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2.4. Electrode implantation

The devices were implanted in Wistar rats. We used them
to record activity in the cerebral cortex, so each device was
implanted on a rat’s M1 area. The animals were anesthetized
using isoflurane (2-3%) and maintained in a reflexive state
throughout the surgical procedure. Each animal was attached
to a standard stereotaxic frame, and three stainless steel bone
screws were inserted into the skull. A craniotomy (approxi-
mately 3 mm) was performed over the target cortical area, and
the dura was scarred using a 30-G needle. The assembled device
was carefully lowered, until the electrode tip was in contact with
the dura. The rest of the hole was covered by a spongel®, and
the device was fixed to the skull with dental cement.

All experiments were performed in accordance with guide-
lines provided by the Animal Experiment Committee of the
University of Tokyo.

3. Result
3.1. Basic performance evaluaiion

We first checked for possible deformations of the signal due
to the use of hydraulic fluid as part of the electrical circuit. The
impedance of the hydraulic fluid is between 10k£2 and 25 k€2
at 1kHz. We then recorded neural signals from the rat’s MI
area, using typical acute recording techniques. The signal from
asingle electrode was branched into two different circuits. One
passed directly from the electrode to the amplifier, and the other
was connected to our microdrive before being amplified (Fig. 4).
By comparing these two signals, we could evaluate the defor-
mation of the waveform caused by using conductive fluid used
as part of the electrical circuit.

Next, we evaluated the accuracy of our electrode position cal-
culation. The electrode was inserted into a model ““brain™ made
from agar, which imitates the brain’s elasticity. Fig. 5 depicts
the trajectory of the electrode tip in terms of its measured and
calculated positions at each 50 pm step. The position of each
electrode was measured using a laser sensor, and its estimated
position was calculated using Eq. (1). It can be seen that the
calculated position traces the measured position with an error of
only 50 wm. We also attempted to control the electrode’s back-
ward motion, but due to the nonlinear behavior of the pressure
the electrode sometimes leapt back and the position calculation
failed. We were able to pull back the electrode by more than
250 pm, however.

3.2. Recording

All experiments were performed on rats (Wister males with
weights between 280 g and 320 g). We began recording two
days after the surgical procedure. Prior to recording, a connector
and hydraulic tube were attached to the device. In general, the
presence of the device and recording apparatus did not have any
ill effects on the behavior of the rats. Positioning of the electrode
was automatically carried out as described in Section 2.3. The
researcher thus did not need to touch the rats, and all recording

Microdrive

Hydraulic
fuid

Via hydraulic fluid
——————~ ) ;

Voltage [uV]

1.5 2 23 3
Time [s]

Fig. 4. 'The signal from a single electrode, branched into two different circuits.
One was directly connected to an amplifier, and the other was amplified only
after the signal passed through the hydraulic fluid. Both signals were recorded
simultaneously and compared. The degree of correlation between the two signals
was 0.98.

was done while the rats were awake. On each experimental
day, the automated positioning procedure was applied to 5-8
channels and we could find neural signals in most cases. How-
ever due to reasons such as electrode drift or neuronal death,
occasionally signals were lost. When this happened we were
generally able to record signals from another neuron by moving
the electrode tip, as depicted in Fig. 6. In one remarkable trial,
we recorded good signals from 10 separate channels, although
at the beginning of the day we started with recording data from
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Fig. 5. The accuracy of electrode positioning. As the electrode tip is slowly
driven forward, its calculated position (x-axis) is compared to its directly mea-
sured position (y-axis) at each stopping point. The calculated position traces the
measured position with an error of only 50 pm.
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Fig. 6. (a) The S/N ratio of recorded spikes is plotted against the depth of the
measuring electrode. By inserting an electrode deeper into the brain, we were
usually able to find another neuron and restore the neural signal. Spikes with
a S/N ratio less than 3 were neglected, (b) A clustered spike wave form, after
automatic positioning,

only one or two channels. By the end of this recording period,
electrolysis between the electrode guides and the flexible circuit
could be observed in four of these channels. In addition, some
of the electrodes appeared to have become stuck due to tissue
fluid entering the guide tubes and solidifying. Nonetheless, for
about two weeks we were able to record well-isolated signals
from an average of five channels per device.

