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A Neuro-Synaptic Model of State-Dependent
EEG Wave Generation
in the Subcortico-Cortical System
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Abstract

A neuro-synaptic model of the subcortico-cortical system was presented on the basis of
the interaction among the infra-slow, as well as basic, rhythms of the PSPs(post-synap-
tic potentials) trains which emerge CSDs (current source densities) or cortical surface
polentials in order to analyze the mechanism for the generation of EEG rhythms with
specific state-dependent spectral patterns. The model system was simulated by two trains
of positive and negative cortical surface poteniials within the same period according the
thalamic clock as modulated by the infra-slow rhythms of the midbrain reticular system.
The simulated EEGs showed rhythmic waxing and waning sawtooth-like waves with no
frequency fluctuation, but with some spectral broadband peaks at the basic repetitive
[frequency as well as its harmonics.

Introduction

A number of studies on brain rhythm as a candidate for the command of neural
timing in human behavior have appeared since Lashley (1951) discussed “the problem of
serial order in behavior incorporated in interactional as well as internal synchrony'-2.
The fundamental rate of such synchronous timing for performance and perceptual behav-
ior is said to be 5 to 10Hz in normal situations, but varies in pathological conditions. e.g..
it is 7Hz in stuttering, 5Hz in monotone, etc.>

The cortical activities which generate such behavior are difficult to observe in
normal human subjects, but this is possible in animals implanted with cortical electrodes.
Beuyer et al. have observed cortical rhythms during attentive and quiet wakefulness in a
cat which showed cortical rhythms of 35-40Hz at high vigilance, 14Hz at quiet wakeful-
ness, and 14 - 8Hz when drowsy, but with hemispheric asymmetries in its spatio-tempo-
ral patterns®. These animal cortical rhythms have been reported as having a correlation
with behavioral timing®,

Electromagnetic signals derived from the scalp, e.g., electroencephalograms
(EEGs), magnetoencephalograms (MEGs) etc., can produce some information on brain
rhythms as neural timings if such signals reflect cortical activities®. The EEGs/MEGs
also show a rhythmic pattern, which can be divided into several frequency bands, i.e., the
delta band (1-3Hz), theta band(3-7Hz), alpha band (7-14Hz) and beta band (14-28Hz). In
some EEGs, several infra-slow components lower than the delta band and a fast compo-
nent higher than the beta band - i.e., the gamma band -- can be observed”®.

Changes in internal and external states influence EEGs. During sleep. the delta



component is most prominent. During quiet wakefulness with eyes-closed, however, the
prominent component is the alpha wave. the frequency of which correlates with brain
size®). The prominent components are observed as local peaks with some bandwidth in
the power spectrum.

Event-related changes in rhythmical EEGs during the cognitive mode have been
found by Storm van Leeuven and Kamp'®. The higher alpha components as well as the
beta components increased with lower-theta enhancement, but the lower alpha and higher
theta components were unchanged by presenting a number to be added in mental calcula-
tion to a number in memory.

Pfurtscheller combined data on rhythmic EEG activities and cortical functioning to
investigate the correlation between human behavior and EEGs. He found that the alpha
rhythm decreased about 2 sec after movement offset, and recovered about 2 sec after
movement offset. Such blocking was observed also in the beta band, but with a different
time course. In another study, some rhythmic component even in the alpha band were
found to be movement-resistant'V.

These event-related alpha and beta blocking/enhancement studies indicate that
some rhythmic components appear as solitary waves, but that others are incidental to
such waves'?,

Recent applications of multielectrodes to the cortex have made it possible to
obtain "micro-EEGs" which can present information on cortical activities intermediate
between a single neuron firing and macro-EEGs'?. Micro-EEGs are related to current
source densities (CSDs) which are volume-ensemble activities of microscopic currents in
extracellular space. CSDs are generated by the action potertials of neurons as well as by
synaptic activation, but only the CSDs from excitatory synapses are observed at the corti-
cal surface as monopolar potentials. These surface potentials may be positive or negative
according to the direction and number of pairs of CSD sources and sinks.

