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SUMMARY

In vivo optogenetics provides unique, powerful ca-
pabilities in the dissection of neural circuits impli-
cated in neuropsychiatric disorders. Conventional
hardware for such studies, however, physically
tethers the experimental animal to an external light
source, limiting the range of possible experiments.
Emerging wireless options offer important capabil-
ities that avoid some of these limitations, but the cur-
rent size, bulk, weight, and wireless area of coverage
is often disadvantageous. Here, we present a simple
but powerful setup based on wireless, near-field po-
wer transfer and miniaturized, thin, flexible optoelec-
tronic implants, for complete optical control in a vari-
ety of behavioral paradigms. The devices combine
subdermal magnetic coil antennas connected to
microscale, injectable light-emitting diodes (LEDs),
with the ability to operate at wavelengths ranging
from UV to blue, green-yellow, and red. An external
loop antenna allows robust, straightforward applica-
tion in a multitude of behavioral apparatuses. The
result is a readily mass-producible, user-friendly
technology with broad potential for optogenetics
applications.

INTRODUCTION

Understanding and controlling the function of the brain is a chal-

lenge in modern neuroscience. Techniques in electrical brain

stimulation, based on penetrating or surface-mounted elec-

trodes, represent the most traditional means for activating neu-

rons to determine their roles in cognitive function (Campbell

et al., 1991; Cogan, 2008; Kozai et al., 2012). Confounding ther-

mal effects, lack of cell-type specificity, the inability to target

small numbers of neurons inside electrically conductive tissues,

and adverse long-term effects on tissue health are some of the

many limitations of these approaches (Aravanis et al., 2007).
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Optogenetics avoids these complications through the use of

photosensitive ion channels or proteins in genetically modified

neurons to allow optical stimulation or inhibition of activity in a

highly targeted and controlled fashion (Boyden et al., 2005; De-

isseroth, 2011; Fenno et al., 2011; Packer et al., 2013; Siuda

et al., 2015a, 2015b; Sparta et al., 2011; Toettcher et al., 2011;

Yizhar et al., 2011). This methodology is considered essential

for current efforts in neuroscience research largely because of

its capabilities for sophisticated functional studies in the central

and peripheral nervous systems (Bonin et al., 2016; Boyden

et al., 2005; Iyer et al., 2014; Kim et al., 2013; Sparta et al.,

2011; Towne et al., 2013). Recent developments in material sci-

ence and electrical engineering combine this optical control with

the use of soft, flexible optoelectronic implants that deliver light

directly to regions of interest using ultraminiaturized light-emit-

ting diodes (LEDs), powered and controlled wirelessly (Jeong

et al., 2015; Kim et al., 2013; McCall et al., 2013; Park et al.,

2015a, 2015b). Such devices enable a range of experiments

with untethered, freely behaving animals, in isolation or in social

groups, and in simple or elaborate environments. Alternative

technologies offer similar capabilities, but in more rigid formats

(Montgomery et al., 2015). These wireless platforms bypass

the constraints associated with traditional optical fiber interfaces

and its external connections; however, even the most advanced

wireless systems have drawbacks. These include reliance on: (1)

specialized device architectures and unusual combinations of

materials that are not easily adapted to mass manufacturing;

and (2) wireless operation in radiofrequency (RF) bands that

are susceptible to signal reflection, interference and absorption

bymetallic objects, water features, and other obstructions within

or adjacent to the area of interest. As a result, such technologies

require expertise in RF electronics for optimized configuration

and reliable operation. Options in solar and battery power elim-

inate some of these disadvantages, but they limit experimental

options and add significant weight and bulk (Lee et al., 2015;

Park et al., 2015b). In all reported approaches, the accessibility

of the implantable devices to the broader community is limited

because of the specialized procedures required for their

construction.

Here, we demonstrate schemes to circumvent these chal-

lenges that leverage ideas associated with recently reported,

small-scale, flexible optoelectronic devices that achievewireless

operation by inductive coupling at frequencies (13.56 MHz) (Kim

et al., 2015a, 2015b) common to those with near-field communi-

cation (NFC) hardware found in commoditized consumer and

industrial wireless electronic devices. In particular, we demon-

strate that related NFC schemes and miniaturized, flexible wire-

less receivers can serve as the basis of a versatile technology for

optogenetics. Unlike previous wireless systems designed for the

UHF (ultrahigh-frequency, 300–3,000 MHz) bands, these induc-

tively coupled antennas operate in the HF (high-frequency, 3–30

MHz) band. These implantable devices, which use the HF band,

overcome the limited operational range associated with previ-

ously reported systems (Hannan et al., 2014; Harrison et al.,

2009). The result enables full wireless coverage across many

cage types and environments, with little sensitivity to the

presence of objects or physical obstructions, including those

environments made of metals or with significant water content.
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Reliable operation is, in fact, even possible underwater and/or

through metallic cages and/or plates. This level of robustness

in function greatly reduces requirements in RF optimization

and tuning. In addition to commoditized NFC transmission and

control hardware, these implantable components can be mass

manufactured in planar geometries using established processes

adapted from the flexible printed circuit industry. In addition, the

near-field wireless device or system used here can be modified

with add-on NFC chips to correspondwith sensors or electrodes

for additional biological data. Here, we introduce these features

in a device that includes ultrathin, injectable needles as supports

for microscale inorganic LEDs (m-ILEDs) (Al-Hasani et al., 2015;

Jeong et al., 2015; Kim et al., 2013; McCall et al., 2013; Park

et al., 2015a, 2015b; Siuda et al., 2015b; Wu et al., 2015) that

implant into targeted regions of the deep brain. An electrically

connected sub-system integrates a flexible magnetic loop an-

tenna, rectifier, and indicator LED that mounts sub-dermally on

top of the animal’s skull, to offer chronic stability (many months)

in operation without any observable adverse effects on the ani-

mal movement, brain tissue, or general social behavior. Detailed

studies of these devices and affiliated external hardware,

including demonstrations in vivo for their use in two models of

reward-seeking behavior, illustrate key aspects of the technol-

ogy. The results provide a platform for broad application in

studies of freely moving animal behavior within nearly any exper-

imental context.

