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Abstract — In this paper, the dectric resistivity (R) at
different temperatures (T) between 300 to 20 °K (°K for
Kelvin degree) in frog sciatic nerves was studied. In
particular, we study two cases. the case where the measure
equipment is placed inside the sciatic nerve and the case
where the measure equipment is placed outside the sciatic
nerve. When the electrical contacts were leaned just into the
nerve, an increase of the sciatic nerve resistivity is observed
in the interval: 240 °K < T < 300 °K, indicating a semi-
conductor behavior. Then, once the sciatic nerve temperature
isdriven below 240 °K, the resistivity decreases abruptly and
then at temperatures lower than 234 °K, it remains constant.
Thus, for the first time we report the existence of
super conductor-like behavior in sciatic nerve. For the second
time, we analyse and characterize the superconductor-like
behavior conductivity by wavelet transform. It is shown that,
according to the temperature interval, the sciatic nerve has a
semi-conductor behavior and superconductor-like behavior.
Furthermore, it is shown that between 250 °K and 240 °K,
the sciatic nerve resistance presents a response characterized
by a magnitude singularity. The new contribution of this
paper is in one hand the reporting of the existence of
superconductor-like behavior in sciatic nerves and in other
hand the precise characterization by the wavelet transform of
theimpulse response of the sciatic nerve.
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|. INTRODUCTION AND STATE OF THE ART

In the recent years several studies of the nervous system
dealing with electrica conductivity have shown the
existence of superconductor-like behavior in sciatic nerves
of poikilotherm and endotherm [1]. Abdelmelek et al [1]
demonstrated that evolution from poikilotherm (frog) to
endotherm (rabbit) lead to a grade shift in relative
“superconducting” transition critical temperature (Tc) at
240 °K and 300 °K respectively, thus showing an adaptive
mechanism involving electrical conductivity
“superconductor-like behavior” in sciatic nerves. The
superconductor-like behavior in sciatic nerves can be
regarded as a characteristic of species [1, 2.
Superconductivity is the ability of certain materias to
conduct electric current with zero resistance. The name
given to the phenomenon was due to the very high
electrical conductivity below the critical temperature. It
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might therefore be expected that natural selection on nerve
or neuron conduction could have caused several structural
change [1-3, 5-7]. The conduction velocity is dependent
on the axonal diameter, the presence of myelin and the
properties of the membrane [1, 4]. Electrical activity is of
major importance in the function of nerve cells, playing a
fundamental role in the transmission of signals and in the
processing of information in the nervous system. In [8],
Inaba A. et al have applied percutaneous high voltage
electrical stimulation to the proximal sciatic nerve at the
hip in 18 normal subjects to evaluate motor conduction in
the proximal sciatic nerve, and short-segment stimulation
of the sciatic and posterior tibial nerves was given in 6
normal subjects. They have concluded that this method is
non-invasive and useful for evaluating motor nerve
conduction in the lower limb. In [9], David J Bryan et a
have investigated the effects of materials prepared with
electrical poling on neurite outgrowth in vitro and nerve
regeneration in vivo. They concluded that guides prepared
with electrical poling enhance peripheral nerve
regeneration. In [10], League-Pike et a have developed
the materials and methods for measuring nerve conduction
velocity in the rat sciatic nerve as part of a larger study to
investigate the complications of diabetes. In [11], N. et a
have used electrical currents to produce a block of action
potential conduction in whole nerves. This block has a
rapid onset and reversal. Their results indicate that
electrical currents generally produce a conduction block
due to depolarization of the nerve membrane, resulting in
an inactivation of the sodium channels. In [12],
Bhadra, Narendra et al have used a reversible electrica
block of the pudendal nerves as a method for restoration of
urinary voiding in individuals with bladder sphincter
dyssynergia. Their study quantified the stimulus
parameters and effectiveness of high frequency (HF)
sinusoidal waveforms on the pudendal nerves to produce
block of the external urethral sphincter. They have shown
that the block thresholds present a linear relationship with
frequency and the HF pudendal block could be a valuable
tool in the rehabilitation of bladder sphincter dyssynergia
In [13], S. Necat Yilmaz et d have investigated the
ultrastructural effects of cypermethrin on isolated frog
sciatic nerve. They suggest that cypermethrin affects both
the myelin sheath and the axon in al groups, thereby
impairing the nerve impulse conduction. In addition to
their findings, notable degeneration of mitochondria and
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decrease in number of microtubules may also play an
important role in this nerve conduction impairment. In
[14], Baoguo Jiang et a have observed the biomechanic
properties of the sciatic nerve at the suture site following
repairing in rats. They have concluded that the injured
nerves can acquire mostly tensile strength stability in one
week quickly and can maintain this relative tensile
strength stability in six weeks. In these different works
([8-14]), the objective is essentialy the medica
applications such as nerve regeneration, investigation of
the complications of diabetes, rehabilitation of bladder
sphincter dyssynergia. No study in these different works
was concerned by the conductivity behavior of sciatic
nerves.

