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experiment

In neuroscience, it is crucial to clarify the relationship between single-cell activity and neural
network structure to understand brain neural activity. To this end, a device that can measure
signals with high temporal resolution over a wide area is required. In this study, we developed a
multifunctional implantable device for measuring deep-brain functions. The device conducts
electrophysiological measurements using microelectrodes and fluorescence imaging using a
CMOS image sensor, which enables observations of brain functions with high temporal
resolution over a wide area. The device developed is implemented by stacking the microelectrode
array and imaging device. We measured the activity of neurons in the ventral tegmental area
(VTA) of mice using this device. We successfully recorded action potentials and confirmed that
the developed microelectrodes are effective for measuring brain functions. Results suggest that
the multifunctional implantable device developed can simultaneously perform
electrophysiological measurements and fluorescence imaging using a CMOS image sensor.
However, the noise generated during imaging should be eliminated in the future. The activation
of y-aminobutyric acid neurons was also confirmed upon the intraperitoneal injection of nicotine
solution as a pharmacological stimulus. The device developed with integrated microelectrodes
and a CMOS image sensor is unprecedented and can prove useful in understanding the
relationship between neuronal activity and neural networks.

1. Introduction

The mammalian brain, which is responsible for advanced information processing such as
learning and cognition, is an extremely complex network consisting of millions to billions of
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neurons.1-?) Measuring the activity of the neurons that make up this network not only reveals the
mechanisms of various information processing pathways but also enables the discovery of
treatments for neurological diseases.®» Therefore, the measurement of brain functions is very
important from both neuroscientific and medical perspectives. However, to reveal unexplained
brain functions, it is necessary to not only measure the activity of single cells but also understand
the relationship between the activities of other cells in the vicinity at the neural-network level.
Hence, it is necessary to develop a technique to simultaneously measure the activity of multiple
neurons over a wide area.

The implantable imaging devices developed so far are equipped with CMOS image sensors,
which enable lensless imaging with ultracompact and lightweight imaging devices without
restricting the behavior of mice.#~% These devices are equipped with a micro-light-emitting
diode (u-LED) as the light source, which enables the excitation of fluorescent proteins, such as
the genetically encoded calmodulin protein (GCaMP) for fluorescence imaging in close contact
with the brain tissue and pixel array. In addition, by implanting multiple devices, it is possible to
simultaneously investigate the mechanisms of various neural networks. The ability to observe
the vertical plane makes it possible to observe neurons in directions that conventional imaging
devices cannot capture. Moreover, deep-brain imaging has been demonstrated to be possible
owing to the extremely small thickness of these devices and their minimal invasiveness.(”)

In this study, we aimed to simultaneously conduct electrophysiological measurements and
fluorescence imaging to achieve high temporal resolution with wide-area observation. First, we
independently developed a microelectrode array and a fluorescence imaging device. In addition
to evaluating the performance of these devices, we demonstrated their functions through in vivo
experiments in the ventral tegmental area (VTA) of mice. After functional verification, we
integrated each device to construct a multifunctional implantable device with an unprecedented
structure that enables both electrophysiological measurements using microelectrodes and
fluorescence imaging via CMOS image sensors. Figure 1 shows the concept of this device. The
multifunctional implantable device was implanted in the mouse VTA, and simultaneous
electrophysiological measurements and fluorescence imaging were performed. In addition, a
nicotine solution, which is known to activate y-aminobutyric acid (GABA)-ergic and dopamine
(DA)-ergic neurons, was intraperitoneally (IP) injected as a pharmacological stimulus.®-%)
Subsequently, the neuronal activity was recorded and compared with that before the injection.
This device is expected to enable measurements that can be crucial in revealing the relationship
between the activity of individual neurons and the structure of the neural network.

