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Abstract Neurodegenerative diseases such as amyotrophic lateral sclerosis and
Alzheimer’s disease are intractable diseases, for which neither the cause nor treatment
method are known in spite of more than 100 years of research. The reason for this is
(1)itis not easy to sample neurons, the affected parts, during the lifetime of the patients
and (2) there have never been suitable and precise high-throughput methods for
analyzing the function of the neuron network. The first problem is now being solved
by iPS technologies. We are now developing several technologies to solve the second
problem. The problem of low seal resistance, the weak point of the incubation-type
planar patch clamp (by which we can measure the ion-channel current from the neuron
network at many measuring points), was overcome by using a salt-bridge Ag/AgCl
electrode. The ion-channel current from the neuron network was measured for the first
time by a planar patch clamp using this stable electrode. A new type of substrate for the
planar patch clamp was developed, and a high density but spatially homogeneous
neuron network was successfully formed. By combining these device technologies
and the human iPS technology, we are now developing a disease model for neu-
rodegenerative diseases.

Keywords Neurodegenerative disease - High-throughput screening - Neuron
network - Planar patch clamp - Ion-channel - iPS

4.1 Introduction

Neurodegenerative diseases such as Alzheimer’s disease (AD) and amyotrophic
lateral sclerosis (ALS) are intractable diseases for which neither the cause nor
reliable treatment methods have been established. The reason why these diseases
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are so intractable is (1) it is not easy to sample neurons, the affected parts, during
the lifetime of the patients and (2) suitable methods for analyzing the function of the
neuron network have never been developed. Animal models are generally used to
solve the former problem. Unfortunately, however, the medicine developed using
animal models is not so effective for human diseases especially neurodegenerative
diseases. This is because animals do not suffer from the same neurodegenerative
diseases as humans. Recently developed iPS technology is expected to solve this
problem. To apply iPS technology to elucidate the cause and/or the novel drug
developments of neurodegenerative diseases, the second problem must be solved.
Since many and various kinds of ion-channels are the most important parts that
realize signal transduction in the neuron network, the measurement of ion-channel
current, which contains information about the release of the neurotransmitter
molecules at synapses, is considered to be the most useful method for analyzing
neuron network function. The pipette patch clamp is the most excellent standard
method of ion-channel current measurements. It is, however, not suitable for
multi-point measurement, which is necessary in high-throughput screening appli-
cations. Therefore, we must first develop a multi-point measurement method for
ion-channel current in the neuron network. Furthermore, neurons easily gather and
form aggregations through migrations. The formation method of a spatially
homogeneous neuron network suitable for long-term incubation must also be
developed. We have developed an incubation-type planar patch clamp [1] and
recently succeeded in measuring the spontaneous ion-channel current for the first
time by using the planar patch clamp in the neuron network of the cerebral cortex of
an embryonic rat with gestational day 17 [2]. We have also succeeded in forming
the neuron network with good spatial homogeneity. In this chapter, these results are
introduced, and the future prospect of high-throughput screening applications using
a human disease model chip is discussed.

4.2 Incubation-Type Planar Patch Clamp

It is expected that the weak point of the pipette patch clamp would be overcome by
planarization of the device. For the planar ion-channel biosensor, glass [3], Si [4-6],
quartz [7], and a silicon elastomer PDMS (polydimethylsiloxane) [8], etc. have
been reported as substrate materials. For Si, it has been considered that the back-
ground noise current is large due to the free charge carrier density in the substrate.
However, we have recently demonstrated that the noise current can be significantly
reduced by using a silicon-on-insulator (SOI) substrate [9]. Since commercialized
planar patch clamp devices, however, are not equipped with the incubation func-
tion, they cannot be used for a system that requires long incubation periods. New
functional analysis and/or screening devices could be realized by adding an incu-
bation function, such as an extra-cellular matrix (ECM) coating on the substrate
surface to the conventional planar patch clamp method, and these would be espe-
cially useful in applications such as in vitro systems of neurons and neuron
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networks using dissociated cultured neurons [10—13]. Moreover, the planar patch
clamp method enables simultaneous measurement of multi-point ion-channel cur-
rents and advanced 2-D bio-imaging. We have developed an incubation-type planar
patch clamp device and demonstrated its operation using TRPV 1-expressing human
embryonic kidney (HEK) 293 cells and capsaicin as a ligand molecule [1, 2, 14]. In
this experiment, we have used SOI substrates as the sensor chip material. But the
chip fabrication process using diamond drilling followed by focused ion beam for
micropore formation was not necessarily suitable for expanding to the multi-point
measurement, which was necessary for high-throughput screening applications. The
recently developed light-gated ion-channel method is extremely suitable for the
investigation of neural cell and/or neuron network functional analysis due to its
excellent time and space resolutions [15, 16]. We also think that this noble tech-
nology is useful for the performance test of ion-channel biosensors.

