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A NEURO-SYNAPTIC MODEL OF EEG RHYTHM FORMATION
IN THE THALAMO-CORTICAL SYSTEM

Kenji Itoh

Summary

A neuro-synaptic model of the thalamo-cortical system was
presented on the basis of the interaction of the positive and neg-
ative cortical surface potentials generated by current source den-
sities originating from excitatory postsynaptic potentials in or-
der to analyze the mechanism of cortical rhythm formation, espe-
cially alpha waves with specific spatio-temporal pattern. In the
case of one superimposed potential of two surface potentials, the
increase in the relative amplitude of the negative potential also
caused a shift in the DC level as well as in the amplitude of the
fundamental wave. The model system with two superimposed surface
potentials could simulate the generation of a sinusoid-like wave
at the second harmonic frequency with no use of a nonlinear func-
tion.

1. Introduction

A number of studies on brain rhythm as a candidate for the
command of neural timing in human behavior have appeared since
Lashlay (1951) proposed "The problem of serial order in behav-
ior." 12 Byers (1979), for example, analyzed the movements of
three Eskimos in cooperative operation on a seal as well as the
conversation between two Bushmen to conclude that normal human be-
havior is incooperated in interactional as well as internal syn-
chrony 27, The fundamental rate of such synchronous timing for
performance and perceptual grammar is said to be 5 to 10 Hz ir
normal situations, but to vary or rather to be fixed at a differ-
ent on pathological conditions, e.g., 7 Hz in stuttering, 5 Hz in
monotone, etc. (Shaffer, 1982) 3,

The cortical activities, which generate such human behavior,
are difficult to observe in normal subjects, but this is possible
in animals implanted with cortical electrodes. Beuyer, et al.
(1983) observed the cortical rhythms during attentive and quiet
wakefulness in a cat which showed cortical rhythms of 35-40 Hz at
high vigilance, 14 Hz in gquiet wakefulness, 14 and 8 Hz when
drowsy, but with hemispheric asymmetries in spatio-temporal pat-
terns %), These animal cortical rhythms have been reported as hav-
ing correlation with behavioral timing (Semba and Komisaruk,
1984) 51, :

Electromagnetic signals derived from the scalp, e.g., elec-
troencephalogram (EEG), magnetoencephalogram (MEG), etc., can pro-
duce some information on brain rhythms as neural timings, if suck
signals reflect cortical activities (Wood, et al., 1985)¢). The
EEG/MEG also show a rhythmic pattern, which are devided into sev-
eral frequency bands, i.e., delta band (1-3 Hz), theta band (3-7
Hz), alpha band (7-14 Hz), and beta band (14-28 Hz). In some
EEGs, a slow (DC shift) component lower than delta band and a fast

—209—



component higher than beta component can be observed.

Such changes in the internal and external state influence the
EEG, the transitive variances of which are named event-related po-
tentials (ERPs), e.g., BP (Bereitschaftspotential) of readiness
for voluntary movements, EP (evoked potential) for stimulation of
sensory inputs (Deecke, et al., 1983)77, Pfurtscheller (1981)
combined data on rhythmic EEG activities and cortical functioning
to investigate the correlation between human behavior and EEGs 8!,
He found that the alpha rhythm decreased about 4 sec prior to
movement onset and recovered about 2 sec after movement offset.
Such blocking was observed also in the beta band, but with a dif-
ferent time course. In anothor study, some rhythmic components
even in the alpha band were found to be movement-resistant (Papa-
kostroupos, 1980) %',

Event-related changes in rhythmical EEGs during the cognitive
mode were found by Storm van Leeuven and Kamp (1980)3!°’, The high-
er alpha components as well as beta components increased with low-
er-theta enhancement, but the lower alpha and higher theta compo-
nents were unchanged by presenting a number to be added in mental
calculation to a number in memory. These event-related alpha and
beta blocking/enhancement studies indicate the independence of the
alpha and beta components.

Recent applications of multielectrodes to the cortex have
made it possible to obtain "micro-EEGs" which can present informa--
tion on cortical activities intermediate between sigle neuron fir-
ing and macro-EEGs (Petsche, et al., 1984)1!), The micro-EEGs are
related to current sourced densities (CSDs) which are volume-en-
semble activities of microscopic currents in extracellular space.
The CSDs are generated by action potentials of neurons as well as
by synaptic activations, but the CSDs only from excitatory syn-
apses are observed at the cortical surface as monopolar poten-
tials. The surface potentials (SUPs) may be positive or negative
according to the direction and number of pairs of CSD sources and
sinks.