RESULTS

Designs and Operational Features of Thin, Flexible,
Millimeter-Scale Devices for Wireless, Programmed
Delivery of Light into Biological Tissues for Optogenetic
Experiments
The device incorporates various functional layers (copper

metallization), barrier films [parylene and poly(dimethylsiloxane)],

and active components (surface-mounted chips and m-ILEDs)

fabricated on a substrate of polyimide (75 mm thickness) in an

overall planar geometry to facilitate processing by conventional

manufacturing techniques. An open architecture allows out-of-

plane motion of an injectable needle during manipulation and

implantation. This needle incorporates a m-ILED (270 3 220 3

50 mm) at the tip. Previous studies summarize aspects of the

size, shape, and biocompatibility of such needles for deep brain

implantation (Al-Hasani et al., 2015; Jeong et al., 2015; Kim et al.,

2013; McCall et al., 2013; Park et al., 2015b; Siuda et al., 2015b).

The electrical interface consists of a pair of metal lines that pass

along a serpentine interconnect trace to allow vertical and hori-

zontal freedom of motion relative to a connected circular coil

(9.8 mm diameter, copper traces: 8 turns, 60 mm width, 18 mm

thickness, and 80 mm spacing) with surface-mounted chips for

power transfer and control via magnetic coupling to a separate

RF transmission loop antenna operating at 13.56 MHz (Kim

et al., 2015a, 2015b). Here, a capacitor (23 pF) provides imped-

ance matching. A Schottky diode rectifies the received RF

signals to yield a current source for the m-ILEDs.

The system includes two separate LEDs: one with blue emis-

sion (470 nm) adjacent to the targeted tissue to serve as the

source for optogenetic simulation; the other with red emission



Figure 1. Designs and Operational Features of Thin, Flexible Wireless Optoelectronic Implants for Optogenetic Experiments

(A) Schematic illustration of the overall construction, highlighting a freely adjustable needle with a m-ILED at the tip end, connected to a receiver coil with matching

capacitors, a rectifier, and a separate m-ILED indicator.

(B) Picture of a completed device (diameter �9.8 mm) on top of fingertip and next to a USA dime (diameter, 17.91 mm) (insets) for size comparison.

(C) Scanning electronmicroscope images of an injectable needle with LED and coil trace with the dimension of 60 mmwidth, 18 mm thickness, and 80 mmspacing,

colorized to highlight the different components (blue: m-ILED; yellow: polyimide; orange: copper).

(D) Images and corresponding finite element modeling results of the device before and after bending (left) the body of the device and stretching (right) the

serpentine connection to the injectable needle, respectively.
(650 nm) lies just under the skin next to the coil to provide an

externally visible signal of system activation, at a wavelength

that is essentially invisible to rodents (Conway, 2007; Jacobs

et al., 1991, 2007). We refer collectively to this red LED, the

coil, and associated components as the body of the device.

Additional information about the circuit design and the chip com-

ponents appears in Figures S1A–S1D. The entire device is de-

picted next to a USA dime (17.91 mm diameter) to convey a

sense of size (Figure 1B) (insets). After encapsulation with a

uniform bilayer of parylene (5 mm) and poly(dimethylsiloxane)

(PDMS; �0.5–300 mm), the maximum thickness is 1.3 mm (at

the location of the chips for the rectifier), similar to that of the

dime (1.35mm); theminimum thickness is 0.5 mm at the position

of the coil and associated interconnect wiring. The needle has a

total thickness of �80–130 mm and a width of 350 mm (cross-

sectional area: �0.028–0.0455 mm2). These dimensions are

comparable with those of conventional optical fiber probes

with diameters of 200 mm (cross-sectional area: 0.0314 mm2).

These miniaturized dimensions, the lightweight construction

(�30 mg), and the mechanical flexibility represent attractive

characteristics as a versatile platform for wireless delivery of

light not only into targeted regions of the brain, but also to other

organs and tissues. An enlarged image of the m-ILED on the tip of

the needle (350 mmwidth) appears in Figure 1C (left). The bottom

contact pads of both m-ILEDs bond to corresponding copper
features via a solder paste (SMD290SNL250T5; Chip Quik).

The colorized SEM image of Figure 1C (right) shows a represen-

tative trace of the coil, designed to resonate at 13.56 MHz with a

Q factor of �22 and an inductance of �1.8 mH. Figure 1D shows

the device bent to a radius of curvature R = 5 mm (left column)

and with the serpentine trace stretched to 300% (right column),

obtained by the finite element analysis (FEA) and experiments,

where the color in FEA represents the effective strain. The mini-

mum R of the coil can reach �9 mm, and its maximum stretch

can reach �51%, within limits of elastic reversibility (for 0.3%

yield strain of copper). For R = 5 mm or the serpentine trace

stretched to 300%, the maximum effective strain in copper is

�2.0%, which is much lower than its fracture strain (�5%).

Electrical, Optical, Mechanical, and Thermal Properties
of the Devices
Figure 2 summarizes the essential electrical, optical, mechanical,

and thermal properties. The current-voltage response and the op-

tical output power highlight the key operational characteristics,

which are all consistent with the requirements for most optoge-

netic studies. An external loop antenna interface to an RF gener-

ator (Feig system; 12W output power) canwirelessly supply suffi-

cient power for device operation at distances of up to 30 cm. The

RFsignal canbedividedwith amultiplexer (ID ISC.ANT.MUX, Feig

system) to increase the distance or to operate multiple antennas.
Neuron 93, 509–521, February 8, 2017 511
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Figure 2. Electrical, Optical, Mechanical, and Thermal Properties

(A) Current-voltage-light output characteristics.

(B) Emission spectra associated with operation of devices built with different m-ILEDs.

(C) Normalized light optical power as a function time after immersion of devices in warm saline solutions with temperatures of 37�C, 60�C, and 90�C.
(D and E) Normalized light optical as a function (D) of extension of the serpentine interconnect to the injectable needle and (E) of the bending radius of the body of

the device, respectively.

