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Abstract
The vagus nerve supports diverse autonomic functions and behaviors important for health and survival.
To understand how speci�c components of the vagus contribute to behaviors and long-term
physiological effects, it is critical to modulate their activity with anatomical speci�city in awake, freely
behaving conditions using reliable methods. Here, we introduce an organ-speci�c scalable, multimodal,
wireless optoelectronic device for precise and chronic optogenetic manipulations in vivo. When combined
with an advanced, coil-antenna system and a multiplexing strategy for powering 8 individual homecages
using a single RF transmitter, the proposed wireless telemetry enables low cost, high-throughput, and
precise functional mapping of peripheral neural circuits, including long-term behavioral and physiological
measurements. Deployment of these technologies revealed an unexpected role for stomach, non-stretch
vagal sensory �bers in suppressing appetite and demonstrated the durability of the miniature wireless
device inside harsh gastric conditions.

Introduction
The nervous system consists of transcriptomically distinct neuronal cell types that re�ect differences in
sensing capabilities, connectivity and function. Mapping their respective functions represents one of the
major goals and challenges for modern neuroscience1. To this end, optogenetics has facilitated the
untangling of neural networks by using light-activated, genetically encoded opsins to selectively
manipulate activity of distinct neuronal cell types with spatial precision2. However, this functionality has
been limited to the brain due to constraints associated with peripheral light delivery: body tissues
typically lack a stable interface for securing �ber-optics and the in�exible nature of these optical probes
would cause shearing of tissues and nerves during an animal’s natural movements. As a result, a cell-
type speci�c understanding of the peripheral nervous system in freely behaving animals is severely
lacking.

This is exempli�ed by the vagus nerve, which provides the only direct neural communication between
internal organs and the brain. Peripheral endings of vagal afferent �bers respond to a broad array of
stimuli, including hormones, osmolytes, changes in pH, and mechanical distention that have diverging
functions and contributions to behavior3. All of its diverse sensory cell bodies reside together within the
nodose ganglia3 but conventional viral and transgenic methods for targeting genetically distinct neuronal
populations do not permit organ speci�c manipulations. Although pioneering studies have used �ber-
optics to optogenetically manipulate mouse vagal afferents with organ speci�city, these studies were
conducted under anesthesia to investigate autonomic functions4,5. Studying functions beyond re�exes,
such as gastrointestinal mechanisms of satiation, requires a more �exible approach. Given the
widespread interest in using vagal nerve stimulation for treating obesity and other neurological
disorders6,7, a key priority for this research �eld is to attain cell-type and organ-speci�c manipulations of
the vagus nerve in animals that are awake. Accordingly, we set out to develop a biocompatible, wireless
optogenetic device for organ-speci�c light delivery.
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Advances in wireless technologies have enabled the internalization of light sources, bypassing physical
constraints associated with �ber-optic cables and driving a shift in what is possible with optogenetics.
Wireless, radio-frequency (RF)-powered devices were miniaturized for microscale light-emitting diode
(µLED) insertion into the brain8 and recently encased within stretchable and impermeable tethers for
securing them onto subdermal tissues9. Despite these developments, organ-restricted illumination
remains a challenge. A wirelessly powered µLED that is secured to the rat bladder using a circumferential
elastomer sleeve could enable similar level of functionality10, but this approach impedes organ
expansion. Efforts to wirelessly manipulate neural organ function in awake mice include studies that
sutured an µLED onto the heart surface for pacemaking11 or intestine surface for controlling colonic
motility12. However, these devices were not described as being functional for more than 8 days10–12, a
limitation for conducting behavioral studies given the extended recovery periods required after thoracic
and abdominal device implantation. Moreover, a�xing the µLED to the target organ surface results in
light back-scatter and nonspeci�c optogenetic illumination of nearby tissues. No device has yet enabled
chronic and durable cell-type speci�c optogenetic manipulation of peripheral neurons inside of an organ.

Here we describe the development of a durable, multimodal, wireless platform that enables optogenetic
stimulation of peripheral neurons within organs in a high-performance manner. The miniaturized wireless
device is fully implantable, utilizing a soft, thin, and low-modulus tether for targeting a µLED inside an
organ. A unique fabrication method is employed to make a robust, µLED-housing tether, permitting long-
term (>1 mo), intimate interfacing with peripheral nerve endings in freely behaving mice. These
optogenetic implants can selectively and independently manipulate peripheral nerve activity within
multiple target organs in the same animal using a monolithic design. In addition, a channel isolation
strategy is introduced for powering multiple cages using a single RF transmitter. Coupled with an
advanced coil-antenna approach, a single telemetry system provides reliable wireless power in 8
individual homecages, overcoming cage limitations of other wireless and �ber-optic based systems.
Precise targeting of a µLED within the stomach revealed an unexpected role for putative, gastric
chemosensors in suppressing appetite and revealed a valence mechanism by which appetite suppression
occurs.

Results
Organ speci�c, wireless gastric optogenetic device

An illustration of the fully implantable wireless device shows the general strategy for targeting a µLED
inside the stomach (Fig. 1a,b). The device consists of an analog, front-end electronic circuit for RF
harvesting (5.5-mm radius and 1-mm thickness) and a tether that supplies current to a µLED. It harvests
RF energy from a remotely located wireless RF power system, converts RF energy into optical energy, and
illuminates targeted regions in the stomach. The µLED is situated in the middle rather than the end of a
tether, allowing the tether to be threaded in and out of the stomach and secured at two contact points. We
found that the tether remains secure with purse-string sutures. The ultra-thin tether (0.4-mm wide by 0.2-
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mm thick) is more than  3-times smaller than insulin syringe needles used for intraperitoneal injections
and tubing used for intragastric infusions15.