On these physiological data, vatious types of models of brain
rhythmicity have been proposed such as periodic oscillation (Van
Rotterdam and Lopes da Silva, 1982) '), waveform generation (Free-
man, 1980)1!3), wave propagation in a volume (Nunetz, 1981) 14 etc..
In this paper, a neuro-synaptic model of the thalamo-cortical sys-
tem will be presented on the basis of the interaction of the posi-
tive and negative SUPs generated by CSDs originating from excit-
atory postsynaptic potentials (EPSPs) in order to analyze the
mechanism of cortical rhythm formation, especially alpha waves
with specific spatio-temporal pattern,

2. The model

In this model, the process of rhythmic wave formation is per-
formed as follows.
1) The SUPs derived from CSDs are assumed to be analogous to the
CsSD drivers, i.e., EPSPs.
2) The periodic oscillation is generated in the thalamic complex
which consists of three mutually connected nuclei,
3) Two of the three nuclei project the periodic neural bursts at
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Fig.1. Electrical circuit model of the postsynaptic
membrane. C: membrane capacitance; E: resting membrane
potential; g: unit shunt conductance; G: resting mem-
brane conductance; m: number of quanta transmitted by

one pulse; Sw: switch of ion channel; V: postsynaptic
potential (from Ref.16).
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Fig.2. Current source densities (CSDs) and surface po-
tentials (SUPs) evoked by EPSPs in cortical layers. SUP:
surface potential; I-IV: cortical layers; Triangles:
neurons; Circles: excitatory synapses; Arrows: CSDs
(modified from Ref.15).

—-211—



different layers in the cortex.

4) A burst in any layer generates EPSPs with intensity propor-
tional to the density of the burst.

5) The CSDs from the EPSPs evoke positive or negative SUPs,

6) Some neurons activated by the EPSPs generate secondary EPSPs
with a proper delay in the same or other layers.

7) The train of isolated events which emerge from the above pro-
cess forms a '"rhythmic EEG phenomena" (Mitzdorf, 1985)!%?,

The EPSP can be modelled by an egquivalent circuit composed
of resting membrane potential (E), resistance (1/G), and capaci-
tance (C) as shown in Fig.1. With a conductance change in post-
synaptic membrane, the EPSP, v(t) is described by

dv/dt+(G+mg)v/C-mgE/C=0 (1)
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 fre-
guency but with different amplitudes, the time course unit for
EPSPs, V(t) is simplified as follows,
- <
V(t):[(1 cos(2Tt/2Tc)) /2 (05t<Tc) (3)
exp(-(t-Tc)/T) (Tcst)
where Tc is the duration of the conductance change and T is the
discharging time constant.
When the EPSP is generated repetitively, the EPSP is

- m St<T
V(t):{(1 cos(2Tt/2Tc)) /2 (0 c) (4)
Yexp(-(t-Tc)/T)-Vo)/(1-Vo) (Tcst<T)
Vo=exp(-(T-Tc)/T) (5)
V(t+T)=V(t) (6)

where T is the period of the repetitive stimuli (Itoh, 1984) .

The SUPs are specified by the layer of the generated EPSPs
as in Fig.2. 1If the SUP generated by the EPSPs in the ith layer
is vVi(t), the superimposed SUP, S(t) is

S(t)=fai,Vi(t-6i) (7)

where aj and 6i are the amplitude and delay of Vi.
In the case where the secondary EPSPs are activated, the sum-
mated SUP of the first and second superimposed SUPs, U(t) is

U(t)=Jmj,S3 (t-dj) (8)

where mj and dj are the amplitude and event delay of the jth su-
perimposed SUP.

The model system, as given in Fig.3, consists of a set of six
neuronal assemblies layered in cortex and a group of thalamic nu-
clei, i.e., specific relay nucleus (ST), reticularis thalami nu-
cleus (RT), and central thalamic complex (CT). The reciprocal
connection between the ST and RT generates a train of periodic
bursts, which are projected to the fourth and first layers in the
cortex through the ST and RT, respectively. The corticothalamic
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Fig.3. Block diagram of the thalamocortical system. CT:
central thalamic complex; RT: reticularis thalami nucle-
ous; ST: specific relay nucleus; I-VI: cortical layers.
Solid lines: connections necessary for thalamic oscilla-
tion; Broken lines: pathways not involved in thalamic
oscillation (modified from Ref.17).
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efferent and sensory afferent on the thalamus (broken lines) are
excluded because of no contribution to thalamic oscillation (Stri-
ade and Deschenes, 1984)17,

3. Simulation

Figure 4 shows a result of the simulated rhythmic waves in
the case of only two SUPs from layer I and IV with various rela-
tive amplitudes (ag/a1=0 to 2). Two components in the repetitive
superimposed SUP, i.e., a DC level and sinusoidal wave of funda-
mental frequency (ALPHA) were extracted by spectral analysis. The
model system could simulate the phase shift of a rhythmic wave by
controlling the V4 amplitude, but showed a reversed direction of
phase shift for a long delayed V4 potential in Fig.4c compared to
short one in Fig.4a.

