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SUMMARY
Comprehensive, continuous quantitative monitoring of intricately orchestrated physiological processes and
behavioral states in living organisms can yield essential data for elucidating the function of neural circuits un-
der healthy and diseased conditions, for defining the effects of potential drugs and treatments, and for
tracking disease progression and recovery. Here, we report a wireless, battery-free implantable device
and a set of associated algorithms that enable continuous, multiparametric physio-behavioral monitoring
in freely behaving small animals and interacting groups. Through advanced analytics approaches applied
to mechano-acoustic signals of diverse body processes, the device yields heart rate, respiratory rate, phys-
ical activity, temperature, and behavioral states. Demonstrations in pharmacological, locomotor, and acute
and social stress tests and in optogenetic studies offer unique insights into the coordination of physio-behav-
ioral characteristics associated with healthy and perturbed states. This technology has broad utility in neuro-
science, physiology, behavior, and other areas that rely on studies of freely moving, small animal models.
INTRODUCTION

The brain centrally encodes intricately orchestrated peripheral

physiological processes and behavioral states, essential to sus-

tain life and to respond to external stimuli.1 The midbrain peria-

queductal gray, for example, coordinates defensive responses

to threats by regulating peripheral changes in cardiac activities

(e.g., tachycardia, bradycardia) and patterns of behavior (e.g.,

fight, flee).2–4 Simultaneous, quantitative monitoring of parame-
ters of physiology and behavior can, thus, facilitate studies of un-

derlying neural circuits and their functions. Comprehensive

assessments of these physio-behavioral characteristics also

yield measurable indicators of neurological and psychiatric

states, along with basic health status. Such data may further

reveal biomarkers associated with specific diseases, define the

efficacy and side effects of pharmacological agents, and quanti-

tatively monitor disease progression and recovery. Collectively,

systems for simultaneous physio-behavioral monitoring offer
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significant promise as tools for neuroscience research, drug

development, and understanding of disease states.

The development of wireless, multiparametric sensors that

are compatible with small animal models, and bypass the limi-

tations associated with tethered approaches, represents a

daunting technical challenge.5–7 Existing hardware approaches

combine standalone sensors for physiological processes (car-

diopulmonary activity, temperature, and other body functions)

with camera systems for body movements and behaviors.3 As

summarized in Table S1, the most advanced technologies for

the former, being wireless and fully implantable to allow for so-

cial interactions and/or free movement in three-dimensional

environments, support physiological monitoring by electrocar-

diography (ECG) and photoplethysmography (PPG), but

without capabilities for monitoring behavioral states. These de-

vices also have a set of disadvantages that include battery-

powered operation, bulky form factors, and excessive masses,

which collectively can modify naturalistic behaviors and

constrain experimental paradigms; they also are limited for

use only in single or a few animals.8–12 Computer vision is a

powerful option13 for the latter, but applicable only to video

that provides a direct line of sight. Due to camera positioning,

resolution, framerate, and data storage and analysis require-

ments, additional limitations are common when identifying

subtle behaviors, monitoring similar-looking animals, or

observing naturalistic behaviors in enriched, multi-animal envi-

ronments.13,14 The combined use of discrete physiology

sensing devices and camera systems complicates the experi-

mental apparatus and procedures. Challenges also arise

around precise time synchronization of signals from individual

sensors, especially wireless ones, to sub-millisecond resolu-

tion, a critical requirement for pairing with the rapidly evolving

tools used to measure neural activity dynamics.15,16 Integrated

capabilities for multiparametric physio-behavioral monitoring

via a single wireless, battery-free, soft, lightweight, and minia-

turized device that can be fully implanted into the animal repre-

sents an unrealized ideal for neuroscience and biomedical

research of individual subjects or interacting groups.

The solution introduced here exploits the multitude of me-

chano-acoustic (MA) signals associated with natural body pro-

cesses in small animals as a diverse source of physiological

and behavioral information.17 Examples include vocalizations

(�1–100 kHz), cardiac activities (rate and amplitude; �10–

100 Hz), blood flow (�1–1,000 Hz), respiratory movements

(rate and amplitude, �1 Hz) and sounds (�100–1,000 Hz),

gastrointestinal processes (�0.01–0.1 Hz), and body orientation

and locomotion (�0.1–10 Hz).18,19 Small-form microelectrome-

chanical systems (MEMSs) serve as inertial measurement units

(IMUs) for MA sensing across a full spectrum of frequencies,

from the mechanical to the acoustic regimes. IMUs interfaced

to the body through optimized mechanics designs efficiently

capture MA signals from within the body. Ambient noise does

not contribute to these signals because air-transmitted sounds

do not have sufficient mechanical power to drive notable vibra-

tions of the implanted IMUs.20–22 Recent work demonstrates

the utility of theMA approach in humans using epidermal MA de-

vices for monitoring physiological processes for a broad range of

applications.20–22 Thus, similar sensing mechanisms applied to
2 Neuron 112, 1–14, June 5, 2024
small animals have the potential to offer related multiparametric,

intrinsically synchronized physio-behavioral data (Figure 1A).

The technical difficulties are in achieving devices with (1) suffi-

ciently small sizes and masses that effectively eliminate burdens

on the animals or restrictions on their naturalistic behaviors, (2)

conformal, intimate tissue interfaces that efficiently couple the

device to the various subtle acousto/mechanical processes

that occur in freely behaving animals, and (3) time series data

of a quality that allows accurate analysis of physio-behavioral

patterns in isolated animals or socially interacting groups. Exist-

ing wireless IMU-integrated devices for small animals fail to offer

these attributes, and they involve additional technical limitations

detailed previously.23–25 Aside from hardware design, existing

algorithms for MA signal processing do not provide reliable sep-

aration of physiological information from movement, thereby

limiting their uses for freely behaving animals.20–22

This paper reports a collection of advances in materials sci-

ence, electrical engineering, data analytics, and surgical proced-

ures that successfully address these challenges in the form of a

fully implantable, wireless device. The technology allows for syn-

chronous determination of physiological and behavioral informa-

tion during free movements of mouse and rat models, including

heart rate (HR), respiratory rate (RR), physical activity (PA), tem-

perature, and various behavioral states (resting, eating, walking,

rearing, grooming, and digging), without measurable constraints

on locomotion or other natural activities. Demonstrations in

pharmacological, running wheel, forced swim, shock grid, resi-

dent-intruder, and witness defeat tests illustrate a broad set

of representative applications relevant to studies in neurosci-

ence and biomedicine. Chronic, continuous monitoring in a

freely behaving mouse for 17 days, reveals circadian effects on

physio-behavioral characteristics as a demonstration of the reli-

ability and stability of operation necessary for research across

various temporal scales. Integration into animals implanted

with a separate wireless optogenetic device provides an oppor-

tunity to monitor physiological changes during optogenetic

manipulation of neural circuits.

RESULTS

Design concepts, engineering mechanics, and system
features
The flexible, lightweight device includes a small-footprint, high-

bandwidth MEMS 6 axis IMU (BMI160, Bosch Sensortec, Ger-

many), a miniaturized temperature sensor (MAX31875, Analog

Devices), wireless electronics, and wireless power transfer

(WPT) circuitry on a flexible printed circuit board (fPCB) for im-

plantation in the subdermal area of the ventral side of an animal

(mice and rats, Figure 1B). Figure S1A shows the surgical pro-

cedures. Because MA signals attenuate strongly through the

tissue and across interfaces between tissues and surrounding

biofluid, the IMU portion of the device must adhere conformally

and firmly to a thin layer of muscle on the sternum in the vicinity

of the heart to ensure efficient mechanical coupling (Figure 1B).

Other body locations (e.g., dorsal) or surgical procedures that

fail to form an intimate interface with the body cannot support

adequate, consistent measurements due to attenuation and

time variability in the MA signals (Figures S1B–S1D). The IMU
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Figure 1. System concept, device design, and implant location

(A) Schematic illustration of a battery-free mechano-acoustic sensing system as a fully implantable, wireless monitor for physiological processes and behavioral

patterns in freely moving mice.

(B) Schematic illustration of a device implanted in the subdermal area of the ventral side of amouse to ensure efficient coupling tomechano-acoustic signatures of

body processes.

(C) Representative broadband accelerometer and gyroscope data wirelessly captured from a freely moving mouse.

(D) Exploded view illustration of the device.

(E) Photograph of a device under bending.

