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Abstract

Controlling the spatiotemporal firing pattern of an intricately connected network of neurons
through microstimulation is highly desirable in many applications. We investigated in this paper
the feasibility of using a model-based approach to the analysis and control of a Basal Ganglia
(BG) network model of Hodgkin—Huxley (HH) spiking neurons through microstimulation.
Detailed analysis of this network model suggests that it can reproduce the experimentally observed
characteristics of BG neurons under a normal and a pathological Parkinsonian state. A simplified
neuronal firing rate model, identified from the detailed HH network model, is shown to capture the
essential network dynamics. Mathematical analysis of the simplified model reveals the presence of
a systematic relationship between the network’s structure and its dynamic response to
spatiotemporally patterned microstimulation. We show that both the network synaptic
organization and the local mechanism of microstimulation can impose tight constraints on the
possible spatiotemporal firing patterns that can be generated by the microstimulated network,
which may hinder the effectiveness of microstimulation to achieve a desired objective under
certain conditions. Finally, we demonstrate that the feedback control design aided by the
mathematical analysis of the simplified model is indeed effective in driving the BG network in the
normal and Parskinsonian states to follow a prescribed spatiotemporal firing pattern. We further
show that the rhythmic/oscillatory patterns that characterize a dopamine-depleted BG network can
be suppressed as a direct consequence of controlling the spatiotemporal pattern of a subpopulation
of the output Globus Pallidus internalis (GPi) neurons in the network. This work may provide
plausible explanations for the mechanisms underlying the therapeutic effects of Deep Brain
Stimulation (DBS) in PD and pave the way towards a model-based, network level analysis and
closed-loop control and optimization of DBS parameters, among many other applications.

1. Introduction

Microstimulation of biological neural networks through extracellular current injection has
been clinically regarded as a way to evoke patterns of neural activity that could ultimately
lead to a desirable functional outcome. Examples include Functional Electrical Stimulation
(FES) in the peripheral [1, 2], and Deep Brain Stimulation (DBS) in the central nervous
systems [3, 4], as well as inducing perception with sensory prosthetic devices such as
Cochlear and retinal implants [5, 6]. In many brain areas, information is widely believed to
be encoded in the precise spiking patterns of densely connected networks of neurons with
distinct morphologies and cell types, and precise spatiotemporal control of the output of
these networks through microstimulation is highly desirable in many applications. This
control, however, is challenging, in part due to the large number of unobserved elements in
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the area being stimulated, the complexity underlying the local mechanisms of
microstimulation, and the interplay between the intrinsic network structure and its dynamic
response to external stimulation.

Electrical microstimulation activates not only the neuronal elements near the electrode tip,
but also networks of numerous neurons that are connected to those elements being directly
stimulated. It was suggested in [7] that extracellular electrical microstimulation causes
sparse and spatially distributed patterns of activation that depends on the axonal projection
patterns in the cortex. At low current levels (subthreshold excitation), neural elements-most
likely axons within tens of microns from the electrode tip-are mainly activated via direct
depolarization and then propagate in both antidromic and orthodromic directions, consistent
with previous computational studies [8, 9, 10] and in vitro experimental investigations [11,
12]. This effect, however, does not rule out the possibility that at high current
(suprathreshold excitation) through a single electrode or at low currents (subthreshold)
through multiple microelectrodes more neurons could be indirectly activated via synaptic
connections [13, 14]. Indeed, previous studies have suggested that microstimulation can
elicit postsynaptic potentials, which, together with antidromic activation, are expected to
have major influence on spatially diffuse networks [13, 15]. Taken together, the sparse and
distributed pattern of activation evoked by microstimulation makes it critical to precisely
control the delivery of microstimulation, both in space and time, in order to achieve a
desired outcome.

Despite the progress made to date, it remains difficult to formally characterize how densely
connected networks of neurons respond differentially to arbitrary spatiotemporal stimulation
patterns, let alone optimize them for a given application. Lack of analytical tractability is
one major obstacle that precludes characterizing the effects of patterned microstimulation at
the network level, particularly in the case of large networks of intricately interconnected
spiking neurons such as those in the Basal Ganglia (BG) system involved in motor control.
The objective of this work is to investigate the feasibility of a model-based approach to the
analysis and control of neural microcircuits from a Multiple-Input-Multiple-Output (MIMO)
systems perspective. In the BG system, such approach may be substantially important to
provide plausible explanation of the enigmatic mechanisms of DBS in Parkinson’s disease
treatment, and to provide more effective ways to optimize stimulation parameters.

The paper is organized as follows. Section 2 provides necessary background on the
simulated BG neural circuit, the structure of the simplified firing rate model, and the use of
Singular VValue Decomposition (SVD) for the analysis of the system. The results of the
analysis and control design based on the simplified model are detailed in Section 3. We
discuss in Sec. 4 practical issues related to spatiotempral control of the BG neural circuit in
normal and diseased states and devise some strategies for the control of these circuits.
Section 5 summarizes our conclusion and suggestions for future work.

2. Methods
2.1. A Biologically Realistic Network of Spiking Neurons

A Matlab/Simulink model was implemented based on the Basal Ganglia (BG) circuit used in
[16]. Figure 1(a) shows the high level block digram of the BG circuit and Figure 1(b) shows
its detailed synaptic connectivity. The model consists of three populations of neurons (see
Figure 1(a)): Subthalamic Nucleus (STN), Globus Pallidus externalis (GPe), and Globus
Pallidus internalis (GPi). Each population consists of 16 single-compartment Hodgkin-
Huxley (HH) type spiking neurons whose membrane potentials are governed by a selection
of ionic channels to match the in-vitro electrophysiological recordings. More precisely, for a
microcircuit consisting of N neurons, we have
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ZI‘O“ Zl“” ™ i=1,2,...,N

J#F (1)

where C; and Vj are the membrane capacitance and the membrane potential of neuron i,
. H - . - SYR . . . -
respectively. 7;°" is the ionic current, ’,-_‘}" is synaptic current from neuron j to neuron i, and

I is the intracellularly injected current at neuron i (See [17, 16] for the composition of
ionic channels for each type of neurons).

All neurons are firing spontaneously through a constant current injection. Each STN neuron
provides excitatory inputs to a subpopulation of GPe and GPi neurons. In addition to the self
inhibitory connections within the GPe neuron population, each GPe neuron also inhibits
neurons in the STN and GPi population. Each STN neuron accepts temporally patterned
electrical pulse (square shape with duration = 0.6 ms and amplitude = 200 pA/um?) trains
that are either randomly generated or controller optimized. Note that each STN neuron will
subsequently excite a network of neurons due to synaptic coupling. We chose to control the
spatiotemporal firing pattern of GPi neurons because they constitute the major outputs of the
BG system to motor nuclei in the thalamus that leads to activation of cortical premotor
circuitry [18], and because controlling this activity is hypothesized to underlie the
therapeutic mechanisms of DBS in Parkinson’s Disease (PD) [3]. The stimulation inputs are
denoted by s; to s16 as shown in Figure 1(b). Spike trains were extracted by simple
thresholding of the membrane potentials.

2.2. System Identification for Model Simplification

For simplicity we assume that neuronal outputs are expressed in terms of their firing rates
instead of precisely timed sequences of action potentials (similarly for the stimulation pulse
trains). We first smooth the original discrete event observations by calculating the firing
rates over a sliding window of length T (e.g. see Figure 1(c) where T = 200ms). We then use
the following model to characterize the input-output relationship of each individual neuron

xi () =2, ;',( 7,;” (IA)+Z "(q ,;Aj ()
J#i i
ri (t) =h (x; (1) 36;) )

where t, = KTy is the discrete time stamps and T is the sample time. ri(ty) is the firing rate of
neuron i over a sliding window of length T, s;(ty) is the jth stimulation input, g1 is the unit

B! ( —1)
delay operator, xj(t) is an intermediate variable; The term F . i (g~") models the direct
(monosynaptic) dynamic influences of the spiking rate of neuron j on that of neuron i via

B} ( —1)
Xi(tx), and the term F;; (¢7") captures the dynamic interaction between input sj and the firing
rate of neuron i via X;(ty); h(xi(ty); 6;) is the static output function parameterized by 6;, which,

for example, can be used to account for the background level of spiking and the nonlinearity
in spiking frequency characteristics [19, 20, 21, 22].