4. Discussion

We have described a microdrive which is capable of simul-
taneously recording signals from a large number of neurons
in the cerebral cortex of waking animals (rats). The size and
weight of the device did not affect the behavior of the rats. Some
novel techniques were implemented in the design of our multi-
electrode array: each such technique is examined in turn below.

4.1. Conductive fluid as a circuit element

Conductive fluid was used as a part of the electrical circuit
connecting the electrodes. As seen in Fig. 4, this caused a neg-
ligible amount of signal distortion. A high degree of correlation
was obtained between the direct recordings and those record-
ings which passed through the fluid. The signal was sufficient
for spike detection in both cases.

Furthermore, our results have demonstrated that certain com-
mon wiring problems can be resolved by using conductive fluid
in the electrical circuit. This is important because as the num-
ber of channels increases, and the implants diminish in size, it
becomes more and more difficult 1o wire all the electrodes to a
single connector,

Some problems remain for the long-term use of this tech-
nique, however, such as electrolysis and the relatively high
impedance of fluid compared to wire. The high impedance did
not cause any major problems in our experiments, but in some

noisy situations it could be problematic. This could be resolved
by attaching an amplifier to the head or shielding the whole
device. Electrolysis was observed in some of the channels, but it
was found to be due to cracks in the gold coating. Thus, plating
the electrodes with gold or some other metal should eliminate
the problem.

4.2, Electrode placement

The amount of fluid and the supplied fluid pressure were
used to estimate the position of the electrodes. The parameters
used to estimate the position were calculated from the pressure
prior to the onset of electrode movement. By recalculating these
parameters at each session, any differences due o the channel
and fluid state could be alleviated. As a result, we achieved
an error of only 50 wm on our position estimates. The biggest
portion of this error was due to offsets in the parameters of the
calculation. In other words, the relative positioning error (which
is more important) is smaller than the absolute positioning error.
Thus, while the calculation is not perfect, we believe that this
device is sufficiently accurate and precise.

At the moment, the most significant disadvantage of our
microdrive is that it cannot pull the electrode back with enough
control. When we applied suction to the hydraulic fluid, the elec-
trode leapt back and its position became unmeasurable. In this
case. however, we were still able to search for and find a signal
even though the position of the electrode had become ambigu-
ous. This sudden motion may be due to bubbles in the hydraulic
fluid, or to friction between the stainless steel guide and the
electrode housing, especially at the O-ring. This problem could
be rectified by changing the hydraulic fluid to another conduc-
tive fluid, for example hydrargyrum, which will prevent bubble
contamination. One could also use fluorine-coated O-rings to
decrease (riction. However, the risk of leakage and the cost of
the driver should be considered in such design changes.

4.3. Recording guality

When controlling an electrode, in most cases we were able
to detect a signal before the electrode overran its desired depth
range. Nonetheless, under simultaneous recording only a small
number of channels were functional at any given time. This may
be due to mechanical interactions between the closely spaced
electrodes (the tip separation is about 350 pm). Another pos-
sibility is that recordable neurons are dragged away by the
movement of nearby electrodes. Also note that our microdrive
uses scissor-cut electrodes, which cause more mechanical stress
than finely tapered electrodes. In fact, it was observed that repo-
sitioning one electrode often degraded or destroyed the signal
in other channels. This mechanical interaction can usuvally be
rectified by precise control, but our microdrive is clearly lack-
ing in precise backwards control. Our proportion of recordable
channels was therefore relatively low compared to the result
of Wilson and McNaughton (1993), although differences of
the target brain area should also be considered (for exam-
ple. the hippocampus has a higher density of neurons than the
cortex).
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Table 1
Independent controlled microdrive
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Author (vendor) Ch. Weight [g] Size(L «~ W= II) [mm] Depth [mm] Automation Motion system Precision (1/8 turn) [pm]
deCharms et al. (1999) 49 20 26%22x 16 5 Pin push -

Venkatachalamet al. (1999) 6 1.4-33 ?5.85 < 145 3 Gear 20

Fee and L.eonardo (2001) 3 1.5 0617 a5 o) Synchronous motor A

Cham et al. {2005) 4 40 ?28.23x* 5 O Piezoelectric actuator 1

Neuralynx® 28 16.9 ?375 528 10.5 x Gear 20

Our microdrive y.#) 15 @235x37 4 @) Hydraulic 50

Comparison of independently controlled and (semi-)implantable drivers.