The aim of this paper is concerned by the study of the
conductivity behavior of the sciatic nerves. In one hand we
perform an experimental approach to determine the
temperature dependence of the resistance in frog sciatic
nerves, between 20-300 °K. In the other hand, we
precisely characterize the conductivity behavior of sciatic
nerve by wavelet transform analysis. The remaining of this
paper is organized us following: after the introduction and
state of the art, the section 2 presents the material and
methods used for the measurement of the sciatic nerve
response. A short description of wavelet transform and its
application to characterize the signals is presented in
section 3. The section 4 presents the experimental result of
the sciatic nerve response; the results of the wavelet
transform decomposition of the nerve response and its
characterization. The discussions of the results are
presented in section 5. Finaly, concluson and
perspectives of this study are presented in section 6.

Il. MATERIAL AND METHOD

Sciatic nerve samples (n = 6) were obtained by
decapitation of frogs (Rana esculenta) with light
anesthesia (Halothane 2.5% in air). The proxima
segments of the sciatic nerves (1cm) were harvested in
order to study resistivity. Animals were cared for, under
the Tunisian code of practice for the Care and Use of
Animas for Scientific Purposes. The experimental
protocols were approved by the Faculty Ethics Committee
(Faculté des Sciences de Bizerte, Tunisia). Sciatic nerves
were conserved in Ringer-buffer during 1 to 5 min.

Then, the electrical resistivity variations of the sciatic
nerve with varying temperature were investigated by
employing the four-probe technique. The temperature
variation was achieved using a Helium exchange gas filled
cryostat (closed cycle refrigerator). Temperature was
measured using a calibrated Si-diode sensor with an
accuracy of 0.1 °K and was varied from 300 °K to 20 °K.
In the present experiment, we study the effect of the
decrease and the increase of temperature on nerve
resistivity. The two external wires (the distance between
the 'current' wires: 8 mm) were used as current leads and
the other two as the voltage leads (the distance between
the 'current' wires: 2 mm) to record potential differences.
We used a variable current with very low frequency
(36Hz). The value of the current used for the resistivity
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measurements was 20 pA (micro Ampere) [1] [2]. The
four—point probe technique is the most common method of
determining the criticad temperature (Tc) of a
superconductor. Tc™™* is the temperature a which
resitivity starts decreasing. Wires are attached to a
material. Through two of these points, a voltage is applied
and if the material is conductive, a current will flow. Then,
if any resistance exists in the material, a voltage will
appear across the other two points in accordance with the
Ohm’s law. When the material enters a superconductor
state, its resistance drops to zero and no voltage appears
across the second set of points. The figure 1 shows the
Four-point technique used for measuring the resistivity of
the sciatic nerve.

Sample held

Sample amount

Sample wiring
Sciatic nerve

Fig.1. The four—point probe technique
for nerve conductive studies [2]

I11. WAVELET TRANSFORM AND SINGULARITY
STuDyY

The basic idea behind the wavelet transform is to
represent any arbitrary function f asaweighted sum of a
set of basis functions s, which are scaled and shifted
version of a single mother wavelety . Such that defined

par by equation 2. The wavelet decomposition is defined
by equation 1:

WE (U, s) = jj: f (t)% yx(t%‘j dt (1)
ds

1 ¢ 1 (t-u
f(t)ij0 J._OO\/\lf(u,s)Ey/(Tjdus—z @

Where y, (t)= %"’(%)

