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Comprehensive anatomical and physiological
experiments of the last ten to fifteen years aimed at get-
ting insight into the nervous system have made it possi-
ble to identify certain basic neuronal structures (the
basic neural circuits) that serve as building blocks for
more complex (large and small) nervous systems. Such
basic neural circuits commonly occur in vertebrates
and invertebrates alike [1, 2]. The elements of these
structures can be either isolated neuronal generators or
large neuron ensembles that generate, for example,
short-impulse bursts (impulse spikes). The architecture
of basic neuronal structures is governed by the types of
interconnections between the elements. As a rule, these
are synaptic (exciting or inhibiting) interconnections.
Electrical interconnectiong between neurons are also
typical of many neuronal structures and are determined
by diffusion within a small gap between the presynaptic
and postsynaptic membranes [3, 4]. Judging from all
the evidence, it is difficult to recognize any first princi-
ples in the construction of neuronal structures. Never-
theless, analysis of various basic networks makes it
possible to isolate certain universal techniques
employed by nature in constructing these networks.
One such technique, it seems to us, would be a simulta-
neous implementation of antagonistic interconnections
that, in a sense, compensate each other. The antagonism
of the interconnections can manifest itself in a rich vari-
ety of ways. However, if we are concemed with neu-
ronal oscillators, we can state that a synaptic exciting
interconnection tends to synchronize the activity of
neurons [5, 6]. As for the inhibiting interconnection, it
is responsible for antiphase oscillations as a rule [6-8].
Flectrical interconnection also typically synchronizes
the neurons [5, 9] much as the random-impulse gener-
ators are synchronized in radio engineering [10]. In
many nervous systems, such antagonistic interconnec-
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tions operate in parallel. For example, in central pace-
making generators, parallel inhibiting and electrical
interconnections [3, 11] (chain [ in Fig. 1) and parallel
inhibiting and exciting interconnections (chains //
and /I7) are encountered. A similar pattern is observed
also in many of the basic neuronal networks of the
brain. It is noteworthy that, in the diagrams shown in
Fig. 1, each of the subsystems / and 2 can represent
either a single neuron or an ensemble of synchronized
neurons. In small neuronal systems like the pacemak-
ing generators, the compensation of antagonistic inter-
connections (i.e., a balance) is achieved by equalizing
the magnitude of the coupling, which results in com-
pensation of oppositely acting synaptic currents. In the
case of large neuronal ensembles, attainment of a bal-
ance can also be controlled by varying the number of
interconnections (e.g., exciting and inhibiting).

Why has evolution retained the parallel-acting
antagonistic interconnections? The answer to this and
similar questions requires at least the development of
adequate dynamic models for neuronal structures with
balanced interconnections and the analysis of behavior
of these structures under the effects of external signals
(i.e., under the effects of stimuli). This is the problem
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Fig. 1, Basic neuronal chains.
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ng. 2. Self-governing dynamics of chains: (a) realization and an attractor in the model of isolated neuron; (b) inphase and antiphase
oscillations in chain /I; (c) hysteresis and bistability in chain /; and (d) hysteresis and bistability in chain /II.

to be solved in this study. We investigate the functional
role of balanced interconnection in the context of a
minimal neuronal chain consisting of two linked iden-
tical subsystems. It is assumed that each subsystem
constitutes an oscillator with chaotic pulse-burst activ-
ity. Such activity is characteristic of the individual
dynamics of various live neurons, for example, of the
neurons involved in the central pyloric-pacemaker of
lobsters [3, 11]. In order to analyze the cooperative
behavior of basic neuronal chains, we will utilize the
well-known Hindmarsh-Rose model [12], which
describes the generation of impulse bursts (spikes), and
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add to this model the expressions characterizing the
interconnections. As a result, we have

dx;
_..dt! = ax,2-~bx?+y,-—z,-+1-Ejk*Sjk+ujo‘(')'
(D
dy; 2 dz;
dtl = c—dxj~y; 717’ = rls(x;=%o) - 2],

withj=1,2and k=2, | (k#j).