Essential features that allow for long-lasting operation of the ultra-thin tether are a pre-curved,
sandwiched construction. In our prototype, the harvester and µLED were connected with thin copper (12
μm) electrical interconnects on top of �exible and durable polyimide (18 μm) substrate, then coated with
a biocompatible silicone polymer, PDMS. However, this design exhibited poor durability and post hoc
analysis revealed µLED tether damage likely caused by mechanical strain. To increase durability, the
µLED was sandwiched in between a second copper/polyimide bilayer, which also provided additional
electrical contact (Fig. 1c; assembly steps 1,2). We further postulated that coating the tether with silicone
in a curved position (pre-curved) would decrease strain compared to a tether that was coated in a �at
orientation and then bent when securing it inside the stomach (post-curved). This was achieved by
suspending the tether in a bent position, pipetting small amounts of melted silicone around the µLED, and
coating the remaining components using a simple dipping process (Fig. 1c; assembly step 3). This
resulted in a thin, soft, and lightweight (~380 mg), wireless, gastric optogenetic implant (Fig. 1c;
assembly step 4). The compliant, low-modulus properties eliminated constraints on natural motions of
the animal while also minimizing mechanical strain at the connecting joints.

Three-dimensional modeling of the mechanics showed that the maximum strain in the copper traces and
PDMS coating of the pre-curved tether (<800 Pa) was dramatically reduced compared to the post-curve
tether strain (<6,600 Pa) (Fig. 1d and Supplementary Fig. 2). We further optimized the tether by
mechanically testing various curvatures and identi�ed a pre-curved con�guration that was functional
beyond 200 kilocycles (Fig. 1e and Supplementary Fig. 3). Lifetime mechanical cycle tests with a
signi�cant load (0.03 kgF) revealed that the pre-curved structure with a radius of 1.15 mm was functional
for 200 kilocycles, a nearly 10-fold improvement compared to the post-curved structure (Fig. 1f and
Supplementary Fig. 4). The device was also subjected to waterproof testing by submerging into a heated
saline solution, revealing that it remained continually functional for over two months, even in extreme
temperatures (Supplementary Fig. 5). Heat dissipation is another factor that can limit device functionality
since nerve endings in the gastrointestinal tract can be temperature sensitive16. Thermal assessment of
the wireless optogenetic implant demonstrated minimal temperature increases (~0.2 ºC) during greater
than typical operating conditions (Supplementary Fig. 6). Consistent with this, calculation of speci�c
absorption rate using a �nite-element method analysis tool showed that the speci�c absorption rate
(SAR) distribution against localized RF exposure is below IEEE guidelines17 (Supplementary Fig. 7).
Finally, tests in mice showed that the pre-curved, sandwiched tether was functional for over a month,
while the post-curved structure stopped working three days after implantation (Fig. 1g).

E�cient and high-throughput, wireless optoelectronic systems

Practical use of optogenetics depends on reliable and cost-effective light delivery in multiple animal
subjects. A complete laser-based, optogenetics setup remains cost prohibitive for many labs, given that
each animal subject requires a laser, �ber-optic cannula, �ber-optic patch cord, and rotary joint to
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decrease physical constraints of a patch cord18. Wireless optogenetics is similarly limited, typically
requiring a single RF power generator for each homecage19. Multiple RF power generators can be used,
but they must be operated at least 1 m apart from each other to avoid electromagnetic interference20

(Supplementary Fig. 8). Together, these constraints limit the group sizes used for studies, restricts the
duration and type of behavior experiments that can be conducted, and overall prohibits the high-
throughput utilization of optogenetics.

To overcome these limitations, we developed a multiplex approach to power 8 individual cages with a
single RF-power generator. The wireless telemetry system consists of an RF- power generator, controller,
RF multiplexer, decoupling multiplexer, and an antenna for each of the 8 cages (Fig. 2a). Simultaneous
and independent control of the 8 cages is achieved with coupling and decoupling circuits that manage
the tuning of antennas to operational (13.56 MHz) and non-operational (100 MHz) device powering
frequencies. For example, when the controller selects antenna 6, the RF multiplexer tunes antenna 6 to
13.56 MHz and Decoupling multiplexer detunes the other antennas to 100 MHz (Fig. 2b). The other
antennas that are detuned and deactivated can only pass negligible amount of energy at a frequency of
100 MHz, which signi�cantly deviates from the resonant frequency of 13.56 MHz. Therefore, the other 7
antennas do not cause interference even when directly adjacent to the actuating 13.56 MHz antenna; this
was con�rmed with electromagnetic simulation results and validation experiments in vivo (Fig. 2c,d,
Supplementary Videos 1,2, and Supplementary Fig. 9). Since optogenetics typically requires brief
intermittent light pulses to avoid depolarization block18, this strategy can be used to toggle between
multiple cages to deliver intermittent light pulses; up to 25 Hz, 5-ms long light pulses can be generated in
all 8 cages.

In addition to couplings, wireless coverage remains a signi�cant limitation for optogenetic experiments.
Conventional systems utilize a single RF antenna below or around the sides of a homecage19,21. Due to
electromagnetic dissipation away from the RF source, wireless coverage can be as low as 30% in a
homecage22 and worse in larger behavior boxes. Previously, these limitations were circumvented by
increasing RF power, but this results in undesired heating of the device and animal tissues. A recent study
utilized a RF multiplexer that rapidly toggled power between two antennas to increase coverage23.
However, this approach requires careful operation and validation to avoid electromagnetic interference
between the antennas, and limits the use of a multiplexer for powering multiple cages. Here, we introduce
a simple dual-coil antenna system for increasing wireless coverage24. It consists of a top antenna coil
that is connected to an RF generator and an unconnected antenna coil below the cage that passively
attracts RF signals towards the animal subject and cage bottom. Three-dimensional electromagnetic
modeling suggested that the dual-coil antenna system could enable continuous operation throughout a
location of interest (Fig. 2e; top and Supplementary Fig. 10). This was con�rmed with light-power-output
measurements of wireless devices at �ve representative positions and heights from the cage bottom,
which demonstrated robust device activation throughout the volume of a cage (Supplementary Fig. 11).
Furthermore, the dual-coil antenna system eliminated dependence of transmitted power on relative
orientation angle between the transmission antenna and the device (Supplementary Fig. 12). Comparison
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studies further indicated that the proposed antenna system outperforms other existing systems, offering
virtually complete wireless coverage in a homecage (Fig. 2e; bottom and Supplementary Fig. 13).

