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Abstract—

Until a few decades ago, noise was considered to be
a factor that was responsible for the degradation in the
performance of any electrical system, and indeed, there
has been much research on the suppression of noisy sig-
nals. However, in the early 70’s, a new phenomenon was
observed in many physical as well as biological systems
in which noise actually enhanced their performance un-
der certain circumstances. Recently, Ochab-Marcinek et
al. demonstrated that in myelinated axons having sev-
eral intermediate nodes (known as Ranvier nodes), spike
transmission initiated by sub-threshold stimuli can be en-
hanced by exploiting internal random fluctuations. Inspired
by this work, we investigated how noise and its fluctu-
ations enhance the performance of spike transmission in
serially-connected electrically receiving sub-threshold in-
puts. Moreover, we also explored the effect of a membrane-
potential-dependent dynamic noise as an alternative to
avoiding spontaneous spike generation due to large noise
fluctuations. Electrical simulations showed more than 20%
increase in the transmission rate.

1. Introduction

Excitable systems are observed in a wide range of nat-
ural phenomena, such as those found in some biological
structures and can be defined as a monostable system, if
such a system is left unperturbed, it will continue resting,
however, a strong perturbation can trigger the system to
an excited state (called firing) and this response is repre-
sented by spikes (impulse-like signals). A subsequent ex-
citation can be generated only after a certain period of time
(refractory period) has elapsed. An excitable medium is
constituted by segments that possess the property of ex-
citability and are connected to each other via local cou-
pling. Under this framework, we concentrate our attention
on spike propagation through transmission lines modeled
as excitable media. Usually, a transmission line consists of
very low internal resistors (sub-threshold values) allowing
transmission of information without any conflict; however,
materials with many imperfections constitute transmission
lines. Hence, one of the problems associated with trans-
mission lines in excitable media, is the presence of high

resistance elements (supra-threshold values). According to
the line model, in a non-uniform medium, a transmission
line is composed of active segments, connected to each
other through passive ones, so the final electrical model
is similar to that found in segmented axons. On the other
hand, it is known that some neurophysiological systems are
able to complete several tasks even in the presence of large
amount of noise, and research in this field has demonstrated
the constructive and crucial role of Stochastic Reseonance
(RS) [2] in accomplishing some tasks for biological tissues
such as those found in insect mechanoreceptors [3]. It has
also be found to improves the performance of the human
sensory system [4], by increasing the sensitivity to detect
weak stimuli, as discussed in detail in the next section. The
biological background of the work and the models used to
emulate the biological system to transmit spikes have been
discussed in the subsequent sections. The results of the
simulation and the impact of noise amplitude on the spike
propagation performance have also been presented.

2. Biological Background

One of the most common examples of excitable sys-
tems is observed in the biological neuron, where successful
spike transmission must be ensured for correct communi-
cation between the neurons. Kawaguchi ef al. [5] showed
that transmission of neural information through an array of
neurons, represented by sub-threshold stimuli, is assisted
by uncorrelated noise with a specific amplitude. Usually
conventional axons are uniform along the path, but myeli-
nated axons, are divided into segments; separated from
each other by the so-called Ranvier nodes (Fig. 1), whose
main function is to enhance propagation velocity of spikes
through long axons thereby saving the metabolic cost as
well. Ranvier nodes can be modeled electrically as active
elements separated from each other by a certain impedance.
If these type of axons are electrically modeled, then we ar-
rive at a chain of active elements connected to each other
through internodal resistors, so that the entire electrical
scheme of myelinated axons is similar and corresponds to
the schematic of transmission lines. Moreover, the value
of the internodal resistance depends on several factors such
the internodal distance and is usually represented by ran-
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Figure 1: General scheme of myelinated axons.
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Figure 2: Noise-driven FitzHugh-Nagumo circuit.