In this work, we have newly developed a biosensor chip fabrication process
suitable for multi-point measurements using plastic materials, such as poly-
methylmethacrylate (PMMA) and polycarbonate (PC) substrates, using several
advanced photolithographic microfabrication techniques followed by electroform-
ing, ultra-precision machining, hot embossing, and focussed ion beam process.
Plastic materials have excellent characteristics as sensor chip material. Noise due to
parasitic capacitance is sufficiently low due to their low dielectric constant. Several
nano-microstructures can be easily formed by advanced microfabrication tech-
niques. In this work, the ion-channel biosensor with incubation function was
constructed using a PMMA or PC sensor chip, and excellent performance equiv-
alent to the pipette patch clamp was confirmed by using a channelrhodopsin (ChR)-
wide receiver (ChRWR), which was the light-gated ion-channel developed by
Wang et al. [17].

4.2.1 Fabrication of Biosensor Chip

4.2.1.1 Hot Embossing and Metal Mould

The fabrication process using plastic materials and the structure of the sensor chip
are shown in Fig. 4.1. The basic structure of the sensor chip was formed by
double-sided hot embossing using a machine made by Engineering System Co.,
Ltd. The brass mould (mould 2 in Fig. 4.1) for forming the pipette solution wells (a
in Fig. 4.1) was fabricated by ultra-precision machining equipment, Robonano
(FANUC Ltd.). The scanning electron microscopy (SEM) image of the square pillar
structure on the brass mould (mould 2) is shown in Fig. 4.1. The thickness of the
thin film structure (b in Fig. 4.1) was controlled with good reproducibility by
selecting the thickness of the original PMMA or PC substrate, usually 0.2 mm, and
the height of the square pillar structure (193 + 2 pm). Temperature control of the
moulds was important to form a good quality thin film structure for the sensor chip
at the pipette solution well. The temperature conditions were investigated using the
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Fig. 4.1 Schematic drawing of fabrication protocol of planar patch clamp substrate by hot
embossing. a Pipette solution well. b Thin film structure

mirror-polished Si wafer as the upper mould. The typical embossing conditions
used in the case of PMMA were: upper and lower mould temperatures of 180 and
140 °C, respectively, loading pressure limit of 3500 N, lowering speed of the upper
mould 10 um/s, pressing time of 60 s, and cooling speed of 0.5 °C/s. Mould 1 in
Fig. 4.1, which has a lattice pattern on the surface, was used in this work to form
the substrate for the HEK293 cells. The lattice pattern forms the microfluidic
structure on the substrate surface by embossing. The round areas formed at the
crossing points of the lattice pattern of the upper mould were effective to fix the
position of the cell. This Ni upper mould was fabricated by electroforming (IKEX
Industry Co., Ltd.), for which the master mould was formed by photolithography
using positive resist (AZ P4903, AZ Electronic Materials) on the
one-side-mirror-polished Si(100) substrate. The electroforming was carried out after
forming a thin Ni film on the surface of the resist pattern by sputtering. The Ni
mould precisely replicates the resist pattern within the preciseness of the optical
microscopy evaluations. It is noted that the side wall of the resist pattern was
declined by about 20° from the vertical by baking at 120 °C for 90 min after the
development. The upper side mould was aligned to the lower side mould so that the
round area for the cell trapping on the upper side mould came into the square
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pattern to form the pipette solution well [18]. The structure of the substrate for the
neuron network formation is described in Sect. 4.4.

