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The effect of basal ganglia signals on the prediction of rat's walking speed
Noriyuki Taniguchi*', Osamu Fukayama’, Takafumi Suzuki®, Kunihiko Mabuchi'*

We are developing a vehicle-mounted brain-machine interface system (the "RatCar” system) that will emulate a rat's gait using spike signals

recorded trom its brain. We previously recorded the spike signals from the pnmary motor cortex (M1). These signals are useful for predicting the

walking speed because the motor command signals originate in M1, However, it was difficult to record them stably because the cell density of

M1 s low, and M1 15 near to the scale at which electrodes are affected by body movement. Therefore, we focused on the decp brain nuclei such

as the basal gangha, In this study. we fabncated a neural electrode and implanted one into the striatum, globus pallidus, subthalamic nucleus, and

M1 of rats. Chronie recording was done using awake, freely moving rats. After the recording, the rats were sacrificed by perfusion fixation, and

their brain tissues were shiced and stained with cresyl violet to identify the electrode positions. We focused on the effect of basal ganglia signals

on the prediction of rat walking speed and we are now perfonming quantitative analysis.
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Vanous motor and sensory information is interacted in peripheral nervous network and to develop devices exploitting such
information becomes a great challenge in medical engineering field. The signals, however, are nearly unavailable because it is
difficult 10 achieve a high signal to noisc ratio with a present neural recording technique. Another problem is that the recorded
signals do not reflect single fiber action potentials, which play a dominant role in neural representation of informtation. To deal
with these problems, we designed a fillering method to discriminate respective units of nerve signals. The filter is constructed
upon physical models of signal generanon. The models include the locations of electrodes and nerve axons, dynamics of signal
propagation, etc. Thus can we have so-called Kalman Filters that estimate denoised single fiber action potentials from ordinary
recordings of neural signals. Currently, we are evaluating the validity of the proposed method through numencal expenments.
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Automatic Adaptation of Vehicle Controller to
Time-Varying Neural Signals Recorded in RatCar
System; A Vehicle-formed BMI

Osamu Fukayama, Noriyuki Taniguchi, Takafumi Suzuki and Kunihiko Mabuchi
The University of Tokyo
7-3-1 Hongo, Bunkyo, Tokyo, Japan
e-mail: of @ratcar.org

Abstrace—RatCar system, a vehicle-formed brain-machine in-
terface for a rat, has been applied to analyze bidirectional
adaptation in brain and machine under direct neural connections.
A rat with neural electrodes implanted in its motor cortex and
basal ganglia regions was mounted on the vehicle which were
designed to move around by estimating intention of the rat.
Recorded neural activities, however, had been restricted to those
generated nearby our electrodes, which had resulted in low accu-
racy of the estimation and instable control of the vehicle. In this
paper, another control strategy were introduced to the system; a
predefined model determined a basic operation of the vehicle (e.g.,
circular locomotion) while neural activities modified its global
behavior. A state space representation composed the model solved
by Kalman filter algorithm. This framework enabled adaptation
of vehicle control mathematically dissected from adaptation in
the brain. As a result, more stable and practical control of the
vehicle besides observing time-varying parameters during the
adaptation.

I. INTRODUCTION

Brain-machine interfaces (BMIs) are currently of interest
because of their ability to provide a new modality for com-
munication or device control. It is a promising technique for
realizing a high-speed connection between a living body and
artificial devices. Chapin et al [1]. for example, developed a
system to control the movement of a robotic arm using the
neural signals from the primary motor cortex of a rat.

Our BMI system is in the form of a small vehicle, which
we call the ‘RatCar’. It is unique in that a neural signal source
is mounted on the machine and the whole components move
around. The rat is therefore provided with direct visual and
sensory feedback as the vehicle moves.

Although a simple linear model that we proposed in our
former report [3] estimated an abstract locomotion velocity
of a rat according to its neural firing rates, the results with
too rough fluctuations were not suitable to control the RatCar
vehicle. In this paper, the model was divided into two sections;
a section to correlate rat's locomotion velocity with each
neural firing and another to estimate locomotion velocity
compiling the whole pattern of neural firings. It enabled stable
control of the vehicle even though the model precision had
been inadequate. In addition. changing states both in the brain
and the machine were observed through the model parameters.
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RatCar system to estimate locomotion velocity of a rat by neural

II. METHODS

A. Preparation

Figure 1 shows a rough structure of our RatCar system to
estimate and evaluate locomotion velocity of a rat by firing
patterns of neural spikes. First, electrodes made of tungsten
wires (40 pm in diameter) coated with parylene polymer
(5 pm thick) were implanted in the motor cortex and basal
ganglia regions (stereotaxic coordinates shown in Table I)
which were determined according to a stereotaxic atlas of the
rat brain[5].