dom values, that are sometimes large enough to reduce the
spike amplitude, avoiding spike transmission. However,
the interesting fact is that, actually, myelinated axons are
an efficient way to transmit information even in the pres-
ence of low conductances between nodes. The question
therefore arises as to how the axons successfully accom-
plish their task. It is well known that Ranvier nodes possess
internal fluctuations due to the random opening and closing
of ion channels, and research has shown that this internal
noise assists sub-threshold spike transmission [1]. More-
over, it has been demonstrated that the strength of noise
depends on the amplitude of the action potential [6], which
actually is a key factor to avoid unwanted spikes (here, we
refer to unwanted spikes as those that are generated spon-
taneously by noise and not by some input stimulus). Given
this biological background, the objective of this work is
to emulate the information on transmission of myelinated
axons by the introduction of dependent uncorrelated noise
sources.

3. FitzHugh-Nagumo model

The FitzHugh-Nagumo model has been widely used to
emulate conductance-based neuron models as a simplifica-
tion of the Hodgkin-Huxley model. As mentioned earlier,
we employ an electrical circuit of the FitzHugh-Nagumo
model operating in the excitable mode. We embed a cur-
rent noise source in parallel with a tunnel diode (Fig. 2) in
order to emulate the noise effect during spike transmission.

We serially connect circuits through resistors (bidirec-
tional coupling) in order to emulate the serially connected
nodes at the axon (Fig. 3) and the dynamics of the 1-D
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Figure 3: Block diagram of serially-connected circuits with
noise-assisted spike propagation

excitable medium (our virtual axon), where the excitable
circuits are locally coupled, have been represented by the
following continuous forms.

2
Cava(tx b - g 632(; L4100 - (0] + LT (1)
Oi(x) .
Fral E—-R-i(x)—v(x) )

where x denotes the space; i4(-), the -V characteristics
of the tunnel diode; v(x), the membrane potential at x; E,
the resting potential; and I,[v(x)], the v(x)-dependent dy-
namic noise current where the noise current is generated
only when v > E. The characteristics of I,(-) is crucial for
successive spike transmission; i.e., if noises are generated
independent of v, excitable circuits that should not be de-
polarized (receiving no input) may be depolarized by the
noise, whereas if noises are generated only when v > E,
the circuits may be depolarized only when inputs (exter-
nal stimuli or firing of the neighbors) are given, even if the
input is below the threshold of depolarization.

4. Simulations and Results

SPICE (Simulation Program with Integrated Circuit Em-
phasis) simulations were conducted for this excitable sys-
tem, having the following parameters: tunnel diode NEC
1S1760, C = 0.1 nF, R = 0.2 Q, L = 10 uH, and E = 50
mV. Nine excitable circuits (i = 1 ~ 9) were locally con-
nected by resistors R. (~ g), and the first circuit on the
boundary was stimulated by an external current pulse (am-
plitude: 0.5 mA, width: 1 us). When each resistor R, is 1



o
o

=R st circuit |
c |
S04l | |
=
a |
Q03¢ |
[0}
Soz 7
P
o
co1t |
[}
€ o 1

01 2;15 4;5 ' 6;‘1 SLus

time
@

0.004 | fixed point |
-
g 0.002 - no excitatory J
= N\ input /
3 = trajectory N\ T S

(2nd circuit) A
or = |
v-nulicline
(excitatory state)
0002 01 ‘ 2 05 0.6

02 0.3 0.
membrane potential (V)
(b)

Figure 4: (a) membrane potential at 1st and 2nd circuit
without noise assistance, (b) phase portrait.

kQ, successive spike transmission was observed (from the
first to the ninth circuit) without noise assistance (o = 0),
whereas spike transmission was randomly terminated when
R. was 1.5 kQ. As it can be observed in Fig. 4(a), a postsy-
naptic potential is not generated, only a small perturbation
in the second circuit is observed. This phenomenon oc-
curs as a result of the reduction in the input spike, owing to
the supra-threshold value of the internodal resistances, and
therefore, it is not possible to excite the subsequent remain-
ing stages, without any response. The corresponding phase
portrait is shown in Fig. 4(b), where the solid line repre-
sents the trajectory of the system response of the second
circuit, converging to the fixed point (resting state), with-
out any excitation trajectory. These figures clearly show
that the spike transmission is stopped in the presence of
supra-threshold values for internodal resistors.

