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Electrophysiological recording, which has made significant contributions to the field of neuroscience, can be
improved in terms of signal quality, invasiveness, and use of cables. Although wireless recording can meet these
requirements, conventional wireless systems are relatively heavy and bulky for use in small animals such as mice.
This study developed a low-cost Bluetooth low-energy (BLE)-based wireless neuronal recording system weighing

<3.9 g and measuring 15 x 15 x 12 mm?>, with easy assembly, good versatility, and high signal quality for
recordings. Both acute and chronic in vivo recordings of mice confirm the wireless recording capabilities of the
system, with improvements in terms of the power spectral density (PSD) and signal-to-noise ratio (SNR)
compared with wired recording. Because of its low weight and compactness, the BLE-based wireless neuronal
recording system can be used not only in mice but also in other animals, such as rats and monkeys, thus
expanding the application of electrophysiological recordings in neuroscience.

1. Introduction

Electrophysiological recordings are taken by introducing microscale
electrodes into the brain tissue of a subject to obtain high-density
extracellular recordings of neuronal activity. This technique has made
significant contributions to fundamental neuroscience research and
medical applications, including the brain-machine interface (BMI)
technology. However, electrophysiological recordings require a high
recording quality in terms of the spatiotemporal resolution, signal-to-
noise ratio (SNR), and invasiveness to minimize tissue damage and
enable stable, long-period recordings under electrode implantation.
Micro-/nanoscale fabrication technologies meet these requirements,
including numerous commercially available microelectrode devices
[1-4] with a typical impedance of >100 kQ at 1 kHz. However, common
issues with microelectrode devices are the external noise and interfering
signals, which are easily coupled with the recording cables between the
recording electrode and the first-stage amplifier, thereby degrading the
recording quality (neuronal signals <500 pV [5-7]. In addition, when
applied to freely moving animals, the signal cable causes further issues

regarding the noise level associated with the cable’s motion and inhi-
bition of the animal’s behavior [8,9].

A wireless recording technology can overcome these issues [8-14].
When applied to small animals, a wireless recording system should be
lightweight and compact. Wireless neural recordings of mice and rats
using a commercially available system have been reported [8]. The
system comprises a neuronal recording chip (15 channels) with a radio
frequency (RF) circuit for the signal transmitter. The integrated system
excluding the battery weighed 4.5 g and measured 22 x 22 mm?. The
“Hermes” family of wireless recording systems are quite compact [15,
16]. The latest chip from Hermes comprises a neuronal recording chip
(96 channels) with an on-chip digitizer and an off-chip ultra-wide-band
(UWB) transmitter. The chip, measuring 5 x 5 mmz, was fabricated
using the complementary-metal-oxide-semiconductor (CMOS) technol-
ogy with a custom circuit design [17]. Since wireless recording systems
are based on their own custom technologies, they do not meet the high
versatility and low-cost requirements. To this end, a low-cost, highly
versatile 2.4 GHz Bluetooth radio system-on-a-chip (SoC) has been
proposed that allows customizing the protocol [14]. In addition,
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Bluetooth enables bidirectional wireless communication up to 5 m from
the subject. However, conventional Bluetooth-based wireless neuronal
recording systems are typically bulky (>22 x 30 mm? [14]) and heavy
(>12 g [14]), particularly when applied to small animals. For use in
mice, the total weight of the system, including the battery, should be <5
g, which is ~15 % of a mouse’s weight (e.g., a two-week-old C57BL/6
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mouse weighs 33 g). Therefore, the entire system should be miniaturized
for neuronal recordings in freely moving mice.

In this study, we developed a Bluetooth low-energy (BLE)-based
wireless recording system for use in mice. The system weighs <3.9 g and
measures 15 x 15 x 12 mm? (Fig. 1a). To confirm its neuronal recording
capability, we connected it to our silicon growth technology-based
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Fig. 1. Lightweight, small-scale, BLE-based wireless neuronal recording system for mice. (a) Photograph of a mouse with a head-mounted wireless neuronal
recording system for neuronal signal transmission. (b) SEM images of a silicon growth technology-based microneedle electrode: (b1) overall electrode with 400 pm
length and <5 pm tip diameter, and enlarged images of the tip section of the microneedle electrode (b2) before and (b3) after electroplating with platinum black. (c)
Photograph of the wireless neuronal recording system with a power regulator module and amplifier module at the back. (d) Photographs of wireless neuronal
recording system components: (d1) Bluetooth transmitter module, (d2) amplifier circuit module, (d3) battery, and (d4) power regulation circuit module. (e) Block
diagram of the wireless neuronal recording system, comprising the electrode module, wireless system module, battery module, and receiver. BLE, Bluetooth low