If we choose to use a first order polynomial for the output function, i.e., h(xj(tk); ;) = kixi(tx)
+ ¢j, by eliminating the intermediate variables x;(t), we can explicitly express the firing

J Neural Eng. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 4

rates r(ty) = [r1(t), ... , ra(t)]" (@ssuming n neurons) as a function of the stimulation inputs
s(ty) = [s1(ty), --- sp(tk)]T (assuming p stimulation inputs) and other variables as follows
r() =[1-KW(q¢ )| [ H(g7")s (1) +c|
—~1 1
=[1-W(a )] [Bla)s w0 +e] ®
where ¢ = [cq; ... ; ¢4]T ; K is a diagonal matrix with each diagonal element equal to k;; The

Bya)  Biy(a)
transfer functions £ . (q‘l) and F; . (q“) are the (i, j)" elements of matrices W(q™1) and
H(g™), respectlvely Choosmg aflrst order polynomial as the output function linearizes the
microcircuit and makes the resulting model mathematically tractable. The model, however,
becomes valid only in a limited operation regime. The cost and benefits of model
simplification from the perspective of control analysis and design are further discussed in
Section 4.

~ 1-1
It is worthwhile to emphasize the importance of the expression [I -W (ff‘)] , which
describes how the monosynaptic (first-order/direct/open-loop) interaction,

w (q‘l) =KW (q‘l), translates into polysynaptic (higher-order/indirect/closed-loop)

~ _1\1-1
interaction among neurons across the entire network. Each panel of [I -W (q i)J
characterizes how the effects of changing the firing rate of one neuron dynamically

propagate to other neurons through synaptic coupling. Therefore, pre-multiplying H( )by

[1 -W (q_ )J , denoted as G (q_ )=[I -W (q_ )] i (q_ ) represents network effects of
multi-site microstimulation.

2.3. Singular Value Decomposition

By replacing q~1 with e 7WTs, we obtain the frequency domain representation of the transfer

function G (¢ ™"+ )=[1- W (e_j“’r"')]_lﬁ (e77"™), where Tg is the sample time, and w here

has the units of rad/sec (note L rad[sec=1 Hz), G(eWTs) describes the system response
to sinusoidal stimulation patterns with frequency w. Since the model is a firing rate model, w
is therefore the oscillation frequency of the firing rates and should not be confused with the
actual values of the firing rates (or the instantaneous stimulation frequency). Fixed period
pulse trains under this framework are constant vector signals with w = 0 and amplitude equal
to the corresponding fixed frequency.

For a Single-Input-Single-Output (SISO) linear time invariant (LTI) system, applying a
sinusoidal signal s(ty) = Assin(WTsk + as) (or s(w) = Asels in phasor notation) at the input,
the output will also be a sinusoidal signal but scaled by a factor IG(e 7¥Ts)| and phase shifted

by £G (¢"7")

r (1) =AJ|G (77 fsin (WT sk +a+£G (e77+))

or in phasor notation because
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r(w) =A,|G (e—ij,.) |ej(wx+LG(c*ju’['\.)):G (e_jWTS) s(w)

—jw —jw . e~ "Ts . . .
because G (¢7*) =IG (e7"+) 1e“?™"™) Therefore, the gain at a given frequency is
simply

ol G )sonl
HOIE) =G (™)

If we use the vector 2-norm, denoted as II-ll, then at a given input frequency w, the gain of
the MIMO system G(e 3WTs) for a specific input signal s(w) is given by the ratio

el 16 (@) sl
s o)1l lis vl

Unlike the case of SISO systems, the system gain of a MIMO system additionally depends
on the direction of the input vector, denoted by s(w) = [s1(W), ..., sp(w)]T, which can vary

from & (G (¢77"")) to & (G (")), where & (- is the smallest singular value and & () is
the largest singular value of the transfer function matrix G(e 3"Ts). In other words, the
system responds differentially depending on relative amplitudes and phase shifts of the
sinusoidal stimulation inputs across stimulation electrodes.

To gain more insight into the mathematical tractability of the transfer function from
stimulation input to neural output, let’s consider the SVD of the transfer functionmatrix
G(eIWTs) from s to r evaluated at a fixed frequency w. The SVD of the transfer function
matrix is given by

G (¢7T) =U (w) £ (w) V(w)" 4)

where Y (w) is a n by p matrix whose main diagonal elements are the non-zero singular
values oj(w), i =1, ..., min {n, p} arranged in descending order; U(w) = [uy(w), ... , Un(W)]
is a unitary matrix of output singular vectors, and V(w) = [vy(w), ..., vp(W)] is a unitary
matrix of input singular vectors. 1 denotes the complex conjugate transpose. Note that
elements in the input singular vector u;(w) or output singular vector vj(w) can also be written
in phasor notation and they represent the relative amplitudes and phase shifts of the input
and the output signals. If we rewrite Equation (4) as G(e IWTs)V(w) = U(w)¥ (w), then for
column i we would have

G (e_jWTS) vi(w)=0; (w)u; (w) ©)

Note that if we consider a stimulation input in the direction vj(w), then the output is in the
direction uj(w) and the gain is the corresponding singular value oj(w). Figure 2 illustrates the
singular value decomposition of a 3-input-3-output system at w = 0. The input directions
corresponding to o1 and o5 are amplified whereas the input direction corresponding to o3 is
attenuated. In the case when Y (w) is dominated by very few large singular values, the
network tends to produce very specific response patterns only when specific input patterns
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are presented, and thus exhibits strong spatiotemporal selectivity. We will drop the term
e WTs and w from now on for simplicity, but note that SVD is frequency dependent.

The number of directions with significantly nonzero singular values can be considered as
“vocabularies” that the circuit can generate. This imposes spatiotemporal constraints that
may limit the information that could be carried by both timing and rates in a population of
neurons [23]. Under this simple SVD framework, we can argue that increasing the number
of neurons will generally lead to an increase, albeit at a slower rate, in the number of
“vocabularies”, because the dynamics of the local cortical circuit can result in varying
degrees of correlation among interconnected neurons. This is consistent to the experimental
observations presented in [23].

2.4. Functional Controllability

Given a set of neurons to be controlled, it is important to determine whether their firing
activity can be independently manipulated using a given set of stimulation inputs, which
brings the concept of functional controllability. A system is said to be functionally
controllable if the normal rank of the input-output transfer function is equal to the number of
outputs, which naturally requires the number of inputs to be no less than the number of
outputs [24]. The minimum singular value of the input-output transfer function matrix can
be used as an indicator of how close the system is to be functionally uncontrollable [24]. We

~1-1~
note that E([I B W] H) is bounded as follows

&N, - wl i >i
P B S e

which depends not only on the network synaptic coupling v but also on the local
mechanisms of microstimulation g

High levels of input signal “spreading” onto large number of neurons disregarding their
existing anatomical connectivity can potentially cause g to be ill-conditioned (or rank

deficient), and thus lead to smaller Q(H). For example, in the extreme case when each
stimulation electrode activates all STN neurons, we are effectively dealing with a system
with only one degree of control freedom. In other words, we can only drive the firing
patterns of the STN neurons in one direction. As a result, increasing the level of current
spread can shrink the space of spatiotemporal patterns we can evoke through multi-channel
microstimulation. This effect is similar to that of reducing the number of stimulation inputs.

