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Neuromorphic Dynamical Synapses With
Reconfigurable Voltage-Gated Kinetics

Jun Wang “, Gert Cauwenberghs

Abstract—Objective: Although biological synapses ex-
press a large variety of receptors in neuronal membranes,
the current hardware implementation of neuromorphic
synapses often rely on simple models ignoring the het-
erogeneity of synaptic transmission. Our objective is to
emulate different types of synapses with distinct proper-
ties. Methods: Conductance-based chemical and electri-
cal synapses were implemented between silicon neurons
on a fully programmable and reconfigurable, biophysically
realistic neuromorphic VLSI chip. Different synaptic prop-
erties were achieved by configuring on-chip digital pa-
rameters for the conductances, reversal potentials, and
voltage dependence of the channel kinetics. The measured
|-V characteristics of the artificial synapses were compared
with biological data. Results: We reproduced the response
properties of five different types of chemical synapses, in-
cluding both excitatory (AM P A, NM D A) and inhibitory
(GABA,, GABA(C, glycine) ionotropic receptors. In ad-
dition, electrical synapses were implemented in a small net-
work of four silicon neurons. Conclusion: Our work extends
the repertoire of synapse types between silicon neurons,
providing greater flexibility for the design and implementa-
tion of biologically realistic neural networks on neuromor-
phic chips. Significance: A higher synaptic heterogeneity
in neuromorphic chips is relevant for the hardware imple-
mentation of energy-efficient population codes as well as
for dynamic clamp applications where neural models are
implemented in neuromorphic VLSI hardware.

Index Terms—Neuromorphic engineering, silicon neuron,
chemical synapse, electrical synapse, biohybrid circuits, re-
configurable VLSI.

I. INTRODUCTION

N BOTH vertebrates and invertebrates, synapses are the fun-
damental computational elements of nervous systems en-
abling communication and information processing at spatial and
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temporal scales spanning over several orders of magnitude [3].
Synapses are highly diverse and use two main modalities of
transmission: electrical and chemical. In electrical synapses,
the cytoplasm of adjacent neurons is directly connected by in-
tracellular channels called gap junctions, allowing the exchange
of small molecules (e.g. Ca?", cAMP, IP3) and electrical poten-
tials [4], [5]. The strength of electrical synapses depends on the
graded transsynaptic voltage difference, thus providing bidirec-
tional and analogical communication among adjacent neurons.
In chemical synapses, neurotransmitter molecules released at
the presynaptic site diffuse across the synaptic cleft and activate
postsynaptic receptors. Chemical synapses are predominant in
vertebrates and exhibit a vast diversity of sub-types with high
molecular heterogeneity [6], [7] and large functional differences
in individual properties expressed both at the pre- and postsy-
naptic sites. At the presynaptic site, the molecular heterogeneity
is exemplified by the large variety of neurotransmitters present
in synaptic vesicles, including amino acids, monoamines, pep-
tides, purines, gaseous molecules, and other molecules such as
acetylcholine [8]. At the postsynaptic site, the types of receptor
show a corresponding diversity with several different sub-types
of receptors for a given neurotransmitter, each of these sub-
types existing in various forms depending on the composition
and past molecular modifications of their individual sub-units.
Taken together, the heterogeneity of mechanisms involved in
synaptic transmission (and their plasticity) is thought to un-
derlie the complex adaptive and multistable dynamics of neu-
rons [7], [9]. At the network level, recent theoretical analysis and
computational works suggest that the heterogeneity of neuron
and synapse types reduces the cost of computation [10], [11],
and enables the implementation of energy-efficient population
codes [12]-[14].

In mixed analog-digital neuromorphic VLSI systems, the
electronic circuits of silicon neurons and synapses exhibit an in-
herent structural heterogeneity due to device mismatch, noise,
and temperature sensitivity during fabrication processes [15].
However, the functional diversity of synapse types remains
largely unexplored, and most of the neural network models
implemented on mixed analog-digital neuromorphic hardware
typically implement one type of excitatory —and one type of
inhibitory— synapse [16]. The small number of synapse types
emulated on hardware also severely limits the range of dynamic
clamp applications using neural models implemented on neuro-
morphic chips [17], [18].