Scalable, multimodal device operation

Multimodal device operation is another strategy for increasing the e�ciency and throughput of wireless-
optogenetic studies. Targeting multiple organs with a single device could enable multi-organ analysis in
the same animal or even be used to examine organ-to-organ interactions. Realization of multimodal tools
requires an actuation mechanism that can remotely manage channel selection. Previous efforts utilized
higher operating frequencies, micro-controller chip or Bluetooth kits for actuating separate channels, but
these approaches require increased RF power (tens of mW) for operation and render them energy-hungry
devices10,23. Here, we use a reed switch in the device that responds to the pattern of externally applied
electromagnetic RF pulses. In our example, a pulse width longer than 100 ms triggers the transition from
a green µLED to a blue µLED located on a separate tether (Fig. 2f and Supplementary Video 3). The
actuation threshold can be adjusted by pairing different capacitors and resistors with the reed switch to
prevent unwanted activation or deactivation, and could theoretically be tuned for switching between more
than two channels; the circuit diagram is shown in Supplementary Fig. 14. Importantly, this strategy only
requires 10 µW for channel selection, which is 100-fold less power than other approaches10,23,25. When
combined with the dual-coil antenna and multiplex coupling/decoupling, the proposed optoelectronic
system enables robust, ultra-e�cient wireless powering of optogenetic devices in multiple organs and
multiple cages with independent and simultaneous control.

Optogenetic manipulation of gastric vagal sensory endings

To determine the utility of the optoelectronic system, we investigated the role of stomach vagal afferent
endings in feeding behavior. We began by analyzing the µLED light spread and identi�ed RF powering
parameters needed for organ speci�city. As expected, securing the µLED inside the stomach signi�cantly
restricts light spread, in contrast to surface a�xation which results in light back-scatter intensities well
above the threshold for opsin activation26 (Fig. 3a and Supplementary Fig. 15). We examined whether
implantation of the stomach device is well tolerated by showing that ad libitum food intake of mice
implanted with the device was the same as sham operated mice (Fig. 3b). These results indicate that our
wireless device should allow precise optogenetic manipulations in awake, behaving mice.

A recent study identi�ed genetically distinct vagal afferent neurons in the nodose ganglion that innervate
the stomach and express either Calca, Sst, Gpr65, or Glp1r genes14. In contrast to Sst and Gpr65, which
exhibit either mechanosensitive morphological endings in muscle layers (Glp1r) or chemosensitive
endings in the mucosal layer (Sst, Gpr65), Calca+ neurons form spatially-restricted chemosensitive
mucosal endings in the corpus versus mechanosensitive intramuscular arrays in the stomach antrum14.
Identi�cation of a role for stomach chemosensation in appetite control has been elusive27; therefore, we
used our wireless device to selectively activate Calca+ vagal afferent chemosensitive endings in the
corpus region of the stomach.
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To gain cell-type speci�city, AAV9 was injected into the nodose ganglion of CalcaCre:GFP transgenic mice
to introduce Cre-dependent ChR2:tdTomato opsin expression or a control group with just tdTomato
�uorescent reporter (Fig. 3c). Precise anatomical speci�city was achieved by implanting the µLED into the
fundus, immediately adjacent to the corpus (Fig. 3d). While Calca+ vagal afferents do not innervate the
fundus, we implanted the device away from the antrum to avoid activation of mechanosensitive �bers
(Fig. 3e). Several weeks after recovering from device implantation, mice were fasted overnight and refed
the following morning. Compared to no stimulation (RF antenna off), optogenetic activation produced
robust suppression of food intake during refeeding, with greater stimulation frequencies almost
completely suppressing intake (Fig. 4a,b and Supplementary Video 4; left). Importantly, activation of the
device in the control group without ChR2 did not alter feeding behavior, indicating that RF signals and
activation of the device in itself do not in�uence feeding (Fig. 4c and Supplementary Video 4; right). To
further establish that the appetite suppression was due to activation of vagal afferent endings in the
stomach, we compared these results to separate cohorts of mice implanted with six non-attached µLEDs
in the abdomen. Although optogenetic stimulation of vagal afferents in this manner suppressed feeding,
the effect was not as robust despite stimulating with six µLEDs rather than a single µLED directly
implanted inside the stomach (Supplementary Fig. 16). Furthermore, the non-anchored LED approach
required increased operating power to compensate for light dissipation, resulting in greater heat
generation and potential tissue damage28,29. Thus, the gastric optogenetic implant enables more robust
optogenetic activation using less wireless power. 

Appetite suppression can be associated with positive valence, potentially due to removal of aversive
hunger signals30, or aversion in response to harmful stimuli, such as uncomfortable gastric distension31

or food poisoning32. To investigate affective mechanisms by which Calca+ gastric vagal afferent
neurons might suppress appetite, we constructed oversized dual-coil antennas for robust optogenetic
activation in various behavior boxes (Fig. 4d,g, and Supplementary Fig. 17). In one assay, mice were
placed in a two-chamber box with RF power only in one chamber to determine whether mice form an
aversion or preference for the optogenetic-stimulation chamber. Surprisingly, we did not observe
differences in place preference or avoidance (Fig. 4e,f), similar to optogenetic stimulation of other vagal
afferent cell-types that innervate the gastrointestinal tract14. Conversely, an open-�eld assay
demonstrated that optogenetic stimulation reduced the time mice spend in the center, indicative of
anxiety-like behavior and suggesting that activation of Calca+ gastric vagal afferent �bers might be
aversive (Fig. 4h,i). Gastrointestinal signals are closely associated with taste-sensory signals33,
suggesting that a learned food preference/aversion assay might be most indicative of the mechanism
underlying appetite suppression. To test this hypothesis, mice were habituated to overnight water-
restriction for several days and then given access to 5% sucrose solution followed by optogenetic
stimulation of Calca+ vagal afferent �bers for 4 h.  Three days later mice were offered the choice of water
or 5% sucrose.  This two-bottle preference test revealed that activation of stomach Calca+ vagal afferents
conditioned mice to avoid the sucrose solution (Fig. 4j). This suggests that appetite suppression occurs
via a negative-valence mechanism that alters taste preferences. These results identi�ed a role for
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stomach mucosal Calca+ vagal afferents in appetite suppression and revealed a mechanism by which
appetite suppression occurs.

