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ABSTRACT

We have designed, fabricated, and tested an analog VLSI neuron model
that exhibits many of the input-sutput properties characteristic of mam-
malian motoneurons. The circuit, which is based on an integrate-and-
fire architecture, demonstrates a user-controllable recruitment thresh-
old, a non-zero start frequency, and continuous rate adaptation across
its operating range. The degree and rate of adaptation can be inde-
pendently controlled. The model is suitable for use in large arrays,
allowing simulztion of motor pools.

The goal of this research is to create a large pool of model
motoneurons in order to study biological motor control; using a
phenomenological model will simplify the task of controlling the
properties of the neurons in that pool, Motoneurons are the “final
common pathway” of the vertebrate motor control system. They
receive synaptic input from many sources (including descending
fibers from the brain, pattem generators in the spinal cord, and
afferent feedback from muscle sensors), and convert it into action
potentials, or spikes. These spikes travel to muscle fibers and cause
them to contract, generating a twitch of force. If multiple spikes
occur in a short period of time, these twitches summate, yielding a
sigmoidal relationship between spike frequency and muscle force.

Becanse motoneurons can be easily accessed in experimen-
tal preparations, they have been well studied and characterized.
They have a remarkably linear steady-state current-to-frequency
relationship, although they exhibit a number of nonlinear proper-
ties thought to be advantageous in motor control;

s They do not initiate firing until their synaptic input current
exceeds a threshold, or rheobase [1]. Variation in rheobase
is a critical determinant of the order in which a pool of mo-
toneurons is activated by uniform synaptic input [2].

o Once synaptic input exceeds the firing threshold, they begin
repetitive firing at a non-zere start frequency. Motoneurons
begin firing at a rate that places them at the lower inflec-
tion point of their frequency-vs-force relationship, ensuring
that subsequent increases in firing rate will cause significant
increases in force output [1].

e They exhibit extremely rapid rate adaptation, with a step
increase in current causing the neuron to fire at a high fre-
quency for a short period of time (typically 2-3 spikes), and
then reduce its firing rate to a significantly lower steady-
state value [3].

Analog VLSI has been proven to be a viable medium in which
to model biological neurons [4][5]. While some of these models
attempt to implement mathematical models of channel populations
[51[6], others use architectures that, while not mechanistically ac-
curate, nevertheless are capable of exhibiting many characteristics
of biological neurons. These phenomenological models are not as
robust as their mechanistic counterparts, in that they often are valid
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Fig. 1. A schematic of the model motoneuron. The integrate-and-fire core
provides a basic linear current-to-frequency relationship, The rheobase
block prevents the neuron from firing when the synaptic drive is less than
a threshold current fj.qx, while the nonzero start frequency block ensures
firing at a nonzero frequency (set by Isiere) Once synaptic input has ex-
ceeded threshold. The rate adaptation block causes the neuron to be more
sensitive to changes in synaptic input than to steady-state input levels.
Transistor dimensions are in units 0f 0.3pm.

only in a limited parameter space, but they have the twin advan-
tages of being easier to understand and manipulate.

We have designed, fabricated, and tested a silicon motoneuron
model that exhibits the primary input-output propertics character-
istic of mammalian motoneurons. This circuit, which is based on
an integrate-and-fire architecture, demonstrates a user-controllabie
recruitment threshold, a non-zero start frequency, and continuous
rate adaptation across its operating range. The degree and rate of
adaptation are independently controliable. The model can be used
in large arrays, facilitating the creation of motoneuron pools.

1. DESIGN OF THE MOTONEURON MODEL

Figure 1 shows the circuit schematic of the complete neuron model.
The motoneuron model is based on an integrate-and-fire neuron,
which linearly converts current into firing frequency [4]. By adding
circuitry that alters the current fiowing onto the membrane node of
this basic system, we have been able to endow this relatively sim-
ple neuron with complex properties. A constant leak current pro-
vides the neuron with a rheobase, or threshold synaptic current; if
the synaptic current onto the motoneuron is less than the rheobase,
the neuron will not fire. A differential pair gives the neuron a non-
zero start frequency, preventing it from firing at arbitrarily low
rates. A diode-capacitor adaptation circuit, based on the work in
[7}, provides it with continuous rate adaptation across its entire
operating range, making it more sensitive to sudden changes in
synaptic current than to steady-state stimuli. By combining these
circuits, we have generated a system that demonstrates the primary
input-output characteristics of mammalian motoneurons, and al-
lows direct manipulation of these characteristics,
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1.1. Basic Integrate-And-Fire Dynamics