(F) Micro-CT image of a device implanted in a mouse.
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resides on an island and connects to the supporting electronics

by serpentine conductive traces to offer maximal flexibility

for precision positioning of the IMU over the heart. Embedding

the IMU on the device does not substantially alter its

mechanical response as compared with a standalone IMU

(Figures S1E–S1G), thereby ensuring high-fidelity recording of

MA signals.

Figure 1C shows representative synchronous data from the

IMU, collected from a freely moving CD1 mouse, where the z
axis is normal to the surface of the chest and the x axis and y

axis are along and normal to the midline of the body (Figure 1B),

respectively. While resting, MA signals associated with the S1

and S2 heart sounds of each cardiac cycle appear clearly. Chest

wall movements associated with respiration modulate the ampli-

tudes of these cardiac signals in an expected manner.26 In addi-

tion to cardiopulmonary tracking (HR and RR), other unique fea-

tures in the MA data correspond to rearing, grooming, walking,

and other characteristic activities as the basis for behavioral
Neuron 112, 1–14, June 5, 2024 3
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monitoring. Advanced signal processing algorithms, as dis-

cussed in the following sections, enable the concurrent extrac-

tion of these various classes of information from the MA signals.

Electrical and mechanical design attributes
As presented in Figures 1D, S1H, and S1I, the device comprises

a vertical assembly of electrical components, a double-layer

fPCB, and parylene-poly(dimethylsiloxane) (PDMS) encapsula-

tion structures at the top and bottom. Parylene and PDMS are

widely used biocompatible materials for encapsulating implant-

able devices, which generate minimal immune responses.27–31

The MA sensing and temperature sensing occur at 800 and

0.1 Hz, respectively, with continuous wireless communication

by a Bluetooth-low-energy (BLE) system-on-a-chip. WPT by

resonant magnetic inductive coupling supports device operation

(Figures S2A and S2B) through a near-field communication

(NFC, 13.56 MHz) radio frequency (RF) power distribution sys-

tem, a double-loop primary antenna encircling the experimental

arena (303 203 20 cm [length3width3 height]), and a second-

ary antenna tuned to 13.56 MHz on the device. The AC voltage

induced on the secondary antenna passes through a full-wave

bridge rectifier to yield a stable DC voltage of 2.5 V through a

low-dropout (LDO) regulator. The device consumes 2.7 mW in

the accelerometer-only mode (Figure S2C) and 4.6 mW in the

accelerometer-gyroscope mode. Tomaximize stability of opera-

tion, the device works in the accelerometer-only mode when im-

planted in animals, unless otherwise specified. A challenge with

WPT arises from angular misalignment between the primary and

secondary antennae during rearing behaviors. As shown in

Figures S2D–S2O, the power received decreases with the rear-

ing angle, with 2.7 and 4.2 mW received at 75� under RF input

powers of 6 and 10 W, respectively. An array of four supercapa-

citors (7.5 mF each), continuously charged by WPT, serve as a

temporary source of power to support transient operation for

up to 30 s for angles greater than 75�. WPT causes a local tem-

perature increase of less than 0.6�C and 1.3�C at the AC-DC

conversion circuitry in air (Figures S2P and S2Q) under RF input

powers of 6 W (typical operational condition) and 10 W

(maximum power), respectively, within the limit of a chronic tem-

perature increase of 2 �C for implanted devices recommended

by the American Association of Medical Instrumentation.32 The

temperature sensor resides on an externalized island from the

main device body (Figure 1D) and is not subject to artifacts

from WPT heating. A water bath test suggests that the tempera-

ture sensor, encapsulated in PDMS, precisely records ambient

temperature, with a correlation of >0.999 with an unencapsu-

lated commercial thermocouple located in the vicinity of the de-

vice (Figure S2R). Figure 1E shows a photograph of a completed

device under bending that simulates expected levels of deforma-

tion when implanted on the ventral side of a mouse. Computed

tomography (CT) images (Figure 1F) collected 2 weeks after sur-

gery indicate that the devices remain in their original positions,

with no signs of degradation in functionality or appearance.

Dislocation of the IMU, which might compromise the signal qual-

ity, does not occur over the course of 8 weeks, when animals

freely engaged in different behaviors. The devices, when out-

source manufactured, maintain full functionality in freely

behaving animals for at least 8 weeks (Figure S3). When hand
4 Neuron 112, 1–14, June 5, 2024
manufactured, the devices fail by fracture of some solder joints

of the BLE chip following repetitive bending in the body (Fig-

ure S3B), as discussed in detail in our previous publication on

a different, but related, technology.12

Signal processing algorithms
MA signals superpose physiological and behavioral information

from a multitude of sources. Algorithms that exploit the charac-

teristic time-frequency features of various body processes allow

for separate determination of multiple physiological and behav-

ioral parameters during both periods of resting and PA.

MAsignals associatedwithheart soundshave relativelyhigh fre-

quency content (>�25 Hz). This feature provides a theoretical

basis for reliable separation from body movements, which are

dominated by relatively low frequencies (<�25 Hz). By contrast,

measurements that exploit PPG data rely on pulse cycles

(<�15 Hz for mice) that are in spectral overlap with body move-

ments, thereby rendering a high sensitivity to motion artifacts.33

Despite thedominant frequenciesofheart soundsandbodymove-

ments being separate, body movements still include higher-order

components that spectrally overlap with those of heart sounds.

Thus, simple digital bandpass filtering and denoising techniques

(e.g., wavelet transforms) do not entirely separate heart sounds

from movements34 (Figures S4A and S4B). Adaptive algorithms,

such as least mean squares and recursive least squares, utilize a

reference signal for movement cancellation.35–38 Signals obtained

either from a secondary IMU or from one of the orthogonal axes of

the primary IMU fail to provide a reliable reference (Figures S4C–

S4E). The challenge is thatmovements, especially thosewith small

animals, can couple differently and in a nonstationary and non-

correlated manner at different parts of the body or in different di-

rections at a single body location.39

A computation-based, self-adaptive approach for separating

MA signals from cardiac activity and body movements effec-

tively addresses this challenge (Figure 2A). The algorithm uses

a high-order Savitzky-Golay polynomial smoothing filter (8th or-

der and 21-point filter window) to fit slow variations in signal

associated with movement-induced components of accelera-

tions.40,41 Subtraction of the smoothed content from the raw

data leaves signals primarily associated with heart sounds.

This scheme preserves high-order moments around inflection

points, thereby retaining features such as local maxima and

minima that are not retained through simple digital bandpass fil-

ters, via a least-squares polynomial fit around each point.39,42

Comparisons of the same MA signal processed by bandpass

filtering, wavelet denoising, and this Savitzky-Golay approach

(Figure 2B, S4A, and S4B) demonstrate the effectiveness.

Detailed, step-by-step results of the Savitzky-Golay approach

illustrate clean, quasi-periodic cardiac cycles during both free

movements of a CD1 mouse (Figure S4F) and when the mouse

is at rest (Figure S4G).

Additional processing to extract the HR from these isolated

cardiac sounds uses the Shannon energy envelope to generate

smoothed signatures of cardiac cycles.43,44 An automatic multi-

scale-based peak detection (AMPD) algorithm identifies the

heartbeats,45 allowing determination of HR in each time window

(1 s unless otherwise specified) from the mean beat-to-beat in-

terval. Conventional approaches for determining the RR through
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Figure 2. Flow diagrams and results from data analytics

(A) Flow diagram of the algorithms for quantifying physiology and behavior from mechano-acoustic (MA) data.

(B) Demonstration of the strategy for extracting physiological parameters from MA data. The scale bars represent 0.1 g.

(C) Architecture of the convolutional neural network (CNN) for classifying behavior based on MA data.

(D) Confusion matrix of the performance of this CNN.
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accelerometry exploit the MA signal from chest wall expansion/

contraction during respiration.46,47 These approaches, however,

are particularly sensitive to contributions to the signal from over-

all movements of the body, given their similar frequency content

(�1 Hz). This study instead uses themodulation effect of respira-

tion on the amplitude of heart-sound-related MA signals that fol-

lows from respiration-dependent variations of the distance be-

tween the heart and the accelerometer. This approach relies

on heart sounds, thereby partially avoiding complications asso-

ciated with movements. The envelope of the amplitude of ex-

tracted heart sounds, after bandpass filtering at 1–4 Hz (corre-

sponding to the range of rodent RR: 60–240 breaths per

minute [BrPM]), yields clearly distinguishable features associ-
ated with cycles of respiration (Figures 2B and S4F). More so-

phisticated algorithms, such as those utilizing the modulation ef-

fect of respiration on the amplitude ratio of S1 and S2 heart

sounds, S1-S1 interval, or S1-S2 interval, may offer further elim-

ination of movement-induced distortion of respiration signals.26

The normalized first non-zero-lag peak of the autocorrelation

of the extracted heart sound signal, ametric used to characterize

the periodicity of a signal, serves as a signal quality index (SQI)

that indicates the confidence of subsequently derived HR and

RR. A high SQI corresponds to regularly spaced heartbeats.