Based on these physiological data. various models of brain rhythmicity have been
proposed. such as a periodic oscillation of the local neural network in the thalamus'® or
in the cortex'), a global standing wave in the cortex'®, a thalamic clock in the nonspecif-
ic nucleus or in the specific nucleus'?.

In the present paper. a neuro-synaptic model of the subcortico-cortical system will
be presented on the basis of the interaction of positive and negative cortical surface
potentials generated by CSDs originating from excitatory postsynaptic potentials (EPSPs)
in order to analyze the mechanism of the formation of cortical rhythms with state-de-
pendent spectral patterns'®.

The Model

In this model, the process of rhythmic wave formation is performed as follows.
1) The scalp EEGs are assumed to be near field surface potentials derived from CSDs
analogous to the CSD drivers. i.e.. EPSPs.



2) The periodic oscillation is generated in the thalamic complex, which consists of
specific nuclei. including excitatory NMDA neurons, and nonspecific nuclei. includ-
ing inhibitory GABAergic neurons.

3) Both nuclei. which are connected. project periodic bursts at different layers in the
cortex.

4) A burst in each layer generates EPSPs with an intensity proportional to the density of
the burst.

5) The CSDs from the EPSPs evoke positive or negative cortical surface potentials
according to the level of the layer where the CSDs originate.

6) The thalamic process of rhythmic burst generation is modulated directly or indirectly
through the nucleus basalis by infra-slow rhythms from the cholinergic midbrain
reticular formation.

7) The train of isolated events which emerge from the above process form a "cortical
EEG rhythm".

The EPSP can be modeled by an equivalent circuit composed of a resting mem-
brane potential (E), resistance (1/G) and capacitance (C) as shown in Fig.l. With a
conductance change in the postsynaptic membrane, the EPSP. v(1). is described by

dv/dt + (G+ mg)v/C-mgE/C= 0 (D
after conductance change ceases
dv/dt+ G/C= 0 (2

where mg is a shunt conductance and G/C is the resting membrane time constant. Using
an approximation of the conductance change with a composite curve of cosine and sine
waves with the same frequency but with different amplitudes. the time course unit for
EPSPs, V(t), is simplified as follows,

{1 - cos(/Tc)}/2 0<=t< To)
V() = 3
expl - (t - Tc)/Td] (Tcg= 1)

where Tc is the duration of the conductance change and Td is the discharging time con-
stant.

When the EPSP is generated repetitively, the EPSP is

[1 - cos(t/Tc)}/2 (0<=t< To)
V@) = 4
[exp( - (t - Tc)/Td) - Vo]/(1- Vo) (Te<=t< T)
Vo = exp[ - (T - Tc)/Td] (5)
Vit+ T)= V() (6)
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where T is the period of the repetitive stimuli'?,

The cortical surface potentials are specified by the layer of the generated EPSPs as
in Fig.2. If the surface potential. Vi(t), is generated by the EPSPs in the i-th cortical layer,
the summated surface potential, S(1). is

n

S()= 3 aiVi(t-di) )
i=1

where ai and di are the amplitude and delay of Vi. respectively. and n is the number of
cortical layers.

In the case where the amplitude of Vi(t) is modulated by the wave function Mi(t).
the summated surface potential, S(1). is

n
SM= ¥ ai,B(l+ mi.Mi().Vi( - di) 8)
i=1
B(x) (B(x) >= 0)
B(x) = )
0 (B(x)< 0)

where mi is modulation depth.