In an integrate-and-fire neuron, synaptic current (equal to the cur-
tent I,,» muitiplied by the duty cycle of the high-frequency PWM
signal Vjustcn) integrates onto a membrane capacitor Crmem until
the capacitor voltage reaches an upper threshold voltage Vipper.
At this point, a hysteretic element (here, a Schmitt trigger) fires,
generating an output pulse that enables the reset current Jpur,..
This reset current, which should be greater than the net current
onto the membrane capacitor during integration, discharges the
membrane capacitor until the capacitor reaches a lower threshold
voltage Viower, at which point integration resumes [4]. The total
time required for the neuron to perform a complete integrate-and-
fire cycle when driven by a DC current I, is given by

Qmem + chm

Iayn Ipulae - Iayn

£9)

teotat = tint + Lpire =

where @ = Crem{Vipper — Viower ), the total charge required to
move the membrane capacitor from one threshold voltage to the
other. Generally, Iputs. is large enough that the time spent in the
firing state is negligible.

1.2, Addition of a Rheobase and a Non-zero Start Frequency

The theobase circuit draws a current Ij.,x from the membrane
capacitor. If the synaptic current [.yn is less than Ireak, the net
current onto the membrane capacitor is negative, the membrane
voltage drops below the lower Schmitt trigger threshold, and the
neuron does not fire. When loyn > licak, the net current onto the
membrane capacitor is positive, and neuron fires at a rate propor-
tional to the effective synaptic current Iy, — Jicok-

The non-zere start frequency circuit prevents the neuron from
initiating firing at arbitrarily low rates, It consists of a differential
pair that sources the current Josqre Onto the membrane capacitor
when the membrane capacitor voltage exceeds the voltage Vigor:.
By setting Viiart to be slightly above the lower threshold voltage
of the Schmitt trigger, we guarantee that J,;q-+ will be added to the
effective synaptic current during repetitive firing (when the mem-
brane voltage lies between the lower and upper thresholds), but not
when the neuron is quiescent (when the membrane voltage is be-
low the lower threshold), The magnitude of 7,4, determines the
frequency at which the neuron begins firing.

1.3. Addition of Adaptation

The diode-capacitor adaptation circuit [7] transforms motoneuron
firing events into an adaptation current J, 4, that is removed from
the membrane capacitor. In this implementation, the motoneuron
output is passed through an inverter, and then applied to the gate
of a switching pFET. The current switched by this pFET, Ichange,
charges the capacitor Cagap: during firing, while the current fgecqy
discharges the capacitor during both integration and firing.

As the following analysis shows, a step increase in synaptic
drive will be partially compensated for by an increase in I, 44, re-
turning the firing frequency to a somewhat lower steady-state rate.
If Iehange is sufficiently small, this compensation will take place
over several spikes, resulting in gradual firing rate adaptation.

To find the dynamics of Iodapt, We must first find the dynamics
of Idecay [7]

dl, decay

dt = BIdecay [Ichnnge - Idecay] (2)

where B = x/C.U, and Uy = kT/q. The relationship between
Tadapt and Jyecay can be expressed as

— V —-—
Iada.pt = Rie —ﬁc eA(Vmcm Varr-)Ideca? (3)
= AekaGm Idzcay
where A = 1/V} is the reciprocal of the Early voltage V4 of the
adaptation nFET, Virerm is the membrane voltage, R, is the ratio of
the W/L ratios of the adaptation and decay nFETS, V¢ is a scaling
1
bias, and the constant A is defined as A = Ry~ "rrelTi tA),
During integration, Ichange = 0 and Jgecay (2} is given by

Idecn-y (0)
T+ Bliecay ()t

where Ijccqy(0) is the decay current immediately following the
previous spike. By substituting this value into (3), we can find the
value of Jadape at tine, the end of integration.

Iadapt(o)
1+ %E—A Vmem (t‘-"‘)Iadupt(O)tint

Idecaﬂ (t') = (4)

Indapl.(tint) = (5)
Firing occurs at ¢ = t;n¢ and continues until ¢ = £450a1 = tins +
tyire During firing, Jopange > 0 and Igecqy (t) is given by

IchangeIdecny (tiﬂt)eﬂ Tanange(t=tine)

Ichangc + Idecay (tint)(eard“mv"(t_ti"‘) - 1)(6)
where Ly cay(tine) is the decay current at the start of the action
potential. If we assume that Ipui,.e is much larger than any other
currents onto or off of the membrane node, the time it takes to re-
set the membrane capacitor following a spike can be approximated
s tfire = [Cmem(Viupper — Viower )]/ Tputsc. If this firing time is
short (i.e. the reset current is large, and therefore able to reset the
membrane capacitor in a small period of time), (6) can be approx-
imated to find Jdecay (frotal) = Tdecay(Lint + Lfire), the value of
Liecay after an action potential has been generated.