Figure 5 shows a result of the summated SUP of two superim-
posed SUPs as in Fig.4 but with various delays between the first
and second superimposed SUPs (d;-dq =0 to 360°). The model system
could simulate a sinusocid-like wave of second harmonic frequency
(d2;d1=180°) as well as of fundamental frequency (d3-d1=90° and
270°%).

4. Discussion

In the neuro-synaptic model of the thalamo-cortical systenm,
a simple superimposed surface potential of only two surface poten-
tials with the same charging duration as well as a simple summated
potential of two superimposed potentials with the same components
were adopted to explain the amplitude and phase shifts in EEG
rhythmic waves on scalp. In the case of only one superimposed po-
tential, the increase in the relative amplitude of the fourth sur-
face 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.

As described in the introduction, there exist two or more
components in the alpha band. Such rhythmic waves with multiple
components in the alpha band (Itoch, 1982)18! as well as in the slow
band (Grozinger et al., 1980)!® can be obtained also during the
preparatory period for utterances. Schoppernhorst et al. (1980)
found two components with different coherence in promotion alpha
waves with frequencies of 9 and 11 Hz, respectively?2¢),

The model system with two superimposed SUPs could simulate
the generation of a’sinusoid-like wave at the second harmonic fre-
guency with no use of a nonlinear function. The wave corresponds
to a beta wave when the repetitive frequency of the thalamic
bursts is in the alpha band and also to an alpha wave when the
frequency is in the theta band. Jansen and Llinas (1984) investi-
gated the electrophysiological properties of guinea-pig thalamic
neurons to observe the firing patterns in two modes with frequen-
cies of 5 and 10 Hz, respectively?!). However, the alpha as well
as beta waves have different spatio-temporal patterns on the scalp
(Pfurtscheller and Aranibar, 1978)22), It is now difficult to ex-
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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 1=2Tc. V4/Vq: ratio
of positive SUP (by layer 1IV) and negative SUP (by layer
I) amplitudes; BSUP: superimposed biphasic potential of
the positive and negative SUPs; ALPHA: DC level (broken
line) and rhythmic fundamental wave (solid 1line) ex-
tracted from the superimposed SUP (data for two peri-
ods); DC: DC component in superimposed SUP; AA: ampli-
tude of fundamental rhythmic wave; AP: phase of the wave
((a): 54-51=T/67 {b): 64-51=T/3; (c): 54-61=T/2 ). (See
(7))
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Fig.5. Rhythmic response of the system with two superim-
posed SUPs as in Fig.4

BSUP: biphasic superimposed SUP;
SSUP: summated SUP of two BSUPs with event delay (LAG)
of 0 to 360°; ALPHA: DC level (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 and second harmonic wave

AMP PHAS

(solid line)
(broken line); PHAS:

phases of fundamental wave (solid
line) and secondharmonic wave (broken line) ((a): ag/at=
1/2 and §4-6,=T/6; (b): /aq=1/2 and 64-6;=T/3;
a4/a1-1/2 and 84-6

(c):

=T/2; (é) a /a1—1/1 and 8§4-61=T/3;
(e): a4/a1_2/1 and &

-61_T/3 but ml/mz 1.0/0. 5).
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Fig.5b. a4/aq=1/2 and §4-8,=T/3.
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Fig.5e. ag/a1=1/2 and §4-81=T/3 but m4y/mp=1.0/0.5.
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plain the generation of both waves by use of only one thalamic
burst train.

Hobson (1981) proposed a reciprocal interaction model of
sleep-cycle control using mutually connected units with respective
positive and negative self-feedbacks?23) The model could generate
"Lofka-Volterra" oscillation. The frequency of oscillation is
known to be determined by long-lasting hyperporalization after
burst firing. In the present model, the thalamic have similar
connections, which can also generate Lofka-Volterra oscillation
but with a long-lasting hyperpolarization which is not produced
by inhibitory inputs but by an intrinsic increase in membrane per-
meability of K* controlled by certain neurotransmitters (Roy et
al., 1984)2«,

There are other neuro-synaptic circuits showing temporal
rhythmic activities within the brain, e.g., the septo-hippocampal
system (Leung, 1981)25), the striato-motor system (Rolls et al.,
1980)28), For the further analysis of the rhythmic waves relating
to the human behavior, the interaction among these multiple gener-
ators with different rhythmic patterns must be applied to the
model.
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