As the rat ran inside the wheel-formed device shown in
the figure 1, those electrodes transmitted neural spikes to the
outside of the body followed by amplifier (5,000 times) and
band-pass filter (300 Hz - 5 kHz).

Those spikes were then sampled (25 kHz) and sorted to
calculate firing rates s(t) = (s(t)---sn(f)) in every 100 ms
bin for each neuron. Finally, the principal component analysis



TABLE 1
ELECTRODES COORDINATES (TO bregma)

[ region [ anterior [mm| | lateral [mm] [ ventral [mm] |
25

M1 -0.7 S 1.6
STR 0.5 3.0 4.0
GP -0.7 34 6.0
STN -3.5 2.6 7.3

(Negative values in anterior represents posterior distance.)

normalized and whitened variances of those firing rates;

y(t) = RLY3(s(t)—p) (1)
po= E{s(t)} (2)
E{(s(t}—p)(s{l]-u]T} = RLRT 3)

(L : diagonal )

Meanwhile, the actual locomotion velocity ©(#) recorded as a
rotating speed of the wheel was applied to identify or evaluate
the model.

B. Estimation of Locomotion Velocity

Our model to estimate locomotion velocity of a rat has a
state space representation described as.

z(t+1) = Fx(t)+GE(t) @)
g
y(t) = anyt—i) = Haz(t) +n(t). (5)
=1
where
v(t)
z(t) = (v(t) —v(t —1))/At
(v(t) —2v(t = 1)+ v(t — 2))/At?
1 At 0
F = 0 1 At
. 0 0 0
G = 1
At 100ms (bin size)
€ :  model transition error (initially 0)
1 : model output error (initially 0).

In the algorithm, the equation (4) describes an update of
internal states consist of the rat’s locomotion velocity and its
periodic differences. Meanwhile, the equation (5) correlates a
combination of neural firings to the locomotion velocity with
an output matrix H. Note that the neural firings were given as
residuals of an auto-regression process (defined by parameters
a,, ;) applied to neural firing rates.

To solve the model (i.e., to acquire v(t), H,a, ;). two
sections were applied as follows. First, H = (hy,.... h,)
and a,, ; were identified by another state space representation
for each neuron as actual locomotion velocity array ax(f) was
given:

(6)

uri(’+]) = 'U.”(l)
( (7)

y.(t) =

where

.Un“ “P) )T

The measurement update algorithm from Kalman filter|4] were
applied to identify w,,(t) and therefore a,, ; and h,,.

Kalman filter algorithms (the time update and the mea-
surement update) were then applied to the former state space
model (4,5) to estimate locomotion velocity ©(f). Note that
the algorithms were able to continue the estimation of the
locomotion velocity ©(t) as the parameters a,, ; and H were
updated.

un(l)E( -T['f) Un“_l]

C. Experimental Condition

Six male Wistar rats were used as subjects. They were
trained to walk inside the wheel-formed device described
above after 2 days after the implant surgery. Although they had
electrodes implanted both in motor cortex and basal ganglia,
we focused only on the motor cortex in this experiment. The
recording trials were divided into approximately 1 minute
periods to prevent a rat from getting tangled in recording
cables. While the first trial was used to identify the model
and to observe varying parameters, the rest trials (typically 2:
120 s) evaluated a precision of the model.

III. RESULTS

0.35

0.3
0.25¢
0.2+
0.15¢
0.1}

correlation (normalized)

0.05¢

A B C D E F
subject animals

Fig. 2. Correlation of actual and estimated locomotion velocity 2 days after
the implant.

Figure 2 shows a correlation between actual and estimated
locomotion velocity during the open estimation, Although
these trials contained other movements unrelated to locomo-
tion, rats D, E and F gave a high correlation over 0.2.

More detailed estimation for rat E, which showed a highest
correlation, is presented in figure 3(E). While estimated value
by our presented algorithm well followed start, stop and drastic
changes of actual locomotion, it tended to be 3 — 4 times larger
in amplitude. On the other hand, figure 3(C) partially shows a
precise estimation around 100 — 110 s period. As a whole for
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Fig. 3.  Estimated (presented algorithm using state space representation

and previous algorithm using least mean square estimation[3]) and actual
locomotion velocity of rat E and C; 2 days after the implant.

rat C, however, the estimated velocity often failed to follow
the actual one which resulted in the low correlation.