4.2.1.2 Formation of Micropore by Focussed Ion Beam (FIB)

The micropore with diameter of 1.5-2 pm was formed by focused ion beam
(FIB) machine (Seiko Instruments Ltd.) at almost the centre of the round area on the
pipette solution well. The ion-channel current was measured through this microp-
ore. In the case of the plastic substrate, a Cu thin film was deposited on the surface
of both sides of the substrate to reduce the charge-up effects during the FIB pro-
cessing. This Cu thin film was removed using diluted HNOj3 solution after the
micropore formation. The acceleration voltage and the current of the Ga ion beam
were 30 keV and 50 pA.

4.2.2 Device Structure of lon-Channel Biosensor

Figure 4.2a shows the schematic structure of the ion-channel biosensor used in this
work. A photograph of the actual device is shown in Fig. 4.2b. The sensor chip was
sandwiched between the upper (bath solution side) and the lower (pipette solution
side) polydimethylsiloxane (PDMS) plates. Microfluidic circuits were formed
inside the lower PDMS plate to supply and exhaust the pipette solutions. The bath
solutions were supplied or exhausted through polytetrafluoroethylene (PTFE) tubes
(not shown). The weak point of the incubation-type planar patch clamp is the
low-seal resistance (Rj in Fig. 4.3a). In the pipette patch clamp, seal resistance
larger than 1 GQ is usually obtained; however, in the case of the incubation-type
planar patch clamp, the seal resistance is easily decreased by more than two orders
of magnitude due to the extra cellular matrix coated on the sensor chip surface,
which makes the gap between the cell membrane and the sensor chip surface larger.
Thus, as can easily be understood from Fig. 4.3a, fluctuation of the interface
potential between the electrolyte solution and the Ag/AgCl electrode surface causes

Fig. 4.2 a Schematic (a) )
drawing of planar patch clamp

ion-channel biosensor and ./ Polycarbonate .
b top view of the device Sensor chip

~—PDMS
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a large fluctuation in the base line. The stable electrodes of the salt-bridge structure
(Fig. 4.3b) were used both for the bath solution side as a ground and the pipette
solution side as the membrane voltage electrode [2]. The Ag/AgCl wire of the stable
electrode, which was formed by painting the surface of the Ag wire (0.3 mm
diameter) with AgCl ink (BAS Inc.), was inserted into a Pyrex glass tube filled with
a saturated KCI and AgCl solution, and the tip was sealed with Vycor glass
(Gikenkagaku Co. Ltd.). The Ag/AgCl wire was connected to a gold-plated elec-
trode pin, as shown in Fig. 4.3b. The significant reduction in the noise by using the
stable electrode is shown by the red line in Fig. 4.3c as an example.

4.2.3 Expression of ChRWR and TRPVI on HEK293

Channelrhodopsin is also useful when investigating the performance of the
ion-channel biosensor. ChRWR is the name given to the chimeric molecule ChR
(ABCDE(fg) in Ref. [17], and its plasmid construction is reported in detail in the
same Ref. [17]. The HEK293 cells, which were a generous gift from Minoru
Wakamori of Tohoku University, were cultured at 37 °C and with 5 % CO, in
Dulbecco’s modified eagle’s medium (DMEM) (Sigma-Aldrich Co.) supplemented
with 10 % fetal bovine serum (FBS, Biological Industries Ltd.) and transfected
using Effectene transfection reagent (Qiagen, Tokyo, Japan) in accordance with the
manufacturer’s instructions. After cloning twice with the addition of G418 (Gibco)
in a 10 cm dish, single colonies with bright Venus fluorescence [19, 20] were
selected by using a cloning cylinder IWAKITE-32 (Asahi Glass Co., Ltd.) and
cultured in a medium containing G418 until they were confluent in the dish. The
TRPV1-expressing HEK293 was a gift from Professor Makoto Tominaga of the
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Okazaki Institute for Integrative Bioscience. Details of the transfection procedure
are reported in Ref. [21].

