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Abstract

We have developed a silicon neuron based on a heart interneuron of the leech. We created a
half-center oscillator composed of two silicon neurons connected via inhibitory synapses imple-
mented through dynamic clamp. We investigated the e-ects of symmetrical variations of maximal
conductances on bursting behavior. Burst period, average burst spike frequency, and duty cycle
were chosen as major characteristics of the bursting waveform. Burst period and spike frequency
showed similar dependencies on the varied parameters in both neurons; duty cycles of the two
neurons, however, diverged when the parameters were varied, re3ecting mismatch in parameters
between chips. c© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

We have developed a multi-conductance analog very large-scale integrated (aVLSI)
model neuron that mimics the dynamics of the leech oscillator heart (HN) interneuron.
The dynamical behavior of the silicon neuron is described by a mathematical model
[10] that is based upon the Hodgkin–Huxley formalism [4]. Our goal is to use this
silicon model neuron to study principles of biological motor pattern generation and
apply them to engineered systems. Here, we examined how complex behaviors such as
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bursting can be controlled through parameter variation within a half-center oscillator
composed of two silicon neurons.

2. Silicon neuron design

Dynamics of the silicon neuron is based on seven ionic conductances, which are
summed onto a membrane capacitor. The currents which are based on studies of
a mathematical model of the oscillator HN interneuron [3,6,7] were chosen because
they are most important in determining the neuronal dynamics. SpeciDcally, these cur-
rents are: (1) a sodium current with instantaneous activation and fast inactivation, INa;
(2) a persistent, non-inactivating sodium current with slow activation, IP; (3) a potas-
sium current with fast activation and inactivation, IK1; (4) a non-inactivating potassium
current with slow activation, IK2; (5) a slowly activating and slowly inactivating cal-
cium current, ICa; (6) a hyperpolarization-activated current with slow activation, IH; and
(7) a leak current, Ileak.
The summation of these currents onto the membrane capacitor causes a variation in

membrane voltage described by

dVm
dt

=
1
Cm

[INa + IP + IK1 + IK2 + ICa + IH + Ileak];

where Vm is the membrane potential and Cm the membrane capacitance. Each of the
voltage-dependent currents identiDed by subscript i is described by

Ii = gimihi(Ei − Vm);
where gi is the maximal conductance, mi and hi the activation and inactivation state
variables, respectively, and Ei the reversal potential. For non-inactivating currents hi is
equal to 1, and for Ileak both mi and hi are equal to 1.
The steady-state activation and inactivation functions are given by

m∞i =
1

1 + exp(Sm(Vmi − Vm)) ;

h∞i =
1

1 + exp(−Sh(Vhi − Vm)) :

The dynamics of the activation and inactivation state variables are given by
dmi
dt

=
1
mi

(m∞i − mi);

dhi
dt

=
1
hi

(h∞i − hi);

where mi and hi are the time constants for activation and inactivation, respectively. It
is notable that there are two distinct di-erences in the way voltage-gated currents
are represented in our silicon neuron compared to the Hodgkin–Huxley represen-
tation. First, the time constants in our silicon neuron are constant and not voltage-
dependent, and second, the activation state variable are always raised only to the Drst
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Fig. 1. Silicon neuron membrane voltage waveform (A) compared to mathematical simulation of the silicon
neuron (B), and the number of spikes in the zoom of the bursts (C).

power, whereas in the standard Hodgkin–Huxley representation they can be raised
to power ¿ 1.

3. Silicon neuron performance

In Fig. 1, we compare the performance of the silicon neuron to a mathematical
simulation of the silicon neuron at canonical parameter values. Fig. 1 clearly illustrates
that the burst periods are very close. The zoom of the bursts (Fig. 1C) demonstrates
that the number of spikes per burst and spike frequency are also very similar. Intrinsic
bursting of this type is predicted by the mathematical model of an HN oscillator
interneuron and is observed in extracellular recordings of HN neurons [1,2].
In addition, we note that the burst period observed here is close to that observed in

a living HN cell.