2.5. Relative Gain Array

Closing the loop between certain set of inputs and outputs in the feedback control mode can
have many undesired system responses. This is primarily due to the presence of dynamic
coupling among various inputs and outputs as a result of synaptic connectivity and actuation
dynamics. It is, therefore, important to quantify the degree of coupling of various Input/
Output (1/0) combinations. This is especially useful when we are faced with an exceedingly
large parameter space of potential inputs and corresponding outputs, which would actually
be the case when stimulating hundreds or possibly thousands of neurons simultaneously.
The Relative Gain Array (RGA) [24, page 90] is one such measure of interaction that is
commonly used in the MIMO control literature. The RGA of the input-output transfer
function matrix G is defined by
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RGA(G) = G x (GT)T ©

where x denotes element-by-element multiplication, and G is the pseudo inverse of G.
Each element of the RGA matrix represents the ratio between the open-loop and the “closed-
loop” gains for the corresponding input-output pair. By “closed-loop” we mean partial
control with all other outputs perfectly controlled (set to constant values)[24]. RGA is a very
useful tool for localized/decentralized control. The objective is to pair up the specific
stimulation inputs and neuron outputs whose corresponding RGA elements are close to 1,
because the corresponding transfer function in such case is less affected by closing the other
loops.

3.1. The Simplified Firing Rate Model Captures the Essential Dynamics of the Network in
Response to External Inputs

The parameters of each individual firing rate neuron model (see equation (2)) were
estimated by fitting the model to the data collected from the simulation of the Hodgkin-
Huxley BG circuit as described in Section 2.1 (see Figure 1(c) for examples of simulated
data). The parameter estimation was performed using the system identification toolbox in
Matlab where iterative prediction-error minimization methods are available. The search
method is one or a combination of Gauss-Newton method, adaptive Gauss-Newton method,
gradient method, or Levenberg-Marquardt method. The search method was automatically
chosen by the Matlab function. The output function was chosen to be the first order
polynomial, and the resulting simplified model was linear (see Equation (3)). Note that other
types of output functions have been tested, but no significant performance improvement was
observed (see Figure 3(a)).

The simplified network model was then constructed by interconnecting individual simplified
neuron models based on the actual network topology of Hodgkin-Huxley BG circuit. The
prediction accuracy of the firing rate network model is shown in Figure 3(b), in which the
simplified circuit was driven by the same external patterned stimulation inputs. There is high
level of correlation between actual spiking rates and the predicted ones (left and middle
panels in Figure 3(b)). The statistics of the Variance Accounted For

o var(r(t) —r (1))
(VAF =1- T ar(r)) where 7(z,) is the predicted firing rate) for three different types
of neurons are shown on the right panel. Note that the prediction performance decreases
from single neuron models to network models, which is likely due to the error accumulation
when neuron models are interconnected into a network. Despite the apparent simplicity of
the model structure (see equation (3)), the results demonstrate that the simplified circuit
model indeed captures the essential features of the dynamic interactions among different
neurons as well as the spatiotemporal dynamics of the neural circuit in response to external
stimulation inputs.

3.2. Functional Controllability is Largely a Structural Property of the Network

We use a few examples in this section to demonstrate that functional controllability is
largely a property of the network structure and the relative connection strength. For
example, consider the problem of controlling the firing activities of GPi neurons 1 to 4 using
two separate groups of stimulation inputs, {sy, ..., Sg} or {Sg, ... , S16}. Figure 4(a) shows
the singular values of the transfer function matrices from {sy, ... , sg} (upper panel) and
from {sg, ... , S16} (lower panel) to the outputs of the four GPi neurons (sub-matrices of
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[1- W] 1PNI). The minimum singular value of the system with inputs {s1, ... , Sg} is much
larger than that of the system with inputs {sg, ... , S15}. Therefore, the system with inputs
{sg, ..., S16} is much closer to be functionally uncontrollable, meaning that stimulating
these specific STN neurons does not permit exercising the most effective control of the
spiking of the four GPi neurons. On the other hand, using inputs {s1, ..., sg} offers much
better controllability across all frequencies for these GPi neurons. Closer inspection of the
Hodgkin-Huxley BG circuit reveals that this is likely due to the weak synaptic connectivity
between two populations of neurons as shown in Figure 4(b), in which the maximum
conductance of the synaptic coupling between-population from STN neurons to GPe
neurons is only one-fifth of those within each population. The four output GPi neurons
belong to population A that inputs {sq, ..., sg} directly influence. As a result, the influence
of inputs {sg, ... , S16} on the firing pattern of the four GPi neurons through these weak
between-population synaptic connections is less effective than that of inputs {sy, ..., Sg}.

The practical implications of this observation can be stated as follows: stimulation inputs
have to directly influence neurons that project to the output neurons for the system to have
better functional controllability. As expected, the functional controllability of systems with
any random combinations of 8 different stimulation inputs, out of the 16 available, largely
falls between the two extreme cases discussed above (see Figure 4(c)). In terms of the ability
to independently manipulate the firing activity of the four output GPi neurons, input
combination {sy, ..., Sg} would be the best choice among all different combinations of 8 out
of the 16 available stimulation inputs. The condition of functional controllability guarantees
that the system outputs can be controlled to follow arbitrary spatiotemporal patterns. This
can be rather restrictive if the desirable output patterns are known to belong to the subspace
spanned by directions with large singular values.

3.3. Spatiotemporal Selectivity of the Neural Circuit

We now examine the circuit from the eight stimulation inputs {sq, ... , sg} to the four output
GPi neurons and denote the system transfer function matrix as G1. We provide here a
numerical example to make an important point. The SVD of the DC gain matrix of Gy,
which characterizes the system response to stimulation pulse trains with fixed frequency (in
other words, when there is no oscillation in the stimulation pattern), is given by

G ()= Uz V=

-055 0.15 -0.65 0.51 ][ 1.25 0 0 0 0 0 0 0]
-040 -044 0.63 0.50 0 098 0 000 O0DO
031 0.75 031 0.50 0 0 0.87 00 0O0O
0.67 -0.48 -0.29 048 0 0 0 049 0 0 0 O
H

-043 -023 -0.62 045 -0.05 0.18 0.03 0.36
-050 -0.01 064 041 0.15 -0.08 038 0.00
029 0.75 -0.06 045 032 0.08 -0.09 0.19
0.60 -051 0.10 041 013 036 020 -0.13
-0.12 -0.19 -0.13 -0.27 092 -0.03 -0.01 -0.02
-022 017 015 -028 -0.02 090 -0.03 0.01
0.11 020 -0.28 -0.25 -0.04 -0.01 090 0.02
0.19 -0.14 027 -0.22 -0.01 -0.05 0.01 0.90 |

Carefully examining the column vectors of U;, we note that each element corresponds to the
amount of change in the firing rate of the corresponding GPi output neuron. For example,
the first column vector uy is [-0.5, —0.4, 0.31, 0.67]" means that the firing rates of the first
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two GPi neurons would change by approximately similar amounts in the opposite direction
to the firing rates of the other two GPi neurons. Because this vector corresponds to the
largest singular value, small changes in the corresponding input direction would lead to
large changes in the output. On the other hand, the last column vector uy is [0.51, 0.50, 0.50,
0.48]" means that changes in the firing rates of the output neurons will occur in similar
directions. This, however, would require larger changes in the corresponding input direction
because uy4 corresponds to the smallest singular value.

To see if this interpretation is consistent with the network structure, the detailed local
synaptic connectivity of the BG circuit that contains the 4 GPi neurons is redrawn in Figure
5(a). As we can observe from this figure, each output GPi neuron (highlighted in grey)
accepts one excitatory input from one STN neuron and one inhibitory input from one GPe
neuron. To increase the firing of all four GPi neurons, we would naturally want to increase
the firing of the excitatory presynaptic STN neurons (indexed from 1 to 4) and
simultaneously suppress the firing of inhibitory presynaptic GPe neurons (indexed 1 to 4).
This creates a control conflict since each of the presynaptic STN neurons also strongly
excite the presynaptic GPe neurons, which subsequently cancels part of the excitatory
effects of the presynaptic STN neurons. On the other hand, consider the input/output
direction corresponding to the largest singular value, increasing (suppressing) the firing of
STN neurons 1 and 2 has similar effects on the firing of the four GPi neurons to that of
suppressing (increasing) STN neurons 3 and 4 (Figure 5(a)). Therefore, similar changes in
this stimulation input direction can produce larger changes in the corresponding neural
output direction.