energy; SEM, scanning electron microscopy.
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single-channel microneedle electrode (<5 pm in diameter; >600 kQ
impedance at 1 kHz) [18]. The recording capability was evaluated by
taking acute and chronic neuronal recordings of mice, and the signal
quality was compared with that of a conventional wired recording sys-
tem. We also performed wireless neuronal recordings in freely moving
mice.

2. Materials and methods
2.1. Device fabrication

We used a 5 pm-diameter microneedle electrode [19] for
low-invasive electrophysiological neuronal recordings of mice [18] and
rats [5]. The 400 pm-long microneedle was located at the center ofa 1 x
1 mmz, 525 pm-thick silicon block (Fig. 1bl). The microneedle was
metalized with platinum and then insulated with parylene-C (~1 pm
thick), except for the tip (Fig. 1b2). The tip diameter of the microneedle
electrode after plating a low impedance material of platinum black [5,
18] was 3 pm (Fig. 1b3), and the electrode device weighed 0.067 g.
Owing to the mechanical properties of the silicon needle, the micro-
needle electrode has sufficient mechanical strength for tissue penetra-
tion [18,20] (Supplementary Information).

Fig. 1c shows our BLE-based wireless neuronal recording system
(weighing <3.9 g including the battery; size: 15 x 15 x 12 mmS,
Table 1). The system comprises a Bluetooth transmitter module
(Fig. 1d1) connected to an amplifier circuit module (Fig. 1d2) to mea-
sure the neuronal activity (<500 pV). The amplifier helped eliminating
the drifts and offsets accosiated with the interfacial electrical properties
between the microneedle electrode (platinum black) and the saline so-
lution. The amplifier circuit module, which had a higher input imped-
ance (200 GQ) than the microneedle electrode, amplified the recorded
signals to a voltage level that could be detected using an analog—digital
converter (ADC). Furthermore, it was necessary to remove aliasing noise
associated with the sampling theorem and radiofrequency interference
(RFI) noise during Bluetooth communication. A 3.7 V lithium battery
(weighing 0.85 g, Fig. 1d3) supplied power to the BLE-based wireless
neuronal recording system, and the power regulation circuit module
(LM27762; Texas Instruments Inc., U.S.A.) (Fig. 1d4) provided a supply
of +£3 V, one for the analog circuit and the other for the digital circuit
(Bluetooth transmitter module).

Fig. 1e shows a block diagram of our BLE-based wireless neuronal
recording system. We designed a high-pass filter (HPF) with a cut-off
frequency of 1.59 Hz to eliminate the metal (platinum black)-electro-
lyte (saline) interfacial characteristics-induced voltage drift of the
electrode. Another HPF with a cut-off frequency of 1.69 Hz was used to
eliminate the offset of the amplifier. These filter configurations allowed
acquiring slow signal components corresponding to the delta (1.5-4 Hz)
and theta (4-10 Hz) bands [21]. A 59 dB first-stage operational amplifier
(AD8422; Analog Devices, Inc., U.S.A.) (input impedance of 200 GQ)
was used to amplify the neuronal signals from microvolts to millivolts.
This amplifier also played a role in impedance conversion. A
second-order low-pass filter (LPF) with a cut-off frequency of 3 kHz was
also used. This cut-off frequency helps reduce aliasing to the ADC,
allowing to acquire narrow-band signals of unit activity (e.g., > 500 Hz)

Table 1
Specifications of a Bluetooth low-energy neuronal recording system
developed for mice.

Battery life 25h

Transmit range 5m

Transmission frequency 2.4 GHz ISM

Total weight 3.9 g (with battery)
Total size 15 x 15 x 12 mm®
Power consumption 28.6 mW

Sampling rate 10 k samples/s
Number of channels 1ch
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under the Nyquist frequency. The second amplifier (OPA2187; Texas
Instruments, Inc., U.S.A.) gain stage produced an additional gain of 15.1
dB. These signals were then set to a positive input for the ADC of the BLE
chip (MDBT42 V; Raytac Corporation, Taiwan) using a level shifter.