Discussion
While many classical studies have established an important role for visceral signals in controlling
behavior34,35, these surgical- and chemical-denervation experiments lacked organ speci�city and did not
reveal the identity of sensory neurons that can serve diverging functions. Here, we developed wireless
µLED devices that permit organ-speci�c, optogenetic manipulations and an ultra-e�cient wireless
telemetry system for powering multiple cages. The miniaturized wireless device enabled precise
optogenetic stimulation of genetically de�ned vagal afferents innervating the mouse stomach, revealing
a function for Calca + mucosal sensory endings in suppressing food intake via a negative valence
mechanism. Critically, the pre-curved sandwich construction signi�cantly extended the lifespan of the
µLED device and allowed for testing various stimulation parameters and behavior tests within the same
subjects. We envision that the current device could be used to optogenetically manipulate neural circuits
throughout the gastrointestinal tract and other hollow organs, such as the bladder with little or no
modi�cations.

Prior methods for optogenetic activation of vagal afferents in awake mice have either lacked organ
speci�city14 or involved gut injections of a retrogradely transported opsin virus and �ber-optic
implantation in the hindbrain where vagal afferents terminate4. While the latter provides organ speci�city,
retrograde viruses can be limited by tropism and incomplete infection of certain cell types. Moreover,
vagal afferents express neuropeptides in their peripheral endings which are hypothesized to be released
in the gut to exert efferent functions7. In other systems, such as for somatosensation, peripheral release
of neuropeptides by afferent �bers can contribute to behaviors by sensitizing other afferent subtypes to
ongoing stimuli36. Finally, �ber-optics cannot be used for optogenetically manipulating the enteric
nervous system nor splanchnic sensory afferents, which synapse in the spinal cord. Investigating the
function of these neural circuits and hypotheses, therefore, requires peripheral optogenetic stimulation
that is now possible with the proposed wireless gastric optogenetic implant. Multimodal features could
further enable investigation of peripheral interactions by using different colored µLEDs to activate
corresponding color-sensitive opsins expressed by separate neural substrates or multiple organs
simultaneously/independently.

In addition to extending optogenetic functionality to the peripheral nervous system, we introduced
advancements in wireless telemetry that generally improve the scalability and usability of optogenetics.
The dual-coil antenna system, which enables reliable and complete wireless coverage, is easily
constructed using inexpensive copper wire secured onto cardboard or plastic backing. The multiplexing
approach further allows for testing of large experimental cohorts, which was particularly important for
our studies because of the extended duration of feeding behavior tests. This system can be set up in
under an hour, is simple to operate, and dramatically decreases the cost and time required for conducting
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optogenetic experiments. Furthermore, the wireless telemetry system has broad applicability for powering
optogenetic devices in the periphery, brain9,37, or other wireless devices, such as those that measure
bioelectrical signals10.

Future studies may take advantage of these newly enabled wireless optoelectronic features to chronically
activate neural circuits for days, weeks, or even months. Because adaptations can occur with sustained
activation of a neural pathway, such experiments are important for investigating the persistence of long-
term, physiological effects, including weight loss. This can enable experiments that determine whether
appetite suppression induced by gastric vagal afferent activation is attenuated in obese mice and
whether chronic activation of vagal afferent endings in the stomach can reverse obesity. Identi�cation of
viscerosensory pathways that can either suppress or stimulate appetite will have direct clinical
importance for potentially developing novel therapeutic targets for treating appetite disorders.

Methods
Device fabrication

The process began with �exible copper/polyimide (Cu/PI) bilayer �lms (thickness; 12 µm/18 µm,
AC181200RY, DupontTM Pyralux®) mounted onto a glass slide (dimensions, 5.08 cm by 7.62 cm). Then
we deposited 2.5-µm thickness of photoresistor on the Cu/PI substrate (AZ 1518, AZ®, recipe; spin-coated
at 3,000 r.p.m. for 30 sec), and used UV photo-lithography to de�ne patterns for pads and
interconnections (EVG610, EV Group, recipe; UV intensity for 200 mJ/cm2). This was followed by
immersion in developer solution (AZ Developer 1:1, AZ®) for 30 sec and rinses in distilled water for 10
sec. Immersion in copper etchant (LOT: Z03E099, Alfa AesarTM) for 7 min and rinses with acetone,
methanol, isopropanol, and distilled water for 1 min yielded Cu interconnections and pads on the �exible
substrate (Fig. 1c; step 1). After samples dry, chip components were mounted, including a µLED, passive
components, and IC components using a soldering machine. An additional PI/Cu layer (18-µm/12-µm
thick) with the bottom chip-mounted Cu/PI substrate formed a sandwiched structure (PI/Cu/Cu/PI) (Fig.
1c; step 2). For encapsulations, we applied a small amount of Polydimethylsiloxane (PDMS) (SylgardTM

184 silicone elastomer kit, Dow®; 10:1 mix ratio) using a pipette while a clamp held the body of a sample
to form a thin, pre-curved, sandwiched structure (Fig. 1c; step 3). Then we encapsulated the body of a
sample with PDMS by a dip-coating process (500-µm thick). Samples were cured in a vacuum oven at
100ºC for 1 h. These procedures yield a soft, low- power, wireless gastric optogenetic implant with a pre-
curved, sandwiched tether (Fig. 1c; step 4). Detailed information on device layouts, IC components, and
procedures for fabrication are found in Supplementary Fig. 1 and Supplementary Table 1.