I ~ Idecay(tint)(l + Blchangelfire)
decay(ttof.nl) - 1+ BIdecny (tiﬂt)tfire

By substituting this value into (3), we can find the value of Todap:
following an action potential.

Icc!u.pt(tl'ﬂ.t)(l + BIchungetfire)
1+ %G_AVmgm(ttﬂt"I)Iadnpt (tint)t!ir'c

Idccay (t) =

M

Iadapt (ttotai) = (8)
When driven by a constant net synaptic current, the neuron even-
tually reaches a steady state in which the drop in J,dap: during
integration is equal to the increase in fogap; during firing. By
substituting (5) into (8) and assuming steady state (Jo40p(0) =
Todapi{tictar) and Vinem(0) = Vinem (tiotas)), We can solve for
Tadape (0}, the value of Iogep: immediately following each spike.
We simplify the result by noting that Blcnangetfire > 1.

AIchangetf{rc (9)
e-)‘vmcm(fint)ti-ﬂt + e—)\Vmem(o)t.ﬁrc

Iadapt (0) o

This result can be reduced further by noting that Viem (tine) =
Vipper, the upper threshold voltage of the Schmitt trigger, and that
Vinem (0) = Vigwer, the lower threshold voltage of the Schmitt
trigger.

AIchangetfireeAvuPp“
tint + e)(vuppar —Vlo"")tfirc

Iadapt(o) o~ (10)

IvV-262



- T
£ T 1
{1 o} ]
>
D -0.08 [ 0.05 0.1 0.15 oz 025
£ 1501 E
wor- -
g 53 -
A T . » r
-0 To.08 ) c.08 0. 015 02 025
«F T 3
g 3 J
Al /
'lli -0.05 0 oes a1 0.15% 02 n.zs
2 T L L - " T
! ‘DLNPPW
- a 1 1 i 1 L " 1
01 -0.05 o 005 CE] CXE) (X 025

Fig. 2. Typical output from the medel neuron as the synaptic drive level
was stepped from 40% to 100%, and then returned to its original value.
From top to bottom, the graphs present the spike output, the instantaneous
firing frequency, the membrane voltage, and the adaptation current Iogqap¢ -
The neuron responded to the rising step by generating 2 short (in this casg,
two spikes long) high frequency burst until Joqape r0se to its new steady-
state level, The falling step resulted in a transient drop in frequency until
I3 dape retumed to its original steady state. .

2. RESULTS

The motoneuron mode] was fabricated through MOSIS ina 0.5um
CMOS process. During characterization, the synaptic current onto
the motoneuron was controlled by gating a constant current with
a high-frequency PWM signal. Because of this control scheme,
which allowed the effective synaptic current to be rapidly changed
in a highly repeatable manner, all drive currents are expressed as
percentages of a maximum drive current.

1.1. Complete Neuron Model

Figure 2 demonstrates typical output from the neuron as its drive
level was stepped from 40% to 100% of maximum drive, and then
returned to its original value. For this experiment, the adaptation
circuit was biased in such a way as to produce complete adaptation
within two to three spikes, as is seen in biological motoneurons
[3). ladape decays as 1/t during the integration period, and jumps
upwards during firing. Note that Toq.pe can cause the membrane
voltage to drop below the lower threshold voltage of the Schmitt
trigger.

Figure 3 shows the response of the neuron as synaptic drive
was stepped to different levels. The model does not fire when the
synaptic input is below threshold, and when it begins to fire, it
does so at a nonzero rate. The dashed lings indicate the instanta-
neous frequency after synaptic drive was stepped to a given drive
level after being held for a prolonged period at 20%, 40%, 60%, or
80% of maximum drive, while the solid line indicates the steady-
state firing frequency after the drive level has been maintained for
a long period of time. The instantaneous frequency—drive relation-
ships have a steeper slope than the steady-state frequency-drive
relationship, indicating that the model is more sensitive to changes
in drive level than it is to constant drive. The roll off in transient
fiting frequency when stepping from a high drive level to a signif-
icantly lower one is due to the lower value of Iy, immediately
following the step; if 1., is sufficiently lower than Jodgap, the
membrane voltage will reach the lower power supply rail, moving
the adaptation nFET out of saturation and attenuating the degree
of adaptation.

— Steady-State
------ Instantaneous

80
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) 20 40 80 80 100
MN Drive Level (%)

Fig. 3. Instantaneous and steady-state firing frequencies exhibited by
the model in response to step changes in synaptic drive, demonstrating
rheobase, nonzero start frequency, and rate adaptation. Dashed lines indi-
cate neuron firing rate immediately after stepping from steady state (drive
20%, 40%, 60%, or 80% of maximum) to the indicated drive level.
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Fig. 4. (a) The proportional increase in I, g, 5 during a spike as a function
of the valve of 1,4, pe immediately prior to the spike while firing at steady-
state. The data points are well-predicted by a curvefit to (8). {b) The peak
value of [, pt ot steady-state asa function of the inter-spike interval. The
data points are well-predicted by a curvefit to (10).