(F) Change in temperature adjacent to an operating m-ILED (T: theoretical, for the case of brain tissue; E: experimental, for the case of a hydrogel) as a function of

duty cycle of operation at different peak output powers (10, 20, and 50 mW/mm2).

(G) Current output from a photodiode placed adjacent to a m-ILED operating at different pulse frequencies (5, 10, and 20 Hz), for a fixed duration of 20ms. The rise

and fall times are �0.1 ms.

512 Neuron 93, 509–521, February 8, 2017



The optical output power estimated from the measured current-

voltage curve is on the right y axis of Figure 2A. Most optogenetic

experiments require powers of�1–50 mW/mm2 (Al-Hasani et al.,

2015; Aravanis et al., 2007; Boyden et al., 2005; Deisseroth, 2011;

Fenno et al., 2011; Jeong et al., 2015; Kim et al., 2013; Montgom-

ery et al., 2015; Park et al., 2015a; Wentz et al., 2011; Yeh et al.,

2013; Yizhar et al., 2011), well within the range accessible with

these devices, over distances that span the dimensions of most

home cage environments and behavioral chambers widely used

in small-animal behavior experiments. Optical emission in the

UV, blue, green, yellow, and red enables activation of the most

popular opsins, including Channelrhodopsin-2 (ChR2) halorho-

dopsin (eNPHR), and archaerhodopsin (Arch or ArchT), SWTCHR,

Opto-XRs, and others (Aravanis et al., 2007; Bonin et al., 2016;

Boyden et al., 2005; Deisseroth, 2011; Fenno et al., 2011; Iyer

et al., 2014; Kim et al., 2013; Packer et al., 2013; Siuda et al.,

2015a, 2015b; Sparta et al., 2011; Toettcher et al., 2011; Towne

et al., 2013; Yizhar et al., 2011). This entire wavelength

range can be addressed in devices that incorporate appropriate

m-ILEDs, as shown in images and emission spectra in Figure 2B.

Fabrication of UV devices (390 nm; 100 3 100 3 6 mm)

exploits previously reported lithographic processes (Kim et al.,

2013; McCall et al., 2013). The blue (470 nm; 220 3 270 3

50 mm) and green (540 nm; 220 3 270 3 50 mm) devices use

commercial m-ILEDs. The yellow (580 nm; 220 3 270 3 50 mm)

and red (650 nm; 220 3 270 3 50 mm) devices use yellow and

red phosphors (Figures S2A and S2B) coated onto blue m-ILEDs,

respectively.

The encapsulation bilayer of parylene (5 mm)/PDMS (�0.5–

500 mm) extends across all surfaces. Immersion in physiological

saline solutions at different temperatures (37�C, 60�C, and 90�C)
reveals that these layers provide barrier properties that enable

sufficient operational stability. The devices also remain intact,

without noticeable degradation of optical power, for at least

90 days at temperatures <90�C (Figure 2C). Based on Arrhenius

scaling, the encapsulated devices are projected to survive up to

a year at 37�C in saline solution (Kittel and Kroemer, 1980). Addi-

tionally, the optical power is invariant to extension of the serpen-

tine interconnect trace to 300% (Figure 2D) and bending of the

coil to a radius of curvature as small as 6 mm (Figure 2E), which

is smaller than that of mouse skull (�7 mm) measured with the

caudal view of mouse skull (Bab et al., 2007). Detailed modeling

results and mechanical characteristics appear in Figure S1. This

level of flexibility allows the device to be bent over the curved

surface of the skull after injecting the needle into the brain. The

device is secured and then the skin is sutured over the device.

Thermal considerations are important to the operation of any

active device implanted in the brain or other sensitive biological

tissues. Infrared imaging reveals no measurable changes in the

temperature across the surfaces of the body of the device,

including the coil, the red m-ILED, the rectifier, and capacitors,

duringwireless operation of the blue m-ILED at light output power

up to 50mW/mm2 in the air (Figures S2C and S2D). Careful mea-

surements of temperature at the surface of the blue m-ILED (Fig-

ure 2F, experimental [E]) as a function of the duty cycle during

pulsed operation at three different peak optical powers compare

well with those computed using three-dimensional thermal

models (Figure 2F, theoretical [T]). Additional modeling results
appear in Figures S2E–S2H. The data indicate only minute in-

creases in temperature (�0.1�C) during operation under typical

conditions used for most in vivo applications, e.g., output power

of 10 mW/mm2 and 20 Hz pulsing at a duty cycle of 20%. Here,

the RF transmission system that couples to the loop antenna de-

fines the pulsing parameters. Figure 2G shows representative

pulse sequences based on square waveforms at various fre-

quencies (5, 10, and 20 Hz), with light output measured using a

low-capacitance and high-speed photodiode (PDB-C609-2 Sili-

con Photodiode; API) placed on top of the operating m-ILED. The

waveforms (controlled via Arduino) have rise and fall times

of <0.1 ms.

In addition to the device coil, the transmission loop antenna

must be optimized for efficient power transfer. The voltage

induced in the receiving coil depends on the distance from the

loop and on their relative angular orientations. A single transmis-

sion loop with dimensions of 303 30 cm shows uniform in-plane

coverage (ratio of output power from the center point > 0.6),

although with limited out-of-plane range, such that only 40% of

the maximum optical output appears at a vertical distance of

4 cm from the loop (Figure S3B). A double-transmission loop

design addresses this limitation. Figure 3A shows a representa-

tive configuration, consisting of a double-loop antennawith turns

at heights of 4 and 11 cm from the bottom of the animal enclo-

sure. This figure also shows the optical output power, normalized

by its value at the center of double-loop antenna (at 3 cm), for a

horizontal device at the height of 3, 6, 9, and 12 cm. The power is

relatively uniform across the region of interest, with the in-plane

ratio of the power to its value at the center (at the same height)

>0.6 and out-of-plane ratio (normalized by its value at height

6 cm) >0.8. Additional experiments for dual loops with spacings

of 8, 10, and 13 cm (Figures S3C–S3E) yield reduced uniformity

in coverage compared with the 7 cm spacing in Figure 3A.