Finite element-methods analysis

For numerical electromagnetic simulations of the proposed device, we used a �nite element- method
analysis tool (Ansys Electromagnetics Suite 17-HFSS, Ansys®) with Cole-Cole dielectric relaxation model
where characteristics of biological tissues were described as a function of frequency. Organ systems and
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tissues of a mouse were modeled to one million of meshes for numerical simulations, and antenna coils
made of copper stripes or wires were modeled to materials with �nite conductivity, 58 MS/s. For three-
dimension modeling of the mechanics for the devices, we used a commercial �nite element-method
analysis tool (Abaqus/CAE 2018, Dassault Systems) to investigate strain effects on the pre-curved and
post-curved structures. The following parameters were used for simulations: thickness
500/18/12/12/18/500 <µm> (PDMS/PI/Cu/Cu/PI/PDMS) for the pre-curved structure and
510/12/18/510 <µm> (PDMS/Cu/PI/PDMS) for the post-curved structure; elastic properties Young's
modulus <MPa>/ Poisson's ratio: 1/0.49 for PDMS, 119000/0.34 for Cu, and 2500/0.34 for PI. Cu/PI layer
was modeled as a composite shell element (S4R). PDMS was modeled as a solid hexahedron element
(C3D8R) in the pre-curved structure and as a shell element (S4R) in the post-curved one. The mechanical
simulation results are found in Supplementary Fig. 2.

Mechanical, optical, and electrical measurements

We used a gauge-force machine (ESM303 Forced Test Stand, MARK-10) to perform device lifetime
cycling tests with a signi�cant load extended over a period of time (>200 kilocycles) for the pre-curved,
post-curved, and pre-curved structures with three different curvatures (0.72, 1.15, and 2.87 mm) of a
tether. The experiments involved application of strain in three different directions: 1) the x-direction, 2) the
y-direction, and 3) the z-direction, respectively. After completion of each 1000 cycles, we immersed a
wireless device in 10% phosphate buffered saline (PBS) solution for 10 min and measured light intensity
using a light meter (LT300, EXTECH). This test was repeated until a device stopped functioning (Fig. 1e,f
and Supplementary Fig. 4). We also performed accelerated life testing where a device was immersed in
10% PBS solution and light intensity was monitored as a function of time at various temperatures (25ºC,
60ºC, and 90ºC) (Supplementary Fig. 5). For thermal assessments of wireless devices, we used an
infrared camera (VarioCAM HDx head 600, InfraTech). Light intensity was �xed at an optical intensity of
10 mW/mm2, which is enough to activate light-sensitive proteins, and the camera measured variations in
temperature when devices were operated with duty cycles of 20%, 40%, 60%, 80%, and 100%
(Supplementary Fig. 6).

Antenna-coil fabrication and wireless, power-control system

We used 8-ga bare Cu wire for the bottom antenna coil and Cu stripes (0.635 mm thick by 2.54 cm wide)
for the top antenna coil. The bottom coil was placed under a cage while the top coil was situated 8 cm
above the cage bottom. Impedance matching using Network Analyzer (ENA Series E5063A, Keysight) with
discrete capacitor component yielded two antenna coils, each of which resonates at 13.56 MHz (the top
coil) and 15 MHz (the bottom coil), respectively; these different frequencies offer broad bandwidth and
stable coverage. Wireless power control systems consisted of a radio frequency (RF) power supply (ID
ISC.LRM2500-A, FEIG Electronics), matching board (ID ISC.DAT-A, FEIG Electronics), RF multiplexer (ID
ISC.ANT.MUX.M8, FEIG Electronics), controller (nRF52832 Development Kit, Nordic semiconductor), and
decoupling multiplexer. Circuit diagram, device layout, and information on Decoupling multiplexer are
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found in Supplementary Fig. 9. Dimensions of a representable coil antenna, capacitance, and inductance
for different sizes of experimental assays including homecages are found in Supplementary Table 2.

Measurements of wireless coverage

We implanted a wireless device over the skull, under the skin of a mouse and recorded their behaviors
using three cameras (C615, Logitech). A red-colored µLED was embedded in an implanted device to serve
as a signal that can be easily detected by cameras over a cage and the wireless TX system transmitted
RF signals at 1 W. One camera was positioned above a cage and two cameras recorded from left and
right sides. They recorded behaviors of an animal in a cage for 2 min and we extracted images from the
recordings and analyzed them frame by frame to determine whether an image had captured wireless op
teration of a device (red µLED). Next, we counted the number of frames missing wireless operation. For
the purpose of visual demonstration of wireless coverage, we reconstructed 3-D continuous traces of a
red µLED from extracted images. We repeated procedures described above for other wireless antenna
technologies (Supplementary Fig. 10). For validations of wireless power TX systems, we used an
electromagnetic probe (TBPS01-TBWA2/40dB, Tekbox) to measure output power at �ve representative
positions (A, B, C, D, and E) and various heights from the bottom of the enclosure as a function of the
distance and angle (Supplementary Figs. 11,12).

Mice

CalcaCre:GFP mice (C57Bl/6 background) were generated and maintained as described13. Following
surgery, mice were singly housed with ad libitum access to standard chow diet (LabDiet 5053) in
temperature- and humidity-controlled facilities with 12-h light/dark cycles. Both male and female mice
were used for behavioral experiments. All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committee at the University of Washington.

Organ-speci�c, wireless, gastric optogenetic-device implantation

Under surgical anesthesia (iso�urane, 1-2% inhalation), the animal’s ventral side was shaved, sterilized
with three alternating scrubs of betadine and alcohol, and the surgical �eld was restricted with sterile
drapes. With the animal on its back, a 2-cm skin incision was made along the abdominal midline from the
xiphoid cartilage extending to the mid-abdomen, and a second cut into the abdominal wall exposed the
stomach for device implantation. Ringed forceps were used to gently grasp the fore-stomach and pull it
out of the abdominal cavity onto gauze soaked with sterile saline. Fine-tipped Dupont forceps were then
used to puncture the stomach fundus and thread the µLED tether in and out of the stomach. With the
µLED inside the stomach, the tether was secured in placed with purse-string sutures (5-0 PGA). The device
harvester was then placed in the abdominal cavity and the stomach was placed back into its normal
orientation. The abdominal wall was closed with interrupted stiches using absorbable suture (5-0 PGA),
and the skin with non-absorbable suture (6-0 silk). Mice received analgesics during the surgery
(ketoprofen, 5 mg/kg) and daily post-operative care (provided with hydrating gel, monitor food intake and
bodyweight). For multimodal device implantation, an incision was made in the abdominal cavity and the
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device was implanted with the blue LED positioned towards the thoracic cavity and the green LED
towards the abdominal cavity. After recovery from surgery, all animals received daily post-operative care
and monitoring.

