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We study the influence of membrane noise on the fluctuations of membrane voltage in the Hodgkin—Huxley
neuronal system for the giant axon of squids. We find that the resting potentials of membrane patches in the

absence of any external stimulus, exhibit apparent rhythmic fluctuation behaviors.

The intrinsic fluctuation

frequencies of membrane voltage, due to channel noise, thermal noise, or both, roughly share the same frequency
ranges, despite that the fluctuations arisen from the former noise are overwhelmingly larger in amplitude than that
from the latter. We also show that the rhythmic fluctuations can help enhance the encoding of weak signals within
the rhythmic frequencies ranges and thus contribute positively to the information processing in the nervous system.

PACS numbers: 05.45.—a, 87.10.—e

1. Introduction

Signal processing in the nervous system always oc-
curs in the presence of external perturbations like ran-
dom background synaptic activity and internal fluctua-
tions of membrane noise. Recently, understanding the
neuronal basis of information processing, especially in
a noisy environment has received considerable attention
[1-4]. Stochasticity and fluctuations in the membrane of
nervous system in general are of great interest for at least
three reasons.

First, fluctuations and noise may play a constructive
and essential role in the function of the nervous system
through the phenomena of stochastic resonance [5-7]. It
has been suggested that stochastic ion channel fluctua-
tions are the noise source associated with stochastic res-
onance effects in sensory systems [8-10].

Second, fluctuations and noise will likely place limits
on the accuracy of signal processing carried out by the
nervous system, such as the coincidence detection com-
putations which are believed to be performed in the au-
ditory system [11-14].

Third, uncertainties and noise are inherent in the neu-
ronal system and it seems likely that the encoding of
information in the nervous system has been naturally de-
signed to minimize the effects of fluctuations and noise.
It has been illustrated that ion channel stochasticity may
be critical in determining the reliability and precision of
spike timing [15]. Besides, recent experimental evidence
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[16] suggests that channel noisy current may be a source
of rhythmic behaviors in the neuronal system.

Here, we attempt to provide a straightforward link be-
tween the neuronal rhythms behaviors and the membrane
noise, and try to find the possible functional roles played
by the rhythmic behaviors in information processing in
the nervous system.

Based on the Hodgkin-Huxley (HH) neuron model for
the squid giant axon [17], we investigate the influence of
membrane noise on the dynamic behaviors of membrane
voltage. An effective approach to evaluate or observe
the intrinsic oscillation behaviors is to examine the fluc-
tuation behaviors of membrane voltage. The membrane
noise considered in this study includes ion channel gat-
ing stochasticity (also known as channel noise) [15, 18]
and thermal fluctuations of ionic conductances, also re-
ferred to as the Johnson noise or thermal noise [19]. We
find that the fluctuation amplitude which arises from the
thermal noise is far smaller compared with that from the
channel noise. However, the rhythmic oscillation behav-
iors always occur in the membrane voltage fluctuations
in the presence of these two kinds of membrane noise.
We are also interested in investigating how these fluctu-
ation rhythms can contribute to the neural information
processing of weak signals.

2. Model description

Ion channel gating stochasticity are caused by the ran-
dom opening and closing of channels. In the stochas-
tic version of the HH model the channel gating dynam-
ics is described as a probabilistic Markov process, so in
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contrast to the deterministic model the number of open
channels and hence also the membrane voltage will now
exhibit abrupt fluctuations with time. The probabilities
(per unit time) for a closed channel to open and for an
open channel to close, are just the @ and ( transition rate
functions as those in the deterministic HH model [17].
Several computational algorithms for the simulation of
stochastic ion channels have been developed and imple-
mented [20-23] and Mino et al. [24] have recently com-
pared the accuracy and computational efficiency of the
different methods and have concluded that the one pro-
posed by Chow and White [22] is to be preferred, which
is the method we used in this study. Another source
of membrane noise considered here is thermal noise of
electric conductors resulting from random thermal agi-
tation associated with the electric charges in the con-
ductor. According to the basic Ohm theorem in circuit
theory, thermal fluctuations can be viewed as either a
voltage noise generator in series with the conductance,
or a current noise generator in parallel. For the frequen-
cies of interest to us here the power spectra of the thermal
noise are white, i.e., independent of frequency. The out-
put of the current noise generator has an rms value [25]:
Lims = VAKBTGA f, where Kp is Boltzmann’s constant,
T is the absolute temperature, G is the conductance and
Af is the band width. For comparison in this study all
the simulation results are obtained at the experimental
temperature 6.3 °C. The forward Euler method is applied
to solve the stochastic differential equations.

3. Results

We begin our investigation by showing the time course
of membrane resting potential dynamical behaviors in a
membrane area of 100 ym? in the absence of any external
stimulus, as displayed in Fig. 1. One can see occasional
spikes (spontaneous action potentials) in the output of
HH system with stochastic ion channels (see Fig. 1a),
whereas the membrane voltage fluctuates slightly around
the resting potential (see Fig. 1b) when only the thermal
noise is considered (note the difference in the scales of
the membrane voltage). Our results suggest that the
fluctuations of membrane voltage evoked by ion chan-
nel gating noise is greatly larger in magnitude than that
from thermal noise (see Fig. 1c). Actually, this is true
in a variety of membrane sizes (data not shown here).
To give a straightforward comparison between the two,
we calculate the power spectral density (PSD) of voltage
fluctuation and show in Fig. 1d the PSD in logarithmic
scale. We can see that the stochastic channel fluctuations
are roughly a factor of 103-10* larger than the thermal
fluctuations. Our calculations agree quantitatively with
those of Manwani and Koch'’s theoretical predictions from
a cortical pyramidal cell [19].