The power also depends on the orientation of the device with

respect to the loop antenna. Figure 3B gives the theoretical (T)

and experimental (E) results for the power versus the height at

three representative positions (center A; edge B; and corner C)

and a wide range of angle from 0� to 80�. Here the power is

normalized by its value at the center point (A) with height 3 cm

and angle 0�. The normalized power values are �0.8–1.5,

�0.6–1.4, �0.5–0.9, and �0–0.9 for angles of 0�, 30�, 60�, and
80�, respectively. The practical significance of these angular

variations must be considered in use of these devices for

optogenetics experiments. Advanced antennas and RF delivery

schemes offer some potential to minimize these effects.

The spatial uniformity can be visualized directly by simulta-

neous operation of a large collection of devices (13 in this

case) placed on a transparent thin substrate inside an enclosure

surrounded by a dual-loop antenna (303 303 15 cm), as in Fig-

ures 3C–3F. These observations are consistent with those sug-

gested by calculations, and they also illustrate the ability of this

system to operate many devices at once, consistent with the ex-

pected relationship between the power transfer and the size of

the loop antenna (Cannon et al., 2009). Data from such experi-

ments can be captured using a calibrated photodiode to mea-

sure the outputs of each m-ILED. The voltage-output power

data, as shown in Figure 2A, yield corresponding operating volt-

ages. At heights of 3, 6, 9, and 12 cm from the bottom, devices at
Neuron 93, 509–521, February 8, 2017 513



Figure 3. Modeling and Experimental Results for Power Transmission from Loop Antennas with Different Designs

(A) Simulated light output power from awireless device, as a function of in-plane position at four different heights from the bottom of an enclosure, for the case of a

double-loop antenna with turns at heights of 4 and 11 cm.

(B) Theoretical (lines) and experimental (symbols) results for the normalized light output power as a function of height for four different angular orientations

between the coil and the loop antennas. The inset cartoons show tilted views of head of the animal.

(C–F) Wireless operation of 13 devices mounted on a thin transparent support, placed at heights of (C) 3, (D) 6, (E) 9, and (F) 12 cm from the bottom. The insets

show enlarged images of devices with position of A (red dotted square), B (green dotted square), C (blue dotted square), and normalized light output power.
the same in-plane positions across the enclosure exhibit

maximum variations in the output intensity of only 30%.

Surgical Procedure for Device Implantation
Implantation of these devices (Figure 4A) is very similar to im-

plantation of traditional optic fiber ferrules and previous wireless

devices (Al-Hasani et al., 2015; Jeong et al., 2015; Kim et al.,

2013; McCall et al., 2013; Siuda et al., 2015b). Once the region

of interest has been located and a hole drilled through the skull,

the device can be lowered using the custom mounting fixture.

This fixture holds the needle and the coil, and connects to the

arm of a stereotaxic stage from where it can be lowered into

the brain (Figures 4B–4F). Once the device has been lowered

to the required depth, the needle is secured in place by applying
514 Neuron 93, 509–521, February 8, 2017
a small amount of cyanoacrylate gel followed by an accelerant

(or approved adhesive, dental cement, etc.). The device can

then be released from the fixture by removing the pin (Figure 4G).

The coil is then tucked under the skin and can be further secured,

although not necessary, with cyanoacrylate gel, and the skin su-

tured (Figure 4H). These surgeries are substantially faster than

the implantation of traditional fiber optics and fully sutured

without any open skin so the animals recover faster and experi-

ments can begin 4–5 days post-surgery rather than 7–10 days

post-surgery. In addition, these devices have a red LED indica-

tor, which is easily visible through the skin, thereby providing a

convenient indicator of operation, which has not been previously

possible with any reported implantable optogenetic device (Fig-

ure 4I). Figures 4J–4L show an implanted animal at various time



Figure 4. Illustration of Surgical Procedures for Implanting the Device and Recovered Mouse for Operation in the Deep Brain

(A) Representative image of implantable device.

(B) Images of customized mounting clip and its procedure.

(C) Image after connecting with stereotaxic arm.

(legend continued on next page)

Neuron 93, 509–521, February 8, 2017 515



points after the surgery. Additional images from surgical implan-

tation and data are in Figure S4. In vivo measurements yield

qualitatively consistent results. More than 80% (19/23) of suc-

cessfully implanted devices survived more than 3 months inside

the brain and under the skin.

Adaptation andDemonstration of theDevices inMultiple
Behavioral Apparatuses
Depending on the dimensions of the animal behavior chamber,

double-loop and/or diagonal-loop antennas can increase the

volumetric and angular coverage of the near-field wireless

coverage (Figure 5). Here, we show wireless operation and

robust coverage in multiple representative cages and boxes

commonly used for behavioral studies. Conventional fiber-optic

approaches or wired hardware cannot be used effectively with

enclosed cages (i.e., home cages) or for performing social inter-

action studies with more than one mouse, because of potential

entanglement of the fiber cables or damage to the head stage.

Even wireless systems that rely on UHF cannot operate reliably

because of their sensitivity to surrounding metal components

and/or water pools/reservoirs in or around the cages (Al-Hasani

et al., 2015; Kim et al., 2013; Montgomery et al., 2015; Park et al.,

2015a; Siuda et al., 2015b; Wentz et al., 2011; Yeh et al., 2013).

By contrast, none of these considerations prevents use of the

systems we introduce here. In fact, closed-lid home cages with

food and water containers are fully compatible, largely indepen-

dent of materials and structures, suitable for studies of individ-

uals or groups of mice. The home cage shown here has a length

of 30 cm, awidth of 20 cm, and a height of 20 cm. As in Figure 5A,

the loop starts at 4 cm from the bottom of one plane and sur-

rounds the cage twice with 7 cm spacing between these two

turns. The right top image of Figure 5B shows that the double

loop covers the entire volume, as illustrated by simultaneous

operation of 15 devices. Mice with red indicators of operation

were able to move with ease freely inside the home cage in the

bottom frame of Figure 5B, demonstrating that these devices

are highly versatile for use in optogenetics studies.