500 pm
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Fig. 1.  (Color online) Concept of multifunctional implantable device.
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2 Materials and Methods
2.1 Microelectrode array device

The microelectrode array device had three Au microelectrodes with a diameter of 20 pum at
the tip and was formed with a custom-designed polyimide-based flexible printed circuit (FPC)
(Taiyo Kogyo, Japan). The pitch of each microelectrode was 200 um. This structure enables the
observation of the electrical signals from neurons distributed in the mouse VTA. Figure 2(a)
shows a photograph of the device, and Fig. 2(b) shows a scanning electron microscopy (SEM)
image of the microelectrode. The thickness of the device was approximately 200 um. In addition,
polyimide was used as the substrate of the device. The Au microelectrodes were connected to a
printed circuit board (PCB) by wire bonding with Cu wires and interconnected to the recording
system using coaxial cables. In addition, the polyimide used in the microelectrode array device
remained intact because the experiment was an acute one and its structure did not have the
potential to cause tissue damage induced by electrical leakage. For long-term implantation in the
future, the coating of the device with parylene-C is necessary for biocompatibility.

2.2 Electrochemical impedance spectroscopy

The signal-to-noise ratio (SNR) of extracellular potential recordings is affected by the
thermal noise derived from the electrode impedance.(!!) Figure 3 shows a diagram of the
impedance measurement system. Measurements were performed in 0.1 M phosphate-buffered
saline (PBS) (FUJIFILM Wako Pure Chemical Corporation, Japan). The working, reference, and
counter electrodes were made of Au as the recording electrode on the device, Ag/AgCl (RE-1BP,
ALS Co., Japan), and Pt, respectively. A sinusoidal wave of 10 mV,,, was input from a potentiostat
(PGSTAT204, Metrohm Japan Ltd., Japan) equipped with a frequency response analyzer
(FRA32M, Metrohm Japan Ltd., Japan). The frequency sweep range was set from 1 Hz to
100 kHz.

(b)

Fig.2. (Color online) Microelectrode array device. (a) Photograph of actual device. (b) SEM image of
microelectrode.
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Fig. 3. (Coloronline) Experimental setup for electrochemical impedance spectroscopy.

2.3 Fluorescence imaging device with CMOS image sensor

The implantable imaging device used in this study was implemented by mounting a CMOS
image sensor and LEDs on a FPC made of polyimide. A custom-made fluorescence filter was
mounted on the image sensor to eliminate the excitation light from the LEDs. Furthermore, the
entire device was coated with parylene-C to make it biocompatible and waterproof. The
thickness of the parylene-C layer was approximately 5 pm. The CMOS image sensor used in the
device was fabricated using a 0.35 pm standard CMOS process (0.35 pm, 2-poly-4-metal
CMOS; TSMC, Taiwan). The pixel size was 7.5 x 7.5 um?, and the number of pixels was 40 x
120 (imaging area: 300 x 900 pm?). The target area, VTA, had a width of approximately 500 pm
in the depth direction. Thus, it can be assumed that brain neuronal activity in a sufficiently large
area can be measured. Details of the image sensor specifications have been reported in a
previous paper.®) u-LEDs (ES-CEBHMI12A, EPISTAR Corp., Taiwan) with a central wavelength
of 473 nm and a size of 350 x 280 um? were installed as excitation light sources for fluorescent
proteins. The FPC, CMOS image sensor, and pu-LEDs were connected by wire bonding. The
fluorescence filter was made of UV-curable resin (NOA63, Norland Products, USA) as the base
material and a mixture of a yellow dye (Valifast yellow 3150, Orient Chemical Industries Co.,
Ltd., Japan) and cyclopentanone (FUJIFILM Wako Pure Chemical Corporation, Japan).()

2.4 Device integration

The electrode array device was fixed on the side of the imaging device with epoxy resin to
unify all devices. As a result, a structure with a recording electrode, image sensor, and p-LED at
the tip was fabricated. Figure 4(a) shows the device integration process, Fig. 4(b) shows a
photograph of the integrated device, and Fig. 4(c) shows the SEM image of the tip of the device.
We confirmed that the microelectrode of the device and the surface of the image sensor are of
the same height.
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Fig. 4. (Color online) Multifunctional implantable device. (a) Device integration flow. (b) Photograph of actual
device after integration. (c) SEM image of tip of device.