This paper presents theory and experimental validation of bio-
physically realistic synapses implemented on NeuroDyn, a fully
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programmable and reconfigurable neuromorphic VLSI chip
[11, [2]. Here we offer a complete characterization of a wide
range of different types of synapses, extending on initial char-
acterization reported in [19], by including excitatory and in-
hibitory chemical synapses mediated by ionotropic receptors,
as well as electrical synapses mediated by gap junctions.

The remainder of this paper is organized as follows.
Section II details the implementation of the reconfigurable bio-
physical electrochemical synapses, and Section III describes
their characterization with measured data including the mapping
of dynamical response characteristics for synapses with excita-
tory (AMPA and NMDA) and inhibitory (GABA,, GABA(,
Glycine) receptors. The characterization of electrical synapses
is presented in Section IV. Finally, discussion and concluding
remarks are presented in Sections V and VI, respectively.

Il. SYNAPSE IMPLEMENTATION

Chemical and electrical synapses were implemented on a
fully programmable and reconfigurable, biophysically realistic
neuromorphic VLSI chip, NeuroDyn (Fig. 1), of which the neu-
ronal soma dynamics was previously detailed in [1], [2]. Briefly,
the NeuroDyn chip consists of four Hodgkin-Huxley (HH) neu-
rons N; (¢ =1,...4) connected by twelve conductance-based
synapses Wi; (j =1,...4;j #4) for a total of 384 digitally
programmable parameters governing the channel conductances,
reverse potentials, and voltage dependence of the channel kinet-
ics (opening and closing rates). The 12 synapses are governed
by half of the 384 parameters. Namely, each synapse has 16
parameters. The other half of the parameters governs the indi-
vidual dynamics of the 4 neurons. The NeuroDyn chip measures
3mm x 3mmin0.5 gm CMOS and consumes 1.29 mW static
power. A detailed description of the NeuroDyn parameters and
VLSI implementation is described in [1].

The HH dynamics in membrane potential V,,,.,, for each of
the neurons [V; is described by

d‘/ﬁl em —
dt

where C,,.,,, is the membrane capacitance, Iy,, [x and I
represent the sodium, potassium, and leak conductance-based
currents, respectively, Ir,; is the injected current, and Ig,,
is the net synaptic current as contributed by the other three
neurons N, j # 4. By default NeuroDyn implements chemical
synapses, which however can further be configured to function
as electrical synapses (Sec. IV). In the default chemical synapse
mode of operation, each of the three conductance-based synaptic
currents is modeled as

Isyn(t) = gsyn 7(t) (Vpost (1) = Esyn) )

through a single rate-based kinetic variable r(¢) governed by
Vyre. The presynaptic potential V.. induces release of neuro-
transmitter that binds with receptors on the postsynaptic site to
activate the conductance on the postsynaptic membrane V)
with reversal potential Ej,,. Similarly to the other channel
gating variables, the dynamics of the synaptic variable r, the
fraction of receptors in the open state, is described by first-order
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Fig. 1. Neuromorphic dynamic clamp. (a) Dynamic clamp protocol
with neural models implemented in digital software or analog hardware.
(b) Micrograph of the NeuroDyn chip with four silicon neurons [1], [2]
(Sec. ). (c) Simultaneous dynamic clamp with multiple reconfigurable
silicon neurons.

kinetics through the usual rate equation:

dr

dt
where the opening rate o, depends on the presynaptic membrane
voltage V,,.. and the closing rate 3, depends on the postsynap-
tic membrane voltage V,,,5;. Hence o, (V},,..) models activation
of postsynaptic conductance triggered by a presynaptic action
potential, and 3, (V,,s+) models relaxation of the conductance
which particularly for the NMDA synapse type is strongly de-
pendent on postsynaptic potential, giving rise to nonlinear dy-
namics. Like the rates for the other Kinetic variables m, n and
h that modulate cell excitability in NeuroDyn [1], [2], the open-
ing «, and closing (3, rates for the synapse kinetic variables
are modeled and regressed as 7-point additive spline sigmoidal