We have also analyzed the power spectral density of
voltage fluctuation in normal scale. We find that there
are main peaks in the PSD of voltage fluctuations when
the channel noise (Fig. 2a), thermal noise (Fig. 2b) or
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Fig. 1. Examples of membrane voltage fluctuations in

the absence of any external stimulus when a membrane
patch of 100 um? is concerned. (a) The result in time
domain for the case that only the ion channel gating
stochasticity is considered. (b) The result in time do-
main for the case that only the thermal noise is con-
sidered. (c) The result in time domain for the case
that both the two kinds of membrane noise are con-
sidered. Let us note that the membrane voltages in (b)
is shown in the different scale. (d) Ensemble averaged
power spectral density (PSD) of the membrane voltage
fluctuations in logarithmic scale corresponding to the
cases for channel noise (O), and thermal noise (o, bot-
tom curve) and the both (A).

both of them (Fig. 2c¢) are considered in an excitable
membrane area of 100 ym?. The appearances of peaks in
the PSD may indicate the intrinsic rhythmic oscillations
of membrane voltage, evoked by the biophysical realistic
membrane noise. The results also reveal that the rhyth-
mic frequency induced by channel noise is around 50 Hz
while that by thermal noise is around 70 Hz. This dis-
crepancy in frequency ranges may result from the differ-
ence in the noise magnitude imposed on the HH system,
for the noise intensity /influence from the channel noise is
overwhelmingly larger than that from the thermal noise,
as concluded from the above results. In the limitation
of zero noise intensity, the intrinsic rhythmic frequencies
due to thermal noise may be a more close reflection of
HH system.

Next, we focus the attention on the question how the
size of membrane patches influence the rhythmic fluctu-
ation frequency of the HH system. We compute the peak
frequencies in the PSD as a function of membrane size, as
shown in Fig. 3. We can see that the intrinsic frequencies
induced by the thermal noise are about 60-70 Hz, while
those arisen from the ion channel gating stochasticity are
about 45-55 Hz, in a variety of membrane sizes. Let us
note that the rhythmic fluctuation frequencies from the
channel noise tend to roughly increase with the increase
of membrane patch sizes, but remain much smaller than
those from the thermal noise. Since the noise intensity is
determined by the size of the ion channel clusters in the
HH system with a typical ion channel densities [19, 22],
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Fig. 2. Ensemble averaged power spectral density
(PSD) of the membrane voltage fluctuations in a mem-
brane patch size of 100 um? in the absence of any exter-
nal stimulus. (a) Only the channel noise is considered.
(b) Only the thermal noise is considered. (c) Both kinds
of membrane noise are considered.

the noise intensity decreases monotonously with increas-
ing membrane size. For a large, macroscopic number of
ion channels the noise intensity becomes negligible and
the intrinsic frequencies may be the real reflection of the
system.
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Fig. 3. The dependence of the main peak frequencies

in the PSD of membrane voltage fluctuations on the size
of membrane patches, for the case of channel noise (O),
thermal noise (o) and the both (A).

In the following we seek to gain an understanding
about what functional roles do these intrinsic rhythmic
oscillations may play in the enhancement of neural in-
formation processing or transmission of external signals.
Since the thermal noise in a membrane patch with gen-
eral sizes is extremely marginal, we will ignore the roles
of thermal noise alone in the information processing of
the nervous system. We calculate the output signal-to-
-noise (SNR) of the HH system, under channel noise or
both of the two kinds of membrane noise in conjunc-
tion with a sub-threshold sinusoidal signal (injected cur-

rent) for variable sizes of membrane patches, as shown
in Fig. 4a and b, respectively. One can find, for both
cases, that the SNR firstly increases, reaches the peak
at about 70 Hz, and then decreases with increasing sig-
nal frequencies. This dependence of SNR on the sig-
nal frequency can apply to a variety of membrane areas,
S = 50,100,200 um?. The results suggest that the most
efficient encoding of sub-threshold signal occurs at about
70 Hz, where the HH system shows its intrinsic rhythmic
oscillations. It is important to note that no external noise
is necessary for this effect to occur, also known as intrin-
sic stochastic resonance, or size resonance [8, 9]. Our
results have shown that internal membrane noise can en-
hance a sub-threshold stimulus at its intrinsic frequency
ranges.
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Fig. 4. The signal-noise ratio of output HH neuron as
a function of external signal frequencies in a variety of
membrane patch sizes. The results are shown for the
cases of stochastic channel noise (a) and both the two
kinds of membrane noise (b).

4. Conclusions

In summary, we have studied the intrinsic rhythmic
oscillations in the presence of membrane noise in the HH
system. Our findings show that the fluctuation mag-
nitude arisen from the channel noise is overwhelmingly
larger than that from the thermal noise. This observation
is quantitatively consistent with Manwani and Koch’s an-
alytical results for a cortical pyramidal cell. In addi-
tion, we find that the membrane noise could provoke the
intrinsic rhythmic oscillations in the membrane voltage
fluctuation behaviors. By calculating the SNR of HH
system we reveal that these intrinsic rhythmic behav-
iors, evoked by the membrane realistic noise, can help
to enhance the decoding of weak signal and contribute
positively to the neural information processing via the
mechanism of stochastic resonance.
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