It is important to bring this theoretical analysis to practical observations during DBS of the
BG system. Typically, electrical pulses are delivered at a fixed frequency across all
stimulation sites [3, 25]. Mathematically, this corresponds to evaluating the transfer function
matrix G1(e IWTs) at w = 0, i.e., G1(1), which is the DC gain matrix we have previously
analyzed. At a fixed stimulation frequency fq across all stimulation sites, the stimulation
input can be expressed as a vector signals vs(w)lw=o = fo[1; 1; 1; 1; 1; 1; 1; 1]7, and applying
this input to the system we have

G (v, Uz Vv,
IGi(Dv |[2=|| 121V [[2:0.13 <« (G (1))=0.49
sl [1vslla - ()

The gain in the input direction v is much smaller than the smallest singular value. This is
because the projections of vg along the last four columns vectors of V1 occupy 93.65% of
the total variance in the stimulation inputs without affecting the firing rates of the output GPi
neurons. This shows that progressive changes in the firings rates of GPi neurons will be seen
when the frequency of the electrical pulse train is progressively higher than zero.

The small system gain (0.13 << 1) corresponding to stimulation with fixed period/frequency
pulse trains suggests that the changes in the GPi neurons’ patterns can be quite insignificant
compared to the spontaneous activity at lower fixed stimulation frequencies. In other words,
the network dynamics are more likely to be dominated by the spontaneous activity at lower
stimulation frequencies. Therefore, low fixed frequency stimulation is unlikely to suppress
the rhythmic firing patterns that might exist in the spontaneous network activity that are
eventually manifested in the abnormal PD motor behavior. At high stimulation frequencies,
the effect of stimulation-induced changes in the network dynamics starts to dominate over
the spontaneous network activity and thus potentially suppresses the detrimental effects of
any rhythmic patterns that might exist. This could be a plausible explanation of why only
high frequency stimulation is effective in suppressing the symptoms of PD [26].
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The analysis of the DC matrix G4(1) shows the importance of the spatial distribution of the
stimulation pattern on the network selectivity. To study both the spatial and the temporal
aspects of the network dynamics, we need to examine the transfer function matrix
G1(e WTs(1) across different frequencies (G1(e 7WTs(1) characterizes the system response
when the system is subject to sinusoidal stimulation with frequency w). The spatiotemporal
selectivity to arbitrary stimulation patterns can be better illustrated by reconstructing the
corresponding input and output patterns in the time domain. We use the inverse Fast Fourier
Transform (iFFT) by uniformly sampling the frequency domain response (consider (5) and
2kn
let sz_Ts’ k=1, ...,N). Figure 5(b) shows the reconstructed time domain stimulation input
and output patterns corresponding to the largest and the smallest non-zero singular values.
Higher frequency contents greater than 300 rad/s (around 48 Hz) are discarded since the
functional controllability of the system degrades significantly at higher frequencies (see
Figure 4(a)).

Figure 5(b) shows the response of the GPi neurons under two different sets of
spatiotemporal stimulation patterns that correspond to the largest (first panel in Figure 5(b))
and the smallest singular values (third panel in Figure 5(b)). At the same level of variation in
the inputs (the total variance in all inputs is kept the same for both scenarios), the total
variance in all outputs is 1.71 for the largest singular value (second panel in in Figure 5(b))
and 0.21 for the smallest singular values (fourth panel in in Figure 5(b)). The system
amplifies the effect of the input patterns associated with the largest singular value and
attenuates the effect of the inputs patterns associated with the smallest singular values. The
difference is large (1.71 >> 0.21) and is quite visible from the plotted output patterns for the
two different scenarios. The circuit therefore is more sensitive to certain spatiotemporal
patterns of variation in the inputs and thus exhibits strong spatiotemporal selectivity.

3.4. Control Structure Selection and Spatiotemporal Feedback Control

In this section, we design a localized/decentralized feedback controller that drives the
spatiotemporal firing patterns of the four GPi neurons to follow prescribed reference
patterns using eight stimulation inputs s, ..., Sg. Due to the lack of experimentally validated
model that links the observed motor behavior to the firing patterns of GPi, desired reference
patterns associated with normal motor behavior were not available. We therefore use
reference signals obtained from the open loop simulation of the BG circuit under random
pulse trains (see Figure 1(c)). This would maximally probe the system to be controlled, and
that helps assessing the “modes” in the outputs to a broad range of "modes” in the inputs.

For a given output neuron, we first select a set of stimulation sites that are effective in
controlling its firing activity and introduce less close-loop interactions. We accomplish this
by using the concept of relative gain arrays (see Section 2.5). We note that the RGA array is
frequency dependent and the pairing suggested by RGA can be different at different
frequencies. In our case, however, the pairing suggested by the RGA at different frequencies
were largely the same and we picked the RGA evaluated at 100 rad/sec as an illustrative
example. The relative gain array for transfer function G4 evaluated around 100 rad/sec is
calculated according to Equation (6) and its values are shown in Table 1. This angular
frequency corresponds to 16 Hz and it is the frequency at which the singular values started
to decrease significantly. The matrix G, is of dimension 4 by 8 and it characterizes the
system response to various 16 Hz sinusoidal stimulation patterns. The rows and columns
correspond to the outputs and inputs, respectively. Each element in the matrix represents the
ratio between the open-loop and closed-loop gains for the corresponding input-output pair. If
the value is close to 1, the corresponding input is preferred to be used for the control of the
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corresponding output because closing the loop does not significantly impact the dynamic
relationship between the corresponding input and output pair.

From Table 1, we can observe that none of the RGA elements is very close to 1 suggesting
that there are strong closed-loop interactions within the neuron circuit and all the input-
output gains change significantly from open-loop to closed-loop. The RGA elements whose
values are relatively close to 1 are highlighted using bold font in Table 1. The corresponding
inputs and outputs are thus paired up and only the corresponding inputs can be most
effectively used to control the corresponding outputs [24]. Therefore, we use s; and sg to
control GPi neuron 1, s, and s7 to control GPi neuron 2, s3 and s5 to control GPi neuron 3,
and s4 and sg to control GPi neuron 4. This give rise to the following controller structure

Ko(q™") 0 0 0
N
. 0 Ko(q7") 0 0
S I
ss | |0 0 0 Ko(q7') || e
ss | 0 0 ~Ko(q7") 0 e3
56 0 0 0 -Ky (q-') e
51 0 ~Ko(g7") 0 0
58 1
Ko(q!) 0 0 0 ®
where [sq, ..., sg]" are the 8-channel stimulation inputs and [ey, ... , 4] are the differences

between the references and the measured responses of the 4 GPi neurons;

T.q_1

-1\ _pP /I =5

Ko (q )‘PO +P01 _ -1 inwhich P{; and P{) are the proportional and integral gains of the Pl
controller; T is the sampling period. Note that we use the same Kq(q™1) for all and this

leaves us only two parameters ( P{,’ and Pg) to be tuned. The controller has a decentralized
structure, for example, only the firing activity of GPi neuron 1 is used to calculate the
control signals for s; and sg.

The controller parameter tuning was first carried out using the simplified model. After
satisfactory performance was achieved, the same controller was then implemented with the
detailed BG circuit of Hodgkin-Huxley neurons. Figure 6(a) shows the block diagram of the
detailed implementation of the feedback control system. The Finite Impulse Response (FIR)
filter calculates the spiking rates over a sliding window of 200ms. The differences between
the filtered reference and output spike trains are used to generate the prototyped stimulation
pulse trains that are delivered to sy, ... , Sg as marked by square in Figure 1(b). The
stimulator is a pulse generator with variable frequency inputs, which are continuously
adjusted by the controller.