@ (Vpre) (L =1) = Br (Vpost) 7 (3)
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functions:
7
Qy (V;Dre) = Z Qy | o'k(vrm"e) (4)
k=1
7
ﬁr (%ost) = Z /Br,k Ok (Vjvost) (5)
k=1
with fixed sigmoids
V)= . 6
O'k( ) - ]_-’-@iﬂa/ly.k*v) ( )
at uniformly spaced centers spanning the voltage range
k—1
‘/b,k = Vi),min + T(%Jﬂ(l(b - ‘/b.min)- (7)

Assuch, o, 1., By 1,V min and Vj, , ., are programmable param-
eters that allow control over the temporal characteristics of in-
dividual synapses, emulating various dynamical synapse types.
The polarity (£) in the exponent in Eqn. (6) is programmed
as either +1 or —1 through an additional binary parameter for
each «, and (,, supporting either a monotonically increasing
or a monotonically decreasing voltage profile for each of the
opening and closing rates.

These parameters govern the voltage-dependent profile of «,
and (3, and thereby determine the voltage-dependent time con-
stant and asymptote of synaptic variables r that can be tuned
to observed time constants and asymptote from patch clamp
cellular recordings of synaptic function. NeuroDyn provides
two means of user control over these parameters: i) global
biasing to uniformly scale all currents o, B, by a cur-
rent reference I..; and, independently, a voltage reference
Vier = Voomaz — Vo,mins and ii) individual digital program-
ming of each of these parameters relative to these reference
scales. NeuroDyn supports operation over a wide range of these
scales to allow reaching biologically consistent ranges of con-
ductances and time constants, although in this work we have
fixed these ranges at larger current and voltage scales for con-
venience in the measurements accommodating dynamic range
above instrumentation noise and below saturation levels. Digital
programming accommodates 12 bits of resolution in each of the
parameters. The sensitivity of the spline function parameters
o, 1 and 3, depend on the range of the membrane voltage
Vinem and are greatest near their respective bias point V}, ;..

We tuned the parameters governing neuromorphic synapses
to fit the published data describing the kinetic properties of sev-
eral ionotropic receptors and gap junctions present in biological
synapses. The particular functional form of NeuroDyn post-
synaptic dynamics, with strictly monotonic opening and clos-
ing rates in presynaptic and postsynaptic potential, respectively,
limit the approximation quality of general nonlinear dynamics in
postsynaptic conductance that can be realized, although we were
able to generate distinct dynamics specific to different biologi-
cal synapse types. For proof-of-concept we performed manual
parameter tuning; more systematic methods can be applied for
automated tuning of parameters through data assimilation [21]
but require explicit data on internal dynamics of at least a subset
of the state variables in response to specific stimulus sequences,

which are not available here. In particular, we performed an
initial manual parameter sweep in order to identify suitable re-
gions of the parameter space. We then used a relatively simple
calibration and parameter fitting procedure by tuning each of the
internal variables in the dynamics in isolation based on detailed
model knowledge and applying rectified linear regression and
iterative linear least-squares residue correction as described in
detail in [1]. This method proved adequate to compensate for
device mismatch and to set parameters in the biophysical model
approximately to desired values [1].

I1l. CHEMICAL SYNAPSES

To characterize the different chemical synapses, two silicon
neurons were randomly selected from the NeuroDyn chip and as-
signed as pre- and postsynaptic neuron, respectively. The presy-
naptic neuron was then stimulated with an electrical pulse of
20 mV for 2000 ms (pulse width = 1000 ms) that mimicked the
neurotransmitter release and triggered a current flow into the
postsynaptic neuron. These parameters were chosen based on
convenience of recording but could be set to smaller or larger val-
ues. The postsynaptic neuron had its potential clamped in order
to measure the whole-cell current which simulated the response
of the ionotropic receptors. The stimulation of the presynaptic
neuron and the recording of the postsynaptic receptor responses
were achieved with two Keithley source meters (Tektronics, El
Cajon, CA). Currents and voltages were measured from pe-
ripheral pads of the NeuroDyn’s supporting PCB board. The
membrane potentials of both the pre- and postsynaptic neurons
were recorded with an oscilloscope (Agilent Technologies, La
Jolla, CA) and saved with a custom Matlab script (The Math-
Works, Inc., Natick, MA) for off-line analysis. The responses of
five different common ionotropic receptors present in both exci-
tatory (AMPA, NMDA) and inhibitory (GABA ,, GABA( and
Glycine) synapses were obtained by configuring the NeuroDyn
on-chip digital parameters for the synaptic reversal potentials,
conductance, and opening and closing rate voltage splines. The
measured -V characteristics of the five types of ionotropic re-
ceptors were compared with biological data published in the
literature.

