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Chapter 1  Introduction

The brain of animals of higher order is a remarkable organ which exhibits brain functions such as memory,
cognition, attention, consciousness and so on. Clarification of brain functions is one of important subjects
for scientific research in the 21st century. Investigation of the brain functions of animals of higher orders
including the human by using neural networks is considered to be very important in order to understand the
brain itself; physical models of the brain functions by means of neural network models are useful in order to
clarify properties of a part of the brain by numerical simulations or analytical methods. By using biologically
plausible neural network models, it may be possible to understand results obtained by physiological and
behavioral studies. Then we may give some suggestions to experimental studies from those theoretical
approaches.

The memory is one of basic functions in the brain since the memory function is deeply associated with other
brain functions such as cognition, attention, consciousness and so on. Hence modeling of the memory function
and its investigation are important in order to understand the brain functions. In the present thesis, we construct
neural network models for the memory function in the hippocampus and that for working memory.

Brain waves are considered to be deeply associated with the brain functions by experimental studies using
electroencephalography or other methods. In order to understand the brain functions, it would be essential
to clarify the mechanism of the emergence of the brain waves. In the present thesis, we construct neural network
models for oscillatory phenomena in the hippocampus, which are associated with the memory function, and also
those for oscillatory phenomena in thalamus, which are concerned with controf of information transmission in
the brain.

Since the information processing in the brain is performed dynamically in order to deal with the external
inputs from the changing environment, it is important to investigate dynamical aspects of the information
processing in the brain. Therefore, we construct dynamical neural network models for the brain functions and
also those for the oscillatory phenomena in the brain.

Thus, in the present thesis, we propose dynamical neural network models for memory function and those for
oscillatory phenomena and investigate dynamical properties of the models and emergence of the brain waves.



The present thesis consists of six chapters. In Chapter 2, we propose and investigate neural network models for
memory functions in the hippocampus. In Chapter 3, we propose and investigate neural network models for
oscillatory phenomena in the hippocampal CA region. In Chapter 4, we construct a minimal model for working
memory by using one-compartmental Hodgkin-Huxley neurons. In Chapter 5, we propose and investigate neural
network models for oscillatory phenomena in the thalamic system. We give conclusion of the thesis in Chapter 6.

Chapter 2 Neural Network Models for Memory Function in Hippocampus

2.1 Noise Effect on Memory Recall in Neural Network Model of Hippocampus

We proposed a three-layered neural network model for memory function in the hippocampus with deterministic
noise and that with stochastic noise. We investigated noise effect on the memory recall and dependence of the
memory recall on the strength of external input by numerical simulations. We showed degree of recall as a function
of the inverse of noise level, B, for the hippocampal model with deterministic noise in Fig. 1. We found that
reasonable values of noise improve the memory recall in the both models. Thus it turned out that the noise effect is
important for the memory function in the hippocampus. We also found that the strength of external input is an
important factor for the memory recall.

2.2 Neural Network Model with Excitatory Neurons and Inhibitory Neurons

We proposed a three-layered neural network model of the hippocampus with excitatory neurons and inhibitory
neurons. We allocated an inhibitory neuron in each layer and assumed that each excitatory neuron and the inhibitory
neuron have mutual connections within a layer. By numerical simulations, we investigated a role of the inhibitory
neurons on the memory recall. We showed dependence of degree of memory recall on thresholds in the model
without inhibitory neurons in Fig. 2 (a) and that with inhibitory neurons in Fig. 2 (b). Degrees of recall are shown
by gray levels and the case of bursting is indicated by meshed area. Brighter area indicates the case of better
memory recall. From these figures, we found that stability of memory recall is enhanced by the introduction of
inhibitory neurons. Thus, it turned out that the inhibitory neurons are important for the memory function in the
hippocampus.

Chapter 3  Neural Network Models for Oscillatory Phenomena in Hippocampal CA Region

3.1 Neural Network Model for Oscillatory Phenomena in Hippocampal CA3 Region

We proposed a neural network model for oscillatory phenomena in hippocampal CA3 region with excitatory
neurons and inhibitory neurons. We assumed that each neuron obeys a Hodgkin-Huxley equation and the model
consists of a layer of the excitatory neurons and that of the inhibitory neurons. We investigated properties of
oscillatory phenomena and dependence of oscillatory phenomena on synaptic strength by numerical simulations.
The obtained results show that the theta oscillation and the gamma oscillation emerge in both layer. We showed
dependence of dominant frequency of spike correlation in the layer of excitatory neurons on the synaptic strength
between excitatory neurons in Fig. 3. From this result, we found that excitatory neurons are important for emergence
of oscillatory phenomena in the hippocampal CA3 region. We also found that inhibitory neurons are important for
oscillatory phenomena in the hippocampal CA3 region. From these results, it turned out that both excitatory neurons
and inhibitory neurons are important for oscillatory phenomena in the hippocampal CA3 region.
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3.2 Neural Network Model for Oscillatory Phenomena in Hippocampal CA1-CA3 Region