2.5 Surgery

All animal experiments were performed using protocols approved by the Nara Institute of
Science and Technology (NAIST). All adult mice [C57BL6 (n = 9) for electrophysiological
recording and Thyl-GCaMP6 (n = 3) for fluorescence imaging and simultaneous measurements]
were kept on a 12 h light/12 h dark schedule. Access to standard food and water was provided ad
libitum. The mice were mounted on a stereotaxic apparatus (Narishige, Japan) during surgery.
All the animals were anesthetized with urethane before device implantation and during brain
activity measurements.('?) The device was implanted through a small burr hole formed above the
VTA [anteroposterior (AP) = —3.6 mm, mediolateral (ML) = +0.4 mm] using a microdrill and a
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manipulator. For the electrophysiological recordings, a microelectrode array device was
implanted into the VTA [dorsoventral (DV) = 4.7-49 mm from the brain surface]. For
fluorescence imaging and simultaneous measurements, the device developed was implanted into
the VTA (DV = 5.8—6.0 mm from the brain surface).

2.6 In vivo experiment

For the electrophysiological measurements, a microelectrode array device attached to a
manipulator (Narishige, Japan) was implanted. Saline solution was dripped into and around the
hole at room temperature to prevent the brain tissue from drying out. Neuronal activity was
measured by acute electrophysiological recordings using the implanted device. Spontaneous
spikes (single- and multi-unit activities) were recorded at depths below DV = 4.7 mm.
Subsequently, a nicotine [(—)-nicotine, Sigma-Aldrich, USA] solution (0.25 mg/kg) was IP
injected and changes in elicited neuronal activity were recorded. The same amount of phosphate-
buffered saline (PBS) as that of 0.25 mg/kg nicotine solution was IP injected as control. At this
point, the reference electrode and ground (GND) used for measurement were common and
connected to the ear bar, thus fixing the mouse head. The signals obtained from the mouse brain
were input to a preamplifier (SH-MEDS, Alpha MED Scientific Inc., Japan) with a 10-fold
amplification factor and then connected to the main amplifier (SU-MEDS, Alpha MED
Scientific Inc., Japan) with a 100-fold amplification factor). The main amplifier was equipped
with a 60 Hz notch filter and a 100-5000 Hz bandpass filter. The signals input to the main
amplifier were recorded using Microl401 mkIl (Cambridge Electronic Design Ltd., UK) at a
sampling frequency of 20 kHz/Ch and a resolution of 24 bits. The collected data were stored for
offline analysis using MATLAB (MathWorks).

For GCaMP6 fluorescence imaging, an imaging device attached to a manipulator was
implanted. After implantation, fluorescence was generated from GCaMPs by stimulating
GABAergic neurons with excitation light emitted from a p-LED light source. Fluorescence
imaging was performed using a CMOS image sensor. Subsequently, a nicotine solution
(0.25 mg/kg) was IP injected, and the change in fluorescence intensity was recorded. The
measurements were performed at 10 frames per second (fps).

For simultaneous electrophysiological measurements and fluorescence imaging, a
multifunctional device attached to a manipulator was implanted. After implantation, a nicotine
solution (0.25 mg/kg) was IP injected and the changes in extracellular potential and fluorescence
intensity before and after administration were compared. During simultaneous measurements,
the clock signal used to drive the image sensor was detected by the electrodes as electromagnetic
noise, which had a substantial effect on the electrophysiological measurements. To eliminate the
effect of electromagnetic noise, fluorescence imaging was performed by driving the image
sensor for approximately 10 s every 5 min after nicotine administration. Figure 5 shows a block
diagram of the experimental setup for the simultaneous electrophysiological measurement and
fluorescence imaging.
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Fig. 5. (Color online) Experimental setup for simultaneous measurement.