Analysis of PA and behavioral states starts with decimation of

the x, y, and z axis accelerations to 50 Hz, followed by fixed-win-

dow (2 s) segmentation of the signals for subsequent processing.
Neuron 112, 1–14, June 5, 2024 5



A

D E F

G

I J K

L

H

M O

N

CB

(legend on next page)

ll
NeuroResource

6 Neuron 112, 1–14, June 5, 2024

Please cite this article in press as: Ouyang et al., An implantable device for wireless monitoring of diverse physio-behavioral characteristics in freely
behaving small animals and interacting groups, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.02.020



ll
NeuroResource

Please cite this article in press as: Ouyang et al., An implantable device for wireless monitoring of diverse physio-behavioral characteristics in freely
behaving small animals and interacting groups, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.02.020
The PA corresponds to the window average of the low-fre-

quency, band-limited (1–25 Hz) root mean square (RMS) of 3

axis accelerations. The 3 axis accelerations of each window

(2 s at 50 Hz), vertically stacked to a shape of 3 3 100, serve

as the input feature for behavioral classification by a convolu-

tional neural network (CNN), illustrated in Figure 2C and

described in detail in the STAR Methods section. As shown in

Figure S4H, MA signals of different behavioral states exhibit

distinct temporal characteristics, thereby allowing for classifica-

tion by machine learning approaches. The CNN model achieves

a training accuracy of 0.92, a testing accuracy of 0.90, and pre-

cisions of 0.99, 0.92, 0.79, 0.94, 0.79, and 0.81, for resting,

eating, walking, rearing, grooming, and digging, respectively

(Figure 2D). Additional metrics in Table S2 indicate an average

recall of 0.87 and an average F1 score of 0.87 for all behavioral

classifications.

Validation of the accuracy of the MA data and its analysis in-

volves comparison against two widely adopted technologies,

MouseOx (Starr Life Sciences) and Eulerian video magnification

(EVM).48,49 MouseOx is a commercial pulse oximeter for

measuring the HR, RR, and other physiological parameters in ro-

dents via a tethered collar sensor. EVM is a computer vision-

based algorithm that uses magnification of respiration-related

movements of the chest wall for determination of the RR in

resting animals. Comparison of results simultaneouslymeasured

by MA, MouseOx, and EVM in anesthetized and awake mice

suggests that the device measures the HR and RR over a broad

range of values and during movements with significantly higher

accuracy and robustness than alternative technologies, as

shown in detail in Figure S5.

Pharmacological, running wheel, forced swim, and
shock grid tests
Unlike MouseOx and other tethered devices that restrict free

movements and inhibit social interactions, the MA device does

not alter the natural locomotor behavior of animals, nor does it

induce anxiety-like behavior, as demonstrated with open-field

testing (Figure S6). This feature creates opportunities for multi-

parametric physio-behavioral monitoring in neuroscience and

biomedical research from unperturbed animal models. Here,

we collectively demonstrate the broad applicability of the device
Figure 3. Applications in physio-behavioral monitoring

(A) Schematic illustration of the cardiac drug test.

(B) Representative cardiac cycles (heart rate [HR]) after injection of saline, ateno

(C) Variations of HR after injection of cardiac drugs. Data are represented as me

(D) Photograph showing an implanted mouse on a running wheel.

(E) Representative acceleration data and recovered cardiac cycles during runnin

(F) Integrated physio-behavioral monitoring (HR and physical activity [PA]) during

(G) Photograph showing an implanted mouse while swimming.

(H) Representative acceleration and recovered cardiac cycles in two consecutiv

(I) Integrated physio-behavioral monitoring during a forced swim test.

(J) Percentage of immobility time for male and female mice. Data are represente

(K) HR of male and female mice in mobility and immobility states. Data are repre

(L) Photographs showing amouse being trained in a shock grid on day 1 by a pred

being tested in its home cage on day 2 with only the predicting tone.

(M) The physio-behavioral responses of the mouse on day 1 when being presen

(N) The physio-behavioral responses of the mouse on day 2 when being present

(O) The grand average of HR increase when being presented with 30 trials of ton
under various experimental settings, including pharmacological,

running wheel, forced swim, and shock grid tests.

The pharmacological test (Figure 3A) involves injection of

atenolol and carvedilol, two beta-blocker drugs for treating

hypertension, into MA-implanted male and female mice

(n = 3/sex/drug). Representative z axis acceleration data

collected 2 h post-injection (Figure 3B) indicate a reduction in

HR from a baseline of 630 beats per minute (BtPM) to 523 and

531 BtPM after atenolol and carvedilol treatment, respectively.

The amplitudes of MA signals from S1 and S2 heart sounds

also decrease after treatment by either drug (Figure 3B), with a

�20 % decrease in mean relative HR (Figure 3C), where the p

values against the baseline are all below 0.0001. The results

reveal no significant difference between male and female mice

(p > 0.05), consistent with known effects of the drugs.50

The running wheel test starts with placement of a wheel in a

cage that houses a naive, implanted mouse in a resting state

(Figure 3D). Representative z axis acceleration data show body

movements in the raw data and clear cardiac cycles in the pro-

cessed data during intense running activities (Figure 3E) as a

demonstration of concurrent physio-behavioral monitoring,

with time-dependent variations of HR and PA throughout the

running wheel test (Figure 3F). After the placement of the wheel,

themouse exhibits an initial phase of learning to run, indicated by

intermittent high-PA bouts, during which the HR varies with the

intensity of the exercise in the range of �600–725 BtPM. After

about 10 min of exploration, the mouse enters a steady running

state with high PA, during which the HR gradually increases from

�700 to�780 BtPM. After about 7 min, the mouse stops running

and starts walking in the cage, with its PA and HR gradually re-

turning to the baseline. These data demonstrate opportunities

for studying coordinated cardiac and physical activities in motor

function research using the MA device.

The forced swim test is a standard assay for depression-like

behavior by quantifying escape-related mobility of mice in an

inescapable water tank.51,52 Upon placement of a mouse in the

tank (exposure to stress), the mouse attempts to escape by

swimming (mobility) but also exhibits behavioral despair by

floating (immobility). The percentage of mobility and immobility

time provides a measure of depression-like behavior. Despite

its wide usage for exploring brain changes associated with
lol, and carvedilol.

an ± SEM.

g.

running.

e bouts of swimming and floating.

d as mean ± SEM.

sented as mean ± SEM.

icting tone (3 kHz, 90 dB, 10 s), followed by an electrical shock (0.5 mA, 2 s), and

ted with a series of tone + shock at an interval of 2 min and 15 s.

ed with a series of tone only.

e + shock and tone only. Data are represented as mean ± SEM.
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stress and depression-like behaviors, the physiology behind

these behaviors is not well known and is clearly a critical missing

component in fully elucidating the underlying neural basis.

Physio-behavioral monitoring provides important information in

this context, which is challenging to capture using conventional

tethered devices that restrict free swimming and/or are incom-

patible with aquatic environments. Studies with the experimental

setup in Figure 3G yield z axis acceleration data (Figure 3H) that

exhibit well-defined bouts of mobility and immobility, with ex-

pected features associated with body movements and cardiac

activity. The analytics approach described previously recovers

clear cardiac cycles even during periods of swimming (Fig-

ure 3H). Themeasured PA suggests that the animal frequently al-

ternates between mobile and immobile states and that the HR

does not change abruptly between these two states (Figure 3I).

To quantify depression-like behavior, the PA data yield the

time during the immobility state without the need for annotation

of videos in standard methods. Corresponding results in Fig-

ure 3J indicate no significant differences in immobility time for

male and female mice (n = 7/sex, p > 0.05). Statistical compari-

son of associated HRs inmobility and immobility states also sug-

gests no significant differences (Figure 3K) for male and female

mice (p > 0.05).