The ADC was a 12-bit successive approximation register (SAR), and
the neuronal activities at a frequency of approximately 1 kHz were ac-
quired with a sampling rate of 10k samples/s, although the maximum
sampling rate of the ADC is 200k samples/s. Digital data from the ADC
were converted to hexadecimal American Standard Code for Informa-
tion Interchange (ASCII) code and then transmitted through the BLE
chip antenna.

The data were transferred after completing the recording. The
transmitted data were received by a BLE receiver module (nRF52840
DK; Nordic Semiconductor ASA, Norway) with a serial-to-USB converter
(MIKROE-483; MikroElektronika, Serbia) and then processed on a per-
sonal computer (PC) with a logger software that supports the serial
communication protocol. The data were converted to a comma-
separated-value (CSV) file format and then analyzed using MATLAB
(The MathWorks, Inc. U.S.A.). To receive the data on a smartphone, the
data can be converted to the CSV file format within the smartphone
using a development application [nRF connect or nRF UART (Nordic
Semiconductor ASA, Norway)]. For the physical stimulation of the
mouse, we used general-purpose input/output (GPIO) ports of the
Bluetooth transmitter module to control either the somatosensory or
visual stimulator.

By adding the cost of each individual component, we estimated the
total cost (USD-United States Dollar) of the wireless system to be $79.9
[Bluetooth transmitter module ($11.1), amplifier circuit module
($10.4), power regulation circuit module ($5.0), and Bluetooth receiver
module (with a serial-to-USB converter) ($53.4)].

2.2. Acute in vivo recordings

We confirmed the neuronal recording capability of our system by
taking in vivo neuronal recordings of mice. We anesthetized mice (n =7,
body weight: 23.7-40.7 g) using an intraperitoneal injection of urethane
solution (0.5 % chlorprothixene [0.10 mL/10 g] and urethane [0.05 mL/
10 g1). The head of each mouse was fixed using a stereotaxic apparatus
(SR-50; Narishige, Tokyo, Japan), and parts of the cranium and dura
mater were removed (~2 mm diameter) before placing microneedle
electrode over the cerebral cortex and penetrating them at the primary
somatosensory field (S1B) (—1 mm posterior and 3 mm lateral to the
bregma) on the right hemisphere via the fenestrae in the cranium and
dura mater. The recording site of the microneedle was stereotaxically
defined by the brain atlas [22].

The microneedle electrode was attached to a micromanipulator (MO-
10; Narishige) to control the microneedle placement. The complete
penetration of the microneedle into the brain tissue was confirmed using
an optical microscope. To record the somatosensory responses, we
penetrated the microneedle electrode into the S1B. As a signal reference
electrode, we drilled a stainless-steel screw (1 mm diameter) (AM-1.4-2,
Unique Medial Co., Ltd., Japan) into the skull over the visual cortex (V1)
(—4 mm posterior and 2.5 mm lateral to the bregma) on the left hemi-
sphere. During the recording, we physically stimulated specific whiskers
using an electromagnetic vibrator (custom-built) driven by electrical
pulses applied for a duration of 1 ms at 3 s intervals to activate the
neurons at S1B, while keeping the cortical surface wet by adding saline
in a dropwise manner. The whisker stimulation was controlled using a
wireless recording system (GPIO port in the Bluetooth transmitter
module). The distance between the Bluetooth transmit module and the
BLE receiver module was approximately 2 m.

All the experimental procedures involving the mice were approved
by the Committee for the Use of Animals at Toyohashi University of
Technology, Japan. All the animal care procedures were conducted in
accordance with the Standards Relating to the Care and Management of
Experimental Animals (Notification No. 6, 27 March 1980, of the Prime
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Minister’s Office of Japan).
2.3. Chronic in vivo recordings