The generator of the neural clock. i.e.. the bursts in excitable cells. can be simpli-
fied by a relaxation oscillator™®. One burst cycle is composed of a burst of spikes and a
silent period in which an inactivation upon depolarization occurs due to the transmem-
brane flux of calcium through a voltage-dependent channel activated by the neuronal
membrane depolarizartion. If the burst interval is T, the burst and silent periods are Tb
and Ts,

T=Tb+ Ts (10)

When the time scale of the respective periods of bursts and silence are more than hun-
dreds of milliseconds and tens of milliseconds, the burst cycle is nearly determined by the
silent period, i.e, the time course of the calcium influx. Since the process can also be
modeled by an equivalent circuit of PSP as in Fig.1. the calcium influx produces a nega-
tive or inhibitory PSP, i.e.. an IPSP with the same function as explained above.

The model system. as given in Fig.3. consists of a set of five neuronal assemblies
layered in the subcortico-cortical system. i.c.. a cortex with several layers (CX). a specific
relay nucleus (ST) with NMDA neurons. a GABAergic nonspecific nuclear system (NT).
including the nucleus reticularis thalami and central thalamic complex, the cholinergic
nucleus basalis (NB) and midbrain reticular formation (RF).
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A train of periodic bursts is generated in the reciprocal connection system of the
ST, and the ST acts as a relaxation oscillator. The NT is only a trigger of the oscillator
which acts by controlling the inhibitory GABAergic output on the voltage-dependent
Ca2+ channel in the ST?"). Both the outputs of ST and NT are projected to the fourth and
first layers in the cortex. respectively. The activities of ST and NT are modulated by the
slow cholinergic RF directly or indirectly through NB which also projects its output to
the CX.

Simulation and Results

Figure 4 shows the simulated rhythmic waves obtained with only two surface
potentials from layers IV and I at various relative amplitudes (a4/al = 0 to 2 in (7)) but
with no amplitude modulation by the RT. Two components in the repetitively summated
surface potentials, i.e.. a DC level and a sinusoidal wave of fundamental frequency (fy).
were extracted by spectral analysis. The model could simulate the phase shift of a
rhythmic wave by controlling the V4 amplitude. but shows a reversed-direction phase
shift for a long delayed V1 potential in Fig.4c compared to the short one in Fig.4a.

Figure 5 shows a result of the superimposed surface potentials of two summated
surface potentials, as does Fig.4. but with various delays between the first and second
summated surface potentials (0 to 360). The model system could simulate a near-sinusoid
wave with a second harmonic frequency of 180 as well as the fundamental frequencies of
90 and 270.

Figure 6 shows the set of waveforms and power spectra of the summated surface
potentials from the two layers shown in Fig.4, as well as a sine wave. Only in the case of
positive surface potential. some line spectra at the harmonics were observed in addition to
the line spectrum at the fundamental frequency of repetition, as in the case of the sine
wave. When negative surface potentials were added, the higher harmonics decreased
slightly.

Figure 7 shows the set of waveforms and power spectra of the summated surface
potentials shown in Fig.6. but modulated by the PSP wave of an infra-slow rhythm with
different Tc values in the case of various modulation depths from 0 to 200% but having
the same surface potentials. The modulation in the sine wave by the infra-slow rhythm
broadens the bandwidth of the peak component. The modulated surface potentials of one
positive component showed such broadening at each peak component. but added a low
frequency component at the modulator repetitive frequency. In the case of biphasic
summated surface potentials. this low frequency component ceased. The variation in Tc
values had almost no effect on the spectral characteristics.

Figure 8 shows the set of waveforms and power spectra of the summated surface
potentials with a slow rhythm close to the modulator repetitive frequency. The modula-
tion had a prominent effect on the broadening of the local spectral peaks to the extent
that a series of local peaks became an almost continuous spectrum.



Discussion

A neuro-synaptic model of EEG generation was presented without using sinusoi-
dal waves. but instead using the distorted saw-tooth-like waves with harmonics analogous
to postsynaptic potentials as basic units for rhythmic EEGs, which could be simulated
based on two simple interactions among a restricted number of such basic units, i.e,
linear summation and amplitude modulation.