There exist special choicesof y such that the set {l//su}

form an orthogonal basis of L?(R). In that case, the
wavelet coefficient may be cal culated by the equation 3:

Copyright © 2012 I JECCE, All right reserved
954



IJECCE

C(S' U) = <‘//s,u> = J‘//s,u (t)f (t)dt ©)

To analysis the regularity of a function (in our case the
function is a signal), the continuous wavelet transform is
desired versus discrete wavelet transform. Singularity
detection can be undertaken by describing the local
regularity of the signal. In our approach, we take
advantage of the ability of the wavelet transform to
characterize the local regularity of sciatic nerve signal.
The mathematical background justifying this method is
described in [15-17]. For a given signa, the loca
regularity consists to compute all modulus maxima of its
continuous wavelet transform and chain maxima across
scales to obtain maxima lines. If the signal is noisy,
maxima lines due to noise are mostly concentrated at fine
scales, whereas maxima lines due to signal discontinuity
should be persistent across coarser scales. Mathematically,
singularity detection can be carried out by finding the
abscissa where the wavelet modulus maxima converge at
finer scales. If no wavelet modulus maxima exists at fine
scales in a point for which the abscissa ist = u, it was
shown that the signa is regular at this point. The major
difficulty is to distinguish singularities caused by noise
fluctuations from those that generated from sharp signal
transitions. Only maxima lines that persist across all scales
of the analysis are considered as true signal transitions,
since noise fluctuations should have less persistence in
scale-space. The task is to characterize the regularity of
singularities through their Lipscitz exponent ¢. In general,
the point-wise regularity of afunction can be characterised
by Lipschitz exponents. Mallat and Hwang [15] showed
that Lipschitz exponents could be estimated from the
decay of wavelet modulus maxima defined in the equation
4.

ars
|W f(us)|<As 2 (4
Where A is aconstant, sthe scale parameter, and uisthe
trandation parameter. The modulus of the wavelet
coefficients varies with the scale according to the
Lipschitz regularity . The equation 4 is equivalent to the
equation 5:

log,(|W f(u,s)|)< Iogz(A)+(a +%jlogz(s) (5)

Hence, the Lipschitz regularity can be estimated from
the slope of logy(Wr(u,s)|) as a function of logy(s) along

the maxima lines. We can estimate Lipschitz « from the
decay slope of logy(Wr(u;s)|). Note that a step edge is

Lipschitz 0. The wavelets used in this work have one and
two vanishing moments. Essentially, singularities with
more negative exponents should be attributed to noise,
whereas signa transitions should have more positive
exponents [16].

So, given asignal with several localized discontinuities,
these localized discontinuities may be located and
characterized by the estimation of « using the maxima
wavelet coefficients called Wavelet Transform Modulus
Maxima (WTMM). The measuring of the slope of the
WTMM curve alows the estimating of « which is the
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characteristic of the singularity. The choice of wavelet
basis depends on the application and in this work we have
chosen the Gaussian Continuous Wavelet (GCW) which
has the property to conserve the regularity of signal at
different scales.

V. EXPERIMENTAL RESULTS

The figures 2 and 3 show the responses of the frog
sciatic nerve versus temperature in Kelvin degree. In the
figure 2, the measure equipment is placed outside the
sciatic nerve and in the figure 3, the measure equipment is
placed inside the sciatic nerve. These responses are the
ratio of R by Ra where Ra is the nerve resistance at the
room temperature (298 °K), and R is the nerve resistance
at different values of the temperature. The curves shown in
the figures 2 and 3 may be considered as the impulse
response of the sciatic nerve and describe the conductivity
behavior of frog sciatic nerve at different values of the
temperature.