Chronic recordings were taken from needle-electrode-implanted
mice, and the signal qualities of the wired and wireless recordings
were compared. For the electrode implantation, we used mice (n = 2,
body weight: 31.8-33.2 g) anesthetized using isoflurane. After the head
of the mouse was fixed with a stereotaxic apparatus, similar to the
technique employed for the acute recording, parts of the cranium and
dura mater of the mouse were removed before placing the needle elec-
trode over the cerebral cortex and penetrated at V1 (—4 mm posterior
and 2.5 mm lateral to the bregma) on the right hemisphere via the fe-
nestrae in the cranium and dura mater. As a signal reference electrode, a
metal pin (gold, 1 mm diameter) was drilled into the skull over the S1B
(=1 mm posterior and 3 mm lateral to the bregma) on the left hemi-
sphere. To protect the brain surface, a gelatin sponge was placed over
the surface, and the needle electrode was fixed onto the skull with dental
cement. For visual stimulation, we used a white light-emitting diode
(LED), located 15 mm from the mouse’s left eye with an angle of 45° and
illuminated for 0.5 s at 3 s intervals to record the visual responses.

2.4. Wired neuronal recording system for signal comparison

To compare the signal qualities of the wireless recording system with
that of the wired recording system, each recording was separately per-
formed within one hour using the same needle-electrode-implanted
mouse (n = 2). The corresponding PSD and SNR values were then
evaluated. We used a commercial neurophysiology system for the wired
recording. In the signal acquisition and processing procedure, the signals
recorded using the microneedle electrode were differentially amplified
(ZC64, Tucker-Davis Technologies, 1 x 10'* Q input impedance) with
filters (0.35 Hz for low-cut-off and 7.5 kHz for high-cut-off). Following
signal amplification, the signals were routed to a preamplifier/digitizer
(PZ2, Tucker-Davis Technologies) and a digital signal processing module
(RZ2, Tucker-Davis Technologies). The digital data were then stored on
a hard disk in a Windows PC with a sampling frequency of 25 kHz.
During the neuronal recording, a LED was used to apply visual stimuli to
the mouse. The PSDs of each recording system were calculated by
applying a fast Fourier transform (FFT) to each trial and then averaging
these trials. The SNR was defined as the peak-to-peak amplitude of unit
activities of the mean waveform 5-50 ms after stimulus onset, divided
by the root-mean-square signals 0-50 ms before stimulus onset.

2.5. In vivo recording in a freely moving mouse

We demonstrated wireless neuronal recording in a freely moving
mouse using the same BLE-based wireless neuronal recording system as
that used for the acute and chronic neuronal recordings. In addition, we
used the same needle-electrode-implanted mouse (visual cortex, V1) as
the one employed in the chronic in vivo recordings. We did not use
chlorprothixene, as it inhibits spontaneous activity and movement of the
mouse. The mouse’s eye was stimulated using the LED, which was
connected to our wireless system, and the illuminations were controlled
using the Bluetooth transmitter module.

The stimulation parameters of the LED were the same as those used
for the chronic in vivo recordings (an illumination duration of 0.5s at 3 s
intervals). During the recording, the mouse was placed in a mouse cage
having dimensions of 20 x 31 x 1lcm® The distance between the
Bluetooth transmitter module (mouse’s head) and the BLE receiver
module was ~1.5 m.

Sensors and Actuators: B. Chemical 331 (2021) 129423

3. Results
3.1. BLE-based wireless neuronal recording system

First, we characterized the electrical impedances of the micro-
needle-electrode device, the amplifier gains, and the noise spectrum of
the fabricated BLE-based wireless recording system, to demonstrate the
capability of the wireless recording system in mice. Fig. 2a shows the
impedance magnitudes of the used microneedle electrode before and
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Fig. 2. Electrical properties of our BLE-based wireless neuronal recording
system equipped with needle electrode. (a) Impedance magnitudes of the
microneedle electrode before (circles) and after (crosses) electroplating with
platinum black, measured in a phosphate buffered saline in the frequency range
of 1 Hz — 100 kHz. The averages and standard deviations are taken from three
samples for each curve. (b) Measured transfer function of the system. The
midband gain is 72 dB, a single roll-off occurred at 3 kHz, and a low-frequency
roll-off occurred at 1.6 Hz. (c) Measured input-referred voltage noise spectrum
of the system. BLE, Bluetooth low energy.
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after electroplating with platinum black, measured in a phosphate
buffered saline in the frequency range of 1 Hz — 100 kHz. Before the
platinum black plating, the impedance associated with the electro-
lyte-metal interfacial properties was 11.2 £ 8.0 [mean =+ standard de-
viation (SD)] MQ, which was reduced to 690 + 86 (mean + SD) kQ by
plating with platinum black (nano-scale porous of platinum) with
increased effective surface area [18].

