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Abstract— Dynamics of a spiking neural network
composed of Hodgkin-Huxley type neuron model driven
by noise are studied by the computer simulations. It is
shown that the neuronal dynamics change dramatically
dependent on the intensity of global inhibitory input; the
single neuronal activities in the slow frequency range
(0.01-1Hz) change from a white noise-like power spectral
density profile to an 1/f noise-like one as the global
inhibition decreased. When the neurons show 1/f noise-
like dynamics, the network exhibites intermittent state
transitions among metastable states, which emerge under
the random perturbations.

1. Introduction

Single neuronal activities in the central nervous system
are known to vary dramatically during wake-sleep cycle
[1]. In particular, power spectral density (PSD) of a single
neuronal activity in the low frequency range (0.01-1Hz) is
1/f noise-like PSD profile during rapid eye movement
(REM) sleep. In contrast, the PSD becomes white noise-
like one during slow wave sleep.

The slow dynamics-change has successfully been
simulated with a Hopfield-type artificial neural network
model with a global inhibition, consisting of formal (non-
spiking) neurons driven by white noise [2, 3].

In this study, dynamics of the neural network model of
which the model neuron is substituted by a Hodgkin-
Huxley-type spiking neuron is investigated by the
computer simulations. Single neuronal dynamics as well
as the population dynamics are analsyed. It is shown that
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Fig.1: Structure of the noise-driven spiking neural
network model with a global inhibition. Circles
indicate neurons, each of which receives global
(common) inhibition and independent noise input.

the spiking neural network is also capable of reproducing
slow dynamics change dependent on the global inhibition.
The results will be discussed from the viewpoint of
possible role of noise in the brain.

2. Spiking Neural Network Model

The neural network model is constructed by the

Hodgkin-Huxley's model of squid giant axon [4]
described as follows:
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where C,, is the membrane capacitance (Cy, =1), V is the
membrane potential of a neuron, i is index number of
neuron, N is number of neurons constructing the network
(N=100). m, n, and & are the ion channel gate variables
introduced by Hodgkin and Huxley [4]. I(f) is an input
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Fig.2: Time course of a model neuron in the network.
The neuron fires at approximately 40Hz. Horizontal
dotted line indicates the threshold level for neuronal
spike detection (-20mV).
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Fig.3: Global inhibition intensity-dependencies of neuronal activities. Raster plots of neuronal spike trains
are displayed together with graphs of power spectral density of the spike train. Left panels; dynamics of
neuron #71, middle; #78, and right; #85. When the global inhibition is low (e.g. gy =0.1), neurons show 1/f
noise-like slow fluctuation in the low frequency range (0.05-1Hz). In contrast, neurons show white noise-
like dynamics in the frequency range under the strong inhibition (gg=1).

current for i-th neuron, which is composed of a random Wwhere ¥ is a Gaussian noise (mean=0, variance=1), 77 is

noise current, a global inhibory current, and synaptic the noise intensity, g, is the conductance of the global
currents described as follows: e . . . .
inhibition, t;k) is the k-th spike time of j-th neuron, and

S. . is the synaptic current defined as follows:
L(t)=nW, + g, (12— V)+Zz Vot —1%) (5) i yhap
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Fig.4: Raster plots of all neurons' activities during 1/f
noise-like dynamics (77=10, gg=0.1). Vertical axis:
neuron number, horizontal axis: time.
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where w;; is the synaptic weight from j-th neuron to i-th
neuron. A positive weight (w; ~0) represents an excitatory
synapse, and negative one an inhibitory synapse.
« determins the waveform of the synaptic conductance
which is defined as follows:

{exp[—;]—exp(—;ﬂ if t>0 (7)

othewise,

71T
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where 7, and 7, are the activation and inactivation time

constants of the synaptic conductance, respectively. Model
parameters for the excitatory synapse are set to mimic the
AMPA-type synapse; a subtype of glutamatergic synapse
mediating fast excitatory synaptic transmission. The
parameters for inhibitory one are set to mimic the
GABAA-type synapse; a subtype of GABAergic synapse
mediating fast inhibitory synaptic transmission.

