nerves
have been measured in healthy subjects and patients with CIDP us-
ing a noninvasive technique of threshold tracing [2, 6]. They are being
introduced into the clinic to provide information about nerve function
and dysfunction. It is established that cooling from 35°C to 29°C in-
creases the strength-duration time constant by 2.6% per °C in healthy
subjects, while the relative refractory period increases by 7.8% per
°C [7]. Also, following warming to 37°C, the strength-duration time
constants in patients with CIDP are decreased, rheobasic currents are
increased, and recovery cycles are with reduced axonal superexcitabil-
ity, while following cooling from 37°C to 25°C, the changes in these
excitability parameters are largely similar [12].

Recently, we have examined the effects of temperature in the range
of 20°C—42°C on simulated nodal and internodal (paranodal and mid-
internodal) action potentials and their current kinetics of the myeli-
nated human motor nerve fibre [4, 9, 24] and in a case of 70% CIDP
[21]. The action potentials reflect conducting processes in the fibre,
when it is activated by short duration (0.1 ms) threshold current stim-
uli. The results show that in this temperature range, all action po-
tential parameters in the CIDP case, except for the conduction block
at 45°C during hyperthermia (> 40°C) worsen, specifically: (i) the
conduction velocities and potential amplitudes are decreased; (ii) the
afterpotentials and threshold stimulus currents required for the po-
tential generation are increased; (iii) the current kinetics of action po-
tentials is slowed, and (iv) the conduction block during hypothermia
(< 25°C) is at temperatures lower than 20°C.

We have also examined the temperature effects in the range of
20°C-42°C on simulated nodal and internodal (paranodal and mid-
internodal) polarizing electrotonic potentials and their current kinet-
ics of the myelinated human motor nerve fibre [18] and of the case
of 70% CIDP [20]. The electrotonic potentials reflect accommodative
processes in the fibre, when it is activated by long-lasting (100 ms)
subthreshold depolarizing and hyperpolarizing current stimuli. The
results show that while the changes of electrotonic potentials and their
current kinetics are largely similar for the physiological range of 28°C-—



37°C, they are altered during hypothermia and hyperthermia in the
normal and CIDP cases. The normal (at 37°C) resting membrane po-
tential is further depolarized or hyperpolarized during hypothermia or
hyperthermia, respectively, and the internodal current types defining
these changes are the same for both cases. However, in the CIDP
case, the lowest and highest critical temperatures for blocking of elec-
trotonic potentials are 20°C and 39°C, while in the normal case the
highest critical temperature for blocking of these potentials is 42°C.
In the temperature range of 20°C-39°C, the relevant potentials in the
CIDP case, except for the lesser value (at 39°C) in hyperpolarized
resting membrane potential, are modified: (i) polarizing nodal and
depolarizing internodal electrotonic potentials and their defining cur-
rents are increased in magnitude; (ii) inward rectifier (I;g) and leakage
(ILx) currents, defining the hyperpolarizing internodal electrotonic po-
tential, are gradually increased with the rise of temperature from 20°C
to 39°C, and (iii) the accommodation to long-lasting hyperpolarization
is greater than to depolarization.

To complete the cycle of our studies on axonal excitability prop-
erties of the CIDP case axons, the temperature effects on strength-
duration time constant, rheobasic current and recovery cycle are in-
vestigated in the case of adaptation. The results provide evidence
that these excitability parameters, as the action and electrotonic po-
tentials, are also more sensitive to the hyperthermia and are most
sensitive to the hypothermia, especially at 20°C, than at tempera-
tures in the range of 28°C-37°C. The aim of this study is also to
discuss our results concerning the temperature effects on conducting,
accommodative and adaptive processes in the normal and CIDP cases
in the range of 20°C-42°C.

2 Methods

The simulations presented here apply our temperature dependent model
of motor nerve axons [24]. Tt is derived from our previous multi-layered
model [13], of the myelinated human motor nerve fibre, in which tem-
perature coefficients (Qjo-values) were involved for the ionic currents
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(nodal and internodal), as well as for the conductivities of axoplasm
and periaxonal space. These conductivities are geometry-independent.
The equilibrium potential values are also temperature corrected. The
Q10’s and related details were also thoroughly described and discussed
in the Appendix of our previous paper [18]. This temperature depen-
dent multi-layered model is applied here to the previously simulated
case of 70% PSD (paranodal systematic demyelination). The analysis
shows that mild (20%, 50%, 70%) and severe (90%) PSDs are specific
indicators for CIDP [14, 16, 17, 22].