Fig. 2b shows the transfer function of our BLE-based wireless
neuronal recording system, while applying test signals in the form of 100
pV peak-to-peak sinusoidal waves at frequencies swept from 1 Hz to 10
kHz. The measured gains ranged from 53.1-73.8 dB (72.6 dB at 1 kHz).
A cut-off frequency >3 kHz enabled the recording of not only the
wideband signals of the local field potentials (e.g., <500 Hz) but also the
narrow-band signals of unit activity (e.g., >500 Hz). The unit activity of
the neurons exhibited low voltage amplitudes, as low as 50 pV, which
could be amplified to a sufficient voltage level for the ADC using the
amplifier gains.

The input-referred noise spectrum of the fabricated system was ob-
tained by measuring the output noise using a spectrum analyzer and
then dividing the noise by the amplifier gain. Fig. 2c shows the measured
input-referred noise spectrum of our system. A noise level of <1 pV in
the frequency range of 50 Hz — 10 kHz was acceptable because of the
typical extracellular neuronal background noise level of 5-10 pVrms
[18,23,24] and neuronal activity potentials >100 pV for the local field
potential (LFP) and > 50 pV for unit activity.

Sensors and Actuators: B. Chemical 331 (2021) 129423
3.2. In vivo neuronal signal recordings

3.2.1. Acute recordings

Fig. 3a—c shows the wireless neuronal acute recordings from the S1B
of mice in vivo. Fig. 3d1 shows the recorded LFP (third Butterworth filter
[80-500 Hz]). The LFPs emerged in response to the whisker stimuli with
a latency of ~20 ms. The amplitude of the mean waveform taken from
100 trials was ~360 pV (blue waveform, Fig. 3d1). Fig. 3d2 shows the
recorded single trial of the unit activity band potential (second Butter-
worth filter [500-3000 Hz]). Fig. 3d3 and d4 show the raster plots and
the peristimulus time histograms (PSTHs), respectively, for the 100
trials. Signal spikes were detected based on the triggering of thresholds
for four standard deviations (SDs, o) of the mean signal during 10 — 300
ms before stimulation onset. A further analysis suggested that these
recorded spikes can be categorized into multiunit activity. In addition,
these LFP and unit activity signal waveforms were similar to those of the
signals recorded by conventional tungsten electrodes and our previous
micro-/nanoscale needle electrode devices [5,25]. These sensory re-
sponses appeared ~20 ms following whisker stimulation and were
consistent with the reported latency in the whisker stimulation of mice
[18]. Therefore, the signals recorded by our BLE-based wireless
neuronal recording system were neurophysiological responses evoked
by whisker stimuli.
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Fig. 3. Acute in vivo neuronal recording from the cortex of a mouse using our BLE-based wireless neuronal recording system. (a, b) Schematic and photograph of the
neuronal recording, showing the electrode module placed over the cortex. The microneedle electrode is connected to a wireless system module with a 6 cm-long
cable. The mouse’s whiskers are physically stimulated using an electromagnetic vibrator. (c) Schematic showing the position of the microneedle electrode, which
penetrates the primary somatosensory cortex barrel field (S1B). (d) Recorded signals using the wireless neuronal recording system: (d1) LFP waveform signals using a
band-pass filter (third Butterworth filter [80-500 Hz]), single trial (gray) and average (blue), (d2) single-trial signal from recordings for 100 trials using a band-pass
filter (second Butterworth filter [500-3000 Hz]), and (d3, d4) raster plots and PSTHs taken from the signals (500-3000 Hz) using detection amplitude thresholds of
40 of the mean signal during 10-300 ms before stimulation onset. BLE, Bluetooth low energy; PSTH, peristimulus time histogram (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 4. Chronic in vivo neuronal recording from the cortex of a mouse using a wired recording system and our BLE-based wireless neuronal recording system. (a)
Schematic of the recording, showing the system connected to a microneedle electrode implanted at the primary visual cortex (V1) of the mouse. The mouse is
stimulated using an LED to record visual responses. (b) Recorded signals using the wired recording system: (b1) waveform signals using a band-pass filter (third
Butterworth filter [80-500 Hz]), (b2) single trial signal from recordings for 100 trials using a band-pass filter (second Butterworth filter [500-2000 Hz]), and (b3, b4)
raster plots and PSTHs taken from the signals (500-2000 Hz) using detection amplitude thresholds of 4¢ of the mean signal during 10-300 ms before stimulation
onset. (c) Recorded signals using the wireless recording system: (c1) waveform signals using a band-pass filter (third Butterworth filter [80-500 Hz]), (c2) single-trial
signal from recordings for 100 trials using a band-pass filter (second Butterworth filter [500-2000 Hz]), and (c3, c4) raster plots and PSTHs taken from the signals
(500-2000 Hz) using detection amplitude thresholds of 4o of the mean signal during 10-300 ms before stimulation onset. (d) Comparison of PSDs between wireless
and wired recordings using the same electrode module and mouse but with varying recording cable length. (e) Comparison of SNRs between wireless and wired
recordings using the same electrode module and mouse, calculated with signals obtained after band-pass filtering (second Butterworth filter [500-2000 Hz]). The
averages and SDs are taken from 100 samples. Asterisk denotes significant difference in the SNR; double: p < 0.01 (n = 100 trials, Welch t-test). BLE, Bluetooth low
energy; LED, light-emitting diode; PSTH, peristimulus time histogram; PSD, power spectral density; SNR, signal-to-noise ratio; SD, standard deviation.