Synaptic weights w;; were given to control the
fundamental structure of the network attractor following
the case of an auto-associative memory:
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where P,,; indicates j-th neuron's state (0 or 1) of m-th
memorized pattern, and M is the number of memorized
patterns (M=30). The memorized patterns were given as
random binary bits.

The differential equations were numerically solved by
the backward-Euler method with the fixed time step of
0.01ms. Neuronal spikes were detected every when the
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Fig.5: Clustering of the network states. The network
state sampled at every 250ms is plotted on the 1st and

the 2nd principle components plane.

membrane potential exceeds a threshold voltage level. The
PSD profiles of neuronal spike train were estimated by the
Blackman-Turkey method. The state of network was
evaluated every 250ms epoch by the number of spikes in
the epoch.

3. Simulation Results
3.1. Dynamics-Transition of Single Neuronal Activities

Figure 2 shows an example of time course of a neuron
in the neural network model. The regular spikes and post-
synaptic potentials were generated at approximately 40Hz.

Under noise-free condition, i.e. 7 =0, neurons become

silent after transient activities (not shown here).

In contrast, neurons hold firing activities under the
exposure of noise. Figure 3 shows the global inhibition
intensity-dependency of the neuronal activities. Firing
activities of three representative neurons in the case of
noise intensity 77 =10 are shown. Slow dynamics (0.05-

1Hz) seem to be 1/f noise when the global inhibition is
weak (gg=0.1). This PSD profile is similar to the brain
neurons during REM sleep state. As the global inhibition
increase, the neuronal dynamics become white noise-like
profile, similar to the brain neurons during slow wave
sleep state. In short, the slow neuronal dynamics change
from the 1/f noise-like spectrum to the white noise-like
one as the global inhibition increased. When the neurons
show 1/f noise-like dynamics, the neuronal activity
intermittently changes between active and silent states.
Neurons in the active-state generate spikes in a
synchronous manner (not shown here).

3.2. Network Dynamics
In order to understand the mechanism of 1/f fluctuation
in the single neuronal activities, we analyzed the firing

pattern of all neurons in the network (Fig.4). It is shown
that clear stripe patterns switch intermittently, each of
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Fig.6: State transitions among metastable states of the
network. Vertical axis indicates the direction cosine
between the network state vector and the centroid
vector of the cluster.

which corresponds a stable state of the spiking neural
network, i.e., the metastable dynamics emerge under the
exposure of noise. To visualize the metastable dynamics
more clearly, principle component analysis on network
dynamics was performed. Here we introduce a network
state vector for representing pattern of neural firing
activity, of which each component is the mean firing rate
of a neurons evaluated every 250ms epoch. Figure 5 is a
plot of network state vectors on the first and the second
principle components plane. Successive network state
vectors a connected by a dotted line. One can see clear
clusters of network state vectors, each of which
corresponds to a stripe pattern in Fig.4, and state
transitions among the clusters.

Figure 6 shows time course of direction cosine of the
network state vector and the barycentric vector of each
cluster; the direction cosine represents the similarity of the
vectors. In general, if direction cosine of vector x and y

takes 1, x and y are identical, on the other hand, if it takes
zero, they are orthogonal. As shown in the graph, the
direction cosine intermittently changes in a stepwise
manner. This suggests that the network state transits
intermittently among those metastable states.

4. Discussion

The present study demonstrated that single neurons in
the spiking neural network model exhibit 1/f noise-like
dynamics in the low frequency range (0.05-0.1 Hz) when
the global inhibition and noise are adequate intensities. In
the case, the level of single neuronal activity
intermittently switchs between the active state and the
silent state. During the active state, neurons exhibite
synchronized 40Hz oscillation. As the intensity of global
inhibition increase, single neuronal slow dynamics change
from an 1/f noise-like PSD profile to a white noise-like
one, which is consistent with the previous simulation
results on the formal neuron network models.

The spatial firing patterns of neurons change
intermittently among several metastable states in the case
of global inhibition is weak, which emerge under the
exposure of noise. In contrast, only the state where all the
neurons are silent appeares under noise-free condition.
Therefore, the noise plays important role in emergence of
multiple metastable states in the brain.
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