Data from the MA device can also offer insights into learning

and cognition, as demonstrated in an associative learning task

(Figure 3L). The test begins with a fear conditioning session on

day 1 in a shock grid chamber, during which a mouse is pre-

sentedwith 30 tone-shock pairings that include a 10-s predicting

tone (3 kHz, 95 dB) and a 2-s foot shock (0.5mA) at the end of the

tone. During this period, the mouse is in an initial active move-

ment phase with high PA (Figure 3M). After the delivery of 4

tone-shock pairings, the animal demonstrates a freezing

response (near zero PA) for the majority of the remainder of the

session, a typical response to fear,53 except for involuntary

body shocks upon electrical stimulation. After the 4th delivery,

each tone-shock pairing triggers an instantaneous increase of

the HR, which decreases after the stimulation. The freezing

behavior and rapid HR increase indicate learned association be-

tween tone and inescapable shock. On day 2 in its home cham-

ber, the mouse is presented with 30 trials of tone (cue only)

without trailing foot shocks. The mouse transitions from active

movement (high PA) to mostly freezing (near zero PA) after the

start of the tone-only trials (Figure 3N). Each tone delivery trig-

gers an instantaneous increase of the HR, indicating fear associ-

ated with an anticipated shock. The grand average of the HR in-

creases across the 30 trials show statistically significant

differences between each condition (Figure 3O, n = 5 mice),

consistent with different levels of fear with and without the

foot shock.

Social interaction studies
MA sensing further reveals coordinated physio-behavioral re-

sponses to external stimuli in social interactions. In a resident-

intruder test, the additionof amale intrudermouse (CD1) to the ter-

ritory of a male resident mouse (CD1, implanted) elicits offensive

and defensive behaviors.54 A perforated, transparent partition

across the middle of the test chamber allows for visual, olfactory,

and auditory perception of the presence of the intruder (right
8 Neuron 112, 1–14, June 5, 2024
chamber) by the resident (left chamber) without physical interac-

tion (Figure 4A). MA signals show a pronounced increase in the

HR of the resident from�600 to�750 BtPMwithin 3 min of intro-

duction of the intruder into the partitioned side (Figure 4B). This

increase precedes any behavioral change, as evidenced by the

minimal increase in PA from the resting state during this period.

The resident then actively confronts the isolated intruder by inves-

tigating the partition, with corresponding high values of PA. Upon

removal of the partition, the resident launches physical attacks on

the intruder, with further increases in HR up to �790 BtPM. After

removal of the intruder, the PAandHRof the resident gradually re-

turn to the resting state baseline within 30 min. As shown in Fig-

ure 4C, multiple independent trials (n = 3 male resident mice) sug-

gest similar, phased, statistically significant increases in HR from

baseline (587 ± 9 BtPM, mean ± SEM) to confrontation (728 ± 22

BtPM,mean ± SEM; p < 0.05) and fromconfrontation to attacking

(777 ± 14 BtPM, mean ± SEM; p < 0.05).

To remove any interpretational or analytical confounds associ-

ated with direct physical contact, the witness defeat (also known

as vicarious defeat) procedure allows for investigations of physio-

behavioral responses under purely psychological stress.55,56 This

procedure uses a cage with a perforated, transparent partition in

the middle. The left chamber houses the experimental witness

mouse (CD1, MA implanted, male/female) that observes the inter-

actions between a resident (CD1, male) mouse and a subordinate

intruder (C57BL/6, male) mouse in the right chamber. The exper-

imental witness mouse does not physically interact with the resi-

dent and intruder. The test includes the following five phases (Fig-

ure 4D): (1) witness only, (2) addition of the resident to the right

chamber, (3) addition of the intruder to the right chamber, (4)

removal of the intruder from the right chamber, and (5) removal

of the resident from the right chamber. Figures 4E and 4F show

representative dynamics of theHRandPAofmale and femalewit-

nesses, respectively. The HRs of both male and female witnesses

sharply increase upon observing the addition of the resident, fol-

lowed by increases in their PAs.Next, after addition of the intruder,

which subsequently triggers the attack from the resident, the HR

of the male witness further increases (Figure 4E), suggesting that

observing the fight increases its psychological arousal. By

contrast, for the female witness, observing the fight does not alter

a decreasing trend in HR (Figure 4F), as a reflection of no substan-

tial increase of psychological arousal. These difference in re-

sponses for male and female (n = 4/sex) are statistically meaning-

ful (Figure 4G, p < 0.05), consistent with sexual differences in the

perception of stress.57

A final example in social behavioral studies demonstrates the

use of the device in simultaneous recording from groups of

freely interacting animals (n = 4, Figure 4H), a feature nearly

impossible with tethered sensing devices and that is technically

challenging using computer vision. The corresponding dy-

namics of PA (Figure 4I) and HR (Figure 4J) verify stable oper-

ation without interference among devices. As many as 13 de-

vices can be operated in a single cage without compromised

WPT performance.58

Chronic, continuous monitoring
The wireless power delivery mechanism and the biocompatible

designs of these devices support capabilities for continuous,
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Figure 4. Applications in social interaction studies

(A) Photographs captured during an aggression study.

(B) Integrated physio-behavioral monitoring during the study.

(C) Variations of HR at different stages of the study.

(D) Photographs captured during a witness defeat test. Data are represented as mean ± SEM.

(E) Integrated physio-behavioral monitoring of a male witness during the test.

(F) Integrated physio-behavioral monitoring of a female witness during the test.

(G) Variations of HR at different phases of the test. Data are represented as mean ± SEM.

(H) Photograph of 4 freely interacting mice in the same cage while monitoring physio-behavioral data from each separately and continuously.

(I) Simultaneous monitoring of 4 freely interacting mice in the same cage.

(J) Corresponding HRs of the 4 mice during a 1-h period of monitoring.

ll
NeuroResource

Please cite this article in press as: Ouyang et al., An implantable device for wireless monitoring of diverse physio-behavioral characteristics in freely
behaving small animals and interacting groups, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.02.020
long-term monitoring without time constraint, which is of rele-

vance to chronic studies of both behavior and brain circuitry.

Demonstration of this capability, in the context of circadian phys-

iology, involves an implanted mouse fed ad libitum and under

12-h light/dark cycles for as long as experimental logistics allow

(17 days in this case). Multiple physio-behavioral parameters

over this period, extracted from MA and temperature data (Fig-

ure 5A), include subdermal temperature, HR, RR, and PA. The re-
sults exhibit clear circadian rhythms synchronous across

different parameters. The temperature, HR, RR, and PA

decrease during the light period (inactive phase) and increase

during the dark period (active phase), in a rhythmic pattern

over the 17 days. Figure 5B shows the behavioral states over

one of the 24-h periods classified by MA signals, where the

mouse is in a resting-dominated state during the light period

and in a movement-dominated state during the dark period.
Neuron 112, 1–14, June 5, 2024 9
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Figure 5. Chronic, continuous physio-behavioral monitoring (17 days) of a freely moving mouse

(A) Temperature (subdermal) and physio-behavioral (heart rate, respiratory rate, physical activity, and behavioral type) monitoring for a period of 17 consecu-

tive days.

(B) Representative behavioral classification results during a 24-h period. The graph shows the behavioral state of each consecutive, non-overlapping window of

2 s during a 24-h period. This graph is a binary representation, where the occurrence of a behavioral state in a window of 2 s is indicated by a black-colored line

and their non-occurrence is not colored.
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Similar long-term studies can be conducted across any of the

scenarios described previously.

Concurrent operation with wireless optogenetics
Being wireless and fully implantable, this device is compatible

with a broad set of neuroscience research tools to enable so-

phisticated experimental paradigms. This work demonstrates

its concurrent operation with a wireless, battery-free transcranial

optogenetic device (NeuroLux, Figure 6A) for investigating the

physio-behavioral characteristics upon optogenetic stimula-

tion.59 The optogenetic device uses pulsation of the NFC field

for device programming (�10 s) via the standard NFC protocol
10 Neuron 112, 1–14, June 5, 2024
and then delivers the defined stimulation (20 Hz, 2% duty cycle,

10 s) using a constant NFC field as the power source. TheMAde-

vice operates stably during the pulsation of the NFC field thanks

to the on-board supercapacitors that work as a transient source

of power. The optogenetic device transcranially delivers red

(628 nm) light to the right secondary motor cortex (M2) of

C57BL/6 mice (Figures 6B and 6C) transduced with AAV1.Syn-

ChrimsonR-tdT at least 4 weeks prior to device implantation.