4.2.4 Culture of HEK293 Cells in Biosensor

The surfaces of both the sensor chips (Si and PMMA in this case) were coated with
ECMs of poly-L-lysine (PLL, Sigma-Aldrich Co.), which showed better perfor-
mance in the preliminary experiments on the culture in the biosensor than the
fibronectin used in our previous experiments [1, 14]. The 50 pl solution (0.005 %)
was dropped onto the substrate surface followed by incubation for 1-2 days at
room temperature. At this stage, the surface density of the ECM was about 3—
5 ng/em?. After removal of excess solution, the substrate was rinsed with sterilized
water, dried under a gentle nitrogen stream, and kept sterile until use. Cells were
cultured in dishes filled with the medium under the conventional incubating con-
ditions, i.e., 37 °C and 5 % CO,. The culture medium was supplemented with
Dulbecco’s modified eagle medium (DMEM) to which 10 % (v/v) fetal bovine
serum (FBS), 1 % (v/v) Glutamax™ (Gibco), and 0.5 % (v/v) penicillin/
streptomycin (Gibco) were added. After cells were detached from the culture
dishes, the cell suspension was seeded at a density of 100-300 cells/mm? on the
ECM-coated chip. The channel current was measured after 5 days of culturing, at
which point about 70 % confluence was reached in the case of the no cell trapping
pattern, as shown in Fig. 4.4a. In the case of the chip with cell trapping pattern, the

(b)

Fig. 4.4 Optical microscopy image of ChRWR expressing HEK293 cells incubated on substrate
of incubation-type planar patch clamp biosensor. a Bright field image of cells after 5 days
incubation on non-patterned substrate. The expanded figure with the cell on the micropore is
inserted and b fluorescence microscopy image of cells after 3 days incubation on substrate with
cell trapping pattern. The cell trapping pattern and the trapped cell is shown by dotted lines. The
scale bar is 50 pm
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channel current was measured after about 3 days of culturing when the monolayer
colony around the micropore was formed (Fig. 4.4b).

4.2.5 Measurement of Ion-Channel Current

An ion-channel biosensor and preamplifier head stage were set inside the alu-
minium electromagnetic shield box. The culture medium was replaced with bath
and pipette solutions for the upper and lower chambers, respectively. The bath
solution in the upper chamber contained: 140 mM NaCl, 3 mM KCl, 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2.5 mM CaCl,,
1.25 mM MgCl,, and 10 mM glucose at pH 7.4 (with HCI). The lower chamber
solution (pipette solution) contained: 40 mM CsCl, 80 mM CsCH3SO,4, 1 mM
MgCl,, 10 mM HEPES, 2.5 mM MgATP, and 0.2 mM Na,EGTA (pH 7.4) All
data were recorded using a patch-clamp amplifier (Axopatch 200B) at room tem-
perature. Data were obtained using a 1 or 2 kHz low-pass filter and output gain of
1 mV/pA, and they were analyzed using pClamp 9.2 software. For whole-cell
current recordings, sub-nanometre conductive pores through the cell membrane,
which electrically connected the inside of the cell to the lower chamber, were
formed by applying the nystatin (Sigma) solution to the lower chamber [22]. The
nystatin stock solution was prepared by dissolving nystatin in 1 ml of methanol and
successively adding 45 pl of HCI (1 M) and 45 pl of NaOH (1 M), which was then
diluted with the lower chamber solution to final concentrations of 100-200 pg/ml
before use. The formation of the whole-cell arrangement was confirmed by the
observation of a capacitance increase of about 10 pF from 5 to 10 min after the
addition of the nystatin solution to the lower chamber.

In the case of the laser-evoked channel current measurements, the laser beam
from a semiconductor laser with a 473 nm peak wavelength and 3.2 mW maximum
output power (Sumitomo Osaka Cement Co., Ltd) was guided by optical fibre and
focused with a microlens with a 26.5 mm focal length under the fluorescence
microscope’s objective lens (Olympus). The beam diameter at the focal point was
30-100 pm.