2.7 Immunohistochemistry

Because the VTA contains numerous GABAergic and dopaminergic neurons,
immunostaining was performed by the free-floating section method!® using anti-c-Fos
antibodies to examine the neurons stimulated by nicotine. Mice used for in vivo experiments
were perfusion-fixed with saline and then 4% paraformaldehyde. After the perfusion fixation,
the brains were extracted and immersed in 4% paraformaldehyde for 4 h, washed with PBS, and
sliced into 40-um-thick coronal slices using a vibratome (Linear Slicer PRO7, Dosaka). The
slices were stained with mouse anti-c-Fos antibodies (Abcam, ab208942, 1:1000), which indicate
neuronal activation, rabbit anti-tyrosine hydroxylase (TH) antibodies (Sigma-Aldrich, AB152,
1:1000), which label dopaminergic neurons, and rabbit anti-vesicular GABA transporter (VGAT)
antibodies (Sigma-Aldrich, AB5062P, 1:100), which label GABAergic neurons. The secondary
antibodies used were goat anti-mouse IgG Alexa Fluor 488 (Abcam, ab150113, 1:800) and goat
anti-rabbit IgG Alexa Fluor 568 (Abcam, ab175471, 1:800).

3. Results and Discussion

Figure 6 shows the measured electrode impedance of the microelectrode array device. To
obtain a high-quality recording, an impedance of less than 1 MQ at 1 kHz, which is the
frequency band of the action potential, is required to reduce thermal noise.1%13 An electrode
impedance of approximately 180 + 12.7 kQ (mean + S.D.) (n = 9) was measured at 1 kHz.
Therefore, the device developed in this study was confirmed to be suitable for extracellular
recordings.

The obtained signals were analyzed using MATLAB, and results are presented here. The
potentials obtained by extracellular recordings were divided into the local field potential (LFP)
(0.1-300 Hz) and spike components (300-5000 Hz) according to the frequency.(!*!13) Therefore,
to isolate the spike components, we filtered the data using a 300 Hz high-pass filter. Figure 7(a)
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(Color online) Results of electrophysiological measurements. (a) Waveforms of extracellular recordings of a

spontaneously firing neuron. (b) Histogram of firing frequencies obtained before and after administration.

shows the waveforms of the extracellular recordings of a spontaneously firing neuron. Figure
7(b) shows a histogram of the firing frequencies obtained before and after nicotine (0.25 mg/kg)
stimulation and PBS administration. The size of each bin in the histogram is 10 s. We found that
the firing frequency started to increase approximately 1 min after nicotine administration. This
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result is consistent with that of a previous study: the firing frequency begins to increase within
2 min after nicotine administration.®) When the PBS was IP injected as control, the firing
frequency was almost unchanged before and after administration unlike in the case of nicotine
administration.

In the fluorescence imaging experiment, we measured the change in the fluorescence
intensity of the neurons in the VTA. The reference fluorescence intensity before the stimulation
was set as F, and the change in fluorescence intensity after the stimulation was set as AF. We
measured the fluorescence intensity ratio AF/F, in the region of interest (ROI) using the image
sensor. Figures 8(a) and 8(b) show the changes in fluorescence intensity ratio during nicotine
and PBS administration, respectively. In both the ROI measurements, AF/F|, increased after
nicotine administration, suggesting that nicotine administration induced neuronal activity. In
contrast, in the PBS administration experiment, AF/F,, was almost unchanged in all the ROIs.
These results are consistent with those of a previous study.(”

Finally, we describe the results of the simultaneous electrophysiological measurements and
fluorescence imaging. Figure 9 shows the results of those simultaneous measurements. The bin

8
6 [20(%)
4 I
< 2
S
E 0
2
4
-6 -15(%)
-500 T 500 1500 - 2500 3500 4500 5500 subtracted image
I.P. Time (sec.)
——] ——32 3 ——4 ——5
@
8
6
. 120(%)
S
= 2
3
5 0
2
4
-6 -15(%)
-500 T 500 1500 2500 3500 4500 5500
LP. Time (sec.) subtracted image
——1 —2 3 ——4
(b)