According to the definition for PSD given in these our studies, the
demyelination is associated with a corresponding loss of the myelin end
bulbs and the reduction (70% — in the present study) of the paran-
odal seal resistance (R, ), defining 70% PSD (70% CIDP), is uniform
along the fibre length. Our results are also consistent with the inter-
pretation that immunological factors causing changes in the paranodal
segments of the myelin sheath could be responsible for the clinical ab-
normalities obtained in CIDP. In the normal fibre, the R, is 140 M.
The strength-duration time constants, rheobasic currents and recovery
cycles are investigated in the range of 20°C—42°C. The temperature is
changed uniformly in each segment along the fibre length and a case
of uniform temperature change is realized, in contrast to the case of
local (focal) temperature change. This second case is realized in nerve
excitability measurements where the skin temperature at the site of
stimulation is measured. This indicates that skin temperature at the
side of stimulation does not exactly reflect the temperature of the
underlying nerve, even if it is adequate as a qualitative indicator of
changed temperature. The remaining parameters of the temperature
dependent model are the same as previously described for our multi-
layered model [13, 23, 25] and some of them are as follows. The myelin
sheath is presented as a series of 150 parallel interconnecting lamel-
lae, which are simulated by altering 150 lipid and 150 aqueous layers.
The human model axon comprises 30 nodes and 29 internodes. Each
internode is divided into two paranodal and five internodal segments.
The lengths of node, paranode and nodal center to nodal center are
1.5, 200 and 1400 pm. All calculations are carried out for fibres with



an axon diameter of 12.5 ym and an external fibre diameter of 17.3
Jom.

The temperature dependent strength-duration curves, charge-duration
curves, strength-duration time constants, rheobasic currents and re-
covery cycles are investigated in the case of adaptation. The action
potentials in this case (i.e. in the case of intracellular current applica-
tion delivered simultaneously to the center of each internodal segment)
are simulated by adding a long-duration threshold or suprathreshold
depolarizing current stimulus. These action potentials are superim-
posed in each nodal and internodal segment along the fibre length as
a periodic kind of fibre polarization is realized. Such polarization of
the fibre was first simulated by [15] in the human motor electrotonus
model. For a given temperature, the threshold stimulus duration is in-
creased in 0.025 ms steps from 0.025 ms to 1 ms, to obtain the strength-
duration curves. These curves are not simple single-exponential func-
tions, and the charge-duration curves are not linear. Due to this,
a polynomial function of degree 2 (transfer parabola), which relates
threshold charge (@) to stimulus duration (t), provides an accurate
fit of the data: Q = as[t? + (a1/a2)t + ag/as), where ag, ay,as are the
polynomial coefficients. The strength-duration time constant (chron-
axie) is defined as the absolute value of the smallest square root of
the function (i.e., only one of both direct intercepts of the regression
curve on the duration axis has a biophysical sense and only this direct
intercept will be shown on the charge-duration figures). The rheobasic
current is defined as the final decreased threshold value, after which
the action potential generation cannot be obtained with an increase
in the stimulus duration.

For a given temperature, when two equal-duration stimuli are used
in pairs, the action potential in response to the second (testing) stimu-
lus in the refractory period may be greater or less than that to the first
(conditioning) stimulus and depends on the conditioning-test intervals.
To obtain the time course of recovery of the axonal excitability fol-
lowing a single stimulus (the recovery cycle), testing threshold current
stimuli of 1 ms duration are delivered at conditioning-test intervals
of 2 — 100 ms after a suprathreshold conditioning current stimulus of



1 ms duration. The testing stimulus thresholds are calculated at 27
conditioning-test intervals and the intervals increase up to 100 ms in
approximately geometric progression. Three stimulus combinations
are tested: (i) first (conditioning) stimulus (duration 1 ms) is deter-
mined at threshold; (ii) suprathreshold conditioning stimulus (dura-
tion 1 ms) is calculated, which is by 5% increased of threshold; and
(iii) first suprathreshold (conditioning) plus second (testing) threshold
stimuli are used to be obtained the recovery cycle.