Figure 6D shows the CT image of a mouse implanted with both

the optogenetic and MA devices. As previously reported, opto-

genetic stimulation of the M2 region induces significant rota-

tional behavior (Figure 6E).29,59 Continuous MA monitoring
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Figure 6. Concurrent operation with wireless optogenetics

(A) Photograph of a wireless, battery-free transcranial optogenetic device.

(B) Schematic illustration of transcranial optogenetic stimulation in M2 of a mouse transduced with AAV1.Syn-ChrimsonR-tdT.

(C) Photograph of an implanted mouse under optogenetic stimulation in a wireless power transfer cage.

(D) Micro-CT image of a mouse implanted with the optogenetic device and MA device.

(E) Example traces of an implanted mouse in a 20-s episode, with or without transcranial optogenetic stimulation.

(F) Physio-behavioral characteristics of a mouse under 5 consecutive optogenetic stimulations with 10-min intervals.

(G) Individual and average traces of HR variation across 6 trials upon optogenetic stimulation when the mouse was in an initial resting state.

(H) Individual and average traces of HR variation across 6 trials upon optogenetic stimulation when the mouse was in an initial active state.
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(Figure 6F) suggests that the optogenetic stimulations elicit im-

mediate increases of HR to different extents, depending on the

state of the mouse. When the mouse is in an initial resting state

(average PA < 0.001 a.u. in the 1-min pre-stimulation period), HR

immediately increases from �530 to �620 BtPM in conjunction

with rotational behavior and then gradually returns to the base-

line as the animal resumes resting (Figure 6G). When the mouse

is in an initial active state (average PA > 0.001 a.u. in the 1-min

pre-stimulation period), HR slightly increases as the animal be-

gins to rotate, but its peak value (�640 BtPM) does not appear

to exceed the normal range of HR in the active state in the

absence of stress factors (Figure 6H). It is evident from these re-

sults that theMA device may work coherently with other technol-

ogies to enable a wide range of neuroscience studies.

DISCUSSION

This report introduces advanced technology and data analytics

approaches for integrated, multiparametric physio-behavioral

monitoring in freely interacting small animal models, in wide-

ranging scenarios of interest. The wireless, battery-free, soft,

lightweight, miniature form factor of the fully implantable device

allows for comprehensivemeasurements inminimally perturbed,
naturally behaving mice across various settings, involving

intense exercises, aquatic environments, and interacting groups,

and including examples with simultaneous but independently

controlled optogenetic neuromodulation. Specifically, the sys-

tem yields real-time data with a full spectrum ofMA signals asso-

ciated with various physiological processes and behaviors, suit-

able for parsing by signal processing algorithms to yield multiple

physiological (e.g., HR, RR, temperature, PA, etc.) and behav-

ioral (e.g., eating, grooming, rearing, etc.) parameters. Future

work combining 3 axis accelerometer and 3 axis gyroscope

data, upon further optimization of WPT to stably power both

the accelerometer and gyroscope,may offer amore comprehen-

sive and accurate analysis of these physiological and behavioral

parameters, as demonstrated by recent works on humans.60–62

Such advances may expand the scope of monitored parameters

to include gastrointestinal motility, musculoskeletal activity, he-

modynamics, vocalization, and others. Integration of capabilities

for neuromodulation represents an opportunity to both control

and monitor neural activity. Beyond uses in neuroscience, the

technology has utility in drug development, cardiovascular

research, studies of disease models, biomarker discovery, and

other areas that rely on freely moving, small animal models.

Although WPT by resonant magnetic inductive coupling only
Neuron 112, 1–14, June 5, 2024 11
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works efficiently within short distances (<1 m), this technology

may still apply to large animals, for which batteries are a natural

option. In this case,WPT remains valuable by facilitating wireless

recharging of the batteries in a non-invasive manner during pe-

riods of minimal movement (e.g., sleep or restrained behav-

ioral tasks).
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C., and Dugué, G.P. (2016). Wireless inertial measurement of head kine-

matics in freely-moving rats. Sci. Rep. 6, 35689.

24. Shih, Y.H., and Young, M.S. (2007). Integrated digital image and acceler-

ometer measurements of rat locomotor and vibratory behaviour.

J. Neurosci. Methods 166, 81–88.

25. Venkatraman, S., Jin, X., Costa, R.M., and Carmena, J.M. (2010).

Investigating neural correlates of behavior in freely behaving rodents using

inertial sensors. J. Neurophysiol. 104, 569–575.

26. Pandia, K., Inan, O.T., Kovacs, G.T.A., and Giovangrandi, L. (2012).

Extracting respiratory information from seismocardiogram signals ac-

quired on the chest using a miniature accelerometer. Physiol. Meas. 33,

1643–1660.

27. Kim, B.J., and Meng, E. (2016). Micromachining of Parylene C for

bioMEMS. Polym. Adv. Technol. 27, 564–576.
28. Poojari, Y. (2017). Silicones for encapsulation of medical device implants.

Silicon 9, 645–649.

29. Yang, Y., Wu, M., Vázquez-Guardado, A., Wegener, A.J., Grajales-Reyes,

J.G., Deng, Y., Wang, T., Avila, R., Moreno, J.A., Minkowicz, S., et al.

(2021). Wireless multilateral devices for optogenetic studies of individual

and social behaviors. Nat. Neurosci. 24, 1035–1045.

30. Mickle, A.D., Won, S.M., Noh, K.N., Yoon, J., Meacham, K.W., Xue, Y.,

McIlvried, L.A., Copits, B.A., Samineni, V.K., Crawford, K.E., et al.

(2019). A wireless closed-loop system for optogenetic peripheral neuro-

modulation. Nature 565, 361–365.

31. Madhvapathy, S.R., Wang, J.J., Wang, H., Patel, M., Chang, A., Zheng, X.,

Huang, Y., Zhang, Z.J., Gallon, L., and Rogers, J.A. (2023). Implantable

bioelectronic systems for early detection of kidney transplant rejection.

Science 381, 1105–1112.

32. Reichert, W.M. (2007). Indwelling Neural Implants: Strategies for

Contending with the In Vivo Environment (CRC Press).

33. Allen, J. (2007). Photoplethysmography and its application in clinical phys-

iological measurement. Physiol. Meas. 28, R1–R39.

34. Messer, S.R., Agzarian, J., and Abbott, D. (2001). Optimal wavelet denois-

ing for phonocardiograms. Microelectron. J. 32, 931–941.

35. Bhotto, M.Z.A., and Antoniou, A. (2012). New improved recursive least-

squares adaptive-filtering algorithms. IEEE Trans. Circuits Syst. I 60,

1548–1558.

36. Eksioglu, E.M. (2011). Sparsity regularised recursive least squares adap-

tive filtering. IET Signal Process. 5, 480–487.

37. Poularikas, A.D. (2017). Adaptive Filtering: Fundamentals of Least Mean

Squares with MATLAB� (CRC Press).

38. Biswas, U., Das, A., Debnath, S., and Oishee, I. (2014). ECG signal denois-

ing by using least-mean-square and normalised-least-mean-square algo-

rithm based adaptive filter. In 2014 International Conference on

Informatics, Electronics & Vision (ICIEV) (IEEE), pp. 1–6.

39. Pandia, K., Ravindran, S., Cole, R., Kovacs, G., and Giovangrandi, L.

(2010). Motion artifact cancellation to obtain heart sounds from a single

chest-worn accelerometer. In 2010 IEEE International Conference on

Acoustics, Speech and Signal Processing (IEEE), pp. 590–593.

40. Schafer, R.W. (2011). What is a Savitzky-Golay filter? [lecture notes]. IEEE

Signal Process. Mag. 28, 111–117.

41. Press, W.H., and Teukolsky, S.A. (1990). Savitzky-Golay smoothing filters.

Comput. Phys. 4, 669–672.

42. Press, W.H., Teukolsky, S.A., Vetterling, W.T., and Flannery, B.P. (2007).

Numerical Recipes: The Art of Scientific Computing, Third Edition

(Cambridge University Press).

43. Zhu, H., and Dong, J. (2013). An R-peak detectionmethod based on peaks

of Shannon energy envelope. Biomed. Signal Process. Control 8,

466–474.

44. Park, J.S., Lee, S.W., and Park, U. (2017). R peak detection method using

wavelet transform and modified shannon energy envelope. J. Healthc.

Eng. 2017, 4901017.

45. Scholkmann, F., Boss, J., and Wolf, M. (2012). An efficient algorithm for

automatic peak detection in noisy periodic and quasi-periodic signals.

Algorithms 5, 588–603.