Fig.8 (Color online) Changes in fluorescence intensity ratio in fluorescence imaging during (a) nicotine
administration and (b) PBS administration.
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Fig. 9. (Color online) Results of simultaneous electrophysiological measurements and fluorescence imaging in
mouse VTA.

size of the histogram is 10 s. In the fluorescence imaging experiment, the peak fluorescence
intensity was observed approximately 10 min after nicotine administration. In the
electrophysiological measurements, the firing frequency started to increase immediately after
the nicotine administration and peaked earlier than that in the fluorescence imaging. These
neuronal activations are considered to be induced by the nicotine administration. In the device
developed in this study, the image sensor and the microelectrode were about 200 um apart. The
implantation sites of the microelectrodes were AP = —3.6 mm and the imaging area was AP =
—3.1-—3.4 mm in the VTA. Therefore, it can be considered that the results were obtained from
neurons with similar activities. In addition, the rapidly increasing spikes in the histogram were
caused by the digital signal noise generated by driving the image sensor to the recording
microelectrode, which was falsely detected as a spike.

In this study, we identified the source of noise generated during imaging, which is possible to
eliminate in the future. Therefore, these results suggest that the multifunctional implantable
device developed in this study has potential applications in simultaneous electrophysiological
measurements and fluorescence imaging using a CMOS image sensor in a single experiment.

Figure 10 shows the results of the immunohistochemical staining in the VTA. Immunostaining
images corresponding to the areas enclosed in dashed lines in the bright-field image on the left
panel of Fig. 10 are shown in the center and right panels. The fluorescence images showing the
immunostaining of c-Fos were overlaid with TH and VGAT staining images. In Fig. 10(b), brain
slices with PBS administered were used, but there was little overlap of staining by the antibodies,
indicating that both dopaminergic and GABAergic neurons were not activated by PBS in the
VTA. In contrast, the nicotine-stimulated immunostaining results in Fig. 10(a) show that the
dopaminergic neurons were activated in the paranigral nucleus (PN) region, whereas the
GABAergic neurons were activated in both the parabrachial pigmented area (PBP) and the PN
region. In addition, the activation of GABAergic neurons was observed in the PBP region.
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Fig. 10. (Color online) Images showing immunostaining in VTA: (left to right) bright-field images, immunostaining
images overlaid with c-Fos (green) and TH (red), and immunostaining images overlaid with c-Fos (green) and VGAT
(red). Arrowheads indicate neurons that were stained with both c-Fos and TH/VGAT. (a) Image taken from a brain
slice after nicotine administration (0.25 mg/kg). (b) Image taken from a brain slice after PBS administration. All
scale bars are 200 um.

The upregulation of the activity of GABAergic neurons detected by immunostaining is
consistent with that detected by the microelectrodes. Dopaminergic neurons are inhibited by
GABAergic neurons in the VTA. The discrepancy between the electrophysiological signal peak
and the imaging fluorescence intensity peak suggests that the activity of the dopaminergic
neurons may increase with time as the inhibition of GABAergic neurons weakens. This needs to
be analyzed in detail after the noise in the electrophysiological measurements generated during
the imaging operation can be suppressed in the future. The results of this immunostaining
strongly suggest that the neuronal activation detected in this study was stimulated by nicotine.

4. Conclusions

In this study, we independently developed microelectrode array and fluorescence imaging
devices and evaluated their performance and functions. By integrating each device with epoxy
resin, we developed a multifunctional implantable device that allows simultaneous
electrophysiological measurements and fluorescence imaging. This is made possible by using a
CMOS image sensor, which is unprecedented. Results of in vivo experiments using the device
we developed showed changes in the fluorescence intensity of neurons synchronized with the
spike waveform induced by nicotine administration. Thus, we demonstrated the superiority of
the device architecture developed. In the future, neuron-specific measurements by introducing
genes such as DAT-Cre can reveal the mechanism of brain neuronal activity in greater detail.
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