& Not mentioned.
‘To summarize, a high recording quality can be obtained using Acknowledgments

tapered electrodes by means of precision control, as discussed
in Section 4.2.

4.4. Automatic control

One advantage of our microdrive is its implementation of
an automatic control algorithm. Using our hydraulic multi-
electrode array, it is possible to independently and automatically
reposition all the electrodes during the actual recording period.
In all these experiments, the rats were awake with no limita-
tions on their movement. This freedom is greatly advantageous
to research on task-related neurons.

In this paper, we used a simple algorithm based on SNR and
spike count, and demonstrated that it could be used for auto-
matic positioning. Other methods could also be implemented in
this device. However, there seems to be no consensus among
researchers on the best positioning algorithm. More sophisti-
cated algorithms, such as those using a stochastic model or
regression model, are expected in future research.

4.5. Advantage of the microdrive

For the sake of comparison, five other independently con-
trollable microdrives are listed in Table 1 as well as our own
invention. Each of these microdrives also adjusts its electrodes
independently and automatically. Although this hydraulic sys-
temis somewhat lacking in precise control compared to the other
methods, it has many balancing advantages. In a hydraulic sys-
tem, the electrode density is limited only by the spacing of guide
tubes; this is a remarkable advantage when the number and den-
sity of electrodes increases. In addition, the cost of this system
is lower and its weight is less than that of motor-based systems.
Our microdrive achieves a nice balance between electrode den-
sity, cost, and weight, and future extensions.

We succeeded in chronically recording neural signals from
waking rats. Although it was difficult to record simultaneously
from all channels, it was often possible to record clear neural
activity from a large percentage of electrodes when each
electrode was individually positioned. These results are a
first step towards the permanent monitoring of neural activity,
which of course wounld dramatically improve the quality of the
data. We believe that this automated microdrive is a powerful
research tool, which avoids many arduous tasks such as frequent
repositioning to find and maintain high-quality neural signals.

We would like to thank the staff of *The Central Work-
shop, Institute of Industrial Science, The University of Tokyo™
for developing the implant components. This work was par-
tially supported by Grant-in-Aid for Scientific Research (A)
17206022, from the Ministry of Education, Culture, Sports,
Science and Technology of Japan; and also by, Grant-in-Aid
for Research on Advanced Medical Technology H17-Nano-010
from the Ministry of Health, Labour and Welfare of Japan.
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Estimation of Locomotion States of a Rat by Neural Signals from the Motor Cortices
Based on a Linear Correlation Model
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We are developing a brain-machine interface (BMI) called “RatCar,” a small vehicle controlled by the neu-
ral signals of a rat’s brain. An unconfined adult rat with a set of bundled neural electrodes in the brain rides
on the vehicle. Each bundle consists of four tungsten wires isolated with parylene polymer. These bundles
were implanted in the primary motor and premotor cortices in both hemispheres of the brain. In this paper,
methods and results for estimating locomotion speed and directional changes are described. Neural signals
were recorded as the ral moved in a straight line and as it changed direction in a curve. Spike-like waveforms
were then detected and classified into several clusters to calculate a firing rate for each neuron. The actual
locomotion velocity and directional changes of the rat were recorded concurrently. Finally, the locomotion
states were correlated with the neural firing rates using a simple linear model. As a result, the abstract

estimation of the locomotion velocity ‘and directional changes were achieved.
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Application of Neural Probes Integrated with Fluidic Channel for Microdialysis
Naoki Kotake ', Takafumi Suzuki®, Shoji Takeuchi®, Kunihiko Mabuchi’
'Graduate School of Engincering, 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 propose a neural probe integrated with a fluidic channel for microdialysis fabricated using MEMS
technologies. This probe, which was designed to record neural signals, and to sample biochemical constituents from the area
of recording, consists of four electrodes with a fluidic channel covered with semipermeable membrane. It was fabricated on a
20um-thick Parylene C substrate, and semipermeable membrane was made from cellulose acetate. The fluidic channel, which

was 200 pm wide x 30 pm high x 1.5 mm long, has windows covered with semipermeable membrane. The thickness of

semipermeable membrane was about 15pum. We have succeeded in fabricating a concept model of the neural probe.