46. Bates, A., Ling, M.J., Mann, J., and Arvind, D.K. (2010). Respiratory rate

and flow waveform estimation from tri-axial accelerometer data. In 2010

International Conference on Body Sensor Networks (IEEE), pp. 144–150.

47. Hung, P.D., Bonnet, S., Guillemaud, R., Castelli, E., and Yen, P.T.N. (2008).

Estimation of respiratory waveform using an accelerometer. In 2008 5th

IEEE International Symposium on Biomedical Imaging: From Nano to

Macro (IEEE), pp. 1493–1496.

48. Wadhwa, N., Wu, H.-Y., Davis, A., Rubinstein, M., Shih, E., Mysore, G.J.,

Chen, J.G., Buyukozturk, O., Guttag, J.V., Freeman, W.T., et al. (2016).

Eulerian video magnification and analysis. Commun. ACM 60, 87–95.
Neuron 112, 1–14, June 5, 2024 13

http://refhub.elsevier.com/S0896-6273(24)00153-3/sref10
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref10
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref11
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref12
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref12
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref12
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref12
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref13
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref13
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref14
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref14
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref14
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref14
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref14
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref15
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref16
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref16
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref16
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref17
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref17
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref17
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref17
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref18
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref18
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref18
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref19
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref20
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref20
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref20
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref20
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref21
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref22
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref23
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref23
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref23
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref24
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref24
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref24
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref25
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref25
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref25
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref26
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref27
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref27
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref28
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref28
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref29
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref30
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref30
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref30
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref30
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref31
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref31
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref31
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref31
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref32
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref32
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref33
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref33
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref34
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref34
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref35
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref35
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref35
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref36
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref36
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref37
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref37
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref37
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref38
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref38
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref38
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref38
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref39
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref39
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref39
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref39
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref40
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref40
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref41
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref41
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref41
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref42
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref42
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref42
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref43
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref43
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref43
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref44
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref44
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref44
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref45
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref45
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref45
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref46
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref46
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref46
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref47
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref47
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref47
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref47
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref48
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref48
http://refhub.elsevier.com/S0896-6273(24)00153-3/sref48


ll
NeuroResource

Please cite this article in press as: Ouyang et al., An implantable device for wireless monitoring of diverse physio-behavioral characteristics in freely
behaving small animals and interacting groups, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.02.020
49. Wu, H.-Y., Rubinstein, M., Shih, E., Guttag, J., Durand, F., and Freeman,

W. (2012). Eulerian video magnification for revealing subtle changes in

the world. ACM Trans. Graphics 31, 1–8.

50. Schaefer, W.H., Politowski, J., Hwang, B., Dixon, F., Goalwin, A., Gutzait,

L., Anderson, K., DeBrosse, C., Bean, M., and Rhodes, G.R. (1998).

Metabolism of carvedilol in dogs, rats, and mice. Drug Metab. Dispos.

26, 958–969.

51. Can, A., Dao, D.T., Arad, M., Terrillion, C.E., Piantadosi, S.C., and Gould,

T.D. (2012). The mouse forced swim test. J. Vis. Exp. e3638.

52. Yankelevitch-Yahav, R., Franko, M., Huly, A., and Doron, R. (2015). The

forced swim test as a model of depressive-like behavior. J. Vis.

Exp. 52587.

53. Buccafusco, J.J. (2000). Methods of Behavior Analysis in Neuroscience

(CRC Press).

54. Koolhaas, J.M., Coppens, C.M., de Boer, S.F., Buwalda, B., Meerlo, P.,

and Timmermans, P.J.A. (2013). The resident-intruder paradigm: a stan-

dardized test for aggression, violence and social stress. J. Vis. Exp. 4367.

55. Warren, B.L., Mazei-Robison, M.S., Robison, A.J., and Iñiguez, S.D.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Atenolol MilliporeSigma PHR1909

Carvedilol MilliporeSigma PHR1265

Bacterial and virus strains

AAV1.Syn-ChrimsonR-tdT Klapoetke et al.63

Dr. Edward Boyden

Addgene viral prep #59171-AAV1

Experimental models: Organisms/strains

CD1 mice Charles River Laboratories Strain Code: 022

C57BL/6 mice Charles River Laboratories Strain Code: 027

Sprague Dawley rat Charles River Laboratories Strain Code: 001

Software and algorithms

Python 3.8.10 Python Software Foundation https://www.python.org

Scipy 1.7.3 Scipy Project Team https://scipy.org

Numpy 1.20.2 Numpy Project Team https://numpy.org

Pandas 1.2.5 Pandas Project Team https://pandas.pydata.org

Matplotlib 3.3.4 Matplotlib Project Team https://matplotlib.org

Tensorflow 2.4 Google https://www.tensorflow.org

DeepLabCut 2.2.1 Mathis et al.64

the A. and M.W. Mathis Labs

https://github.com/DeepLabCut/

DeepLabCut
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Dr. John A. Rogers

(jrogers@northwestern.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. The original code for signal processing is available at:

https://doi.org/10.7910/DVN/9PQL0F.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal subjects
All experiments used adult CD1 mice (40-45 g at start of experiments), C57BL/6 mice (25-35 g at start of experiments) and adult

Sprague Dawley rats (250–350 g at start of experiments) from Charles River Laboratories (Wilmington, MA), maintained on a 12-hr

light/dark cycle and fed ad libitum. All experimental procedures were conducted in accordance with the National Institutes of Health

standards and were approved by the Institutional Animal Care and Use Committee (IACUC) at Northwestern University or the Uni-

versity of Washington, Seattle.

METHODS DETAILS

Electrical components
The system was assembled on a double-layer fPCB [Cu (18 mm): Polyimide (PI, 75 mm): Cu (18 mm)]. A receiver coil (10 turns, trace

width/space of 100 mm/100 mm, area of 10 mm 3 24 mm) on the fPCB paired with two tuning capacitors (1 – 100 pF) yielded a
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resonant peak at 13.56 MHz for WPT. High-speed Schottky diodes in a full-wave bridge rectifier followed by a first-order RC filter

converted the inductively coupled AC voltage to a DC voltage. An LDO linear voltage regulator (ADP7112, Analog Devices Inc.) in

6-pin wafer-level chip-scale package (WLCSP) (1.2 mm 3 1 mm) converted the DC voltage to a constant voltage supply (2.5 V) to

power the system. An array of 4 supercapacitors (CPX3225A752D, Seiko Instruments) that connected to the output of the voltage

regulator provided a temporary power source in the event of compromised WPT. A BLE SoC (nRF52832-CIAA, Nordic Semicon-

ductor, Norway) in WLCSP packaging (3.0 mm 3 3.2 mm) served as the CPU and Bluetooth communication module. A low-power

inertial measurement unit (BMI160, Bosch Sensortec, Germany) with a footprint of 2.5 mm 3 3.0 mm served as the accelerometer

and gyroscope and connected to the BLE SoC via the SPI interface. An ultra-low-power (25 mW) temperature sensor (MAX31875,

Maxim Integrated Inc.) in WLCSP packaging (0.84 mm3 0.84mm) measured the subdermal temperature. The BLE SoC used amini-

aturized (3.2mm3 1.6mm) ceramic 2.45GHz antenna (2450AT18A100, Johanson Technology Inc.) for wireless communication. Use

of other passive components with 0201 (imperial) packaging minimized the overall size of the system.

Assembly and encapsulation of the device
Following hot-air soldering of electrical components to the fPCB, application of an epoxy adhesive (Loctite 3621, Henkel, Rocky Hill,

CT) to the BLE SoC and BMI160 followed by curing at 95 �C for 25 min provided mechanical protection for the chips. Chemical vapor

deposition formed conformal coatings of Parylene-C (30 mm) to encapsulate the device. Spin coating of PDMS (Sylgard 184, 10:1) on

a plastic substrate at 300 rpm for 1 min followed by curing at 95 �C for 10 min formed the base encapsulation layer. Spin coating of

PDMS on the base layer at 500 rpm for 1 min formed an uncured layer of PDMS. Gently pressing the Parylene-coated device into the

uncured PDMS followed by curing at 95 �C for 10 min formed the PDMS encapsulation layer. Subsequent drop casting of uncured

PDMSonto electrical components followed by curing at 95 �C for 10min ensured full coverage of the components. The final thickness

of the encapsulated device is 3 mm.