A. AMPA and NMDA Receptors

The amino acid glutamate mediates most of the excitatory
synaptic transmission in the central nervous system and spinal
cord. Glutamate binds and activates three families of cation
permeable ligand-gated receptors, including the a-amino3-
hydroxy-5-methyl-isoxazolepropionic acid (AMPA) receptors,
the N-methyl-D-aspartate (NMDA) receptors, and kainate re-
ceptrors. All three families of ionotropic glutamate receptors
play essential roles in synaptic plasticity. The different affin-
ity of these families of receptors for glutamate, their different
activation/deactivation kinetics, and ionic selectivity have all
important functional consequences.

AMPA receptors are highly permeable to Na' ions, have a
low affinity for glutamate, and a fast kinetics ensuring a rapid
depolarization of the neuronal membrane. As AMPA receptors
with different sub-unit composition display a wide range of
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Fig. 2.

Characterization of the AMPA receptor responses. Top, NeuroDyn measurements of three different |-V relations exhibited by different

receptor subtypes (a-c), from outward (Type 1) to slight (intermediate) and pronounced inward rectification (Type Il), as observed in rat neocortical

neurons (bottom) [20]. Discrepancies in the mapping are mostly due to

the functional form of NeuroDyn limited to strictly monotonic slopes in

nonlinear postsynaptic conductance. The scale of the NeuroDyn currents is adjustable, and shown here is larger than biophysical for faster-than-real

time in the emulated dynamics.

rectification properties, we emulated AMPA receptors exhibit-
ing either inward or outward rectification (Fig. 2), as described
for native and other common variation of AMPA receptors,
respectively [20], [23]. Stimulation from presynaptic neurons
were mimicked by a 20 mV electrical pulse with a pulse width
of 1000 ms while the current in the postsynaptic neuron was
recorded in voltage-clamp mode.

In contrast to AMPA receptors, NMDA receptors have unique
biophysical properties including a high permeability to Ca**
ions, a high unitary conductance, a voltage-sensitive block by
extracellular Mg“, and a slower activation/deactivation kinet-
ics. NMDA receptors also have a higher affinity for glutamate
than AMPA receptors. The different glutamate affinity and ki-
netics of AMPA and NMDA receptors have important functional
consequences in central synapses where both receptor types are
often co-localized; the rapid activation of AMPA receptors elic-
its a quick depolarization of the neuronal membrane that relieves
NMDA receptors from their voltage-sensitive Mg?* blockade.
The effect of the Mg?* blockade limiting the conductance of
an NMDA synapse is shown in Fig. 3a. The voltage-sensitive
Mg?* blockade and resulting outward rectification are shown in
Fig. 3b. In that case, the value of the reverse potential was O mV.
Changes in the Mg? " concentration were triggered by applying
a step function to the presynaptic voltage (V),..). We also stud-
ied the divalent cation permeability of the NMDA receptors by
mimicking a change in the extracellular ionic composition, as
shown originally in cultured neurons [24] and recombined het-
eromeric receptors [22]. Changing the extracellular Na™ ions

by Ca?" ions resulted in a 20 mV shift of the reversal poten-
tial, from 0 to 20 mV, respectively (Fig. 3c). This was achieved
by changing the value of the synaptic reversal potential, F,,,,
from 0 to 20 mV, and adjusting the maximum conductance g,
(Eqn. (2)). This effect of Mg?* changing the current flow into
the postsynaptic neuron is mediated by the postsynaptic mem-
brane potential, as modeled here through the dependence of
the closing rate 3, on the postsynaptic potential V,, (Eqn.
(5)). Based on this assumption, we conducted experiments to
demonstrate the effect of the NMDA synapse on neuronal spik-
ing patterns. The results are shown in Fig. 4. After ‘adding
Mg?*+’ by changing the governing parameters, the postsynaptic
neuron was triggered to spike.