Figure 6(b) and 6(c) shows an example raster plot of the reference spike trains and the
responses of the output GPi neurons (indexed from 1 to 4). Switching on the feedback
controller makes the firing patterns of the output GPi neurons to follow the references.
Correlation analysis (Figure 6(d)) shows that the correlation coefficients (as in [27])
between the reference and the evoked spike trains under closed-loop control are significantly
higher than those when the controller is switched off. This indicates that the closed-loop
feedback controller is indeed effective in modulating the spatiotemporal firing patterns of
the output neurons.
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3.5. Feedback Control of a Parkinsonian BG Circuit

In the previous example, we have shown that the firing activity of the output GPi neurons
can be forced to follow a given spatiotemporal firing pattern. Here, we investigate whether
this effect might be useful to suppress the existing spontaneous activity patterns in the
network such as the rhythmic/oscillatory patterns that characterize PD. We study in this
section the effect of feedback tracking in a Parkinsonian BG circuit.

A Parkinsonian BG circuit was simulated by increasing the striatal inhibition to GPe neurons
and decreasing the intrapallidal inhibition among GPe neurons to mimic dopamine loss [16].
For the purpose of simplicity, we adopted the same controller design based on the simplified
model of the healthy circuit to control the Parkinsonian BG circuit. Note that further
adjustment of the controller structure and parameters might produce better results because
the controller we used was not specifically designed for the Parkinsonian BG circuit. We
used the spike trains collected from the simulation of the healthy circuit under random
stimulation inputs as reference signals.

All three types of neurons in the Parkinsonian BG circuit exhibit rhythmic/oscillatory firing
patterns once the control was switched off (Figure 7(b)). Two pairs of GPi neurons (GPi
neuron 1 and 2, GPi neuron 3 and 4) exhibit high levels of correlation/synchronization and
the firing activity of the two pairs is negatively correlated in the Parkinsonian BG circuit
when the control was off (see Figure 7(a) and the right panel of Figure 7(c)). Once the
controller was switched on, it drove the outputs of the GPi neourns to follow the reference
patterns. In doing so, desynchronization of the GPi neurons resulted and the correlation
structure among them resembled that of the reference signals (the left and middle panels of
Figure 7(c)). In addition, the rhythmic/oscillatory firing patterns also disappeared from all
the neurons in the Parkinsonian BG circuit (Figure 7(b)).

4. Discussion

4.1. Simplified Model-Based Analysis and Control

In this work, we have shown that closed-loop control of neural activity using neural
feedback provides an effective way for precise spatiotemporal control of a complex network
of BG spiking neurons. Without any insight into the relationship between the circuit
connectivity and network dynamics that can be provided by the analysis of a simplified
circuit model, we can easily lose tractability in a myriad of signals. We provided a strategy
to build a simplified model-based approach to deal with large scale systems when trial-and-
error approaches become increasingly unmanageable [28, 29].

Using a simplified model, however, comes at a cost. Simplified circuit models offer a
compromise between modeling accuracy and analytical tractability. As a result, simplified
models may only be valid within a limited operation regime. For example, the simplified
firing rate model used in our study does not capture the transient spiking dynamics of
neurons at the very short (sub-millisecond) time scale. Therefore, it is anticipated to be of
most relevance to study the dynamic interactions among neurons through synapses with time
constants in the ranges of milliseconds or tens of milliseconds. Even though the simplified
model used in our study is sufficient for the investigation of the spatiotemporal network
dynamics in response to patterned stimulation, the use of a first order polynomial as the
output function prevents it from capturing the subtle features of the self-sustained activity
patterns in a spontaneously active neural circuit, such as oscillations, unless they are
externally driven. The simplified model only approximates this type of self-sustained neural
activity as constant background firing rates. The model, however, does capture the
susceptibility or enhanced sensitivity of the network to spatially patterned oscillations in the

J Neural Eng. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 13

firing rates within certain frequency bands (note that the largest singular values peaks
around 7 Hz as shown in Figure 4(a)).

4.2. Limited Number of Observable Neurons and Stimulation Sites

From a practical standpoint, the invasive nature of microelectrodes implies that
simultaneous stimulation and recording from a large number of neurons may inevitably
increase tissue damage and thus limit the number of stimulation sites as well as the number
of recorded neurons [30]. This may impose difficulties in model identification and
fundamentally limit how much could be achieved using controlled microstimulation. As
required by functional controllability, the number of inputs has to be no less than the number
of outputs. If the number of stimulation inputs p is smaller than the number of output
neurons n, the system will have at least n — p output directions up.y, ... , U, that are not
controllable. In other words, it is only possible for the stimulation inputs to generate
spatiotemporal patterns distributed along a specific set of directions ug, ..., up (if all the p
singular values are non-zero). Therefore, limited by the number of stimulation sites, it is
clearly difficult, if not impossible, to independently manipulate the activity of all measured
neurons, let alone thousands of unobserved ones.

Despite the apparent difficulty, some factors might help in using smaller number of
stimulation sites to control the spatiotemporal activity of larger number of neurons. First,
neural activity in local cortical circuits is known to be correlated and the structure of this
correlation seems to be critical for shaping the information flow across many pathways [31,
32]. Achieving a spatiotemporally correlated firing pattern does not necessarily require
independently manipulating the firing activity of every output neuron and thus impose less
restriction on the number of stimulation inputs. Second, a small fraction of neurons in a
large cell assembly might be more influential or relevant in producing the desired output
than others [33]. Therefore, a “good enough” outcome might be achieved by just controlling
the activities of the key members in a cell assembly. This is particularly the case when we
have access to neural elements belonging to a strongly connected structure [34, 35, 36].

4.3. On the Use of Feedback

The use of feedback can be very versatile depending on the nature of the application. Neural
feedback has been demonstrated, albeit at an elementary level, to be effective in creating
functional links between spatially distant brain areas [37]. A number of computational [38,
39, 52] and biological studies [40, 41] have also demonstrated that feedback can be highly
effective in regulating ensemble neural activity, particularly in the control of synchronized
cell assemblies. Because the control goal in such cases was to desynchronize/regularize the
entire population dynamics using a few macroelectrodes with broad spatial current/voltage
spread, they are fraught with generalization ability to cases in which precise and more
delicate spatiotemporal control of spiking through more localized and less intense multi-
channel microstimulation is sought, such as evoking perceptual experience through
stimulation of sensory areas.

4.4. Effects of Choosing Different Stimulation Targets

STN and Gllobus Pallidus (GP) of the basal ganglia are the two common targets of
stimulation for Parkinson’s Disease (PD) [42]. Mathematical analysis of the matrix

[I - W] 1 indicates that the spatiotemporal control of GPi neurons is generally more difficult
if we are confined to only one target nuclei: STN or GPe. For example, consider the problem
of controlling the spatiotemporal patterns of the four GPi neurons (1 to 4) using different
stimulation targets: STN neurons (1 to 8, same system as in the upper panel of Figure4(a))
alone, GPe neurons (1 to 8) alone, or both STN (1 to 4) and GPe (1 to 4) neurons. Figure 8
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shows the smallest and the largest singular values of the transfer function matrices for the
three different scenarios. The smallest singular value when stimulating both STN and GPe
neurons is the largest among the three scenarios and the singular values also cover a higher
range. This suggests that simultaneously influencing both STN and GPe neurons may offer
better overall controllability with less stimulation energy. This observation, however, is not
conclusive since the simulation energy is highly dependent on the output spatiotemporal
patterns one would like to evoke. Nevertheless, our analysis is consistent with experimental
findings [53] suggesting that, in addition to local effects, GPi stimulation has direct effects
on efferent axons, thereby enabling more complex polysynaptic responses to dominate over
monosynaptic ones, which eventually leads to changes in baseline firing rates in
postsynaptic neurons.