3.2.2. Chronic in vivo recording

We performed chronic in vivo recording of the same electrode-
implanted mouse using a wired recording system (commercial neuro-
physiology system, TDT) and the fabricated wireless system, and the
signal qualities of the two recording systems were compared. Fig. 4a
shows a schematic of the chronic recordings taken from V1 of the mouse.
Fig. 4b shows the recorded data using the wired recording system (TDT).
Fig. 4b1 shows the recorded LFP (third Butterworth filter [80-500 Hz]).
The LFPs emerged in response to visual stimuli with a latency of ~40 ms.
Their amplitude was ~220 pV for the 100 trials. Fig. 4b2 shows the unit
activity band potential (second Butterworth filter [500-2000 Hz]).
Fig. 4b3 and Fig. 4b4 show the raster plots and PSTHs, respectively, for
the 100 trials. Signal spikes were detected based on the triggering of the
same thresholds for 4o of the mean signal in the period of 10-300 ms
before the stimulation onset.

Fig. 4c shows the recorded data using the fabricated wireless
recording system. Similar to the wired recording, LFPs emerged in
response to visual stimuli with a latency of ~40 ms, as shown in the
recorded LFP in Fig. 4cl (third Butterworth filter [80-500 Hz]). Their
amplitude was ~220 pV for the 100 trials. Fig. 4c2 shows the unit ac-
tivity band potential (second Butterworth filter [500-2000 Hz]).

Fig. 4¢3 and Fig. 4c4 show the raster plots and PSTHs, respectively, for
the 100 trials. Signal spikes were detected based on the triggering of the
same thresholds for 40 of the mean signal in the period of 10-300 ms
before stimulation onset. In the PSTHs (Fig. 4c4), two types of responses
can be confirmed, i.e., at ~40 and ~280 ms after the stimulation, rep-
resenting fast and slow responses to the visual stimulation, respectively
[26,27].

The PSD was calculated by applying a fast Fourier transform (FFT) to
each trial and then averaging the trials (Fig. 4d). Our wireless system
showed lower PSDs compared to the wired recordings at frequencies
<20 Hz. This can be attributed to the shorter length of the recording
cable (~6 cm) connecting the microneedle electrode and the first-stage
amplifier of our system.

Fig. 4e shows a comparison of the SNRs calculated from the results of
the unit activity band potentials taken from the chronic wireless and
wired recordings (TDT). The SNR of our system was 14.3 & 2.1 (mean +
SD) dB, which was higher than that of the wired recordings [11.9 + 5.9
(mean + SD) dB] (p < 0.01, n = 100 trials, Welch t-test). This can be
attributed to the reduction in the cable-induced noise without signifi-
cant voltage attenuation of the signals by the shorter cable of our system
compared to the wired system. We also confirmed a reduction in the SNR
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fluctuation as SD in the wireless recordings, indicating that our BLE-
based wireless neuronal recording system improved the signal quality
of the neuronal recording.