To demonstrate successful operation in in vivo optogenetic

experiments, we characterized the technology in a host of

commonly sized animal behavior chambers. In two demonstra-

tions, we optogenetically targeted dopamine projection neurons

of the dopaminergic system. This is a commonly targeted

pathway and facilitates a combination of behavioral models for

testing of dynamic range. Such studies involve a real-time place

preference (RTPP) box (2 3 30 3 30 3 30 cm) with a modified

double-coil design as shown in Figure 5C. The coils rest under

the box at its center region, to eliminate its influence on natural

behaviors of freely moving animals within the box. As in Fig-

ure 5D, the coil covers the dimensions of 30 cm (length), 30 cm

(width), and 15 cm (height), which corresponds to a volume of

13.5 L (13,500 cm3). Mice with working implants appear in the

left side of the box in Figure 5D, operated with a modified dou-

ble-loop antenna. See Movie S1 for real-time operation in the
(D–F) Images of the surgical steps for (D) holding and (E) positioning the body of

(G and H) Images of mouse (G) after releasing of device from stereotaxic arm an

(I) Wireless operation of implanted device after suturing the skin.

(J–L) Images of recovered mouse after (J) 1, (K) 4, and (L) 8 weeks from surgery.
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RTPP box. The Skinner box (Figure 5E), also called an operant

conditioning chamber, is widely used for the study and training

animals with reward behavior toward various situations and

external stimuli. The small, but complex structure of the chamber

complicates the operation of wired approaches, specifically with

regard to the drug addiction field, where an animal is already

tethered to the self-administration line, thus drastically limiting

the potential to fully dissect the neural circuitry underlying drug

addiction. Additionally, in performing intracranial drug infusions

via cannula, one would need two cables, fiber and drug tubing,

making these behavioral experiments challenging and difficult

to implement. Many metal parts associated with slots on two

sides and rod arrays or containers at the bottom can affect the

performance and coverage of previously reported wireless sys-

tems (Kim et al., 2013; Montgomery et al., 2015; Park et al.,

2015a; Wentz et al., 2011; Yeh et al., 2013). In this case, mice

often stand and lean on the wall for relatively long times because

of the small dimensions of the cage and the functioning parts on

the wall. The double-loop antenna around this small cage yields

robust coverage inside the box in a manner that also enhances

the angular coverage. Figure 5F shows the placement of double

coils and the results of evaluations of coverage using nine de-

vices, as well as a freely moving mouse with an implanted de-

vice. SeeMovies S2 and S3 for real-time operation in the operant

chamber. The forced swim test (Figure 5G) is another apparatus

of interest for behavioral measures of learned helplessness (Por-

solt et al., 1977). Here, the animals can swim and/or entirely sub-

merge in the water, with little effect on the performance. A single

loop coil around the water tank covers the area up to 4 cm above

and below the surface of the water (Figure 5H, top right). Fig-

ure S5H shows additional experiments in a large water tank

and with submerged devices. Additional cage environments,

including those with metal running wheels, can be found in

Figure S5.

Wireless Stimulation of Dopaminergic Neurons in the
Ventral Tegmental Area or Nucleus Accumbens
Promotes Rewarding and Reinforcing Behaviors
To test for the reliable application of these devices in vivo, we tar-

geted the mesolimbic dopaminergic (DA) pathway, a circuit

known to facilitate reward and positive reinforcement (Tsai

et al., 2009; Witten et al., 2011), by injecting AAV5-DIO-ChR2-

eYFP or AAV5-hSyn-FLEX-ChrimsonR-tdTomato into the ventral

tegmental area (VTA) of DAT-Cre mice and directing the inject-

able m-ILED unilaterally into the nucleus accumbens (NAc) or

ventral tegmental area (VTA) (Figure 6A). Both viral approaches

were included to demonstrate the feasibility of stimulating

different brain regions and the functionality of m-ILED under

different emission (blue and red) spectrums. Characterization

of robust ChR2 expression in the VTA and NAc is in Figures 6C

and 6D. Here, we demonstrate that within a real-time place pref-

erence task, wireless photostimulation (20 Hz, 5 ms pulse width)

of DAergic terminals in the NAc, as well as DAergic cell bodies in
the device, and (F) injecting the needle into the deep brain, respectively.

d (H) before suturing skin.



Figure 5. Representative Setup of the Loop Antenna around Various Animal Apparatuses

(A, C, E, and G) The detailed layouts of the loop around a home cage (A), a real-time place preference (RTPP) box (C), an operant conditioning box (E), and a water

tank (G).

(legend continued on next page)
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the VTA, significantly shifts ChR2- and Chrimson-expressing

DAT-Cre mice from no chamber preference to a preference for

the stimulation-paired chamber (as measured by time in stimula-

tion side � non-stimulation side and % of time in stimulation

side; Figures 6B, 6E, and 6F). There were no observable differ-

ences in chamber preference during no stimulation or stimulation

test phases in DAT-Cre mice lacking ChR2 or Chrimson (Figures

6B, 6E, and 6G). To further demonstrate the feasibility and appli-

cation of this novel system, we employed an operant self-stimu-

lation paradigm where the mouse is allowed to trigger m-ILED

stimulations on a fixed-ratio 1 schedule of reinforcement where

one nose poke resulted in one photostimulation (Figure 6H). Dur-

ing 7 consecutive days (sessions), both DAT-Cre mice express-

ing ChR2 and DAT-Cre mice lacking ChR2 were allowed to self-

stimulate during 60 min sessions, where a nose poke in the

active port resulted in a m-ILED stimulation (470 nm, 8 mW,

20 Hz, 5 ms pulse width, 1 s burst) of dopaminergic terminals

within the NAc, while a nose poke in the inactive port resulted

in no stimulation (Figure 6H). ChR2-expressing DAT-Cre mice

significantly preferred the active nose poke over the inactive

nose poke across seven sessions, as well significantly received

more photostimulations than DAT-Cre mice absent of ChR2

expression (Figures 6I–6K). When the stimulation was absent,

all DAT-Cre mice expressing ChR2 showed a pronounced

decrease in active nose pokes (Figure 6L), further indicating

that ChR2-expressing mice were exhibiting photostimulation-

maintained responding. Taken together, these in vivo assays

highlight the ability for wireless spatiotemporal targeting of

discrete brain regions for broad application inmultiple behavioral

contexts with regard to in vivo optogenetics.