Meal-pattern analysis

To examine whether mice tolerate stomach device implantation, one group of mice was implanted with
the device whereas another group underwent a sham surgery where the abdomen was opened near the
stomach but it was not punctured nor implanted with a device. Two weeks after the surgeries, mice were
placed in food-monitoring homecages (BioDAQ, v. 2.2). Feeding records were analyzed using BioDAQ
Viewer (software v. 2.2.01). A feeding bout (≥0.01 g) was de�ned as a meal if ≥0.06 g of food was
ingested and if it was separated from another meal by ≥5 min.

Nodose ganglion injection

With the mouse under anesthesia (iso�urane, 1-2% inhalation), a 1-2 cm long skin incision was made
from the left clavicle going upwards to the animal’s jaw. The left vagus nerve was exposed by separating
the platysma, sternohyoideus, and omohyoideus muscles using blunt dissection. After visualization of
the ganglion, virus (200 nl) was injected with a glass micropipette attached to a Nanoject II. The
experimental group received AAV9-DIO-ChR2:tdTomato and control groups AAV9-DIO-tdTomato. The skin
was then closed with interrupted stiches (6-0 silk suture). After experiments, mice were anesthetized
(Beuthanasia, 320 mg/kg delivered i.p.) and intracardially perfused with phosphate buffered saline (PBS)
followed by 4% paraformaldehyde. Brains, nodose ganglion, and stomach tissues were then extracted,
post-�xed in 4% paraformaldehyde overnight, and cryoprotected in PBS containing 30% sucrose until the
tissues sunk in the sucrose solution. Coronal cryostat sections for brain, nodose and stomach tissue were
collected (30-, 10-, and 10-µm thick), direct mounted onto microscope slides, and coverslipped using DAPI
Fluoromount-G mounting medium (SouthernBiotech).

In situ hybridization

Single-molecule �uorescence in situ hybridization (smFISH) was performed using an RNAscope
Fluorescent Multiplex Kit (Advanced Cell Diagnostics). C1 and C3 DNA oligonucleotide probes were
designed for Calca and tdTomato. Nodose sections were �xed in 4% paraformaldehyde for 15 min and
then washed in 50%, 70%, 100%, and 100% ethanol for 5 min each. Slides were dried for 5 min. Proteins
were digested using protease solution (pretreatment solution 3) for 60–90 s. Immediately afterward,
slides were washed twice in PBS. In parallel, C1 and C2 probes were heated in a 40 °C water bath for 10
min. Probes were applied to the slides, which were coverslipped and placed in a 40 °C humidi�ed
incubator for 3 h. Slides were rinsed twice in RNAscope wash buffer and then underwent the colorimetric
reaction steps according to standard kit protocol. After the �nal wash buffer, slides were immediately
coverslipped using DAPI Fluoromount-G mounting medium. Images were captured using a laser-scanning
confocal (FV1200, Olympus) and epi�uorescent (Eclipse E600, Nikon) microscopes.
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Measurement of µLED light spread

Light intensity measurements (PM100D, Thorlabs) were acquired from fresh stomach tissue preparations
ex vivo. Measurements were recorded after implanting the LED inside the stomach or after suturing the
tether to the stomach surface with the LED directed towards the organ; the light sensor (S130C, Thorlabs)
was encased in saran wrap and placed directly over the LED tether housing. We tested 2, 4, 6, 8, 10, 12 W
antenna power outputs. In a separate experiment, with LED not attached to a stomach, light dissipation
was measured by placing the sensor 0, 0.5, and 1 cm away from the front or back side of the LED
housing.

Fasting and refeeding experiments

Mice were food restricted overnight (16 h) and refed the following morning. Food intake was manually
measured 1, 2, and 3 h after refeeding. The same animals underwent multiple fasting-refeeding tests to
examine different optogenetic stimulation parameters: no stimulation (RF antenna off), 10 Hz, and 20 Hz
optogenetic stimulation (5-ms pulse width; RF power 4 W). Experiments were conducted 5 days apart.

Real-time, place-preference (RTTP) assay

Mice were placed in an RTPP box consisting of two chambers (20 x 18 cm) and a small transition area.
Antennas were installed in both chambers, but only one chamber was connected to an RF generator to
continuously deliver RF power (20 Hz, 5-ms pulse width, 4 W). The time spent in each chamber (20-min
trial) was analyzed using video-tracking software (EthoVision XT 10, Noldus).

Open-�eld test

Mice were placed in the center of a 40 × 40 cm square open-�eld arena with non-transparent white
Plexiglas. The total distance moved and time in center (20 × 20=cm imaginary square), during the 10-min
trial, were analyzed with video-tracking software with EthoVision. An RF antenna provided wireless power
(20 Hz, 5-ms pulse width, 4 W) throughout the entire behavior box.

Two-bottle �avor preference test

Mice were accustomed to drinking water from two test tubes that replaced their normal water bottles.
After acclimation, mice were water deprived overnight, and the following morning received 30-min access
to a novel 5% sucrose solution; immediately following sucrose consumption, mice received 4 h of
optogenetic stimulation (20 Hz, 5-ms pulse width, 4 W). Three days later, mice were water deprived
overnight, and the following morning received 30- min access to separate test tubes containing either
water or 5% sucrose solution. The intake of both solutions was measured and presented as a preference
ratio (5% sucrose intake/total intake of sucrose and water solutions).

Statistics
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Data were analyzed using Prism 5.0 (GraphPad Software). Sample sizes were estimated based on prior
experience and expected variability in feeding behavior14. We excluded an animal from data analysis if
post hoc histological analysis showed no viral transduction as indicated by an absence of tdTomato
�uorescence. For graphs comparing two experimental conditions, we used unpaired two-tailed Student's
test. Data sets with multiple treatments and time-points were analyzed with repeated-measures two-way
ANOVA tests (time repeated factor), followed by Bonferroni's post-hoc tests.

Data Availability
The main data supporting the results in this study are available within the paper and its Supplementary
Information.

Code Availability
The code for 3D reconstruction image is available at https://github.com/parkgroup-
tamu/3d_reconstruction.