3.2.3. In vivo recording in a freely moving mouse

Fig. 5a shows a photograph of the wireless neuronal recording of a
freely moving mouse with a head-mounted system. During the
recording, we did not observe any disturbance in the behavior of the
mouse due to our wireless system. Fig. 5b1 shows the recorded LFP
(third Butterworth filter [80-500 Hz]). The LFPs emerged in response to
visual stimuli with a latency of ~40 ms. Their amplitude was ~180 pV
for the 100 trials. Fig. 5b2 shows a typical single trial of the unit activity
band potential (second Butterworth filter [500-2000 Hz]) for the 100
trials. Fig. 5b3 and b4 show the raster plots and PSTHs, respectively, for
the 100 trials. Signal spikes were detected based on the triggering of the
thresholds for 3¢ of the mean signal in the period of 10-300 ms before
stimulation onset (no significance in the PSTHs with 40).

The unit activity band potential consisted of not only light stimuli-
evoked neuronal activity observed at a latency of ~40 ms (Fig. 5c
shows superimposed waveforms of spikes detected with 3¢) but also
others observed at a latency of >200 ms (purple colored in Fig. 5b4),
though light-evoked LFPs were continuously recorded. The other signals
observed at the unit activity band were probably due to the light
stimulation-induced series of the responses, including the mouse’s
shivering (electromyogram [EMG]) and spontaneous activities, which
were not observed in the chronic recordings without injecting chlor-
prothixene (Fig. 4b2-b4, c2-c4). This leads to that reducing the light
intensity during the visual stimulation can help eliminate the other
event-induced signals (>200 ms, purple colored in Fig. 5b4).
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4. Discussion

We developed a lightweight, small-scale BLE-based wireless
neuronal recording system for use in mice. A reduction in the weight,
including of the battery, is essential for use in small animals such as
mice. Our system weighs <3.9 g, with a 3.0 g wireless module and a 0.85
g battery module, and it measures 15 x 15 x 12 mm?. However, the
system can be further miniaturized, for example, by using a molding
material with a low-density and lightweight device substrate, such as a
thin, flexible polyimide material. Table 2 summarizes the features of our

Table 2
Comparison of our system feature with those of other wireless recording
systems.

BLE-neuronal PennBMBI WAND [14] TBSI [8]
recording system [28]
(This work)
Total size 15x15x12mm® 56 x 36 x 36 x33x15 22 x 22
13 mm® mm?® x 22
mm®
Total weight 3.9 g (with - 17.95¢g 45¢g
battery)
Power 28.6 mW 290 mW - -
consumption
Transmission 2.4 GHz 2.4 GHz 2.4 GHz 3.05
frequency (Bluetooth) (Bluetooth) GHz
Transmit range S5m - - -
Number of 1ch 4 ch 128 ch 15 ch
channels
Sampling rate 10 k samples/s 21k 1 k samples/ -
samples/s s
ADC resolution 12 bits 12 bits 15 bits -
Battery life 25h - 11.3h 6h
T T T T
Visual stim. 1

RN
e 'i"':'-‘":"'

Vi

Firing rate
(spikes/s)

0.4 0.7
Time after stimulation onset (s)

Fig. 5. In vivo neuronal recording of a freely moving mouse. (a) Photograph of the recording, showing a mouse with a head-mounted wireless neuronal recording
system connected to a microneedle electrode, which penetrates the primary visual cortex (V1). The mouse’s eye is stimulated using an LED connected to the system,
and the illuminations are controlled using the Bluetooth module. (b1-b4) Signals recorded from the freely moving mouse using the BLE-based wireless neuronal
recording system: (b1) waveform signals obtained using a band-pass filter (third Butterworth filter [80-500 Hz]), (b2) single-trial signal from recordings for 100 trials
using a band-pass filter (second Butterworth filter [500-2000 Hz]), and (b3, b4) raster plots and PSTHs taken from the signals (500-2000 Hz) using detection
amplitude thresholds of 3¢ of the mean signal during 10-300 ms before stimulation onset. (c) Superimposed waveforms of spikes 10-60 ms after stimulus onset,
detected with 3¢. BLE, Bluetooth low energy; LED, light-emitting diode; PSTH, peristimulus time histogram.
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wireless recording system in comparison with those of recently pub-
lished wireless recording systems. For the neuronal recording of mice,
we designed a system with a total weight of 3.9 g, which should be less
than ~15 % of a mouse’s weight [9] (e.g, <5 g system weight for 33 g
two-week-old C57BL/6 mice). Although PennBMBI [28], WAND [14],
and TBSI [8] can be used for neuronal recordings with a large number of
recording channels, these systems are too bulky to be used in mice. We
designed our wireless system with small dimensions of 15 x 15 x 12
mm®, which is an acceptable size for not only mice but also other small
animals, including rats, allowing for their natural movements and
behaviors.