4.2.6 Detection of Capsaicin by TRPVI1-Expressing
HEK?293 Biosensor

The ion-channel biosensor could be used in diverse applications ranging from the
detection of biological warfare agents to high-throughput screening devices for
pharmaceutical development because of its extremely high selectivity and sensi-
tivity. In this work, we constructed a single-channel biosensor shown in Fig. 4.1
using a Si or PMMA sensor chip. First, we constructed the ion-channel biosensor
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using TRPV 1-expressing HEK293 cells for the detection of capsaicin, which is the
main pungent ingredient in hot chili peppers and elicits a sensation of burning pain
by selectively activating sensory neurons. Capsaicin stimulation opens the TRPV1
ion-channel, and the non-selective cation flow through the channel is induced. If
Ca®" is contained in the extracellular solution, TRPV1 becomes insensitive to
capsaicin with prolonged exposure. The mechanism underlying these phenomena is
still not clearly understood [21]. The increase in intracellular Ca’" mediates the
desensitization, and various signalling pathways are implicated in the desensitiza-
tion of TRPV1 [21, 23].

To investigate sensitivity for capsaicin, we measured the channel current for the
bath solution of several different capsaicin concentrations with draining the bath
solution by using a syringe pump (KD Scientific Inc.) at a pumping speed of
12 ml/h. The measurements were carried out at room temperature. The unique
inward current followed by desensitization was observed when Ca** ions were
present in the bath solution (Fig. 4.5a). The desensitization was not observed with
the Ca’*-free bath solution, as shown in Fig. 4.5a, which agrees well with the
reported data measured using a pipette patch clamp [21]. The observed dependence

Fig. 4.5 Capsaicin (a) 1st 2nd 3rd
stimulated ion-channel current
of TRPV1 expressing
HEK293 cells measured by
incubation-type planar patch
clamp biosensor after 5 days 0.5 nA|
5s

Capsaicin Capsaicin Capsaicin

incubation. a Current

recordings using bath solution

containing Ca** ion (upper Capsaicin Capsaicin Capsaicin
trace) and not containing Ca** o . -
ion (lower trace).

—— - — i —_—

b Dependence of current on - ¢a*
capsaicin concentration. 0.5 nA
Sensitivity limit is about L = 5s

10 nM, which is almost
equivalent to pipette patch
clamp biosensor

G

Current (pA)
g &
=
LY
2
-

1500 4 ﬂ 105
1000 "
-
500 é
-
o -
0.01 0.1 1 10

Capsaicin concentration (].LM)



54 T. Urisu et al.

of the peak current on the capsaicin concentration is shown in Fig. 4.5b. The lower
detection limit was about 0.01 uM. Highly sensitive detection of neurotransmitter
molecules and biologically active molecules by the ion-channel biosensor using a
pipette patch clamp have been reported [24-26]. In those studies, the noise level
including the baseline fluctuations was 5-20 pA (p-p). The noise level of 10-20 pA
(p-p) in the present case (Fig. 4.5b) shows that an ion-channel biosensor with
almost equivalent performance to the pipette patch clamp can be constructed by
using an incubation-type planar patch clamp equipped with a salt-bridge stable
electrode, so long as it is the whole-cell mode. In this experiment, use of a stable
electrode is essential. The success probability of the device fabrication (number of
devices that operated/total number of devices fabricated) was increased from 1 to
2 % (simple Ag/AgCl electrode) to about 60 % (stable electrode).

4.2.7 Laser-Evoked Channel Current Using
ChRWR-Expressing HEK293 Cells and Comparison
Between Si and PMMA Sensor Chips

The performance of the ion-channel biosensor using a PMMA sensor chip was
evaluated by measuring the laser-evoked channel current using ChRWR-expressing
HEK293 cells. 20 pl of cell suspension (1 X 10* cells/ml) was injected around the
cell trapping area and incubated for 3 days. After confirmation of the formation of a
single monolayer colony covering the micropore region (Fig. 4.4b), nystatin
solution (100-200 pg/ml) was mixed into the pipette solution, and the formation of
the whole-cell mode was easily confirmed by the capacitance increase of about
10 pF caused by the nystatin perforation. After 3 days of incubation, the seal
resistance was 7.4 MQ, and it increased to 9.4 MQ when negative pressure
(~10 kPa) was applied to the pipette solution side. We also carried out control
experiments. No channel currents were observed for cells without ChRWR
expression. The dependence of the channel current profiles on the membrane
potentials when ChRWR-expressing HEK293 cells were irradiated by a laser
(A =473 nm, output power = 1.5 mW) driven by rectangular pulses is shown in
Fig. 4.6. Similar channel current profiles were observed with the Si sensor chip. In
this case, the cell trapping pattern was formed on the Si chip surface by pho-
tolithography using SUS8 negative resist [27]. Channel current profiles in the case of
the PMMA sensor chip agree well with the reported profile (ABCDE(fg in Fig. 6A
of Ref. [17]) measured using the pipette patch clamp, for the important points:
almost no desensitization in the current profile, relatively sharp on profile
(~10 ms), and slower off profile (~20 ms).