DISCUSSION

The thin, flexible, and fully implantable wireless optoelectronic

technologies reported here have broad applicability across the

neuroscience research community. By comparison with alterna-

tives, the robustness of their operation, the scalable methods for

their manufacturing, and the relative simplicity of the associated

control and power delivery electronics represent key attractive

features. The surgical procedures are similar to those used

with conventional optical fiber systems (Boyden et al., 2005; De-

isseroth, 2011; Fenno et al., 2011; Sparta et al., 2011; Toettcher

et al., 2011; Yizhar et al., 2011) and other wireless systems (Al-

Hasani et al., 2015; Jeong et al., 2015; Kim et al., 2013; McCall

et al., 2013; Siuda et al., 2015b), but with reduced invasiveness

associated with implantation. The lightweight, battery-free,

sub-dermal nature of this platform also minimizes collisions be-

tween bulky head-mounted hardware and various parts of the

cage environment (running wheel, food container, lid, and so

on) and for avoiding risks that arise from group housing. The

sub-dermal configuration allows for long-term functionality as

well as simultaneous implantation of the device and the virus

during a single surgery rather than two separate surgeries.
(B) Images of the loop and wirelessly operating devices and the corresponding m

(D) Images of double-loop and wirelessly operating devices and corresponding m

(F) Images of mouse with working device in the operant conditioning chamber co

(H) Images of water tank with single-loop antenna, working devices under the wa
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With traditional fiber optics, the virus is often injectedweeks prior

to the fiber optic to allow for viral incubation, while also address-

ing concerns that the external ferrule may loosen and dislodge

the fiber-optic cable.

An associated consequence of the physical form and the

bilayer encapsulation scheme is that the devices have excep-

tional viability, with robust operation consistently for more

than 3 months post implantation without performance degrada-

tion or any significant immune responses. The near-field

coupling scheme, together with the unique optical, electrical,

and mechanical characteristics, provide great versatility in all

types of optogenetic stimulation and inhibition experiments.

Compatibility with a broad range of LEDs (UV, blue, green,

yellow, and red), widely controlled optical output powers

(�0–100 mW/mm2), and pulsing parameters with short rise and

fall times (< 0.1 ms) support additional options for optogenetic

studies using alternate opsins or light-sensitive proteins. Dem-

onstrations in various optogenetic applications with freely mov-

ing animals in complex cages, metal surroundings, or also water

tanks support these capabilities. Continuous illumination for inhi-

bition may involve challenges in thermal management, perhaps

addressable with the addition of copper metallization along the

length of the needle to accelerate thermal diffusion away from

the m-ILEDs.

Although the results presented here involve only a single over-

all device geometry, the designs are easily adaptable for needles

with different lengths, matched to targeted regions of the brain,

and emerging from different regions of the device relative to

the body, potentially to allow bilateral delivery of light in addition

to the potential availability to other rodent models (i.e., rats, prai-

rie voles). Advanced versions can be envisioned that involvemul-

tiple needle interfaces to a single device body, with single or mul-

tiple m-ILEDs along the length of the shaft. The shapes and the

sizes of the antenna coils can also be altered to match the anat-

omy and the type of animal; larger coils increase the received po-

wer, and therefore the operating range beyond the somewhat

modest demonstrations reported here. Other alterations will

allow application to alternative optogenetic targets, including

the spinal cord and sciatic nerve (Montgomery et al., 2015;

Park et al., 2015a). Splitter boxes can enable use of a single

set of electronics for operation of multiple antennas around mul-

tiple cages with different animals, for highly parallel types of ex-

periments or for targeted control of different individual animals

within a group. Advanced antenna designs and transmission

electronics have the potential to eliminate current limitations

associated with angular variations in the received power and to

expand the operating range to even larger sizes. Furthermore,

the same NFC approach for delivering power to the devices

can serve, with advanced electronics, as a wireless capability

for data communication. Additionally, with the rapid emergence

of sophisticated NFC chips, possibilities such as independent

control of multiple m-ILEDs on a single needle and integration

of photodetectors can increase the potential advantages of
ice with near-field wireless implants in the home cage covered with lid.

ice with near-field wireless implants in the RTPP box.

ntaining metal components.

ter, and a swimming mouse that has a working device.
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these devices. Previously reported, battery-based technologies

in wireless drug delivery (Jeong et al., 2015) could also be

considered in wireless embodiments. Such types of customized

wireless systems (Figures S6A–S6D) in the context of mass-pro-

ducible device architectures (Figures S6E–S6H) foreshadow

widespread use for many purposes in neuroscience research.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Tyrosine Hydroxylase (TH) Aves Labs Cat# TYH, RRID: AB_10013440

Goat anti-Chicken, Alexa Fluor 594 Thermo Fisher Cat# A-11042; RRID: AB_2534099

NeuroTrace 435/455 Thermo Fisher Cat# N21479

Experimental Models: Organisms/Strains

DAT-Cre mice

(B6.SJL-Slc6a3tm1.1(cre)Bkmn/J)

Cristina M Backman, National Institute on Drug

Abuse (NIH)

https://www.jax.org/strain/006660

Bacterial and Virus Strains

AAV5-DIO-ChR2-eYFP (1.5 3 10^13 vg/ml) Washington University HOPE Center Viral Vector

Core; https://hopecenter.wustl.edu/?page_id=99

N/A

AAV5-hSyn-FLEX-ChrimsonR-tdTomato

(5.7x10^12 vg/ml)

University of North Carolina Vector Core;

https://www.med.unc.edu/genetherapy/vectorcore

N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information regarding reagents and resources may be directed to, and can be fulfilled by the lead contact Michael Bruchas,

bruchasm@wustl.edu and devices can now be obtained at http://www.neurolux.org.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult (25-35 g, �8-16 weeks of age during experiments) male DAT-Cre mice (species Mus musculus) were group housed (no more

than 5 littermate per cage) and allowed food and water ad libitum. Mice were maintained on a 12 hr:12 hr light:dark cycle (lights on at

7:00 am). All procedures were approved by the Animal Care and Use Committee ofWashington University and adhered to NIH guide-

lines. DAT-IRES-Cre mice were kindly provided by the laboratory of Xiaoxi Zhuang. The mice were bred at Washington University in

St. Louis by crossing the DAT-IRES-Cre mice with C57BL/6 wild-type mice and backcrossed for seven generations.