4.5. Implications for DBS

With highly complex anatomical and functional connectivity patterns in many brain areas,
the effect of extracellular electrical microstimulation can be profound at the network level.
Although the therapeutic mechanisms of DBS remain largely unclear [3], it is now
commonly accepted that axons in the vicinity of the DBS electrodes are likely to be directly
activated first and the effect of the stimulation on neural activity at the stimulation site
would be increased or decreased depending on neurotransmitters of the afferent fibers
projecting to that site [4, 43, 14]. Based on this account, high frequency stimulation can
“hijack” the pathological neural firing patterns, such as the rhythmic, oscillatory activity
patterns that characterize the movement [44], and thus prevents the transmission of
pathological activity patterns to other parts of the network [45]. Studies based on functional
magnetic resonance imaging (fMRI) provide additional evidence that there is much more to
the effects of DBS than just around the electrode [26]. It has been found that DBS induces
widespread hemodynamic changes both in the cortical and subcortical areas when applied to
patients with Parkinson’s disease [46] and compulsive disorders [47]. Different effects of
high frequency stimulation of various targets in the BG system also suggest that the intrinsic
network connectivity may play an important role in deciphering the mechanism of DBS, and
subsequently other unsolved mysteries, such as therapeutic latencies during DBS onset and
with cessation [3, 48].

Without a clear consensus in the clinical community on the exact mechanisms of DBS [48],
a model-based network level analysis such as the one proposed here might be helpful in
providing plausible explanations [26]. For the BG circuit under study, the response of the
output GPi neurons was significantly attenuated when we indiscriminately applied fixed
frequency stimulation pulse trains across all stimulation sites at the STN. This may provide a
plausible network level explanation of why high frequency stimulation is therapeutically
effective. In addition, the BG network model was shown to be susceptible to certain firing
patterns with low-frequency oscillations, and as a result the rhythmic activity in the firing
rates could be further amplified at the network level.

The strong spatiotemporal selectivity exhibited by the BG circuit under multi-channel
microstimulation suggests that both the spatial and the temporal aspects of the stimulation
patterns play an important role in shaping the response of the output GPi neurons. A model-
based approach becomes beneficial when progressive knowledge of the inferred functional
connectivity of the local neural circuit [49, 50, 51] becomes available. As we improve our
understanding of the network mechanisms of DBS, it might be possible to develop model-
based closed-loop feedback control systems capable of adjusting the stimulation patterns
across multiple stimulation sites “on the fly” based on simultaneously recorded neural
activity elsewhere to achieve an optimal therapeutic outcome while minimizing the
stimulation energy and side effects.
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5. Conclusion

We investigated in this paper the feasibility of using a model-based approach to the analysis
and control of a network of spiking BG neurons in the normal and pathological states. Our
results suggest that a simplified firing rate model, identified from a detailed Hodgkin-
Huxley BG microcircuit model, captures the essential network dynamics in response to
external stimulation. The use of linearization (first order polynomial approximation of the
output function) is not as restrictive as it appears for the purpose of analysis and control
design, particularly in the case when the spatiotemporal neural activity is strongly modulated
by external stimulation inputs. The mathematical analysis revealed a systematic relationship
between the network’s structure and its dynamic response under spatiotemporally patterned
stimulation, which was otherwise difficult to characterize. A number of observations drawn
from the analysis of the simplified firing rate model were found to be consistent with the
detailed Hodgkin-Huxley BG circuit. In particular, the functional controllability was found
to be largely decided by the network synaptic coupling and its strength. And the
spatiotemporal selectivity of the neural circuit could be readily explained by examining
directions in the input-output mapping. Most importantly, once the control objective was
given the mathematical analysis helped to evaluate various combinations of stimulation
inputs, and a decentralized feedback control architecture suggested by the simplified model
was shown to be effective in driving the output neurons to follow a prescribed
spatiotemporal firing pattern in the detailed BG circuit. Finally, we demonstrated that it is
possible to use the proposed approach to control the activity pattern of the network in a
pathological state, effectively shaping its output to follow an arbitrary reference activity
pattern that could cause a normal motor function to emanate. This preliminary work can
pave the way towards a model-based, multilevel network analysis and closed-loop control of
PD, among many other applications.

Acknowledgments

This work was supported by NINDS grant number 054148.

Reference

[1]. Marsolais EB, Kobetic R. Functional electrical stimulation for walking in paraplegia. J Bone Joint
Surg Am. 1987; 69(5):728-733. [PubMed: 3496340]

[2]. Peckham, P. Hunter; Knutson, Jayme S. Functional electrical stimulation for neuromuscular
applications. Annual Review of Biomedical Engineering. 2005; 7(1):327-360.

[3]. Benabid, Alim Louis. Deep brain stimulation for parkinson’s disease. Current Opinion in
Neurobiology. 2003; 13(6):696—706. [PubMed: 14662371]

[4]. Vitek, Jerrold L. Mechanisms of deep brain stimulation: Excitation or inhibition. Movement
Disorders. 2002; 17(S3):S69-S72. [PubMed: 11948757]

[5]. Wilson, Blake S.; Dorman, Michael F. Cochlear implants: A remarkable past and a brilliant future.
Hearing Research. 2008; 242(1-2):3-21. [PubMed: 18616994]

[6]. Schmidt EM, Bak MJ, Hambrecht FT, Kufta CV, O’Rourke DK, Vallabhanath P. Feasibility of a
visual prosthesis for the blind based on intracortical micro stimulation of the visual cortex. Brain.
1996; 119(2):507-522. [PubMed: 8800945]

[7]. Histed, Mark H.; Bonin, Vincent; Reid, R. Clay Direct activation of sparse, distributed populations
of cortical neurons by electrical microstimulation. Neuron. 2009; 63(4):508-522. [PubMed:
19709632]

[8]. Ranck JB Jr. Which elements are excited in electrical stimulation of mammalian central nervous
system: a review. Brain Research. 1975; 98(3):417-440. [PubMed: 1102064]

[9]. Rattay F. The basic mechanism for the electrical stimulation of the nervous system. Neuroscience.
1999; 89(2):335-346. [PubMed: 10077317]

J Neural Eng. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].
[18].
[19].

[20].

[21].

[22].

[23].

[24].
[25].
[26].

[27].

[28].

[29].

[30].

Page 16

Grill, Warren M.; Mclntyre, Cameron C. Extracellular excitation of central neurons: implications
for the mechanisms of deep brain stimulation. Thalamus & Related Systems. 2001; 1:269-277.

Nowak LG, Bullier J. Axons, but not cell bodies, are activated by electrical stimulation in cortical
gray matter i. evidence from chronaxie measurements. Experimental Brain Research. 1998;
118(4):477-488.

Nowak LG, Bullier J. Axons, but not cell bodies, are activated by electrical stimulation in cortical
gray matter ii. evidence from selective inactivation of cell bodies and axon initial segments.
Experimental Brain Research. 1998; 118(4):489-500.