3 Results

3.1 Abnormalities in the strength-duration time
constants, rheobasic currents and their mech-
anisms in the rages of 28°C—-37°C and 20°C-—
42°C for the normal and CIDP cases

Comparison between the temperature dependent strength-duration
curves (Fig.1 (a, b), first column) and charge-duration curves (Fig.
1(a, b), last column) of the human motor nerve fibres is presented
for the normal (Fig. 1(a)) and CIDP (Fig. 1(b)) cases. Histograms
are used to provide a better illustration of the strength-duration time
constants (Fig. 1(c), on the left) and rheobasic currents (Fig. 1(c), on
the right) for the normal (hatched bars) and CIDP (unhatched bars)
cases. Also to provide a better illustration of the obtained changes,
these examined parameters are presented in the physiological tem-
perature range of 28°C-37°C (Fig. 1) and in the temperature range
of 20°C-42°C (Fig. 2). The normal data are taken from [19], and
are presented here for comparison only. In the almost superimposed
strength-duration curves for the normal and CIDP cases (Fig. 1(a,
b), first column), the threshold stimulus currents at 28°C are high-
est for the 0.025 ms stimulus and are lowest for the 1 ms stimulus.
Conversely, in both cases, the threshold stimulus currents at 37°C
are lowest for the 0.025 ms stimulus and are highest for the 1 ms
stimulus (Fig. 1(a, b), last column). The strength-duration curves



are not simple single-exponential functions. Due to this their corre-
sponding charge-duration curves are not straight lines (Fig. 1(a, b),
last column). The strength-duration time constants become gradually
shorter as the temperature is increased from 28°C to 37°C (Fig. 1(c),
on the left) in the normal and CIDP cases. However, the strength-
duration time constants are shorter in the CIDP case. There is an
inverse relationship between the strength-duration time constants and
rheobasic currents during this range and the rheobasic currents are
longer in the CIDP case than in the normal one. The strength-
duration time constants are 0.133,0.114,0.106,0.095 ms and rheoba-
sic currents are 0.666,0.717,0.750, and 0.800 nA at 28°C, 32°C, 34°C,
and 37°C, respectively, in the CIDP case. The strength-duration time
constants are 0.397,0.351,0.328,0.291 ms and rheobasic currents are
0.315,0.340,0.356, 0.388 nA at 28°C, 32°C, 34°C, and 37°C, respec-
tively, in the normal case.

The results show that the transition from 20°C to 42°C leads
to amplification of the degree of above examined parameters in the
normal and CIDP cases, as the direction of these changes is main-
tained (Fig. 2). The strength-duration time constants are longest
(0.509 ms)/(0.196 ms) at 20°C and shortest (0.058 ms)/(0.038 ms) at
42°C in the normal and CIDP cases, respectively, while the rheoba-
sic currents are lowest (0.283 nA)/(0.617 nA) at 20°C and highest
(1.231 nA)/(1.861 nA) at 42°C in the same cases, respectively. The
strength-duration time constants are 0.376 ms/0.123 ms and 0.159
ms/0.074 ms, while the rheobases are 0.327 nA/0.689 nA and 0.631
nA/1.193 nA at 30°C and 40°C in the normal and CIDP cases, re-
spectively. Consequently, with the increase of temperature from 20°C
to 42°C, the strength-duration time constant decreases ~ 5.2 times
in the CIDP case, while it decreases ~ 3.5 times in the physiologi-
cal range of 28°C-37°C. Conversely, the rheobasic current increases
~ 3.0 times from 20°C to 42°C, while it increases ~ 1.2 times in the
range of 28°C-37°C. In the normal case, with the increase of tempera-
ture from 20°C to 42°C, the strength-duration time constant decreases
~ 8.6 times, while it decreases ~ 1.4 times in the physiological range
of 28°C-37°C. Conversely, the rheobasic current increases ~ 4.3 times
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Figure 1: Comparison between the strength-duration curves ((a, b), first column) and charge-
duration curves ((a, b), last column) for the normal (a) and CIDP (b) cases, as well as between
the strength-duration time constants ((c), first column) and rheobasic currents ((c), last column)
for the normal (hatched bars) and CIDP (unhatched bars) cases in the temperature range of
28°C-37°C. For both cases, the strength-duration curves and charge-duration curves almost
superimpose and due to this the lowest and highest temperatures are only given in the first and
second row panel figures.
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Figure 2: Comparison between the strength-duration curves ((a, b), first column) and charge-
duration curves ((a, b), last column) for the normal (a) and CIDP (b) cases, as well as between
the strength-duration time constants ((c), first column) and rheobasic currents ((c), last column)
for the normal (hatched bars) and CIDP (unhatched bars) cases at temperatures given in the
panel figures.
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from 20°C to 42°C, while it increases ~ 1.2 times in the physiological
range of 28°C-37°C.