2.2. Characterization of I 4.5

In order to characterize the dynamics of I;qqpe, we disabled the
nonzero start frequency circuit (by setting I..4-¢ to zero) and drove
the model neuron with varying levels of synaptic input; we then
measured the timecourse of the adaptation current after the neu-
ron had become fully adapted, and compared the value of Jogape
immediately prior to each spike (Izgopt(ting)) to the value imme-
diately following each spike (Jodape(0)). Figure 4(a) shows the
ratio of the two currents as a function of the current prior to the
spike. The curved line is a curvefit to (8).

We also compared the absolute value of J,4.,:(0), the adap-
tation current immediately following each spike, at steady-state
over a range of synaptic inputs with the values predicted by the-
ory. Figure 4(b) shows the value of F.zaz:(0) as a function of the
inter-spike integration time(t;.:), as well as a curvefit to (10).

2.3. Characterization of Neuronal Adaptation

To demonstrate our ability to control neuronal adaptation, we re-
peatedly stepped the synaptic drive from 60% to 80% of max-
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Fig. 5. Firing rate vs. time after a step in synaptic drive for trials with
steady-state firing rates near 50Hz. As Iopange decreases, the rate of adap-
tation decreases.

imum, while varying V,,. and Venange(the voltage on the gate
of the pFET producing Jehange), and observed a range of steady-
state firing rates. Figure 5, which shows firing rate vs. time for a
number of trials with steady-state rates near S0Hz, demonstrates a
wide range of adaptation time constants. We noted that increasing
Vehange (Which reduces Iopang.) caused the speed of adaptation
to decrease.

To characterize the effects of Vi, and Venonge on the depth
and rate of adaptation, we extracted these characteristics from each
trial in the dataset. Depth of adaptation was defined as the peak
firing rate after the step in drive level divided by the steady-state
firing rate, while rate of adaptation was defined as the time con-
stant of an exponential decay fitted to the rate vs. time relationship
of each trial. Figure 6 demonstrates that the depth of adaptation is
a function of both Virc and Venange, while the adaptation rate is
dependent only upon Venange. This independence allows the pa-
rameters of adaptation to be easily tuned by first adjusting Verange
until the time constant is as desired, and then adjusting V., to tune
the depth of adaptation.

2.4. Interaction of Nonzero Start Frequency and Adaptation
Elements

The current implementation of the nonzero start frequency cir-
cuit interacts with the adaptation circuit in ways which cause the
model to deviate from desired behavior in certain regions of op-
eration. If the threshold voltage for the nonzero start frequency
circuit {Vyear:) is placed slightly above the lower threshold of the
Schmitt trigger, then high levels of J.gap: can cause Jseare to be
shut off immediately following a spike. This leads to unpredictable
behavior in the neuron, including the development of a doublet fir-
ing pattern (groups of two spikes close together, with long pauses
between them) at low synaptic drivé levels. Placing the threshold
voltage well below the Schmitt trigger threshold leads to a case
where the neuron does not stop firing at subthreshold drive lev-
els, since Ia:ar¢ i5 always being sourced onto the membrane, In
the extreme case, where foiare > Jizak, the only way to stop the
motoneuron from firing once it has begin generating spikes is to
allow it to reach steady state at a high level of synaptic drive, and
then rapidly reduce the drive level below the firing threshold; the
high value of /4., immediately after the downgoing step can be
sufficient to drop the membrane voltage below V¢4, and stop the
neuron from firing.

Fig. 6. (a)Depth of adaptation as a function of Vayc and Vopgnge. The
depth of adaptation is increased by decreases in either V¢ or Vepange-
(b)Adaptation rate (time constant of an exponential fit to the rate-time re-
lationship) as a function of Vpe and Vepange. The rate of adaptation is
increased by decreasing Viponga, and is effectively independent of Vyre
over the tested range.

3. CONCLUSIONS

We have implemented an analog VLSI neuron model that exhibits
the primary characteristic properties of a mammalian moteneu-
ron. Rather than attempting to represent the mecharics underlying
these properties, this model implements them directly by adapt-
ing a core integrate-and-fire architecture. While the resultant sys-
tem does not offer any true insight into the physiology of the mo-
toneuron itself, it is easy to understand and control. This makes
the model suitable for use as a building block in the construction
of more complex sensorimotor systems, especially those requiring
large arrays of motoneurons.
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