We decompose the signal of the figures 2 and 3 by the
continuous wavelet using GCW. Five scales are performed
with GCW. The figures 4, 5, 6 and 7 show the wavelet
representation for five scales. The figure 4 shows the
wavelet coefficients of the frog sciatic nerve for the first,
the second and the third scales, the figure 5 shows the
wavelet coefficients of the frog sciatic nerve for the fourth
and fifth scales, both figures for the measure equipment
placed outside the sciatic nerve. The figure 6 shows the
wavelet coefficients of the frog sciatic nerve for the first,
the second and the third scales, the figure 7 shows the
wavelet coefficients of the frog sciatic nerve for the fourth
and fifth scales, both figures for the measure equipment

placed inside the sciatic nerve.
1.6

14

1.2

1

R/Ra

0.8

0.6

0.4

0.2

temperature in °K

Fig.2. Impulse response (R/Ra) of nerve versus
temperature in Kelvin degree: the measure equipment is
placed outside the sciatic nerve
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Fig.4. Wavelet coefficients representation for 1%, 2" and
3" scales versus temperature in Kelvin degree: the
measure equipment is placed outside the sciatic nerve

The observation of the figures 4, 5, 6 and 7 shows that
the transition in the response of the nerve is well
represented in the wavelet domain particularly for the
figure 4 and 5 where the measure equipment is placed
outside the sciatic nerve. The figures 8 and 9 are the scale-
space representation of the response which may be
considered as an image representation of the sciatic nerve
response; the transitions in the nerve response are also
well observed in these images, particularly in figure 8.

11 60 1;30 200 220 Z:tO 2('50 280 300 320
temperature in °K

Fig.5. Wavelet coefficients representation for 4" and 5"

scales versus temperature in Kelvin degree: the measure

equipment is placed outside the sciatic nerve

Copyright © 2012 I JECCE, All right reserved
956



IJECCE
0.5

1

1.5

2

25

3

scale

3.5

4

4.5

5

5.5

20 40 60 8 100 120 140 160 180 200

space

Fig.8. Image representation in the scale-space domain

of the sciatic nerve response: the measure equipment is
placed outside the sciatic nerve
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Fig.9. Image representation in the scale-space domain

of the sciatic nerve response: the measure equipment is

placed inside the sciatic nerve
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The transition observed in figures 4, 5, 6 and 7 may be
considered, in signal processing point of view, as the
singularity behavior and our goal is to determine the type
of this singularity. First, we detect the local maxima of the
wavelet coefficients for each scale (we have five scales in
our decomposition). Second, we calculate the logarithm of
the absolute value of these loca maxima. Third, we
calculate the logarithm of the scale vector containing the
five scales. Fourth, we represent the logarithm of the
absolute values versus the logarithm of the scale vector.
The figures 10 and 11 show the results obtained. The
figure 10 shows the curve for the measure equipment
placed outside the sciatic nerve; the figure 11 shows the
curve for the measure equipment placed inside the sciatic
nerve.

These curves are a graphical representation of a linear
function and may be described by the equation 5:
y=ax (5)

Where y is the logarithm of absolute values of the
maxima of wavelet coefficients, x is the logarithm of scale
vector, a isthe dope of the curve.
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Fig.10. Curve of local maxima versus scale: the measure
equipment is placed outside the sciatic nerve
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Fig.11. Curve of local maxima versus scale: the measure
equipment is placed inside the sciatic nerve

Since y is alinear function of x, the value of a may be
determined by the equation 6:

(i
_AK-w) (¢

x(k)-x(i)
Where k and j are the any index of the function. The

figures 12 and 13 show the results of the equations 5 and
6:
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Fig.13. Vaue of a versus scale: the measure equipment
is placed inside the sciatic nerve
The transition of the sciatic behavior is particularly
pronounced in the figure 3, transition observed by placing
the measure equipment outside the sciatic nerve. We
guantitatively evaluate the sensibility of this transition
between 250 °K and 240 °K in term of variations of the
ratio R/Ra by Kelvin degree in the zone of transition. We
design by S« this sensibility and V the value of the
response of the sciatic nerve at the temperature T in °K.
Since the impul se response shown in the figure 4 isaratio
of R by Ra, Sx may be estimated by the equation 7:
S _V(240)-V(250) _ 0.2-16 014K
240 - 250 240- 250

So, this value indicates that between the semi-conductor
and the supra-conductor behavior of the frog sciatic nerve,
the sensibility in term of R by Raration is0.14 per °K.