Next, figure 4 shows varying covariance components
Bny (0= 1,000 N) during identification trials. They rep-
resent covariances between locomotion velocity and a firing
rate of each neuron n. Those for rat E were hardly updated
for the first 25 seconds since the rat kept still at the bottom of
the wheel. Then, drastic changes of the value started around
30 seconds as the rat started moving and they converged in 10
seconds. In the case of rat C, changes immediately started after
the trial had started. Although the components converged once
at least in less than 10 seconds, they gradually kept changing
with several jumps.

IV. DISCUSSION & CONCLUSION

The results showed that the first 10 — 15 seconds period of
the identification trial converged the initial covariance compo-
nents to achieve a basic estimation of locomotion velocity. As
long as these values stayed constant, the model well estimated
locomotion velocity especially for drastic changes. On the
other hand, some of them gradually changed after the initial

covariance components

0 10 20
time [s]
(rat E)

covariance components

time [s]
(rat C)

Fig. 4. Covanance components for the velocity v(t); by (n=1.....] N)
during the adaptation of the model (rat E and C).

identification period had passed in the case of rat C, some,
which resulted in a weaker correlation with velocity.

These changes were caused either by plasticity of the brain,
modification in recording condition (e.g., changes in alignment
of neural electrodes), or dynamics in brain activity that our
model did not take into account. It is not able to clearly
distinguish them with our methods by themselves since our
current results show phenomenological correlations between
each neural firing and the locomotion velocity. Our results,
however, still suggest that those changes were caused by some
sort of state transition in the brain. Under an assumption that
the recorded neural activities are stationary processes without
plastic changes of the brain function or electrodes drifting,
these parameters are supposed to converge and hold still as
time elapse. This is obviously incorrect from our results. A
more detailed comparison of these parameters between (a) the
case that a rat is mounted on the vehicle, and (b) the case that
a rat is freely moving without the vehicle. Functional changes
in the brain to adapt to the vehicle are expected on the case
(a), while functional and structural changing of the recording
condition may equally occur in both cases.



In this study, a model to estimate locomotion velocity was
improved to divide its function to two sections; a section to
correlate rat’s locomotion velocity with each neural firing and
another to estimate locomotion velocity to achieve smooth
control of the vehicle. While the former enabled us to monitor
changes both in the brain and the machine, the latter stabi-
lized the estimation results preventing rough fluctuation. For
future studies, continuous recording for long hours with a rat
mounted on the vehicle will suggest quantitative results on
dynamical changes and plasticity of the brain as connected to
BMI system.
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Preliminary study of time-varying neural activity in motor center of rat while
connected to RatCar system; a vehicle-formed BMI
AR A0 ER A B ER 2
Osamu FUKAYAMA , Noriyuki TANIGUCHI. Takafumi SUZUKI, Kunihiko MABUCHI
RN K

The University of Tokyo
Abstract RatCar system, a vehicle-formed brain-machine interface for a rat, was applied to detect time-
dependent variation in neural activities recorded from motor centers. A rat with neural electrodes implanted
in its motor cortex region was mounted on the vehicle. Then, the vehicle was controlled to follow the
movement of the rat, and a space state representation model correlated its locomotion velocity with neural

ring rates. As a result, the model parameters represented a statistical feature of each neuron. The proposed
design and algorithms are described in the article.
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Fig.2 (a)Identi ed model parameters to describe correlations be-
tween locomotion velocity and neural ring rates (each line corre-
sponds to a sorted neural unit). (b) Estimated locomotion velocity
(solid line) according to neural signals and optically recorded actual
locomotion velocity (dashed line).
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MEMS 7 b O— FOI{FEDRE
A Preliminary Study of a Three Dimensional MEMS Tetrode.
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Naoki KOTAKE. Osamu FUKAYAMA, Takafumi SUZUKI,

Shoji TAKEUCHI, Kunihiko MABUCHI
RN ERRIER, 2 AU TR, SO L L
'Graduate School of Engineering, The University of Tokyo

“Graduate School of Information Science and Technology, The University of Tokyo

“Institute of Industrial Science, The University of Tokyo
Abstract  We designed a three dimensional neural probe to detect locations of neurons. The neural probe is a kind of
Tetrode (a four channels electrode), fabricated using MEMS technologies. The four recording electrodes were fabricated on a
three dimensional Parylene C substrate, and were localed on the vertices of a regular tetrahedron to facilitate the estimation of
the location of the neurons. We succeeded in fabricating a prototype model of the neural probe.
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