Much work has been done on the molecular mechanisms relating to the on and
off profile of the channel current induced by the photo-excitation of channel-
rhodopsin [17, 28-30]. There are, however, still many unclear points. Widely
accepted arguments about the mechanisms of photoexcitation and the following
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Fig. 4.6 Observed dependence of laser-gated channel current recordings on membrane potential
for ChRWR expressing HEK293 cells after 3 days incubation. SOI substrate was used. Inset is
expanded current profile measured at membrane potential of =30 mV

relaxations are: channelrhodopsin contains a retinal that covalently binds to the
apoprotein and the photoisomerization of all-trans-retinal to 13-cis configuration is
coupled to conformational changes in the protein and causes the permeation of ions
[17]. Many (~ 8) intermediate states including dark states with a lifetime longer
than several seconds are observed, and several photocycle models are proposed [17,
28, 31]. The “on” transition time to the initial opening state is about 2 ms, and the
decay of the photocurrent upon light off strongly depends on the intracellular pH
[28]. In the case of the wild-type channelrhodopsin 2 (ChR2), it is excited to the
first channel open state by the blue (~480 nm) light irradiation by the transition
time of about 2 ms, and after that it quickly desensitizes to the second channel open
state, and then it decays to the dark state by the switching off of the irradiation light
with a transition time of about 15 ms [29]. The photocurrent of ChR1 is hardly
desensitized during bright light illumination, although that of ChR2 is rapidly
desensitized [17, 28]. The N terminal segments of ChR2 were replaced with the
homologous counterparts of ChR1 and generated several chimeras with different
current profiles [17]. In ChRWR, a small desensitization and an almost flat and
quite large current profile were realized [17].

In the case of the Si sensor chip, however, the on profile was slightly slow
(Fig. 4 in Ref. [27]); this may be due to the large capacitance (~ 100 pF) of the Si
sensor chip compared with the PMMA chip (3-5 pF). Therefore, these data indicate
that a current profile with high reliability equivalent to the pipette patch clamp
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method can be obtained by using the PMMA sensor chips together with salt-bridge
stable electrodes. Without a cell trapping pattern, a long incubation time (>5 days)
was necessary to wait for the sensor cell to make stable coverage of the micropore
(Fig. 4.4a), and the multiple layers of the sensor cell that were often formed owing
to this long incubation time made current measurement impossible. When the cell
trapping pattern was present, a single monolayer colony stably covering the
micropore was formed in a short incubation time (Fig. 4.4b). Therefore, the cell
trapping pattern not only shortened the necessary incubation time (to ~3 days) but
also improved the success probability by 10-20 %.

4.3 Ion-Channel Current Recording in Neural Network

4.3.1 Formation of Rat Cerebral Cortex Neuron Network
on PC Sensor Chip

Rat embryos of embryonic day 17 were obtained by caesarian section from preg-
nant mothers, which were anaesthetized with isoflurane (Abbott) and killed by
scission of carotid arteries. The use of these animals in the experimental protocols
described was approved by the Nagoya University Animal Care Committee. Brains
of 8—10 embryos were quickly brought out with surgical scissors, and the cerebral
cortex tissue was dissected into small pieces, which were transferred into a 15-ml
plastic centrifuge tube with 5 ml Hank’s balanced salt solution (HBSS, Gibco)
containing 0.25 % trypsin and kept at 37 °C for 20 min in a water bath. HBSS was
removed, and neural cells were disassembled by pipetting in 5 ml DMEM with
10 % fetal bovine serum (FBS). The tube was centrifuged at 140g for 5 min, and
the cell pellet was suspended in 1 ml Neurobasal medium containing B27 (Gibco),
2 mM Glutamax (Gibco), and 5 % FBS. The cells were plated at a density of 1—
5 % 10* cells/cm® onto an 11 mm square PLL-coated PC sensor chip in 35-mm
plastic culture dishes. The cultures were maintained at 37 °C in a humidified
atmosphere containing 5 % CO, for 10—14 days. After the formation of the neuron
network on the PC sensor chip surface, it was set up in the biosensor for the channel
current measurements.