4. Half-center oscillator design

Through the use of dynamic clamp [8], we implemented mutually inhibitory synaptic
connections between two silicon neurons, creating a half-center oscillator schematically
depicted in Fig. 2.
These inhibitory synaptic currents are described by

Isyn = gsyns(Esyn − Vm);

s∞ =

{
0; Vpre¡Vth ;

tanh(Ssyn(Vpre − Vth)); Vpre¿Vth ;

ds
dt

=
1
syn

(s∞ − s);

where Isyn is the post-synaptic current, gsyn the maximal post-synaptic conductance,
Esyn the post-synaptic reversal potential, s∞ the steady-state activation function, Ssyn
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Dynamic Clamp  

N 1  N 2  

Fig. 2. Schematic design of half-center oscillator composed of two silicon neurons N1 and N2 connected
via inhibitory synapses (dashed lines) implemented through dynamic clamp.

the slope of this function, s the synaptic state variable, syn the synaptic time constant,
Vpre the pre-synaptic membrane potential, and Vth the synaptic threshold voltage.

5. Half-center oscillator performance

The neurons were initially biased equally with parameters that were based on the
leech HN mathematical model [10]. However, because of mismatch in the transistors of
the silicon neurons, the parameters gK1; gK2; mCa and hCa, were adjusted slightly to
make the bursting properties, in particular duty cycles, the same. We call the whole set
of adjusted parameter values the canonical set. From the canonical set we varied two
maximal conductances of two slow currents, ICa and IH, to determine their feasibility
as control parameters for bursting behavior; speciDcally, we studied their e-ect upon
three major characteristics of bursting waveform: burst period, average spike frequency
during the burst, and duty cycle. Fig. 3 shows the e-ect of varying solely gCa on the
bursting behavior of the two-neuron system. The burst period of the neurons is similar
to both our mathematical model of an HN oscillator interneuron and physiological
recordings.
Fig. 4 demonstrates the e-ect of equally varying gCa and gH in both neurons on

burst period, average burst spike frequency, and duty cycle. Burst period and spike
frequency show a non-linear dependence upon gCa and gH, and were very closely
matched between silicon neurons N1 and N2. It is not surprising that burst periods of
the two cells are matched, as this is a necessary result of alternating periodic bursting
in a half-center oscillator.
Duty cycle, however, varies noticeably between the two neurons with variation of

gH (Fig. 4D) and is not as pronounced for variation of gCa (Fig. 3). This disparity is
most likely due to a combination of the unequally adjusted parameters in the canonical
set and fabrication mismatch.
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Fig. 3. Examples of bursting waveforms in half-center oscillator composed of silicon neurons N1 and N2,
corresponding to di-erent values of gCa. The silicon neuron can generate membrane potential between 0.5
and 1:5 V. Dashed lines mark leak reversal potential (Eleak =0:6 V, which corresponds to Eleak =−50 mV in
a biological neuron). (A) gCa =0:76 nS (canonical); (B) gCa =1:01 nS; (C) gCa =1:35 nS; (D) gCa =1:79 nS.

6. Discussion

Period, spike frequency, and duty cycle are all important characteristics for the con-
trol of motor systems both biological and engineered. Understanding how underlying
neuronal parameters e-ect these characteristics is critical for building motor systems
controlled by silicon neurons that seek to match the e-ectiveness of biological systems.
We have demonstrated two parameters which are useful for control of these charac-
teristics, and have identiDed limitations due to di-erences between the elements. Both
biological and engineered systems share the problem of disparate parameters among
fundamental operating units. Biological systems can overcome this problem through
self-adaptation of these units.
Studies of activity-dependent adaptation in neurons [5,11,12] have determined po-

tential mechanisms by which problems due to parameter mismatch can be overcome.
Some of these mechanisms have been implemented in previous versions of silicon
neurons [9].
The half-center oscillator conDguration is an important underlying mechanism of pat-

tern generation in biological systems. Our understanding of its operation is critical for
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Fig. 4. E-ect of equally varying gCa and gH in both neurons, N1 and N2, on burst period (A), spike frequency
(B), and duty cycle (C), shown for neuron N1. (D) Change in duty cycle with varying gH. Neurons N1
(solid line) and N2 (dashed line) are shown at several values of gCa (D). Maximal conductances are shown
as a ratio to the canonical value.

understanding many biological problems, and developing engineered systems inspired
by biological behavior.
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