We proposed a three-layered neural network model for oscillatory phenomena in hippocampal CA1-CA3 region
consisting of a layer of CA1 pyramidal cells, that of CA3 pyramidal cells and that of interneurons. Each neuron is
assumed to obey a Hodgkin-Huxley equation. By numerical simulations, we showed that the delta and the theta
oscillation emerge under the given gamma oscillation in the proposed model. Furthermore, we found that the delta,
the theta and the gamma oscillation emerge in the whole neural network as shown in Fig. 4. From the dependence
of the oscillatory phenomena on the synaptic strength, we found that the delta and the theta oscillation emerge on
the layer of the CA1 pyramidal cells for small values of synaptic strength, which is from the layer of the CA3
pyramidal cells to that of the CA1 pyramidal cells, whereas only the gamma oscillation exists on the layer of the
CA1 pyramidal celis for large values of the synaptic strength, which is from the layer of the CA3 pyramidal cells
to that of the CA1 pyramidal cells. On the other hand, we found that the delta and the theta oscillation emerge on
the layer of the CA1 pyramidal cells for large values of synaptic strength, which is from the layer of the CA1
pyramidal cells to that of the interneurons. These results suggest that the effect of neuromodulation is important
for the emergence of oscillatory phenomena in the hippocampal CA region.

Chapter 4 Neural Network Model for Working Memory with Hodgkin-Huxley Neurons

We proposed a minimal model for working memory by using one-compartmental Hodgkin-Huxley neurons.
We assumed that there exist excitatory neurons and inhibitory neurons. The excitatory neurons are distinguished as
several groups of selective neurons and one group of non-selective neurons. The selective neurons are assumed to
form subpopulations in which each selective neuron belongs to only one of subpopulations. The non-selective
neurons are assumed not to form any subpopulation. Synaptic strengths between neurons within a subpopulation
are assumed to be potentiated. By numerical simulations, we found that persistent firing of the selective neurons,
which corresponds to the retention of memory as the function of the working memory, occurs in the proposed
model as shown in Fig. 5. We found a kind of phase transition for the degree of retention of firing of the selective
neurons as a function of the degree of potentiation of synapses between selective neurons as shown in Fig. 6.
Furthermore, we found that the strength of external input and the strength of NMDA synapse are important factors
for dynamical behaviors of the network; for example, if we enhance the strength of the external input to a
subpopulation while the persistent firing is occurring in other subpopulation, the persistent firing occurs in the
subpopulation or is sustained against the external input. These results reveal that the neural network as for the
function of the working memory is controlled by the neuromodulation and the external stimuli within the proposed

model.
Chapter 5 Neural Network Models for Oscillatory Phenomena in Thalamic System

5.1 Oscillatory Phenomena in Neural Network Model with Thalamic Reticular Neurons and
Cholinergic Neurons
We proposed a two-layered neural network model for oscillatory phenomena in thalamic system consisting of a
layer of thalamic reticular neurons and that of cholinergic neurons. The thalamic reticular neurons are assumed to be
described as Hodgkin-Huxley neurons with calcium current. We introduced a dynamics of concentration of
acetylcholine, which depends on state of the cholinergic neurons and assumed that conductance of the thalamic
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reticular neurons is dynamically regulated by neuromodulation due to the acetylcholine. We investigated an effect
of neuromodulation due to the acetylcholine on the oscillatory phenomena in the layer of the thalamic reticular
neurons. We showed states of neurons and time evolution of the concentration of the acetylcholine in Figs. 7 and 8,
respectively. In Figs. 7 and 8, we found that a dynamical transition between a bursting state and a resting state
occurs in the layer of the thalamic reticular neurons by the effect of the acetylcholine. From these results, it turned
out that the effect of the neuromodulation due to the acetylcholine is important for the oscillatory phenomena in the
thalamic system.

5.2 Oscillatory Phenomena in Neural Network Model with Thalamocortical Neurons, Thalamic
Reticular Neurons and Cholinergic Neurons

We proposed a three-layered neural network model for oscillatory phenomena in the thalamic system consisting
of a layer of thalamocortical neurons, that of thalamic reticular neurons and that of cholinergic neurons. We
assumed that the thalamocortical neurons and the thalamic reticular neurons are described as Hodgkin-Huxley
neurons with calcium current and cation current and those with calcium current, respectively. We introduced a
dynamics of concentration of the acetylcholine, which depends on the state of the cholinergic neurons and assumed
that conductance of the thalamocortical neurons and the thalamic reticular neurons are dynamically regulated
according to the concentration of the acetylcholine. By numerical simulations, we investigated an effect of
neuromodulation on the oscillatory phenomena in the layer of the thalamocortical neurons and that of the thalamic
reticular neurons. We showed a state of neurons in Fig. 9. We found that a dynamical transition between a bursting
or spiking state with subthreshold oscillation (Fig. 10) and a resting state occurs in the layer of the thalamocortical
neurons, We also found that a dynamical transition between a bursting state (Fig. 11) and a resting state occurs.
From these results, it turned out that the neuromodulation is important for the dynamical transition in the oscillatory
phenomena in the thalamic system.

Chapter 6 Conclusion

We proposed dynamical neural network models for memory function in the brain and those for oscillatory
phenomena in the brain. By numerical simulations we found that the memory recall is improved by the effect of
noise and inhibitory neurons. Furthermore, it turned out that both excitatory neurons and inhibitory neurons are
important for the memory function and oscillatory phenomena. We also found that an effect of neuromodulation is
important for emergence of oscillatory phenomena in the brain.
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