Butovas S, Schwarz C. Spatiotemporal effects of microstimulation in rat neocortex: a parametric
study using multielectrode recordings. Journal of Neurophysiology. 2003; 90(5):3024-30309.
[PubMed: 12878710]

Zheng, Fang; Lammert, Katja; Nixdorf-Bergweiler, Barbara E.; Steigerwald, Frank; VVolkmann,
Jens; Alzheimer, Christian. Axonal failure during high frequency stimulation of rat subthalamic
nucleus. The Journal of Physiology. 2011; 589(11):2781-2793. [PubMed: 21486784]

Hashimoto, Takao; Elder, Christopher M.; Okun, Michael S.; Patrick, Susan K.; Vitek, Jerrold L.
Stimulation of the Subthalamic Nucleus Changes the Firing Pattern of Pallidal Neurons. J.
Neurosci. 2003; 23(5):1916-1923. [PubMed: 12629196]

Rubin, Jonathan E.; Terman, David. High frequency stimulation of the subthalamic nucleus
eliminates pathological thalamic rhythmicity in a computational model. Journal of Computational
Neuroscience. 2004; 16(3):211-235. [PubMed: 15114047]

Rubin J, Terman D. Geometric analysis of population rhythms in synaptically coupled neuronal
networks. Neural Computation. 2000; 12(3):597-645. [PubMed: 10769324]

Bolam JP, Hanley JJ, Booth PAC, Bevan MD. Synaptic organisation of the basal ganglia. Journal
of Anatomy. 2000; 196(04):527-542. [PubMed: 10923985]

Marmarelis, Panos Z.; Naka, Ken-Ichi. Identification of multi-input biological systems.
Biomedical Engineering, IEEE Transactions on. mar.; 1974 BME-21(2):88-101.

Segal BN, Outerbridge JS. Vestibular (semicircular canal) primary neurons in bullfrog:
nonlinearity of individual and population response to rotation. J Neurophysiol. 1982; 47(4):545-
562. [PubMed: 6978387]

Truccolo, Wilson; Hochberg, Leigh R.; Donoghue, John P. Collective dynamics in human and
monkey sensorimotor cortex: predicting single neuron spikes. Nature Neuroscience. 2009; 13(1):
105-111.

Truccolo, Wilson; Eden, Uri T.; Fellows, Matthew R.; Donoghue, John P.; Brown, Emery N. A
point process framework for relating neural spiking activity to spiking history, neural ensemble,
and extrinsic covariate effects. J Neurophysiol. 2005; 93(2):1074-1089. [PubMed: 15356183]
Luczak, Artur; Bartho, Peter; Harris, Kenneth D. Spontaneous events outline the realm of
possible sensory responses in neocortical populations. Neuron. 2009; 62(3):413-425. [PubMed:
19447096]

Skogestad, Sigurd; Postlethwaite, lan. Multivariable Feedback Control: Analysis and Design. 2nd
edition. John Wiley & Sons, Ltd; 2005.

Starr PA, Vitek JL, Bakay RA. Deep brain stimulation for movement disorders. Neurosurg Clin
N Am. 1998; 9(2):381-402. [PubMed: 9495900]

Mclintyre CC, Hahn PJ. Network perspectives on the mechanisms of deep brain stimulation.
Neurobiology of Disease. 2010; 38(2):329-337. [PubMed: 19804831]

de la Rocha, Jaime; Doiron, Brent; Shea-Brown, Eric; Josic, Kresimir; Reyes, Alex. Correlation
between neural spike trains increases with firing rate. Nature. 2007; 448(7155):802-806.
[PubMed: 17700699]

Liu, Jianbo; Oweiss, Karim G.; Khalil, Hassan K. Feedback control of the spatiotemporal firing
patterns of neural microcircuits. Proceedings of IEEE Conference on Decision and Control; 2010.
Liu, Jianbo; Khalil, Hassan K.; Oweiss, Karim G. Model-based spatiotemporal analysis and
control of a network of spiking neurons. Proceedings of the 5th International IEEE EMBS
Conference on Neural Engineering; 2011.

Buzsaki, Gyorgy. Large-scale recording of neuronal ensembles. Nat Neurosci. 2004; 7(5):446-
451. [PubMed: 15114356]

J Neural Eng. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

[31].

[32].

[33].

[34].

[35].

[36].

[37].
[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

Page 17

Averbeck, Bruno B.; Latham, Peter E.; Pouget, Alexandre. Neural correlations, population
coding and computation. Nature reviews. Neuroscience. May; 2006 7(5):358-366.

Pillow, Jonathan W.; Shlens, Jonathon; Paninski, Liam; Sher, Alexander; Litke, Alan M.;
Chichilnisky, EJ.; Simoncelli, Eero P. Spatio-temporal correlations and visual signalling in a
complete neuronal population. Nature. 2008; 454(7207):995-999. [PubMed: 18650810]
Buzsaki, Gyorgy. Neural syntax: cell assemblies, synapsembles, and readers. Neuron. 2010;
68(3):362-85. [PubMed: 21040841]

Song, Sen; Sjostrom, Per Jesper; Reigl, Markus; Nelson, Sacha; Chklovskii, Dmitri B. Highly
nonrandom features of synaptic connectivity in local cortical circuits. PLoS Biol. Mar.2005
3(3):e68. [PubMed: 15737062]

Bonifazi P, Goldin M, Picardo MA, Jorquera |, Cattani A, Bianconi G, Represa A, Ben-Ari Y,
Cossart R. GABAergic Hub Neurons Orchestrate Synchrony in Developing Hippocampal
Networks. Science. 2009; 326(5958):1419-1424. [PubMed: 19965761]

Takahashi, Naoya; Sasaki, Takuya; Matsumoto, Wataru; Matsuki, Norio; lkegaya, Yuji. Circuit
topology for synchronizing neurons in spontaneously active networks. Proceedings of the
National Academy of Sciences. 2010; 107(22):10244-10249.

Jackson, Andrew; Mavoori, Jaideep; Fetz, Eberhard E. Long-term motor cortex plasticity induced
by an electronic neural implant. Nature. 2006; 444(7115):56—60. [PubMed: 17057705]

Rosenblum, Michael; Pikovsky, Arkady. Delayed feedback control of collective synchrony: An
approach to suppression of pathological brain rhythms. Phys. Rev. E. 2004; 70(4):041904.

Popovych, Oleksandr V.; Hauptmann, Christian; Tass, Peter A. Effective desynchronization by
nonlinear delayed feedback. Phys. Rev. Lett. Apr; 2005 94(16):164102-1-4. [PubMed:
15904229]

Wagenaar, Daniel A.; Madhavan, Radhika; Pine, Jerome; Potter, Steve M. Controlling bursting in
cortical cultures with closed-loop multi-electrode stimulation. J. Neurosci. 2005; 25(3):680-688.
[PubMed: 15659605]

Behrend, Christina E.; Cassim, Shiraz M.; Pallone, Matthew J.; Daubenspeck, J. Andrew; Hartov,
A.; Roberts, David W.; Leiter, JC. Toward feedback controlled deep brain stimulation: Dynamics
of glutamate release in the subthalamic nucleus in rats. Journal of Neuroscience Methods. 2009;
180(2):278-289. [PubMed: 19464518]

Rodriguez-Oroz MC, Obeso JA, Lang AE, Houeto J-L, Pollak P, Rehncrona S, Kulisevsky J,
Albanese A, Volkmann J, Hariz MI, Quinn NP, Speelman JD, Guridi J, Zamarbide I, Gironell A,
Molet J, Pascual-Sedano B, Pidoux B, Bonnet AM, Agid Y, Xie J, Benabid A-L, Lozano AM,
Saint-Cyr J, Romito L, Contarino MF, Scerrati M, Fraix V, Van Blercom N. Bilateral deep brain
stimulation in Parkinson’s disease: a multicentre study with 4 years follow-up. Brain. 2005;
128(10)

Gradinaru, Viviana; Mogri, Murtaza; Thompson, Kimberly R.; Henderson, Jaimie M.;
Deisseroth, Karl. Optical deconstruction of parkinsonian neural circuitry. Science. 2009;
324(5925):354-359. [PubMed: 19299587]

Bergman H, Wichmann T, Karmon B, DeLong MR. The primate subthalamic nucleus. I1.
Neuronal activity in the MPTP model of parkinsonism. Journal Neurophysiology. 1994; 72(2):
507-520.