METHOD DETAILS

Fabrication of implants
The implantable device fabricating process begins with a flexible sheet of electro-deposited (Cu/Polyimide/Cu) high-density material

(Dupont, Pyralux) that is commercially available. The polyimide layer has 75 mm thickness, selected to provide sufficient robustness

for injection and but with adequate flexibility to minimize mechanically induced irritation at the tissue interface. Such substrates are

compatible with state-of-the-art manufacturing capabilities. When manufactured in panel mode, each sheet (30 cm by 23 cm) can

support hundreds of devices. The device pattern was defined on both sides of this flexible substrate using a photolithographic tech-

nique followed by an etch process for pattern delineation of the antenna (60 mm traces, 80 mmspaces), injectable needle (75 mm thick,

350 mm wide) and other remaining patterns, all within the range of capabilities of conventional photolithographic tools. The holes

(50 mm in diameter) were laser-drilled through the substrate and were subsequently filled with copper by electroplating to form elec-

trical interconnect to both layers. A polyimide cover layer (�25 mm) coated over the entire surface and openings are lithographically

defined for the electronic components; m-ILED (TR2227, Cree), capacitor (250R05L220GC4T, Johanson Tech), rectifier

(CBDQR0130L-HF, Comchip Tech) and indicator (LNJ947W8CRA, Panasonic Elec.) which will then then placed and attached using

state-of-the-art tools for component pick-and-place. A UV laser cut all radius and contours including the extendable serpentine elec-

trical interconnect and needle, leaving the device fully suspended by two support chads for ease of handling. After placing and inte-

grating all components including m-ILED, PDMS and parylene were coated by a simple dip coating processes and commercial depo-

sition equipment. Red (HTR650, Phosphor Tech) and yellow (HTY560, Phosphor Tech) phosphors were used to shift the wavelength

of emission from the blue LEDs. Each phosphor powder was mixed with epoxy (5 min curable) at a mass ratio of 5:1. A small amount

of this mixture was applied to the entire surface of the LED, and then cured in air for 10 min. Figure S2A shows schematic illustrations

and pictures of phosphor-coated LEDs. The red phosphor yields red light (peak wavelength = 650 nm) as a result of stimulation from

the 470 nm emission from the blue LEDs. Figure S2B shows the shift from blue to red in the emission spectra.
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Mechanical modeling
Finite Element Analysis (FEA) using ABAQUS commercial software (ABAQUS Analysis User’s Manual 2010, V6.10) allowed calcula-

tions of the strains in the device subject to bending and stretching. The thickness of each layer in the cross section of the coil, needle,

and serpentine trace is given in Figure S1F with their elastic properties in S1E. The other components in the device (capacitor,

m-LEDs, rectifier and red-indicator) are modeled as rigid. As in experiments (Figure 1D), the load in the FEA is applied to bend the

device to a radius of curvature as small as 5 mm and stretch the serpentine trace by 300%. The outside layers (Parylene, PDMS

and Cu in Figure S1F) are modeled by the composite shell element (S4R), while the thick polyimide layer in the middle is modeled

by the 3D, solid hexahedron element (C3D8R). Three mesh densities, with 96,000, 360,000 and 1,360,000 elements, are used to

ensure the accuracy and convergence of numerical results, with the relative difference in the maximum strain �1.5% (Fig-

ure S1G–S1J). The minimal mesh size for 360,000 elements is �0.1 of the smallest feature dimension.

The effect of device deformation on the output power
The output power of the device depends on the magnetic flux through the device, the resonant frequency and the Q factor of the

device. In general, the magnetic fluxF=
RR

SB,dS through the device decreases with the bending radius due to a decrease in the pro-

jected area, where B is magnetic field produced by double loop antenna and S is the in-plane area enclosed by the coil of the device.

For a large double loop antenna, themagnetic field B remains essentially the samewhen a small device is bent such that themagnetic

fluxF depends only on the in-plane area S. The change of S is given by (d/R)2/32, where d is the inner diameter of the device and R is

the bending radius of curvature. For the device with �9.8 mm outer diameter, d = �7.9 mm, the in-plane area S only decreases by

�5.3% for R = 6mm. Themagnetic flux therefore almost remains unchanged for R > 6mm. The in-plane area S does not changewhen

the serpentine trace is stretched, as shown in Figure 2D. The resonant frequency andQ factor depend on effective inductance L of the

coil. Figure S1G shows that the maximum difference between the effective inductance for a planar coil and one with a radius of cur-

vature 6 mm is only �4.2%. Consequently the output power of the device remains unchanged for a bending radius R > �6 mm,

though this conclusion does not hold for R significantly smaller than 6 mm, as shown in Figure 2E. The deformed device obtained

from FEA is imported into commercial software (Ansys HFSS 13 User’s guide, Ansys 2011) to study the electromagnetic properties

(e.g., Q factor, resonant frequency).

Thermal Characteristics
Temperature changes of the device and m-ILEDs were monitored with an infrared (IR) camera (A655sc, FLIR systems) and an inte-

grated temperature sensor. Figures S2C and S2D shows the surface temperature of entire device, including the coil, rectifier, capac-

itor, red indicator LED and the injectable m-ILED in air. These measurements revealed no significant changes of the temperature over

the entire device. The temperature of the m-ILED increased by �1.5�C for an operating condition of 50 mW/mm2, 20 Hz, 20% duty

cycle after 10 min of operation. Modeling results for the temperature of tissue adjacent to an operating device as a function of the

output power density and duty cycle appear in Figures S2E–S2H. The results are similar to experimental findings in Figure 2F. For

conditions typical of those used for optogenetic stimulation (< 40% duty cycle, < 50 mW/mm2), the tissue temperatures increased

by less than 0.8 OC. Additional results correspond to measurements using Pt temperature sensors integrated directly next to the

m-ILED during operation inside a warm hydrogel (37�C).