B. GABA, and GABA- Receptors

Next, we implemented inhibitory chemical synapses for the
~y-aminobutyric acid (GABA), the major inhibitory neurotrans-
mitter in the central nervous system [25], [26]. GABA acts
on two types of ionotropic receptors, GABA, and GABA(,
and one type of metabotropic receptor, GABAg. GABAA and
GABA( receptors have different pharmacological properties,
different single channel conductances while retaining similar
kinetics and permeability to chloride ions. Following GABA re-
lease, GABA 4 receptors are responsible for the transient com-
ponent of the GABA response, whereas GABA ¢ receptors me-
diates a more sustained response [27]. To further demonstrate
the versatility of the NeuroDyn chip, we emulated the synapses
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Fig. 3.  NMDA receptor characterization by emulating the conductance and ion permeability properties of NMDA receptor channels. Top: NeuroDyn

measurements; Bottom: electrophysiological recordings adapted from [22]. (a) Emulating the effect of extracellular Mg?* on NMDA-activated
whole-cell currents. The current responses were measured either in presence or absence of Mg?*. The membrane potential was set at —60 mV.
(b) Emulating the voltage and concentration dependence of block by extracellular Mg?* on glutamate-activated steady-state I — V' relations. The
four curves represent steady-state whole-cell 7 — V' relations measured during voltage ramps, in the absence of extracellular Mg?* (No Mg) and
in the presence of different amount of Mg?* (Mg 1-3). Different values for the parameters governing the B(Vpost) (Eqn. (5)) mimic Mg2* with
different concentrations. (c) Divalent permeability in which the reversal potential shifted when the extracellular solution was changed from high Na™*
to high Ca?* extracellular solution by changing the value of the synaptic reverse potential parameter (E,,, ; Eqn. (2)). The shift of reversal potential

is configurable and was set to +20 mV.
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Fig. 4. Effect of an NMDA synapse on the spiking pattern of the

postsynaptic neuron. Before ‘adding M g>™*, the presynaptic neuron is
spiking spontaneously, and the postsynaptic neuron was silent (top). Af-
ter ‘adding M g2+, the postsynaptic neuron is triggered to spike (bottom).

of both types of GABA ionotropic receptors and compared their
characteristics with GABA receptor responses recorded in dif-
ferent cell models such as GABA  receptor chimera expressed
in human kidney cells [28] (Fig. 5a) and GABA, and GABA¢
responses at synapses in rat retinal bipolar cells [29] (Fig. 5b).
The I-V curves for all receptor types were obtained from current
measurements at different voltages for different time points cor-
responding to the application of a voltage pulse (amplitude =
20 mV, duration = 2000 ms) to the presynaptic neuron mim-
icking GABA releases [28]. Experimental results of the synap-
tic coupling of two silicons neurons with reciprocal inhibitory
GABA, synapses were presented in [1].

C. Glycine Receptor

The amino acid glycine is the main inhibitory neurotransmit-
ter in the spinal cord. Similarly to ionotropic GABA receptors,
glycine receptors are permeable to C1~ ions and contribute to
fast synaptic inhibition [30]. There is a broad variety of glycine
receptor subtypes but their electrophysiological characterization
remains elusive. Recently, patch clamp recordings showed that
the linear I-V curve becomes progressively inwardly-rectifying
during desensitization for certain receptor subtypes involved in
temporal lobe epilepsy [31]. We decided to emulate receptor
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Fig. 5.