3.2 Abnormalities in the recovery cycles and their
mechanisms in the rage of 20°C—42°C

Absolute temperature dependent recovery cycles of the human motor
nerve fibres in the normal (Fig. 3 (a)) and CIDP (Fig. 3 (b)) cases
are plotted on logarithmic z-axes and linear y-axes. The horizontal
lines in the panel figures indicate the control threshold current (i.e.
suprathreshold current increased by 5% of threshold) of conditioning
(first) stimuli. To clarify presentation, 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
a temperature from 20°C to 42°C. The recovery cycles are presented
during hypothermia (20°C, first column in Fig. 3), the physiological
range (30°C, first column in Fig. 3; 34°C and 37°C, second column
in Fig. 3) and hyperthermia (40°C and 42°C, last column in Fig. 3).
The data comparing two temperatures (20°C and 30°C, first column in
Fig. 3; 34°C and 37°C second column in Fig. 3; and 40°C and 42°C,
last column in Fig. 3) are given in each panel figure. The dotted
curves and lines indicate the lower of the two temperatures. The nor-
mal data are taken from [19], where they were thoroughly described
and discussed. They are presented here for comparison only. As for
the normal case (Fig. 3 (a)), the data for the CIDP case (Fig. 3 (b))
clearly show that the effect of temperature on the conditioning con-
trol threshold current is complex. First, this current decreases with the
increase of temperature from 20°C to 30°C, then slightly increases dur-
ing the temperature range of 34°C-37°C and finally increases rapidly
during hyperthermia, especially at 42°C. The effects of temperature
on the recovery cycle are more conspicuous than on any of the other
excitability calculated parameters. The behavior of the relative refrac-
tory period and axonal superexcitability in a 100 ms recovery cycle is
also complex with the increase of temperature. In the normal case,
the relative refractory period (i.e. the period after conditioning ac-
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Figure 3: Comparison between the absolute recovery cycles of the myelinated human
motor nerve fibre is presented in the normal (a) and CIDP (b) cases. The recovery cycles are
numbered from 1 to 6 and each consecutive number corresponds to 20°C, 30°C, 34°C, 37°C, 40°C
and 42°C, respectively. The recovery cycles are given in the temperature ranges of 20°C—-30°C
(first column), 34°C— 37°C (second column) and 40°C-42°C (last column). 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. Conditioning-test (CT) intervals are plotted on logarithmic z-axis scales.
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tion potential during which threshold current of the testing stimulus
is elevated), increases during hypothermia and decreases during the
range of 30°C-37°C. It also increases during hyperthermia, especially
at 40°C and after then decreases rapidly at 42°C. The refractoriness
(i.e. the increase in threshold current during the relative refractory
period) is highest at the lowest (20°C) temperature. It gradually de-
creases with the increase of temperature from 30°C to 37°C and then
increases during hyperthermia. However, in the case of CIDP case, the
recovery cycles are without relative refractory periods in the range of
20°C-40°C. The axonal superexcitability for both cases decreases with
the increase of temperature during hypothermia. The axonal superex-
citability increases rapidly with the increase of temperature during
hyperthermia, especially at 42°C and a block of each applied third
testing stimulus is obtained for the normal case. And a block of each
applied second testing stimulus is obtained at temperatures higher
than 42°C. However, in the CIDP case, a block of the applied testing
stimuli is not obtained even at temperatures higher than 42°C. The
axonal superexcitability period for the normal case is followed by a
late subexcitability period when the temperatures are in the range of
32°C-37°C while, the superexcitability period for the CIDP case is
followed by a late subexcitability period at 37°C only.