4.3.2 Recordings of Spontaneous lon-Channel Currents
in Neural Networks

One of the most important applications of the incubation-type planar patch clamp is
the multi-point ion-channel current recordings in neural networks. In this case, the
stable electrode is essential since it is more difficult to realize the high-seal resis-
tance due to a very long incubation time. First, we tried to form a neuron network
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using a PMMA sensor chip with cell trapping pattern as shown in Fig. 4.1. It was,
however, difficult to form a long-term stable neuron network. It was found that the
viability of the neuron cells in the cell trapping area was much lower than those
outside that area (Fig. 4.7). Stable incubation inside the cell trapping area was
observed in PC12 and HEK293 cells. On the other hand, in the case of the primary
culture neurons that form a network by making a huge number of synapses, almost
all neurons died in our case if they could not form synapses with surrounding
neurons within about 1 week. We consider that the cell trapping pattern shown in
Fig. 4.1, inside which neurons cannot extend neurites freely, is not suitable for
maintaining the neuron network for a long-term culture. Therefore, in this experi-
ment, we seeded rat hippocampal neurons on the PC sensor chip with a flat surface
with a density of 1-5 X 10* cells/cm” and incubated them in the 35-mm dish for
10-14 days. In all sensor chips, inhomogeneous gathering of neurons due to
migration was observed, as shown in Fig. 4.8a, and in 1-2 chips out of 10, it was
observed that a neural cell existed on the micropore on the chip. The seal resistance
was surprisingly small; it was ~2.7 MQ before the suction and ~ 3.4 MQ after the
suction (n = 5). The sensor chip with a cell on the micropore was set up on the
sensor chip position in the ion-channel biosensor shown in Fig. 4.2, and the upper
and lower spaces were filled with bath and pipette solutions, respectively. The
network formed was already very complex. A large number of multi-synaptic
contacts and autaptic contacts [32] were formed. Therefore, we have considered that
the measurements of spontaneous channel currents are more important than those of
evoked currents induced by artificial stimulation, which makes the network struc-
ture much more complex due to synaptic plasticity [33]. Before the nystatin per-
foration, no channel currents were observed under the voltage clamp, but
immediately after the injection of nystatin into the pipette solution, a channel
current that depended on the membrane voltage was observed with good

Fig. 4.7 Fluorescence
microscopy image of rat
cerebral cortex neuron
network formed on PMMA
substrate after about 2 weeks
incubation. Groove pattern is
formed and round cell
trapping area is formed at
crossing point of grooves. The
viability of the cell was low
inside of the groove or the cell
trapping area




58 T. Urisu et al.

(b)

40mV

S e i AR A A Ve V™ i

=30 mV befere nystatin Injection

30 mV
R el el e e e e e L
T Tl Tl el il Tt S S o ot e Tl o

Current

| s00 pa ADmV-TTX
B e s e 9%
0 10 20 30 40 50 60
Time (s)

Fig. 4.8 Spontaneous channel current measurements in in vitro neuron network of rat
hippocampus. a Neuron network of 10 day culture formed on Si-SOI sensor chip with flat
surface. b Spontaneous channel current observed for various membrane potential value. Effects of
TTX addition were investigated for membrane potential at =40 mV and +40 mV. Smooth line
around centre is recording at membrane potential at —30 mV before nystatin injection to pipette
solution. All other recordings were measured after nystatin injection