Characterization of synapses with GABA, and GABA receptors. (a) NeuroDyn measured |-V curves for the GABA, and GABA(¢

receptors (fop) as observed in dissociated rat retinal bipolar cells (bottom) [29]. (b) Current-voltage relation for the emulated GABA 5 receptor (top)
as observed in rat GABA 5 receptors composed of the a133~v2L subunits expressed in HEK293 T cells (bottom) [28]. The |-V curve was derived
from current measurements at three time points: 5, 10, and 15 seconds. The application of GABA was elicited by applying a 2000 ms voltage pulse

of 20 mV to the presynaptic neuron.

desensitization because it is a fundamental property of most
ligand-gated ionotropic receptors —limiting current flow after
transitioning to a ligand-bound closed state following a pro-
longed ligand exposure— and can have important physiological
consequences by altering the neuron firing activity. Fig. 6 shows
the progressive rectification of the glycine current obtained by
modifying the opening and closing gate parameters.

D. Postsynaptic Membrane Dynamics

We characterized the postsynaptic membrane dynamics upon
activation with a presynaptic action potential. These dynamics
are controlled in NeuroDyn through adjusting the receptor time
constant 7,- through their dependence on presynaptic and postsy-
naptic potentials as 7, = 1/(a, (Vpre) + Br (Vpost))- Excitatory
postsynaptic potentials (EPSPs) and inhibitory postsynaptic po-
tentials (IPSPs) evoked by the different receptor types are shown
in Fig. 7. As expected from the I-V curves, EPSPs evoked by
the different AMPA receptor subtypes had different amplitudes
and were maximal for the type I. Similarly, IPSPs evoked by the
different GABA receptor subtypes had different amplitudes and
was maximal for the GABA 5 subtype. For the glycine receptor,
we used a linear I-V curve as shown in Fig. 6. The longer time

constant of the NMDA receptor EPSP was obtained by adjusting
the closing rate 3(r) to decrease substantially with increasing
postsynaptic potential values.

IV. ELECTRICAL SYNAPSES

Electrical synapses are formed by gap junctions between ad-
jacent neurons in both vertebrates and invertebrates [5], [32].
Contrary to chemical synapses, most of the electrical synapses
operate in analog mode and allow the nearly ohmic bidirec-
tional passage of current and small metabolites between the
connected neurons. This bidirectional form of analog signaling
enable populations of neurons to rapidly share and propagate
voltage changes among them. Theoretical and experimental ev-
idence indicate that electrical synapses have both excitatory and
inhibitory effects [4], can enhance the signal-to-noise ratio [33],
and contribute to patterns of network activity including syn-
chronization and oscillations [34]-[37]. We implemented bidi-
rectional (symmetric) electrical synapses in two different ways.
In NeuroDyn, the trivial solution to allow the bidirectional pas-
sage of current between two silicon neurons is to connect their
membrane voltage pins through an external resistance wire.
NeuroDyn further permits more general, biophysical forms of
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Fig. 7. Measured postsynaptic membrane dynamics. Various types

of chemical synapses were activated by a presynaptic action potential
(bottom), evoking excitatory postsynaptic potentials (EPSPs) for the
AMPA receptor subtypes (purple lines) and NMDA receptors (green solid
line), and inhibitory postsynaptic potentials (IPSPs) for the GABA recep-
tor subtypes (red lines) and glycine receptor (blue line).

electrical synapses with voltage-gated conductance by modi-
fying the synaptic current (2) such that the voltage difference
driving the synaptic current is between the membrane voltages
of the pre- and postsynaptic neurons, i.e.

Lsyn () = gsyn 7(1) (Vpost () = Vore (1)) ®)

modeling first-order kinetics in gap junctions in rat Schwann
cells (glia cells) [38]. Fig. 8 shows the effect of voltage-gated
electrical synapses on the neural activity of an all-to-all net-
work of four silicon neurons. Without activating the electri-
cal synapses (gsyn, = 0), the four identically tuned neurons
showed no dynamical coupling, firing independently and asyn-
chronously due to jitter induced by noise and device mismatch.
In the presence of electrical synapses, the neurons displayed
synchronous membrane voltage fluctuations and fired in phase.
Similar, but not identical, firing dynamics could be achieved
for two silicon neurons by tuning the governing parameters to
compensate for device mismatch. However, this does alleviate
the effect of phase noise in desynchronizing the dynamics of the
two neurons.