Finite element analysis
2D dynamic finite element analysis performed in the commercial software suite Abaqus examined the dynamic responses of the

accelerometer within the implantable devices with different geometric designs and/or encapsulation strategies. Four-node shell el-

ements were chosen for the accelerometer, encapsulation, and tissue/skin, with finemesh near the accelerometer. The implicit solver

was used. No energy dissipation was considered in the model. The accelerometer was simplified as molding compound, a linear

elastic material characterized by elastic modulus of 25 GPa, Poisson’s ratio of 0.3, and density of 1.78 g/cm3. The PDMS encapsu-

lation and the tissue/skin were modeled as incompressible elastomeric materials with Mooney-Rivlin hyperelastic behavior. PDMS

(Sylgard 184, 10:1) was characterized by elastic modulus of 1.8MPa and density of 0.965 g/cm3. Tissue and skin were simplified with

elastic modulus of 300 kPa and density of 1.0 g/cm3.

Wireless power transfer system
The full system setup included a power distribution control (PDC) box, an antenna impedance matching box, a laptop for controlling

the output power level of the PDC box, a cage wired with a double-loop primary antenna (rat cage, 34 cm3 31 cm3 30 cm; mouse

cage, 30 cm 3 20 cm 3 20 cm), and a tablet with a custom application for recording data and issuing commands wirelessly.

Characterization of wireless power transfer
The test used a device assembled only withWPT components andwith the LDO regulator connected to a potentiometer inside a cage

encircled by a double-loop primary antenna. Decreasing the resistance of the potentiometer to a value R0 below which the LDO was

unable to provide a fixed output voltage identified the point at which the LDO no longer dissipated power by heating. Calculation of

the capability for WPT used the following equation:

P =
V0

R0

2

Performing this measurement with the device at different positions inside the cage defined the distribution of wirelessly transferred

power. A custom Python script enabled 2D interpolation of the results. Mounting this device on the back of an adult rat/mousemodel

made of agarose gel placed at different angles simulated the rearing behavior and other normal activities. Performing this measure-

ment and recording the device operating time after oriented it to different rearing angles for locations at the center and corner of the

cage quantified the effects on WPT.

Thermal characteristics
An infrared imaging camera (TG165, Teledyne FLIR LLC) characterized the heating of the device in air when powered by WPT at the

center and corner of a mouse cage. The testing setup for characterizing the temperature sensing accuracy involved a fully encap-

sulated device and a commercial thermocouple (HH374, Omega Engineering Inc.) in the vicinity, which were submerged in a water

bath. The device and the thermocouple data logger recorded the temperature simultaneously as the water bath naturally cooled from

40 �C.
e2 Neuron 112, 1–14.e1–e5, June 5, 2024
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Surgical procedures
All procedures compliedwith AnimalWelfare and IACUCpolicies under approved protocols using aseptic conditions. The animal was

anesthetized in an induction chamber (2-3% isoflurane, mice; 4-5% isoflurane, rats). Once anesthetized, the animal’s abdomenwas

shaved before placing it in a supine position above a regulated heating pad in a stereotaxic frame (Kopf; Figure S1A). The animal

was maintained at a surgical plane of anesthesia using 1–3 % isoflurane for the duration of surgery. Meloxicam (20 mg kg�1,

mice; 2 mg kg�1, rats; subcutaneous injection) and bupivacaine (2 mg kg�1, intradermal injection [both species]) worked as preop-

erative analgesics. After the animal reached a stable plane of anesthesia, a marker was used to denote the skin area directly above

the animal’s heart. An �10 mm, horizontal incision was made on the ventral side of the animal midway across body of the device

(Figure S1A). This prevents the edge of the device from irritating the wound once implanted. Blunt forceps were used to separate

the subcutaneous fascia in both the anterior and posterior directions, creating a pocket for the device. The device was manually in-

serted into the anterior portion of the incision. The skin was then manipulated around the device until the sensor was located directly

underneath the marked area indicating the location of the heart. A small amount of tissue adhesive (GLUture) was then applied be-

tween the device body and the underlying muscle followed by a smaller amount of adhesive applied between the sensor and the

underlying muscle. Finally, three 7 mm wound clips were used to close the incision. The animal was allowed to recover

for �30 minutes before transfer to the cage area facility for further monitoring. A second dose of Meloxicam (20 mg kg�1, mice;

2 mg kg�1, rats; subcutaneous injection) was administered 24 hours after initial recovery for extended analgesia. After 5 days,

the animal was lightly anesthetized and the wound clips were removed. Device testing occurred after the removal of the wound clips

and surgical recovery.

This surgical procedure was amended to accommodate both sexes in both species (rats andmice). The original surgical procedure

called for two incisions, one across the device body (as performed now) and the other above the IMU pad for ease and accuracy of

placement above the heart. The second incision across the IMU pad greatly irritated female animals, as these incisions were made

near or on their mammary glands.65 The updated single incision method strategically places the incision between the female mam-

mary glands, thus eliminating their discomfort and scratching at the implanted devices.

Microscale computed tomography imaging
X-ray computed tomography (CT) imaging was performed with a preclinical microCT imaging system (nanoScan PET/CT, Mediso-

USA, Arlington VA). Mouse data were acquired with ‘Medium’ zoom, 1x1 binning, with 720 projection views over a full circle, using

70 kVp/980 mA, with a 90 ms exposure time. Rat data were acquired with ‘Maximum FOV’ zoom, 1x4 binning, with 1440 projection

views over two full rotations, using 70 kVp/980 mA, with a 90 ms exposure time. Reconstruction of mouse and rat data used a voxel

size of 34 mm and 125 mm, respectively, with filtered (Butterworth filter) back-projection software from Mediso Nucline (version

3.04.018). The reconstructed data was visualized and segmented in Amira 2022.1 (FEI Company, Thermo-Fisher, Hillsboro, OR).

A non-local-means filter was used to reduce image artifacts.

Comparison against standard systems
A MouseOx pulse oximeter was used to measure the HR and RR of a mouse through a wired, collar sensor clamped to the neck. A

cage wired with a double-loop primary antenna housed a mouse implanted with the MA device and tethered to the collar sensor. For

the comparison under anesthesia, isoflurane was supplied via a nose cone. The isoflurane concentration varied at the following

sequence: 0.5 %, 1.0 %, 1.5 %, 2.0 %, 1.5 %, 1.0 %, 0.5 %. Each isoflurane concentration lasted for 5 min. An overhead camera

(acA1920-25gc, Basler AG, Germany) recorded the experiment. A custom script used the EVM algorithm to extract the RR of the

mouse under anesthesia from the video.

Detailed signal processing algorithms
The signal processing algorithms used custom Python scripts with Python 3.8.10, Scipy 1.7.3, Numpy 1.20.2, Pandas 1.2.5, Tensor-

flow 2.4, and Matplotlib 3.3.4 packages. The detailed algorithms were as follows: (1) HR calculation: Subtracting the motion compo-

nent estimated by Savitzky-Golay filtering (8th order and 21-point filter window) from the raw z-axis acceleration yielded the

heart sounds. The Shannon energy envelope of these sounds after low-pass filtering (cut-off frequency: 15 Hz) yielded smoothed

heartbeats.43,44 The automatic multiscale-based peak detection (AMPD) algorithm for quasi-periodic peak detection identified the

heartbeats.45 Based on the mean beat-to-beat interval in each window (1 s unless otherwise specified), the number of heartbeats

per minute yielded the HR (unit: BtPM). (2) RR calculation: The envelope of the amplitudes of detected heartbeats after bandpass

filtering (frequency range: 1 – 4 Hz) yielded the waveform of respiration cycles. The AMPD algorithm detected the respiration cycles.