On the other hand, when noise sources are introduced,
spike transmission is successful. Fig. 5(a) shows spike
propagation for the 3rd, 5th, 7th, and 9th circuit, showing
that with the introduction of noise sources, spike propaga-
tion is successfully achieved. Fig. 5(b) shows the phase-
portrait with the corresponding trajectories.

A more general view of spike transmission is however
necessary. Figure 6, shows the simulation results for spike
propagation along circuits 1, 3, 5, and 9, connected through
supra-threshold values for internodal resistors, where a cur-

.07
Z noise-assisted
g 7 . depolarization
.'E 051 1 ot
% \ circuit
Q- -
© 0.3
c
©
5 0.2 us
= 0.1 —
(0]
S
-0.1
0.004 - |
T
00.002 F |
=
p-—
3
(&]
o I 4
-0.002 ‘ ‘ ‘ ‘

ol

0.1 0.5 0.6

0.2 0.3 . 0.4
membrane potential (V)

(W)

Figure 5: (a) membrane potential at 1st, Sth, 7th, and 9th
circuit with noise assistance, (b) phase portrait.

rent pulse is applied as an excitatory input during 150 us.
However, because of the stochastic nature of the noise
sources, spike transmission is not successful in some cases;
therefore, we define the spike transmission rate as the per-
centage of spikes transmitted to the last circuit.

On the other hand, it is necessary to explore how spike
transmission is affected by the standard deviation of noise.
Several simulations were run by using different values of
standard deviation. Fig. 7 shows the transmission rate (per-
centage of transmitted spikes) for circuits 3,5,7, and 9. Sev-
eral simulations were run using different values of standard
deviation. Monte Carlo simulations were run for 100 it-
erations for 21 different values of standard deviation. The
continuous lines in Fig. 7 represent the average between 10
Monte Carlo simulations (represented by different symbols
for each circuit). As it has been observed, it is more prob-
able to generate a spike in the subsequent circuits as the
standard deviation of noise increases. In previous works
[5], the amplitude of the noise input is independent of the
membrane potential; in these cases, SR-like behavior could
be observed; but in this particular case, noise is dependent
on the membrane potential value, as the weak noise signal
may not be able to assist input spike to excite the subse-
quent stages. However, as the amplitude of the noise sig-
nal increases, the probability of spike generation increases
though there is a specific value at which, the spike trans-
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Figure 6: Transmission of spike trains assisted by noise for
the 1st (a), 3rd (b), 5th (¢), and 9th (d) circuit.

mission rate stops increasing (around 0.8mA) and remains
constant. Nevertheless, even if SR-like behavior is not ob-
served, the main advantage of the introduction of the de-
pendent noise current source is that unwanted spikes are
avoided.

5. Conclusions

We explored the effect of noisy signals on spike trans-
mission in myelinated axons and thereby improved weak
spike transmission in the serially-connected circuits based
on stochastic the FitzHugh-Nagumo model. This sets the
task to develop noise-assisted active transmission lines con-
sisting of coarse-grained devices and materials as a future
objective. The results of SPICE simulations showed that
for weak stimuli, when noise was applied, it was more
probable that a spike would be generated in the next stage.
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Figure 7: Percentage of successful spikes versus standard
deviation of noise.

One key factor in successful spike transmission is the intro-
duction of a membrane-potential-dependent current source
as the noise input, in order to avoid unwanted spike genera-
tion, since the noise source is only activated when there are
sub-threshold stimuli. Moreover, there is a critical value
for noise amplitude where the spike transmission rate stops
increasing and fluctuates around a certain value. Although
SR-like behavior is not exhibited, spike transmission is im-
proved considerably by noise assistance. We will further
investigate how random values for internodal resistances
(for both sub-threshold and supra-threshold case) affect the
spike transmission rate.
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