In the neuro-synaptic model of the cortico-subcortical system, a simple summated
potential of only two surface potentials with the same charging duration, as well as a
simple superimposed potential of two summated potentials with the same component
with and without amplitude modulation by infra-slow rhythms, were adopted to explain
the amplitude and phase shifts in rhythmic scalp EEG waves in the time domain as well
as the state-dependent spectral change. In the case of only one summated potential, the
increase in the relative amplitude of the fourth surface potential also caused a shift in the
DC level, as well as in the amplitude of the fundamental wave. Thus, the model system in
this case could not determine the phase and amplitude of the wave independently.

The model system with two summated surface potentials linearly superimposed
could simulate the generation of a sinusoid- like wave at the second harmonic frequency
with no use of a nonlinear function, as shown in Fig.5. The wave corresponds to a beta
wave when the repetitive frequency of the thalamic bursts is in the alpha band, and to an
alpha wave when the frequency is in the theta band. The system could, with only one
summated potential in certain proper conditions, also generate a near-sinusoidal wave,
but with a bit more distortion than that generated from two summated potentials.

Steriade and Llinas have investigated the electrophysiological properties of gui-
nea-pig thalamic neurons to observe their firing patterns in two frequencies, 6 and 10
Hz??. Also, there exist two or more components in the alpha band®®. Such rhythmic
waves with multiple components in the alpha band can be obtained, as well as slow
respiratory waves and readiness potentials, during the preparatory period for movements.
e.g., utterances. Schoppernhorst et al. found two components with different coherences in
promotion alpha waves with frequencies of 9 and 11 Hz*. However, alpha. as well as
beta, waves have different spatio-temporal patterns on the scalp®®, as described in our
introduction. It is now difficult to determine the respective mode for the generation of
such rhythmic waves in alpha band as well as beta band.

The findings by Steriade et al., however, are restricted to the thalamic and cortical
rhythm at around 10Hz for sleep spindle waves, which is hypothesized to be paced by
even the nonspecific nucleus reticularis thalami’®, Recent discoveries from awake cats by
Buszaki have presented another understanding of the thalamic clock®”. He concludes that
the clock is not due to the pacemaker properties of thalamic cells, but to the an emergent
network properties of the specific relay nucleus-nucleus reticularis. The clock frequency
is regulated by the interplay between the NMDA channel and the calcium channel, which
is the same process as in the Steriade model. but rather in the specific relay nucleus.



Hobson has proposed a reciprocal interaction model of sleep-cycle control using mutually
connected units with respectively positive and negative self-feedbacks®. The model can
generate the "Lofka-Volterra" oscillation. The frequency of the oscillation is known to be
determined by long-lasting hyperpolarization after burst firing. In our present model
based on the findings of Buzsaki. the thalamic networks have similar connections, which
may also generate the Lofka-Volterra oscillation, but with a long-lasting hyperpolariza-
tion which is not produced by the inhibitory synaptic inputs but by an intrinsic increase in
membrane permeability from the voltage-dependent calcium influx caused by the
GABAergic neurotransmitters®.

The global standing theory of Nunetz assumes that physical brain size is the
determinant of the alpha frequency on the basis of physiological correlation data between
the two parameters®?, Further data analyses have indicated that the alpha frequency is
determined by the brain metabolism. which also show a correlation to brain size®". The
process of calcium ions passing through voltage-dependent channels has been found to be
involved in the cellular metabolic cycle??. The rhythmic frequency. therefore, is depend-
ent on the metabolic rate in the present model using the interplay of the NMDA and
calcium channels®®, If the metabolic rate is the determinant of the alpha frequency. the
frequency fluctuates rather slightly during the steady-state condition in individuals. and
the frequency shifts in a wide range according to the development from infant to adult®”.