Light output power measurements
The output power levels of wired m-ILED devices (Figure 2A) were measured with an optical fiber, an integrating sphere (FOIS-1,

OceanOptics) and a spectrometer (HR 4000, Ocean Optics). The output power levels of wirelessly operating m-ILEDsweremeasured

with a photodiode (PDB-C609-2 Silicon Photodiode, API). The measured photocurrent is directly proportional to the optical output

power from the m-ILED at various wireless conditions (position, distance, angle, and power). Calibration of the response of the photo-

diode to m-ILEDs during wired operation using a separate DC power supply provides the same photocurrent on the photodiode. The

voltage-output power data yield the output power density of LED during wireless operation.

Stereotaxic surgery
Mice were anesthetized in an induction chamber (4% isoflurane), placed in a stereotaxic frame (Kopf Instruments), andmaintained at

1% - 2% isoflurane.Micewere then injected unilaterally using a blunt needle (86200, Hamilton Com.) with 350 nL of AAV5-DIO-ChR2-

eYFP (HopeCenter Viral Vector Core, viral titer 23 1013 vg/ml) or AAV5-hSyn-FLEX-ChrimsonR-tdTomato (UNCVector Core) into the

VTA (AP�3.2, ML ± 0.5, DV�4.8). After allowing 5-6 weeks for sufficient ChR2 to reach the terminal field, mice were then implanted

with wirelessly powered m-ILED wireless devices with the needle portion of the device containing the m-ILED implanted into the NAc

(AP +1.2, ML ± 0.3, DV �4.5 for ChR2-eYFP) or VTA (AP �3.2, ML ± 0.5, DV �4.8 for ChrimsonR-tdTomato). Mice were allowed

7 days of recovery before the start of behavioral experiments.

Real-Time Place Testing (RTPP)
Mice were placed in a custom-made unbiased, balanced two-compartment conditioning apparatus (52.5 3 25.5 3 25.5 cm)

as described previously by (Siuda et al., 2015b; McCall et al., 2015; Al-Hasani et al., 2015). Mice underwent a 20 min trial where

entry into one compartment triggered a wirelessly powered photostimulation of 20 Hz (5 ms pulse width) frequency while the
Neuron 93, 509–521.e1–e3, February 8, 2017 e2



mice remained in the stimulation-paired chamber, and entry into the other chamber resulted in no photostimulation (Refer to Figures

5C and 5D for modeling of wirelessly powered RTPP setup).

Operant Self-Stimulation
As previously described by (Al-Hasani et al., 2015), mice are initially food deprived to 90% of their body weight and trained to nose

poke for food pellets for 4 days during daily 60 min sessions in a mouse modular test chamber (Med Associates) on a fixed-ratio 1

(FR1) schedule of reinforcement. A correct nose poke response within the active hole resulted in a food pellet delivery where an incor-

rect nose poke within the inactive hole resulted in no food pellet. This was followed by a 60min operant self-stimulation session (for 7

consecutive days) where an active nose poke resulted in a 1 s, 473 nm photostimulation (20 Hz, 5 ms pulse width) where an inactive

nose poke resulted in no photostimulation. All active nose pokes were accompanied by a 1 s illumination of a cue light. (Refer to Fig-

ures 5E and 5F for modeling of wirelessly powered operant box setup).

Immunohistochemistry
Immunohistochemistry was performed as previously described by (Al-Hasani et al., 2013; Kim et al., 2013; McCall et al., 2015). In

brief, mice were intracardially perfused with 4% PFC and then brains were sectioned (30 microns) and placed in 1X PB until immu-

nostaining. Free-floating sectionswerewashed in 1XPBS for 33 10min intervals. Sections were then placed in blocking buffer (0.5%

Triton X-100 and 5% natural goat serum in 1X PBS) for 1 hr at room temperature. After blocking buffer, sections were placed in pri-

mary antibody (anti-chicken tyrosine hydroxylase (1:1000), Aves Labs) overnight at room temperature. After 3 3 10 min 1X PBS

washes, sections were incubated in secondary antibody (Alexa Fluor 594 goat anti-chicken (1:1000), Life Technologies) for 2 hr at

room temperature, followed by subsequent washes (3 3 10 min in 1X PBS). Subsequently, sections were incubated in NeuroTrace

(435/455 blue fluorescent Nissl stain (1:400), Life Technologies) for 1 hr, followed by 33 10min 1XPBS and 33 10min 1XPBwashes.

After immunostaining, sections were mounted and coverslipped with Vectashield Hard set mounting medium (Vector Laboratories)

and imaged on a Leica TCS SPE confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

For real-time place preference testing (Figures 6E–6G), data are presented as mean ± SEM, and were analyzed by 3-way analyses of

variance (ANOVA) with Bonferroni post hoc tests. RTPP experimental groups are as follows (Blue LED stimulation: n = 12/DAT-Cre+,

n = 5/DAT-Cre-; Red LED stimulation: n = 11/DAT-Cre+, n = 8/DAT-Cre-). Daily self-stimulation sessions (Figures 6I–6K) were

analyzed using repeated-measures ANOVAs with Tukeys post hoc tests. Student’s t test was used to determine the significance

of active nosepokes between Day 7 stimulation and Day 8 no stimulation test days (Figure 6L). Self-stimulation experimental groups

are as follows: n = 6 for DAT-Cre+ and n = 5 for DAT-Cre-. All statistically significant analyses were set at p < 0.05.

ADDITIONAL RESOURCES

For additional information about commercial versions of this technology now available, please visit http://www.neurolux.org where

devices and hardware can be obtained.
e3 Neuron 93, 509–521.e1–e3, February 8, 2017
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