Based on the mean interval between respiration cycles in each window, the number of respiration cycles per minute was calculated

as the RR (unit: BrPM). (3) SQI calculation: The normalized first non-zero-lag peak of the autocorrelation of the cleaned heart sounds

defined the SQI. (4) PA calculation: The calculation started with decimation of x-, y-, z-axis accelerations to 50 Hz. The decimated

3-axis accelerations were segmented to 2 s windows. The window average of the low-frequency band-limited (1 – 25 Hz) RMS of

3-axis accelerations defined the PA. (5) Behavioral classification: The decimated 3-axis accelerations of each window (2 s at

50 Hz), vertically stacked to a shape of 33100, served as the input feature for behavioral classification. The classification utilized

a CNN model sequentially consisting of a 32-layer convolution with a kernel size of 433, a 333 max pooling layer, a dropout layer

(p=0.1), a 64-layer convolution with a kernel size of 431, a 331 max pooling layer, a dropout layer (p=0.1), a flattening layer, a fully
Neuron 112, 1–14.e1–e5, June 5, 2024 e3
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connected layer with 64 neurons at the output, and a fully connected layer with 6 neurons at the output. Training of the CNN model

involved 20 hours of hand-scoredMA signals (36,000 samples) augmented by Gaussian-noise to a total 100,000 samples. The hand-

scoring process involved expert labeling of the videos synchronized with the MA signals using the BORIS software. Hand-scoring

results by 3 independent expert scorers were cross-checked to yield the final labels for training. The hand-scored data were

randomly split into 2 datasets of 80%: 20% for training and testing, respectively. Each training dataset used a 5-fold cross-validation

for training and validation purposes. The training used an Adam optimizer.

Open-field test and motion tracking
The test used 9 adult male CD1 mice. The open-field test used a cage with dimensions of 30 cm3 20 cm3 20 cm (length3width3

height). The testing involved non-implanted, untetheredmice (n = 3), non-implanted, tetheredmice (n = 3), and implantedmice (n = 3).

The mice freely explored the open-field enclosure for 10 min under low-light conditions (50 lx). An overhead camera (acA1920-25gc,

Basler AG, Germany) recorded themotions of themice at 25 frames per second. Subsequent motion analysis utilized a deep learning

model trained byDeepLabCut.64Manually labeling 2 body parts (head and tail) in 1,000 representative frames generated a training set

for a pre-trained CNN. Training the CNN for 100,000 epochs yielded the deep learning model that detected the head and tail of the

mouse frame by frame. The corresponding trajectories of the head served as the basis for determining the head speed and total travel

distance of the mice as well as the time spent in the inner zone (defined as the central 25 % area of the cage).

Pharmacological test
The test used a total of 6 adult CD1 mice, 3 males and 3 females. Each mouse was given saline as a control then after 24 hours given

Atenolol (10 mg kg-1). After another 24 hours the mice would receive Carvedilol (10 mg kg-1). All drugs were administered intraper-

itoneally. The recording of MA signals started at 2 hours after injection and lasted for 20 min.

Running wheel test
The test used 5 adult male CD1mice that had no prior exposure to a runningwheel. Eachmousewas habituated in the test cage for at

least 30 min, followed by recording MA signals at baseline for at least 10 min. After the placement of a running wheel in the cage, the

recording of MA signals continued for 30 min.

Forced swim test
The test used a total of 14 adult CD1mice, 7males and 7 females. The experimental setup involved a cylindrical glass water tank half-

filled with room-temperature water and encircled by a double-loop primary antenna for WPT. After placement of the mouse in the

water tank, the recording of MA signals continued for 20 min.

Shock grid test
On Day 1, mice were trained to associate an auditory tone with a shock delivery. Mice were placed in the shock grid chamber and

habituated for 2 hr before the fear conditioning session. During fear conditioning, mice were presented with 30 trials in which a 10-s

tone cue (3 kHz, 90 dB) predicted the delivery of a 2-s shock (0.5 mA). The shock was delivered at the end of the predicting tone. To

indicate the predicting tone in recorded videos, a dim red light emitting diode (LED) that co-activated and terminated with the pre-

dictive tone was placed outside of the shock grid chamber. The trial interval was fixed at 2 min and 15 s. Once the 30 trials were

completed, the mouse was returned to its home cage. On Day 2, the mouse was placed in a regular testing cage (30 cm 3

20 cm3 20 cm) and habituated for 2 hr. Mice were presented with tones only and no shocks for 30 trials, with the same parameters

as those on Day 1. Once the 30 trials were completed, the mouse was returned to its home cage.

Resident-intruder test
The test used a total of 3 adult male CD1 resident mice implanted with the MA device and 3 adult male CD1 intruder mice (not im-

planted). A perforated, transparent partition divided the testing cage in the middle. Each resident mouse habituated in the left cham-

ber for at least 30 min, followed by recording MA signals at baseline for at least 10 min. After the addition of an intruder mouse to the

right chamber, the two mice interacted for 5 min in the presence of the partition. Next, after the removal of the partition, the two mice

physically interacted for no more than 5 min. The experimenters monitored the interactions and removed the intruder upon noticing

potential severe injury. After the removal of the intruder, the MA recording of the resident continued for 30 min.

Witness defeat test
The test used a total of 8 adult CD1mice, 4 male and 4 female witnesses. A perforated, transparent partition divided the testing cage

in the middle. The left chamber houses a witness mouse (CD1, implanted, male/female) that observed the interactions between the

resident (CD1, male) mouse and intruder (C57BL/6, male) mouse in the right chamber throughout the test, without any physical inter-

action with the resident and intruder. Eachwitnessmouse habituated in the left chamber for at least 30min, followed by recordingMA

signals at baseline for at least 10 min. The test included the following five phases: 1) Witness only, 2) Addition of the resident to the

right chamber, 3) Addition of the intruder to the right chamber, 4) Removal of the intruder from the right chamber, and 5) Removal of

the resident from the right chamber. After the removal of the resident, the MA recording of the witness continued for 30 min.
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ll
NeuroResource

Please cite this article in press as: Ouyang et al., An implantable device for wireless monitoring of diverse physio-behavioral characteristics in freely
behaving small animals and interacting groups, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.02.020
Chronic recording
The test used 1 adult male CD1 mouse fed ad libitum in a 30 cm 3 20 cm 3 20 cm (length 3 width 3 height) cage encircled by a

double-loop primary antenna for WPT. The room was climate controlled and under 12 hr light-dark cycles (6 am – 6 pm: light;

6 pm – 6 am: dark). Trained personnel cleaned the cage and replenished food and water daily.

Stereotactic injections
For intracranial injections, 6 male C57BL/6 mice (�30g) were anesthetized with isoflurane (3 % for induction, 1.5-2 % for mainte-

nance) and administered bupivacaine and meloxicam pre-surgery for analgesia. The animals were then positioned in a small animal

stereotaxic frame (David Kopf Instruments, Tujunga, CA) and their heads leveled for stereotaxic accuracy. A surgical drill was used to

create a small burr hole above the right secondary motor cortex (M2; anterior/posterior -2.2 mm, medial/lateral +1.0 mm). Adeno-

associated virus (AAV) AAV1.Syn-ChrimsonR-tdT (131013 GC/mL, Addgene viral prep #59171-AAV1, a gift from Dr. Edward

Boyden), was delivered through a pulled glass pipette at a rate of 100-150 nL/min for a total amount of 200 nL (dorsal/ventral

-1.0 mm), using an UltraMicroPump (World Precision Instruments, Sarasota, FL). Buprenorphine-ER was administered post-opera-

tively for prolonged analgesia. Viral vectors were allowed to express for at least 4 weeks before implantation of the transcranial op-

togenetic and ventral MA devices.

Transcranial device implantation
Transcranial optogenetic device implantation followed the procedure reported previously.59 An incision was made at the midline of

the scalp to expose the skull. A surgical drill was used to thin the skull and create a smooth surface over the previous AAV injection

site. The transcranial device was submerged in 70 % alcohol for 5 minutes prior to implantation, rinsed with sterile water, then

secured to the skull using dental cement. The microscale LED pad was attached to the thinned skull using cyanoacrylate adhesive

(KG58548R). Animals weremonitored and allowed to recover for several hours before being transferred back to the colony for appro-

priate post-surgical care and monitoring.

Optogenetic behavioral testing
Animals implanted with transcranial optogenetic and MA devices were transferred from the vivarium to a behavioral room for testing.

Following 60 minutes of acclimation and baseline physiological recording, transcranial optogenetic stimulation (20 Hz, 2 % duty cy-

cle, 10 s) was programmed to induce rotational activity. This stimulation paradigm was repeated once every 10 min for up to 10 trials

per day of stimulation.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all comparisons in this manuscript, we describe the number of n’s, what the n represents, the statistical test used, and the defi-

nition of error bars in the figure legend. The details of statistics are listed in the results section. Comparisons were considered to have

reached statistical significance if the p-value was less than 0.05, unless otherwise stated. The p-values that correspond to asterisks

are listed in the figure legends. For comparison between two groups, a paired two-sided t-test was used.
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