Declarations
Acknowledgments

This work was supported by grants from the interdisciplinary X-Grants Program, part of the President’s
Excellence Fund at Texas A&M University (S. Park), 2018 NARSARD Young Investigator Awards (S. Park)
from Brain & Behavior Research Foundation and National Science Foundation Engineering Research
Center for Precise Advanced Technologies and Health Systems for Underserved Populations PATH-UP
(EEC-1648451; S. Park). S. Park would like to express thanks to Dr. Coté for general advice.

Author contributions

Kim designed wireless optoelectronic platform, fabricated devices, tested devices, made wireless
measurements, designed experiments, and generated �gures. S. Hong fabricated devices, tested devices,
conducted simulations of wireless platforms. M.K. Gamero performed mechanical simulation of the
device’s structure. V. Jeevakumar and C.M. Smithhart implanted devices, tested mice in multiple cages
and did transmission antenna comparison. T.J. Price and R.D. Palmiter provided resources and edited the
manuscript. C. Campos designed animal experiments, injected virus, implanted devices, conducted
animal experiments, and analyzed behavioral data. C. Campos, S. Park, and W. Kim wrote the manuscript.
S. Park oversaw all experiments and data analysis.

References
1. NIH & Brain Working Group. Brain 2025. Nih 146 (2014) doi:10.1016/j.bbrc.2007.01.168.

2. Deisseroth, K. Optogenetics. Nat. Methods 8, 26–29 (2011).



Page 15/22

3. Berthoud, H.-R. & Neuhuber, W. L. Functional and chemical anatomy of the afferent vagal system.
Auton. Neurosci. 85, 1–17 (2000).

4. Chang, R. B., Strochlic, D. E., Williams, E. K., Umans, B. D. & Liberles, S. D. Vagal sensory neuron
subtypes that differentially control breathing. Cell 161, 622–633 (2015).

5. Williams, E. K. et al. Sensory Neurons that Detect Stretch and Nutrients in the Digestive System. Cell
166, 209–221 (2016).

�. de Lartigue, G. Role of the vagus nerve in the development and treatment of diet-induced obesity. J.
Physiol. 594, 5791–5815 (2016).

7. Schwartz, G. J. The role of gastrointestinal vagal afferents in the control of food intake: Current
prospects. Nutrition 16, 866–873 (2000).

�. Park, S. et al. Ultraminiaturized photovoltaic and radio frequency powered optoelectronic systems for
wireless optogenetics. J. Neural Eng. 12, (2015).

9. Park, S. et al. Soft, stretchable, fully implantable miniaturized optoelectronic systems for wireless
optogenetics. Nat. Biotechnol. 33, 1280–1286 (2015).

10. Mickle, A. D. et al. A wireless closed-loop system for optogenetic peripheral neuromodulation. Nature
565, 361–365 (2019).

11. Gutruf, P. et al. Wireless, battery-free, fully implantable multimodal and multisite pacemakers for
applications in small animal models. Nat. Commun. 10, (2019).

12. Hibberd, T. J. et al. Optogenetic Induction of Colonic Motility in Mice. Gastroenterology 155, 514–
528.e6 (2018).

13. Carter, M. E., Soden, M. E., Zweifel, L. S. & Palmiter, R. D. Genetic identi�cation of a neural circuit that
suppresses appetite. Nature 503, 111–114 (2013).

14. Bai, L. et al. Genetic Identi�cation of Vagal Sensory Neurons That Control Feeding. Cell 179, 1129–
1143.e23 (2019).

15. Ueno, A. et al. Mouse intragastric infusion (iG) model. Nat. Protoc. 7, 771–781 (2012).

1�. Li, W. I., Chen, C. L. & Chou, J. Y. Characterization of a temperature-sensitive β- endorphin-secreting
transformed endometrial cell line. Endocrinology 125, 2862–2867 (1989).

17. Bailey, W. H. et al. Synopsis of IEEE Std C95.1TM-2019 IEEE Standard for Safety Levels With Respect
to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz. IEEE Access
vol. 7 (2019).

1�. Aravanis, A. M. et al. An optical neural interface: in vivo control of rodent motor cortex with integrated
�beroptic and optogenetic technology. J. Neural Eng. 4, (2007).

19. McCall, J. G. et al. Fabrication and application of �exible, multimodal light-emitting devices for
wireless optogenetics. Nat. Protoc. 8, 2413–2428 (2013).

20. Thaysen, J. Mutual coupling between identical planar inverted-F antennas. IEEE Antennas Propag.
Soc. Int. Symp. (IEEE Cat. No.02CH37313) 4, 504–507 (2002).



Page 16/22

21. Montgomery, K. L. et al. Wirelessly powered, fully internal optogenetics for brain, spinal and
peripheral circuits in mice. Nat. Methods 12, 969–974 (2015).

22. Shin, G. et al. Flexible Near-Field Wireless Optoelectronics as Subdermal Implants for Broad
Applications in Optogenetics. Neuron 93, 509–521.e3 (2017).

23. Gutruf, P. et al. Fully implantable optoelectronic systems for battery-free, multimodal operation in
neuroscience research. Nat. Electron. 1, 652–660 (2018).

24. Kurs, A. et al. Wireless power transfer via strongly coupled magnetic resonances. Science (80-.). 317,
83–86 (2007).

25. Zhang, H. et al. Wireless, battery-free optoelectronic systems as subdermal implants for local tissue
oximetry. Sci. Adv. 5, (2019).

2�. Lin, J. Y. A User’s Guide to Channelrhodopsin Variants. Exp. Physiol. 96, 19–25 (2012).

27. Reimann, F., Tolhurst, G. & Gribble, F. M. G-protein-coupled receptors in intestinal chemosensation.
Cell Metab. 15, 421–431 (2012).

2�. Luo, X., Hu, R., Liu, S. & Wang, K. Heat and �uid �ow in high-power LED packaging and applications.
Prog. Energy Combust. Sci. 56, 1–32 (2016).

29. Welch, A. J. The Thermal Response of Laser Irradiated Tissue. IEEE J. Quantum Electron. 20, 1471–
1481 (1984).

30. Betley, J. N. et al. Neurons for hunger and thirst transmit a negative-valence teaching signal. Nature
521, 180–185 (2015).