In this paper, we described design and fabrication of the neural probe.
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ARSTRACT A preliminary model of a flexible neural probe containing a biodegradable polymer for delivering
biozctive components was designed and fabricated. The probe based on the flexible material of parylene has a
holiow structure to seed biodegradable polymeric microspheres with bicactive components, such as nerve growth
iacior (NGF), in order to promote regrowth of damaged neural tissues around electrodes. NGF was slowly

- released from the microspheres in a phosphate-buffered saline (PBS) solution for 2 weeks, and the released NGF
. increased the number of PC-12 neurites and extended their length, These results have shown the possibility that

the preliminary model of the neural probe can be applied for chronically recording along with neural regeneration.

INTRODUCTION

Neural Probe

In the past decade, a neural probe has been used in
Grain-Machine  Interface (BMI), neuroscience like an
clecirophysiological investigation, and a medical treatment such
as Fzitkinson's disease and cpilepsy. There are, however, no
suiable electrodes for long-term neural recording, nor are there

t
il

. eptimal probes to stimulate the brain for the treatments and use of

b electindes.

Fwil systems chronically. In order to solve these issues, the
neural probe must be designed to perform multi-channel recording
and stimulation, to be inserted less invasively in the brain tissue,
and to promote regrowth of damaged neural tissues around the
Therefore, we have been developing a new flexible
scural probe to achieve better recording and stimulation of neural
ictivities for a long-term[1], while integrating Micro Electro
Mechanical System (MEMS) technology, parylene[2] which is

¢ higecmpatible and flexible materials, and a drug delivery system

L (DDS).

|

l \ :
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In the DDS, a biodegradable polymer with bioactive
coivponents of nerve growth factor (NGF) was applied for
detivering bioactive components to damaged neurons around the
#izetrodes in the neural probe as shown in Figure 1.

{Eioactive components
Neural probe

eleased bioactive
ongnts

C

Samaged neuron

Racovered neuron

| —
[ iz 1 Concept of effect of released bicactive components on
l damaged neurons.  The lefi figure shows a neuron damaged by
! probe’s insertion.  The right figure shows a neuron recovered
L9y released bioactive components from the neural probe. |

= SY0004/05/0000-0017 © 2005

2 METHODS
2.1 Neural Probe Fabrication

Figure 2 illustrates the method of - fabncatmg the neura.l
probe fabrication.

Deposit a 10 um parylene and
a 0.4 um gold on a silicon
substrate.

Pattern the gold.
Deposit and pattern a 30 pm
thick photoresist (AZP4903).

Again deposit the 5 pm
parylene.

Deposit and pattern a 0.3 um
aluminum.

Pattern the parylene by 02
plasma ctching.

Remove the aluminum and the
thick photoresist.

Groove for polymer>

Pecl off the neural probe.

Fig. 2 Schematic of the neural probe fabrication.
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2.2 Microsphere Preparation

NGF with ovalbumin (OVA) was encapsulated in the
biodegradable polymer of PLGA 85/15 by a solvent evaporation
method[3].
follows. First, 0.2g of OVA and 30pg of NGF in 4mi of a
chloroform solution with 1g of PLGA werc dispersed by a
polytron homogenizer for min at 8000 rpm. The
protein-polymer dispersion was again homogenized in 20 ml of a
1% PVA solution for 5 min at 8000 rpm. The formed emulsion
was stirred in 300 ml of a 0.1 % PVA solution for 3 hours at room
temperature.  The microspheres were centrifuged, washed
repeatedly with distilled water more than 3 times, and freeze dried
for 48 hours. The microspheres were stored at -20°C prior to

5

use.
3 RESULTS
3.1 Neural Probe

A preliminary neural probe was designed (Fig. 3). A
complete structure of the probe is in the process of fabrication to
increase the height and adjust the width of a groove for seeding
microspheres.

The method of fabricating the microspheres is as -

Fig. 3 Photos of the preliminary neural probe. The left photo
shows the neural probe. The right photo is the magnification
of the electrode’s site.

3.2 Microspheres
The microspheres were fabricated with an optimal size
between 10 and 30 pm to seed in the groove of the probe (Fig. 4).

Fig. 4 Photos of the size distribution of the microspheres by a
scanning electron microscope.