V. DISCUSSION

In this work, we emulated in neuromorphic VLSI hard-
ware the current-voltage (I-V) characteristics of the main
ionotropic receptors present at excitatory, inhibitory, and elec-
trical synapses. In addition to the classic, linear, fast AMPA-like
excitatory and GABA 4 -like inhibitory synapses generally im-
plemented on neuromorphic hardware [16], we also emulated
postsynaptic currents from NMDA, GABA(, and glycine re-
ceptors, as well as two other AMPA receptor sub-types with
different rectifying properties. Voltage-dependent ionic currents
were described by a first-order Markov kinetic model of the re-
ceptor channel and the sign of a chemical synapse could easily
be configured by the polarity of the reversal potential. Using
programmable opening and closing channel rate functions, we
implemented neuromorphic synapses with receptors exhibiting
different kinetic properties and I-V relationships, including lin-
ear (Fig. 5a), inward (Fig. 6), and outward (Fig. 3b) rectifica-
tions. By independently modulating the spline functions of the
opening and closing rates of NeuroDyn, it should be straightfor-
ward to implement the postsynaptic current of the other main
ionotropic receptors present in the central and peripheral ner-
vous systems, including the serotonin type 3 (5-HT'3) receptor
which has an I-V curve similar to that of the intermediate AMPA
receptor sub-type [39], the neuronal nicotinic acetylcholine re-
ceptor which has a linear I-V curve exhibiting strong inward
rectification [40], the ATP-gated P2X receptor cation channel
family which have a mostly linear I-V relationships with slight
amounts of rectification [41], and the transient receptor poten-
tial (TRP) cation channels which have a voltage dependence
similar to the NMDA receptor [42]. Although the NeuroDyn
kinetic model has only two states (open and closed), it provides
a great flexibility for the emulation of the I-V properties of ad-
ditional desensitized states as we showed for a class of glycine
receptors (Fig. 6). By dynamically reconfiguring the parameters
of the spline sigmoidal functions, we were able to simulate the
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Fig. 8. Electrical synapses and synchronization of neural network activity in NeuroDyn. Top, in the absence of electrical synapses, four

unconnected silicon neurons have independent firing dynamics. Bottom, connecting the silicons neurons with voltage-dependent electrical synapses
(9syn = 100 S and = 1) promotes synchronous firing of the four coupled silicon neurons.

desensitization dynamics. A more accurate modeling of receptor
desensitization could be achieved with kinetic models having
more than two conformational states [43]. In general, a bet-
ter estimation and configuration of the NeuroDyn parameters
can be achieved using data assimilation from intracellular neu-
ral recordings of the receptor and ionic current(s) of interest
[21].

Besides fast excitatory and inhibitory synapses, the NMDA
receptor is the only other ionotropic receptor that has received
a significant amount of interest in the neuromorphic commu-
nity. Some authors have developed neuromorphic circuits of
the NMDA receptor present outside the synaptic cleft and in
dendrites. Irizzary-Valle and Parker designed and simulated
a model of extrasynaptic NMDA receptor activated by astro-
cytes during neural synchronization in a tripartite neuromor-
phic synapse [44]. Schemmel and colleagues proposed a neuro-
mophic NMDA channel model for emulating dendritic NMDA
plateau potentials in a multicompartment neuron circuit [45],
[46]. Other authors reproduced the voltage dependence and
slower kinetic of the NMDA receptor and used them as co-
incidence detectors for the implementation of synaptic learning
rules [47], [48]. Bartolozzi and Indiveri described a NMDA
circuit that could emulate short- and long-term plasticity when
connected to other circuit modules [47]. This circuit was later
implemented on a neuromorphic chip with hundreds of silicon
neurons and on-line learning capabilities [49]-[51]. In that neu-
romorphic chip, the nonlinear conductance dynamics resulted
from adaptive and learning features such as spike-frequency
adaptation and bi-stable plastic synapses. Using a more com-
plex synaptic model, Rachmuth and colleagues implemented