The infra-slow rhythms from the mid-brain reticular system were used in this
paper as modulators of the basic rhythms. Such infra-slow rhythms are found at several
frequency bands. including around 1Hz3%, the respiratory frequency’®, and around
0.1Hz3". Some of these rhythms are generated in the local circuits of the midbrain as
well as of the basal ganglia. Galcia-Rill and Skinner have found cyclic activities syn-
chronous to locomotion rhythms at about 1Hz in the cholinergic posterior midbrain
which connects to the aminergic locus coeruleus *®. These cholinergic systems with other
neurotransmitters are said to control function-related frequencies. as well as function-
related states in motor activities, e.g.. mastication, eye-movements, etc.3%. The thalamic
clock in our model is governed by the cholinergic system including the ventral basalis.
Even in the case of quiet immobile condition, if the eyes open. commands for eye
movements are sent to the cholinergic system, which inhibits the thalamic clock and
alpha blocking results.

There are other neuro-synaptic circuits showing temporal rhythmic activities
within the brain, e.g., the septo-hippocampal system*® and the striato-motor system*!).
For the further analysis of the rhythmic waves relating to the human behavior*?, the
interaction among these multiple generators with different rhythmic patterns*® must be
incorporated into the model*?,
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Fig.1. Electrical circuit model of the postsynaptic membrane . C: membrane capacitance;
E: resting membrane conductance ; m: number of quanta transmitted by one pulse:
Sw: switch of ion channel: V: postsynaplic potential'®.

I

I

VI

Fig.2. Current source densities (CSDs) and surface potentials evoked by EPSPs in corti-
cal layers. SUP: surface potential; /-: cortical layers; Triangles: neurons; Circles:
excitatory synapses; Arrows: CSDs (modified from'?).
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Fig.3. Block diagram of the subcortico-cortical system,
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Fig.4. Rhythmic response of the system with the PSP charging duration Tc = T/3 (T:
period of thalamic burst train) and discharging time constant Td = 2Tc. V4/V1:
ratio of positive surface potentials (by layer I) and negative surface potential (by
layer 1V) amplitudes; ALPHA:DC level (broken line) and rhythmic fundamental
wave (solid line) extracted from the summated surface potentials (data for two
periods); DC: DC component in summated surface potentials; AA: Amplitude of
fundamental rhythmic wave; AP: phase of the wave ((a):d4-d1 = T/6; (b):d4 - dl =

T/3; (c): d4 -dl =T/2).
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Fig.5. Rhythmic response of the system with two summated surtace potennals as'in rig.«.
BSUP: biphasic summated surface potential; SSUP: superimposed potential of two
BSUPs with event delay (LAG) of 0 to 360_; ALPHA: DC level of (broken line)
and rhythmic fundamental wave (solid line) extracted from SSUP; BETA: DC level
( broken line) and rhythmic second harmonic wave (solid line) extracted from
SSUP; AMP: amplitudes of fundamental wave (solid line) and second harmonic
wave (broken line); PHAS: phases of fundamental wave(solid line) and second
harmonic wave (broken line) ((a): a4/al = 1/2 and d4 - d1 = T/6 ; (b): ad/al = 1/2
and d4 -d1 =T/3; (c): ad/fal = 1/2 and d4 - d1 = T/2; (d); ad/al = 1/l and d4 - d] =
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Fig.6. A set of waveforms and power spectra of the summated surface potentials of two
layers as shown in Fig.4 as well as a sine wave. (a): a sinwave (0% modulation);
(b): a positive surface potential (0%); (c): a biphasic surface potential (0%).
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(a)
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Fig.7. A set of waveforms and power spectra of the summated surface potentials as
shown in Fig.6, modulated by a PSP wave of an infra-slow rhythm with different Tc
values in the case of various modulation depths from 0 to 200% but the same
among surface potentials. (a): a sinewave (100% modulation); (b): a positive sur-
face potential (100%); (c): a biphasic surface potential (100%); (d): the same as (c)
but the duty ratio of the modulator:0%:; (e): the same as (d) but the ratio: 67%; (f):
the same as (c) but in 50% modulation; (g): the same as (f) but 200% modulation.
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Fig.8. A set of waveforms and power spectra of the summated surface potentials with
slow rhythm close to the modulator repetitive frequency.
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