3.3 NGF Release

0.2 g of the microspheres were immersed in 10 ml of a
phosphate-buffered saline solution {PBS) and incubated at 37°C.
At each time point (24h, 48h 72h 168h 336h), the suspension of
the microspheres was centrifuged (10 min, 1000 rpm). 5 ml of
the supernatant was then coliected and replaced with 5 ml of a
fresh PBS. The microspheres were again suspended by
vortexing for 5 min. The total amount of NGF released from the
microspheres was measured by an Enzyme-Linked Immuno
Sorbent Assay. NGF was constantly released between 2-6 ng/mi
at each time point, and more than 160 ng of NGF had been
released after 336 hours.

= 18_

The bioactivity of NGF released from the microspheres was 3
assessed using the PC12 cells (Riken Cell Bank). The PC12 3
cells were incubated on a collagen dish with a serum-free 2
condition.  Control consisted of the PCI2 ceils with no ?
microspheres.  After the microspheres were incubated on a dish
for 8 days, it was observed that the neurites of the PC12 cells ¢
were longer and more numerous than those of the control neurites.
This indicates that the NGF released from the microsheres
remained bioactivity.

EANS R

e T e P

Microspheres with
NGF and OVA
i

Control

A o

e

Fig. 5 Photos showing PC12 cells with extended neurites on a }
collagen dish eight days after NGF and OVA were released
from the microspheres. The left photo is a contrel with noj
microspheres (i.e., there are no NGF in the dish). The right-
photo shows that NGF released from the microsheres extended
the neurites of the PC12 cells.

4 CONCLUSIONS

The preliminary flexible neural probe was designed and
fabricated. It was succeeded in loading bioactive components of:
NGF with OVA into the biodegradable polymer. The size of the%
polymer was optimized between 10 and 30 pym for embedding the=
probe. NGF was slowly released in 2 wecks that may induce?
regeneration of neural tissues. In the in vitro experiment, an

m@&.m’ e

the neurites of the PC12 cells were extended and increased by lhe?'
NGF released from the microspheres. Thus, these have shown:#
possibilities that the neural probe provides an optimal implant?
environment and extends the longevity of the tissue- e]cctrede
interface along with neural regeneration.
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Novel Regeneration-type Nerve Electrode with Integrated Microfluidic Channels
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Abstract

Neural interface devices that will allow signals from the human nervous system to control external

equipment 1s extremely important for the next generation of prosthetic systems. A novel regeneration-type nerve
clectrode designed to record from and stimulate peripheral nerves has been developed to allow the control of
artificial hands and to generate artificial sensations. In this study a novel regeneration-type nerve electrode based
on the nerve regeneration principle was designed and fabricated using MEMS technologies. The electrode. which
was fabricated on a 25-um-thick Parylene C substrate. has multiple fluidic channels. Each fluidic channel was 100
um wide x 30 um high x 1500 pm long and featured multiple electrodes inside them as recording and stimulating
sites. They also served as guidance channels for the regenerating axons. The authors are currently attempting to

evaluate the probes using the sciatic nerve of rats.
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Fig. 1  Schematic of the regeneration-type nerve electrode
(conventional model)
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Fig. 2. Distance between the recording sites and the Ranvier
node of a single nerve fiber.
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Fig. 3: Concept sketch of the regeneration nerve electrode n this
work.

The eclectrode has a microfluidic channel for injection of
chemicals and microfluidic channels for neuro guidance.
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Fig. 4: Fabrication process
The photoresist was removed after rolling the fluidic channel area
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Fig. 5: Photo of the fabricated probe
Each microfluidic channel for neuro guidance is W 100 pm - H
30 pm - L1500 pm

Fig.6: Photo of the fabricated probe. (A) Overview of the
probe before rolling. (B) Tip of the probe. (C) After rolling,
but before removing the photoresist
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Development of a Flexible Neural Prohe Composing Biodegradable Polymer
for Delivering Bioactive Components
Yasuhiro Kato®*, Takafumi Suzuki, Kunihiko Mabuchi (The University of Tokvo)

Abstract

A flexible neural probe containing a biodegradable polymer for delivering bioactive components, such as nerve
growth factor (NGF), was developed. This was designed to promote regrowth of damaged neural tissues around
the implanted neural probe for a long-term recording and stimulation. The neural probe based on the flexible
material of parylene has a groove structure to seed biodegradable polymeric microspheres with NGF, to promote
recovery of the damaged tissues and improve mechanical stiffness for the probe implantation. In in vitro
experiment, NGF from the microspheres was slowly released in 2 weeks. The neural probe was successfully
inserted in and recorded neural signals from a cerebral cortex of a rat.
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