V. DISCUSSIONS

The present study indicates that the low temperatures
induce a striking decrease of nerve resistivity at about 240
°K in frog sciatic nerve, showing a superconductor-like
behavior. When the electrical contacts were leaned into the
nerve, an increase of the sciatic nerve resistivity is
observed in the interval: 240 °K < T < 300 °K. This
dependence is generally associated with semi-conductor
behavior. Then, once the sciatic nerve temperature is
driven below 240 °K, the resistivity decreases abruptly and
then at the temperatures lower than 234 °K, it remains
constant and close to one tenth of its ambient temperature
value. Electrical evolution below 234 °K can be regarded
as a superconductor-like behavior. Recent results have
demonstrated the existence of superconductor-behavior in
nerve or DNA [1, 2], [18, 19]. The fastest conducting
nerve fibers are like wires and have their own insulating
sheaths. Our main interest lies in the properties of large-
scale nerve networks at low temperature, and which are
responsible for such nervous system functions in frog.
Understanding these complex functions requires a
multidisciplinary approach. The present study on the
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sciatic nerve revealed a temperature dependency of the
electric resistivity. According to our findings, the marked
decrease of resistivity at the low ambient temperature may
be mediated by a mechanism, which has many similarities
with inorganic and organic superconductors [1, 2], [18,
19]. Thus, the decrease or increase of temperature has a
proportional effect on the sciatic nerve resistivity in both
species. The similarities between data recorded in frog
(Tc: 240 °K) could be explained by fundamental
anatomical and functional nerves properties.

By contrast, difference between endotherm (rabbit,
Tc™™*: 300 °K) and poikilotherm (frog, Tc™™*: 250 °K)
could be explained by fundamenta anatomical and
functional nerves properties related to the development of
metabolic function and the development of myelin [1].
Nerve fibers conduct nerve impulses very quickly because
the myelin sheath has gaps, which alows the nerve
impulse to jump from gap to gap and travel faster [1]. The
temperature transition (Tc*™) in the sciatic nerves of frog
remains constant and reproducible. If we assume the
existence of “superconductivity” behavior in nerves, there
is an increasing evidence to attribute this
superconductivity to myelin sheaths. Interestingly,
numerous studies are dealing with the relationship
between structure of the living matter and physical
properties as superconductors [20-23], [1, 2]. The
mechanism of superconductivity and the saltation over the
myelin sheathed portions of the nerves showed many
similarities. Interestingly, in superconductor materials, we
found Josephson junction. Josephson Junctions are thin
layer of insulating material sandwiched between two
superconducting layers. Electrons “Tunnel” through this
non-superconducting region in what is known as the
Josephson effects. Here a superconducting current flows
even in the absence of an external voltage. Moreover, the
gradient shift of superconductor-like behavior in the
nervous system from frog to rabbit is correlated with the
degree of myelinisation [1]. The characterization of the
frog sciatic nerve response by wavelet transform explains
that from 300 K to 250 K, the frog sciatic nerve may be
assimilated with the semi-conductor for which the
resistance grows in this interval. The interesting
information revealed by the wavelet decomposition is the
singular behavior of the frog sciatic nerve between 250 K
and 240 K. In this interval, the resistance of sciatic never
presents a magnitude discontinuity and then characterized
by 0.5 singularity order. This singularity is furthermore
characterized by the sensibility of 0.14 °K™.

V1. CONCLUSION AND FUTURE WORK

The present study shows for the first time, the best of
our knowledge, that the frog sciatic nerve resistivity can
be markedly decreased at low temperature. The biological
mechanism underlying the decrease of the resistivity at
240 °K remains to be investigated in the future works and
suggested the presence of a new form of electrica
conductivity may be superconductor-like behaviour in frog
sciatic nerve. This result on nerve opens up a possible
route to new applications in the comprehension of
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biological systems and how the central nervous system
operates the signal processing in function of temperature
variation.

The analysis by the wavelet transform shows that
between 250 °K and 240 °K, the frog sciatic nerve
presents a 0.5 singularity order which indicates the
magnitude discontinuity in its electrical resistance
behavior.

The main contribution of this paper is that we report the
existence of superconductor-like behavior in sciatic nerves
and the precise characterization by the wavelet transform
of the impul se response of the sciatic nerve.

We will investigate in the future work the
characterization, by wavelet transform, of the sciatic
nerves of other animals and try to understand what the
behavior similarities are which may exist between them.
Furthermore, we will develop an electronic circuit model
which may allow the signal processing like sciatic nerve
and give the superconductor-like behaviour at 240 °K.
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