31. Carter, M. E., Han, S. & Palmiter, R. D. Parabrachial calcitonin gene-related peptide neurons mediate
conditioned taste aversion. J. Neurosci. 35, 4582–4586 (2015).

32. Paues, J., Mackerlova, L. & Blomqvist, A. Expression of melanocortin-4 receptor by rat parabrachial
neurons responsive to immune and aversive stimuli. Neuroscience 141, 287–297 (2006).

33. Lin, J.-Y., Arthurs, J. & Reilly, S. Conditioned taste aversions: From poisons to pain to drugs of abuse.
Psychon. Bull. Rev. 24, 335–351 (2017).

34. Critchley, H. D. & Harrison, N. A. Visceral In�uences on Brain and Behavior. Neuron 77, 624–638
(2013).

35. Campos, C. A., Bowen, A. J., Schwartz, M. W. & Palmiter, R. D. Parabrachial CGRP Neurons Control
Meal Termination. Cell Metab. 23, 811–820 (2016).

3�. Chiu, I. M., Von Hehn, C. A. & Woolf, C. J. Neurogenic in�ammation and the peripheral nervous
system in host defense and immunopathology. Nat. Neurosci. 15, 1063–1067 (2012).

37. Park, S. et al. Stretchable multichannel antennas in soft wireless optoelectronic implants for
optogenetics. Proc. Natl. Acad. Sci. U. S. A. 113, E8169–E8177 (2016).

Supplementary Videos
Supplementary videos were not provided with this version.



Page 17/22

Supplementary Video 1. Multi-transmission system with red light emission device (ex vivo). This system
enables to control pulse train frequency and antenna order.

Supplementary Video 2. Multi-transmission system with red light emission device implanted mice (in
vivo). This system enables to control pulse train frequency and antenna order.

Supplementary Video 3. Multi-operation device enables to stimulate different organ independently. Once
�nished to stimulate �rst targeting region with channel 1(Green), user can change and stimulate the
target spot with different channel 2(Blue).

Supplementary Video 4. Optogenetic activation produced suppression of food intake during refeeding:
appetite suppression group (Left) and the control group without ChR2 (Right).

Figures
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Figure 1

Development of a soft, wireless gastric optogenetic implant with a pre-curved sandwiched tether. (a)
Illustration of a soft, wireless gastric optogenetic implant with a pre-curved, sandwiched tether. (b) Image
of wireless LED operation in the stomach; scale bar 5 mm. (c) Procedures for device fabrication; scale bar
5 mm. (d) Three-dimensional modeling of the mechanics for the pre-curved sandwiched structure. (e)
Plots of output power vs. curvatures of a tether. (f) Measurement results of device lifetime cycling test for
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both structures when strain applied in the horizontal (top) and vertical direction (bottom). (g)
Measurements of device lifetime for the pre- and post-curved structure when implanted. Bar graphs are
mean ± SEM.

Figure 2

Electrical characteristics of multiple cage wireless power TX system and multiple organ stimulation
device. (a) Schematic illustration of the proposed wireless power TX system for high throughput
phenotyping of neural pathways. (b) Functional blockdiagram of the proposed wireless power TX system.
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(c) Electromagnetic simulation of wireless coverage for the proposed TX system; scale bar 10 cm. (d)
Picture of the TX system; scale bar 10 cm. (e) Representative magnetic �eld distributions in ANT 6 (top)
and comparisons of wireless coverage for the proposed system and other wireless power TX systems
(bottom); scale bar 10 cm. (f) Illustration of wireless operation of a scalable, multimodal wireless gastric
optogenetic implant (left), images of an animal with the device implanted (middle), and image of the
device (right); scale bar 1 cm.

Figure 3

Optogenetic targeting of Calca+ vagal afferents in the stomach. (a) Light intensity measurements
comparing LED implantation inside versus outside the stomach (n = 5), with varying RF powers. Dashed
horizontal lines indicate light intensity needed for 10% and 50% maximal activation of
channelrhodopsin2. (b) Comparison of total food intake, number of meals, and meal size in mice
implanted with LED device (n = 7) or sham operated (n = 6). (c) Calca-Cre transgenic mice received
nodose ganglion injection of AAV9-DIO-ChR2:tdTomato. Images show �uorescence in situ hybridization
of tdTomato and Calca mRNA, demonstrating the cell-type speci�city of transgenic/viral approach; scale
bars 25 µm. (d) tdTomato �uorescence labeling of central Calca+ vagal afferent endings in the nucleus of
the solitary tract (NTS); scale bar 25 µm. (e) Fluorescence labeling of peripheral Calca+ vagal afferent
endings in the stomach mucosal layer; scale bar 50 µm. Bar graphs are mean ± SEM.
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Figure 4

Activation of Calca+ stomach vagal afferents suppress appetite via negative valence mechanism. (a)
Calca-Cre transgenic mice received a left nodose ganglion injection of AAV9-DIO-ChR2:tdTomato or AAV9-
DIO-tdTomato control virus. The LED was implanted in the stomach corpus-function junction. (b)
Frequency dependent suppression of food intake in the ChR2:tdTomato group (n = 8). (c) The tdTomato
control group did not suppress food intake during photostimulation (n = 4). (d) Illustration of real-time
place preference (RTPP) box. The RF antenna powered the device only in the right chamber. (e) Activation
of LED device (20 Hz light pulses) did not induce a place preference nor avoidance in both ChR2 and
tdTomato groups (n = 7 per group). (f) Representative traces for RTPP assay. (g) Illustration of large open
�eld box; the antenna delivered wireless power throughout the entire arena (20 Hz light pulses). (h)
Photoactivation of Calca+ gastric vagal afferents decreased time spent in center (n = 7 per group). (i)
Representative traces from open �eld test. (j) Mice were exposed to a novel sucrose solution on Day 1
followed by optogenetic activation of vagal sensory �bers (20 Hz). On Day 5, mice were water-restricted
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overnight and then given simultaneous access to a bottle of sucrose and a bottle of water. The graph is
the sucrose preference score (ChR2, n = 7; tdT, n = 5). Bar graphs are mean ± SEM. ***, p < 0.001.
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