Here, x; is the membrane potential of the jth neuron,
y; is the generalized variable that describes the ionic



666 KOZLOV et al.

1Al ©)
3‘42" - o0 - w‘m

(@
3.142+- oo ax © - S —
[ ]
‘ H
o—w !
Wy
w00 9 P OMW ;'-* TR
0.024}- ¢
0.020}
0.016} .
|_ i i
0.2 0.4 0.6 0.8 €
Fig. 2. (Contd.)
currents responsible for the spike generation (in partic- a=3, b=1 c=1, d=35, A
ular, the currents of K* and Na*), and the variable z; r=00021, s=4, x5=-16. @

characterizes the slow processes (in particular, varia- :
tions in the Cat*-ion concentration). The terms Ej and  The external current / defines the characteristic gener- i
S; define the interconnections between the meurons, tion period for the bursts and also the type of oscills- ;
and the external force pof) [maxo(t) = 1] is repre- tions. In particular, with I = 3.281 and the values of the
sented by the train of positive impulses of amplitude ju;, ~ parameters given by (2), a self-contained neuron exhib-
which simulate the effect of the stimulus. The values of  its a chaotic behavior. The oscilloscope pattem xfnd
the parameters of each of the simulated neurons are this process and the corresponding phase trajectory i ;
assumed to be specified as the space (x;, y, z) are shown in Fig. 2a. :
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In all the situations under consideration, system (1)
-~ was solved numerically with the use of the explicit Dor-
' mann-Prince scheme of the order 5(4) with a local
& crror of 1078,

Let us consider -the dynamics of self-contained
chains (1, = p; = 0) as a function of the type. of inter-
connection between neurons. The interconnection in
basic chains 1, I1, and /1l (as shown in Fig. 1) is realized
via the perturbations of membrane current and _is pro-

by Ej; = €,(x;— x;)] or with the use of chemical synapses
. Su=g{x;+ V)F(x;— X)) + ... The interconnection func-
' tion has the sigmoidal form

1

F(w) = 1 +exp(-w/T) T=001.

- With V; = 0, the chemical interconnection is exciting,
and, with V; = 1.4, it is inhibiting. The magnitudes of
threshold potentials in chains / and /I are regarded as
the same for all interconnections (X, = X, =-0.85); in
chain 711, these potentials are assumed to depend on
whether the interconnection is exciting or inhibiting

(xi‘nh = Xiznh =-0.85 and X:xc - X;xc =-—-O.7).

Sufficiently strong electrical or exciting intercon-
neclions present in system (1) result in the inphase syn-
chronization of interacting neurons [6]. In this case, an
entire network behaves as a single neuron, By contrast,
a strong inhibiting interconnection provides an
antiphase synchronization; i.e., the periods of neuronal
activity during which the spikes can be generated alter-
nate. Examples of the inphase and antiphase behavior
of neurons are illustrated in Fig. 2b.

The introduction of antagonistic interconnection
into a neuron pair radically changes the dynamics and
functionality of the pair. Common to chains /, /1, and 11/
is the existence of oscillations of one of the fundamen-
tal modes (e.g., inphase or antiphase) in the parameter
space corresponding to the stability domain; a transi-
tion region (where the interconnections are mutually
compensated and a rather complex dynamics is observed
in the system) is also common to these chains. When the
coupling magnitude is varied and the transition region is
passed, the oscillations of the subsystems transform
from inphase into antiphase, and vice versa, However,
this occurs dissimilarly for chains of different types.

In the chains with symmetric interconnections, i.e.,
inhibiting and electrical (chain / features I = 3.281,
£,=0.1,0<g <1, and g = g = &) and also inhibiting

and exciting (chain I/ features | = 2.5, g}"; = 0.2,

@ O<g<l,andg=€" = ™), a hysteresis is observed

%% in the transition region and is related to bistability (or
multistability, for certain values of the parameters).
: Bistability manifests itself in the coexistence of modes
that have markedly different average phase shifts
between the periods of activity of interacting neurons.
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- vided either by diffusion [i.e., electrically, as specified
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As is evident from Figs. 2c and 2d, two fundamental
modes of oscillations are realized in chain / for €, = 0.1

and in chain Il for ] = €5*° = 0.2 (and for different
values of €;); one of the modes features a small phase
shift for bursts (the inphase oscillations) and the other
mode has an average oscillation-phase shift close to ©
(the antiphase oscillations). It is evident from Figs. 2c
and 2d that different average burst rates are characteris-
tic of the modes of inphase and antiphase oscillations
that are observed in the bistability domain; the upper
branch in the diagram for @,(g;) corresponds to inphase
oscillations for chain / and the lower branch corre-
sponds to antiphase oscillations (the situation is the
reverse for chain I1]).