a neuromorphic synapse circuit able to reproduce both rate-
and spike-time-dependent plasticity learning rules [48]. In that
synaptic model, NMDA receptors acted as coincidence detectors
atboth the pre- and postynaptic sites. Postsynaptic site contained
both AMPA and NMDA receptors as well as an additional cir-
cuit for modeling intracellular calcium signal. Presynaptic site
contained NMDA and CB1 receptors as well as intracellular
calcium signals. Overall, these different hardware implementa-
tions of the NMDA receptor typically require additional circuit
blocks. One of the main advantages of our approach is that the
reconfigurable architecture of NeuroDyn provides a versatile
platform to implement a variety of synapse types in biophysical
terms of ionotropic receptors, with programmable DACs that
scale to deep-submicron CMOS technologies, and without the
need for additional analog circuit blocks. In NeuroDyn, power
consumption scales linearly with the number of neurons and the
numbers of synapses, in particular with the number of gating
variables and conductances. Power consumption and bandwidth
can be traded, also with linear trade-off, through global tuning
of bias currents scaling all conductances and rate constants in
the model.

Increasing the variety of synapse types in neuromorphic hard-
ware is critical for at least two distinct applications at differ-
ent levels of organization. At the single neuron level, a greater
synaptic heterogeneity will provide more flexibility for interfac-
ing biological and silicon neurons through artificial synapses in
dynamic clamp applications using neural models implemented
in VLSI hardware [17], [18], [52]-[54]. In particular, our imple-
mentation of glycinergic synapses would enable connecting sil-
icon neurons with neurons in the spinal cord where glycine acts
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as the main inhibitory neurotransmitter [55]. Similarly, our im-
plementation of bidirectional electrical synapses would enable
dynamic clamp applications of a large variety of circuits where
gap junctions are present. This would prove particularly useful
to dissect the contribution of chemical and electrical synaptic
transmission in mixed chemical-artificial synapses where gap
junctions are present at the synaptic terminal next to synap-
tic vesicles and postsynaptic density [56], [57]. These mixed
chemical/electrical synapses have only been found at gluta-
matergic axon terminals and their role still remains obscure
(for a recent review, see [58]). However, the current version of
NeuroDyn does not allow the emulation of asymmetric electri-
cal synapses which let current preferentially pass in one direc-
tion. Further work is necessary as the extent of rectification can
have subtle computational effects that can significantly alter net-
work activity [59], [60]. At the population level, neuromorphic
synapses expressing different types of receptors are required
for the emulation of biologically realistic neural network mod-
els with complex dynamics. Neuromorphic platforms for the
simulation of large-scale neural networks up to a million of
neurons are now available in digital and mixed analog-digital
VLSI hardware [61]. As emerging CMOS-compatible mem-
ristive devices [62] will soon enable the emulation of large-
scale neural network models on neuromorphic VLSI hardware
with a number of neurons, and synapses, similar to their bi-
ological counterparts, it is essential to design and implement
neuromorphic circuits taking into account the functional het-
erogeneity and complex spatiotemporal dynamics of biologi-
cal synapses. In addition, the immense number of neurons and
synapses in these emerging new hardware platforms will require
systematical parameter estimation approaches, such as data as-
similation methods [21] and their extensions, and means for
implementing synaptic plasticity innately in the neuromorphic
circuits [63].

VI. CONCLUSION

In this work, we presented the implementation and character-
ization of diverse synapse types on neuromorphic VLSI hard-
ware. We focused on the emulation of the current-voltage char-
acteristics of the main ionotropic receptors present at excitatory
and inhibitory synapses, as well as in gap junctions present in
electrical synapses. By dynamically reconfiguring the opening
and closing rates parameters, we also emulated the temporal dy-
namics of EPSPs, IPSPs, and receptor desensitization. As the-
oretical and experimental neuroscience continue to reveal the
extraordinary complexity of biological synapses, further work
is needed for the design and implementation of neuromorphic
synapses endowed with a larger temporal dynamic range, in-
cluding the slower dynamics of metabotropic and perisynaptic
receptors, retrograde messengers, receptor desensitization, neu-
romodulation, and receptor trafficking to name but a few. A
greater heterogeneity of synapse types and synaptic dynamics
would be advantageous both for large-scale neurmorphic com-
puting and for neuromorphic neural interfaces between silicon
and biological neurons.
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