reproducibility as shown in Fig. 4.8b. It is clear that these signals are due to
spontaneous activity of the neural network. By adding tetrodotoxin (TTX), which is
a typical antagonist of the Na* channel [10, 33]; some unique changes of the
channel current profile were observed. At —40 mV, pulse-like current disappeared
by adding TTX, but at +40 mV pulse-like current was still observed. Therefore, it is
concluded that the observed channel currents are a mixture of many post-synaptic
currents evoked by the spontaneous firing of presynaptic neurons and post-synaptic
currents induced by the spontaneous neurotransmitter emission, which are called
miniature excitatory post-synaptic currents (mEPSC) and miniature inhibitory
post-synaptic currents (mIPSC) [33]. It is entirely due to the stable electrodes that
the spontaneous channel currents were successfully observed. Since inhomoge-
neous gathering of neurons due to migration makes meaningful multi-point mea-
surements impossible, we are now developing a new type of cell trapping pattern
and cell seeding technique that hinders cell migration and enables the formation of
more homogeneous neural networks.

4.4 Future Prospects and Disease Model Chip

For neurodegenerative diseases, such as ALS and AD, many mutated genes that
cause the onset of the disease have already been discovered. Therefore, considering
that neurodegenerative diseases such as ALS and AD are unique to humans, the
in vitro neural network containing mutated genes is considered to be the most useful
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disease model, which can be used for developing new drugs that are effective in
treating the diseases. We can make the disease model by making the neuron net-
work from human iPS cells and transfecting the mutated genes. In this case,
however, this disease model has a limitation; it cannot be used to investigate the
cause of diseases, that is, to investigate how the mutations are introduced.

As already mentioned, neurons easily aggregate due to the nature of migrations,
especially in the case of high density cultures, which are close to the real brain
neuron network, and spontaneous firing is observed with a frequency of about 2-3/s
in frequent cases [34]. Therefore, it is necessary to develop a technology to form an
in vitro neuron network without inhomogeneous aggregations. Furthermore, the
soma of the neuron must be set on the micropore of the substrate, in the case of the
planar patch clamp. As the first step to the realization of a disease model, we have
developed the substrate for an incubation-type planar patch clamp suitable for long
term incubation of a neuron network (Fig. 4.9). The cell trapping area is surrounded
by several pillars that are 30 um in diameter and about 8 um in height, by which
cell migration is limited, but axon and dendrites can extend through the gap
between the pillars. Micropores with a diameter of about 2 um for the ion-channel
current measurements are formed inside the several cell trapping area. The network
of the rat cerebral cortex neuron formed by seeding the cells selectively inside the
cell trapping area is shown in Fig. 4.9b. In the near future, we are going to form
complex neuron networks on this substrate consisting of several kinds of brain cells
such as motor neurons, cerebral cortex neurons, and glia cells formed from human
iPS cells by differentiation.

(a) (b)

Fig. 4.9 a Scanning microscopy image of PC substrate developed for homogeneous neuron
network formation. Many cell trapping areas surrounded by six pillars are observed. Diameter and
height are ~30 and ~8 pum, respectively. Gap between neighbouring pillars is ~9 pm.
b Fluorescence microscopy image of rat cerebral cortex neuron network after 13 day incubation.
Cells were seeded on cell trapping pattern area selectively. Green and blue are tubulin and DAPI
staining, respectively. Scale bar is 300 pm
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4.5 Summary

Optogenetic tools, such as channelrhodopsin and halorhodopsin, are useful to
investigate the function of neuron networks due to their high spatial and temporal
resolutions. In this chapter, however, another application of channelrhodopsin is
introduced. We are developing a high-throughput screening device, which is nec-
essary for investigation of the cause and new drag development of neurodegener-
ative diseases. Since ion-channel current measurement is considered to give the
most important information to analyze the neuron network functions, we have
developed a planar patch clamp device with incubation function using ChRWR for
the performance test of the device. In the development, the large noise due to the
low-seal resistance of the incubation-type planar patch clamp was significantly
reduced, and we succeeded in taking ion-channel current measurements in the
in vitro neuron network of rat cerebral cortex for the first time. We are now
developing a disease model of a neurodegenerative disease, such as ALS and/or AD
based on the in vitro neuron network formed from human iPS cells. We believe that
a new important way to elucidate the cause and development of the treatment
method of these intractable diseases can be found by combining these disease
models of neuron networks and the high-throughput screening device.
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