In the transition region, neurons are desynchronized,
and chaotic oscillations become set in system (1) in the
case of asymmetric chain /I with exciting and inhibiting
interconnections for V, = 14, V, = 0,0 < ¢, < 1, and
Ey= 0.2,

Special features of self-governing dynamics of the
neuronal oscillators under consideration define also the
response of these oscillators to an input signal, i.e., a
stimulus. We studied the results of exposing such oscil-
lators to relatively short-term (with the characteristic
time equal to about 10 bursts of activity) external stim-
ulation in the form of a pulse train given by

ofr) = Co(r— t,,)exp(_t ;t”)’

a

where ¢, are the instants of time corresponding to the
delivery of pulses, T, = 20, and C, is a normalization
multiplier. Such a signal was fed to both simulated neu-
rons from each chain as shown in Fig. | for chain /. We
studied most comprehensively the non-self-governing
dynamics of the neuron pair in the transition region of
parameters where, in the absence of external stimulus,
mutual compensation of interconnections resulted in
bistability or chaos. The results of the simulation are
illustrated in Figs. 3 and 4. As is evident, the behavior
of neuron pairs is extremely sensitive to the spike-to-
spike time interval in the input signal. It was found that
the effect of small-amplitude burst-like stimulus with
repetition rate of the pulses in the burst chosen close to
the levels of one or another branch w,(g)) in Figs. 2c
or 2d can cause a transition from inphase oscillations to
antiphase ones and vice versa. An example of such tran-
sitions in chain / with €, = 0.1 and €; = 0.65 is shown in

Fig. 3. Chain Il with €]° = &5*° = 0.2 and g; = 0.65
demonstrates similar behavior. Thus, it is possible to
recognize and store information about the spike-to-
spike time interval in chains with bistability.

As is evident from Fig. 4, chain II with asymmetric
interconnections is also able to discern stimuli with dif-
ferent spike rates because this chain undergoes the tran-
sition from chaos to inphase oscillations at a certain
rate of the stimulating spikes. Such behavior may be
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Fig. 3. Recognition and storage of information by chains featuring bistability.
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Fig. 4. Recogpnition of a signal by chain II.

correlated with the function of the indicator (or detec-
tor), which picks out information signals from the gen-
eral signal flow. It is also worth noting that the absence
of a stable regime in a self-contained system in the case
of chain /I does not permit the preservation of the
response form when stimulation is terminated, so that

information on the input signal becomes lost; the far-
ther the interconnection parameters (the pattems in
Fig. 4 are computed for g, = 0.85, which corresponds to
the central part of transition region) are chosen from the
synchronization threshold in the transition region, the
more rapidly the loss of information occurs.
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Thus, the minimum-size neuronal systems (the pairs
of identical neurons) with balanced coupling in the
form of parallel-acting antagonistic interconnections
(inhibiting and electrical or inhibiting and exciting)
exhibit the following functional characteristics: (i) a
large number of scenarios of stable behavior of the sys-
tem owing to the dynamic modes introduced by each
type of interconnection; (ii) the existence of a transition
region where phase instability (or chaos) is observed,

which makes it possible to detect and store information
. signals. Estimates of the bistability-region size and of
" other characteristics of dynamic regimes were obtained

3 in the course of computer simulation; the results sug-
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- gest that the bistable behavior in the vicinity of the sta-
2 bility-domain boundaries for stable steady-state
. regimes may constitute one of the general properties of
" neuronal ensembles with balanced interconnections.

The special features of nonlinear dynamics of the
neuronal structures with balanced interconnection
under consideration may well be of fundamental
importance both for getting insight into the functional
capabilities of small nervous systems (like central
pacemaking generators) and for the formulation of cer-
tain concepts of data processing and storage in large
neuronal ensembles. In fact, the temporal characteris-
tics of spikes that are generated by motor neurons of a
central pacemaking generator and control the contrac-
tion of muscles can vary (owing to bistability and hys-
teresis) under the effect of a comparatively short-dura-
tion stimulus. It is important that such a stimulus fulfills
only an informational role—after the stimulation
ceases, the system preserves its new state until the next
signal arrives. If we keep in mind that, for example, the
sensory information is encoded in the interspike spac-
ing, it is easy to conceive the way in which such infor-
mation can be represented and stored by a neuron
ensemble performing the functions considered above.
As has been demonstrated quite recently, sensory infor-
mation (even information that does not exhibit any spa-
tial distribution, e.g., information about odor) is repre-
sented by neuron ensembles in the form of spatial pat-
tems [13, 14]. The characteristics of these patterns are
defined by the correlation between oscillations of neu-
rons separated spatially, and turn out to be different for
dissimilar temporal stimuli. The aforementioned
effects related to representation of interspike informa-
tion in the form of neuron oscillations with differing
phase shifts may prove to be useful in developing
model concepts of the mechanisms of temporal-pattern

PHYSICS—DOKLADY Vol. 42 No. 12 1997

transformation into spatial phase-related structures
with simultaneous storage of the latter.
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