Grill, Warren M.; Snyder, Andrea N.; Miocinovic, Svjetlana. Deep brain stimulation creates an
informational lesion of the stimulated nucleus. NeuroReport. 2004; 15(7):1137-1140. [PubMed:
15129161]

Arantes, Paula R.; Cardoso, Ellison F.; Barreiros, Maria; Teixeira, Manoel J.; Gonalves, Mrcia
R.; Barbosa, Egberto R.; Sukwinder, Sukhi Shergill; Leite, Claudia C.; Amaro, Edson, Jr.
Performing functional magnetic resonance imaging in patients with parkinson’s disease treated
with deep brain stimulation. Movement Disorders. 2006; 21(8):1154-1162. [PubMed: 16671094]
Baker, Kenneth B. A; Kopell, Brian H.; Malone, Donald; Horenstein, Craig; Lowe, Mark;
Phillips, Micheal D.; Rezai, Ali R. Deep brain stimulation for obsessive-compulsive disorder:
Using functional magnetic resonance imaging and electrophysiological techniques: Technical
case report. Neurosurgery. 2007; 61(2):E367-E368. [PubMed: 18091226]

J Neural Eng. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 18

[48]. Johnson, Matthew D.; Miocinovic, Svjetlana; Mcintyre, Cameron C.; Vitek, Jerrold L.

[49].

[50].

[51].

[52].

[53].

Mechanisms and targets of deep brain stimulation in movement disorders. Neurotherapeutics.
2008; 5(2):294-308. [PubMed: 18394571]

Eldawlatly, Seif; Jin, Rong; Oweiss, Karim G. Identifying functional connectivity in large-scale
neural ensemble recordings: A multiscale data mining approach. Neural Computation. 2009;
21(2):450-477. [PubMed: 19431266]

Eldawlatly, Seif; Zhou, Yang; Jin, Rong; Oweiss, Karim G. On the use of dynamic bayesian
networks in reconstructing functional neuronal networks from spike train ensembles. Neural
Computation. 2010; 22(1):158-189. [PubMed: 19852619]

Eldawlatly S, Oweiss KG. Millisecond-Timescale Local Network Coding in the Rat Primary
Somatosensory Cortex. PLoS ONE. 2011; 6(6):21649. [PubMed: 21738751]

Liu J, Khalil H, Oweiss K. Neural Feedback for Instantaneous Spatiotemporal Modulation of
Afferent Pathways in Bi-directional Brain Machine Interfaces. IEEE Transactions on Neural
Systems & Rehabilitation Engineering. 2011; 19(5):521-533. [PubMed: 21859634]
Kringelbach, Morten L.; Jenkinson, Ned; Owen, Sarah L.F.; Aziz, Tipu Z. Translational
principles of deep brain stimulation. Nature Reviews Neuroscience. 2007; 8:623-635.

J Neural Eng. Author manuscript; available in PMC 2012 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Liuetal. Page 19

STN

ore]~{or ]

—
Excitatory  Inhibitory.

raster plot of spike trains firing rates (spikes/sec): scaled

500ms

Figure 1.

A Basal Ganglia microcircuit. (a) High level block diagram of the BG circuit. (b) Detailed
synaptic connectivity of the BG circuit. The external microstimulation inputs are marked by
squares and red arrows. (c) BG microcircuit under patterned stimulation. Episodes of
stimulation pulse trains are randomly generated according to a Poisson distribution with
randomly reinforced silence period between successive episodes. Left panel shows a two-
second raster plots of the stimulation pulse trains and the spike trains from all neurons in the
network. Right panel shows the firing rates (scaled to fit the window) computed from the
spike trains shown in left panel over a sliding window of 200ms.
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Figure 2.

Directions in MIMO systems. The figure illustrates the singular value decomposition of a 3-
input-3-output system at w = 0. The input directions corresponding to o1 and o, are
amplified whereas the input direction corresponding to o3 is attenuated.
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0 02040608 1

Prediction performance of the simplified model. (a) The impact of different types of output
functions on the prediction accuracy of single neuron model evaluated over ten seconds. (b)
Prediction accuracy of network model. Left panel plots the actual spiking rates from the BG
circuit of spiking neurons over two seconds. Middle panel plots the predicted spiking rates
using the simplified circuit model. Right panel shows the statistics of prediction accuracy

var (r(te) — r (1))

(VAF=1- var (r (1)) ) for three different types of neurons.
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Figure 4.

Functional controllability is largely a property of the network synaptic coupling and their
relative strength. (a) Example of a functionally controllable system indicated by the singular
values of the transfer function matrices from {sy, ... , Sg} to GPi neurons 1 to 4 (upper
panel); example of a almost functionally uncontrollable system with {sg, ... , S16} as
inputs(lower panel). (b) Network is redrawn from Figure 1(b) to demonstrate the two
clusters of weakly connected populations. The four output GPi neurons to be controlled
belong to population A that inputs {s, ..., Sg} directly influence while {Sg, ... , S15}
indirectly influence. (c) The minimum singular values of systems with random combinations
of 8 out of 16 available simulation inputs to demonstrate the selectivity of the system across
frequencies and inputs. Total 20 different random combinations are shown. The output GPi
neurons are kept the same.
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Figure 5.

Network spatiotemporal selectivity. (a) Detailed view of the local synaptic connectivity of
the BG circuit. Same circuit drawn from population A in Figure 4(b) with inter-population
weak connections omitted for clarity. (b) Reconstruction of the input and output temporal
patterns corresponding to the largest and the smallest non-zero singular values. The total
energy of the inputs was normalized to 1. The first and second (third and fourth) column
show the input and output temporal patterns associated with the largest (smallest) singular
value.
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Figure 6.

Tracking performance of the decentralized closed-loop feedback controller. (a) Block
diagram of the detailed implementation of the closed-loop feedback control system. (b) The
raster plot of the reference and output spike trains before and after the controller is switched
off. The raster plot of the stimulation input spike trains are also shown. (c) Same results as in
(b) but plotted in firing rates (sliding window of 200 ms). (d) The box plot of the correlation
coefficients for each output GPi neuron with and without feedback control.
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Figure 7.

Desynchornization performance of a Parkinsonian BG circuit. (a) The firing rates (sliding
window of T = 200 ms) of the references and output GPi neurons during ON-OFF modes of
the feedback controller. (c) Sample traces of the membrane potentials of STN, GPe and GPi
neurons in the BG circuit during the two modes. (c) Correlation among the reference signals,
and the firing rates of the four output GPi neurons when the control is on and off
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Figure 8.

Profile of the smallest and the largest singular values of the transfer function matrices as a
function of frequency for different stimulation input targets: STN neurons (1 to 8) alone,
GPe neurons (1 to 8) alone, and combined STN (1 to 4) and GPe (1 to 4) neurons. The
output neurons are the four GPi neurons marked by gray in Figure 1(b). The dynamic range
between the smallest and largest singular values in the case of STN and GPe stimulation
indicates that the control is most effective compared to stimulation of STN or GPe only.
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Table 1

Relative gain array of the transfer function matrix G, evaluated around 100 rad/sec (or 16 Hz)

St

Sy S3 Sy

GPi ¢ 0:47 + 0:04i

—0:01 + 0:01i  —0:00 + 0:00i 0:13 — 0:07i

GPi, —0:01 + 0:02i 0:52 + 0:04i 0:09 — 0:04i —0:00 — 0:01i

GPi 3 0:14 — 0:08i —0:01 — 0:00i 0:58 + 0:03i —0:01 + 0:01i

GPi4 —0:00 — 0:02i 0:16 — 0:04i —0:01 + 0:00i 0:48 + 0:07i
Ss Se S7 Sg

GPi;  —0:00 — 0:04i
GPi, -0:01 — 0:01i
GPij 0:30 + 0:04i
GPi4 0:02 + 0:01i

—0:02 — 0:01i 0:00 — 0:00i 0:44 + 0:06i

—0:01 — 0:05i 0:42 + 0:05i 0:00 + 0:00i
0:02 + 0:00i —0:01 — 0:04i —0:01 — 0:00i
0:39 + 0:05i -0:02 — 0:01i —0:01 — 0:06i
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