Our system architecture allows multichannel wireless recording,
though we demonstrated only single-channel recording via a micro-
needle electrode. The ADC of the Bluetooth module has six channels, and
each channel can be sampled at >10k samples/s (30k samples/s, which
is the maximum sampling rate). It is also possible to mount an analog
multiplexer (MAX4691; Maxim Integrated, U.S.A.) and extend the
number of recording channels to 16. The multiplexer can be controlled
by the same Bluetooth transmit module (BLE chip, MDBT42 V) (Sup-
plementary Information, Table S1). Multichannel wireless recording
based on our system architecture can be achieved by increasing the
number of channels and each sampling frequency, which will be
investigated in the future.

Our system transmits digitized recorded data to the receiver for each
trial, and the received data are analyzed offline on a PC. However, a real-
time recording of the neuronal signals is necessary for some medical
applications such as prosthetic control. Real-time wireless recording can
also be performed using another BLE chip BC57E687C (Qualcomm, San
Diego, CA, USA), which has a two-channel ADC, where each channel is
sampled at 44.1k samples/s and converted to a transmission analog
signal in real time. Moreover, to record the evoked responses with a
latency < 300 ms by either whiskers or visual stimulations, we used the
BLE transmitter with a recording period < 1.5 s; however, this will be
extended by reprograming the system.

Our silicon growth technology-based low-invasive microneedle
electrode has a microneedle electrode-saline interfacial impedance of
690 kQ at 1 kHz. Common issues with microelectrode devices with
impedance >100 kQ at 1 kHz are external noise and interfering signals,
which can be eliminated by a wireless system. Neuronal recordings must
not contain noise sources, including noise coupling with respect to the
recording cable, motions of the cable and the animal, and EMG signals
generated by the muscles. The EMG signals have a frequency range of
0-500 Hz. The PSD results indicate that wireless recording can help
reduce the external noise and interfering signals during chronic
recording. In the frequency range of 0.1-5 kHz, the PSD spectrum in-
dicates that wireless recording shows a higher PSD than wired
recording. This can be attributed to the impedance (>600 kQ at 1 kHz)
and parasitic impedances of the electrode associated with the longer
cable (~30 cm) used in wired recording, where the impedance set in-
duces a voltage divider and results in voltage attenuation in the fre-
quency range [5,29]. Eliminating the recording cable-induced voltage
divider in the wired recording system can improve the SNR at the unit
activity band. Consequently, the signal quality of neuronal recording
using a high-impedance microelectrode can be improved owing to the
short recording cable connecting the microelectrode and the first-stage
amplifier in a wireless neuronal recording system. To discuss the
signal quality, a stable positioning of the implanted electrode (tip sec-
tion of the needle as the recording site) should be evaluated. The elec-
trode (tip section) may slightly deviate not only because of the fluidity of
the brain, but also because of the pulsation of the tissue, though the
implanted needle-electrode device was fixed to the skull using dental
cement. To define the electrode position within the tissue, candidates
include a marking method and immunohistochemical evaluation [5],
the investigation of which is ongoing.
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5. Conclusion

We developed a < 3.9 g, 15 x 15 x 12 mm?® BLE-based wireless
neuronal recording system for mice. The neuronal recording capability
of the system was confirmed by taking acute and chronic recordings in
vivo, along with wireless neuronal recording of freely moving mice.
Because of the low weight and compactness of the system, it does not
disrupt animal movements. Since the transmitter uses BLE technology,
its advantages include data acquisition using inexpensive devices, such
as a PC and a smartphone, doing away with conventional large,
expensive recording systems. In addition, there is no significant differ-
ence in the recorded data between wireless and conventional wired
systems. This makes our highly versatile system applicable not only to
mice but also to rats and monkeys, thus advancing electrophysiological
studies.
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