These recovery cycles are normalized and presented together in
Fig. 4. For a given temperature, each recovery cycle is normalized to
the control threshold current of its corresponding conditioning stimu-
lus. The results show that for a given temperature the recovery cycles
in the CIDP case are with reduced axonal superexcitabilities and are
without relative refractory periods in the range of 20°C-40°C. The re-
covery cycles depend on the regenerative membrane depolarization or
hyperpolarization caused by the conditioning afterpotential and could
be explained by the delay-dependent testing potential (Figs. 5, 6 and
7). In these figures, the temporal distributions of temperature depen-
dent testing action potentials in the case of adaptation as a function
of conditioning-test (CT) intervals are compared between the normal
(first and third columns in Figs. 5 and 6, and Fig. 7(a)) and CIDP
(second and last columns in Figs. 5 and 6, and Fig. 7(b)) cases. Only
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these segments respond equally, as the periodic kind of fibre polarization is realized, and an
overlap of the potentials in the nodal and internodal segments is obtained.
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the CIDP case, as the axon is still in the absolute refractory period; all else as in Fig.5 legend.
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when the conditioning-test interval corresponds to 4 ms, the testing ac-
tion potentials are compared with their conditioning potentials (Fig.
5(a), Fig. 6(a) and Fig. 7(first column)), except at 20°C for both
cases in Fig. 6(a), where there were no testing potentials, as the axon
is still in the absolute refractory period. The remaining testing action
potentials are given at conditioning-test (CT) intervals corresponding
to 7,8,9 ms (Fig. 5(b), Fig. 6(b) and Fig. 7(second column)), 29 ms
(Fig. 5(c) and Fig. 6(c)), 49 ms and 99 ms (Fig. 7 (third and last
columns)). There were no testing action potentials corresponding to
CT = 7 and 8 ms (Fig. 6(b)) at 20°C in the CIDP case, as the axon
is still in the absolute refractory period. For the normal and CIDP
cases, with the increase of temperature from 20°C to 42°C, the de-
polarizing conditioning afterpotentials decrease, reaching the normal
(—86.7 mV) resting membrane potential and then they become hy-
perpolarized. The shape of conditioning and testing action potentials
is abnormal at 42°C for both cases and it is abnormal at 20°C for
the CIDP case only. Compared to the normal case, the depolarizing
and hyperpolarizing afterpotentials are decreased smaller in the CIDP
case.

4 Discussion

We have studied for the first time the effects of temperature on simu-
lated strength-duration time constants, rheobasic currents and recov-
ery cycles in the case of 70% CIDP, when the temperature is changed
in a wide range of 20°C—40°C. The obtained data are compared to
those for the normal case. The principle finding for both cases is that
these excitability parameters are not very sensitive to temperature
over the range encountered clinically. This result is in good agree-
ment with nerve excitability studies on control groups [3, 6, 7] and
patients with CIDP [12] focused on either cooling (to 28°C) or small
deviations around normal (32°C or 35°C) skin temperature measured
close to the site of stimulation during the test. The axonal excitability
parameter changes obtained in the CIDP case are consistent with the
effect of uniformly reduced paranodal seal resistance and uniformly
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changed temperature along the fibre length.

A new finding in the present and our previous studies for the
CIDP case [20, 21] is that the axonal excitability parameters (i.e.
action, polarizing electrotonic potentials, strength-duration time con-
stant, rheobasic current and recovery cycle) are more sensitive during
hyperthermia and are most sensitive during hypothermia, especially at
20°C. The results confirm also that 20°C is the lowest critical temper-
ature for patients with CIDP, as: (i) the abnormal action potentials
(in the case of propagation and adaptation) have a bifid form and the
conduction block during hypothermia is at temperatures lower than
20°C and (ii) the polarizing electrotonic potentials are in higher risk
for blocking during hypothermia than during hyperthermia, The low-
est critical temperature for healthy subjects is lower than 20°C. Con-
versely, for the normal case, our previous studies [4, 9, 18, 19] show
that the same axonal excitability parameters are more sensitive during
hypothermia and are most sensitive during hyperthermia, especially at
42°C. The results confirm also that 42°C is the highest critical temper-
ature for healthy subjects, as: (i) the abnormal action afterpotentials
(in the case of propagation and adaptation) are more hyperpolarized
than those in the CIDP case and (ii) the polarizing electrotonic poten-
tials are in higher risk for blocking during hyperthermia than during
hypothermia. In the normal case, the axonal superexcitability in the
100 ms recovery cycle leads to blockage of each applied third test-
ing stimulus at 42°C and to blockage of each applied second testing
stimulus at temperatures higher than 42°C, while a block of applied
testing stimulus is not obtained at 42°C and higher temperatures in
the case of CIDP. The strength-duration time constant is shortest and
the rheobasic current is highest at 42°C in the CIDP case. The mecha-
nisms of abnormalities of above discussed excitability parameters were
thoroughly described by their defining current kinetics in our previous
studies [4, 9, 18, 19, 20, 21].

In summary, our results show that the temperature effects on
the axonal excitability properties in the CIDP case are complex in
the range of 20°C—42°C. Our studies provide a significant advance in
knowledge as the results are essential for the interpretation of mecha-
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nisms of temperature dependent nerve excitability properties in CIDP
patients with symptoms of cooling, warming and fever, which can re-
sult from alterations in body temperature.
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