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A Miniature, Fiber-Coupled, Wireless,
Deep-Brain Optogenetic Stimulator
Steven T. Lee, Student Member, IEEE, Pete A. Williams, Catherine E. Braine, Da-Ting Lin, Simon W. M. John, and
Pedro P. Irazoqui, Senior Member, IEEE

Abstract—Controlled, wireless neuromodulation using miniature implantable devices is a long-sought goal in neuroscience. It
will allow many studies and treatments that are otherwise impractical. Recent studies demonstrate advances in neuromodulation through optogenetics, but test animals are typically tethered,
severely limiting experimental possibilities. Existing nontethered
optical stimulators either deliver light through a cranial window
limiting applications to superﬁcial layers of the brain, are not
widely accessible due to highly specialized fabrication techniques,
or do not demonstrate robust and ﬂexible control of the optical
power emitted. To overcome these limitations, we have developed a novel, miniature, wireless, deep-brain, modular optical
stimulator with controllable stimulation parameters for use in
optogenetic experiments. We demonstrate its use in a behavioral
experiment targeting a deep brain structure in freely behaving
mice. To allow its rapid and widespread adoption, we developed this stimulator using commercially available components.
The modular and accessible optogenetic stimulator presented advances the wireless toolset available for freely behaving animal
experiments.
Index Terms—Deep brain stimulation, optical stimulation, optogenetics, wireless device.
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I. INTRODUCTION

M

INIATURE implantable devices are actively impacting
the treatment of neural disorders [1], [2]. By removing
the tethered artifact for chronic experimentation, wireless technology enables the study of disease in a more clinically relevant setting. Wireless telemetry offers the capability to deliver
stimuli and retrieve information from freely behaving subjects.
It will allow practical, around the clock, undisturbed neuromodulation and massively expand experimental abilities, which include the dissection of undisturbed group social behaviors. With
ever-decreasing nanoscale transistor processes, ultralow-power,
and smaller platform circuitry can be designed. Speciﬁcally, optoelectronic systems can enhance the rapidly expanding optogenetic [3] and electroceutical [4] toolboxes.
Here, we describe a new platform technology for deep brain
optical stimulation. Most experimental setups require bench-top
lasers and restrictive tethers. The few previously published
wireless stimulators use light-emitting diode (LED)-based
optical modules that are implanted in the brain [5] or mounted
external to the skull and deliver light through a cranial window
[6]–[8]. Importantly, these devices lack circuitry to precisely
control the optical power emitted [5], [7], do not demonstrate
targeting of deep brain structures [6]–[8], or are not widely
accessible due to highly specialized fabrication techniques [5].
One of these stimulators recently reported to target deep brain
structures with a changed behavioral output. However, only one
treated animal was separated from controls in the conditioned
place preference test presented to support this [5]. This device
was completely reliant on the instantaneous energy received
from far-ﬁeld radio-frequency powering. To deliver the required power, Federal Communications Commission (FCC)
standards for effective isotropically radiated power (EIRP)
were violated (FCC, Part 15–Radio frequency devices, Title
47, CFR 15; www.ecfr.gov/) [5]. Such a device, without further
optimization in wireless powering, would not offer robust and
reliable optical power outputs in freely behaving animals due
to the inherent challenges in wireless energy harvesting [9].
To surmount these shortcomings, we have developed a novel
optogenetic stimulator (OGS). This is a lightweight, miniature,
expandable, power-efﬁcient, wireless, and low-cost device to
offer control of stimulation parameters with demonstrated deep
brain targeting in rodents. To avoid heating within the brain, our
system utilizes an innovative, low proﬁle, optical ﬁber-LED
coupling mechanism so that only the light ﬁber enters the brain.
This stimulator is expected to allow many experiments that
are not currently practical. Additionally, it will improve many
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Fig. 1. OGS modules and full system. (a) Block diagram of the OGS. The passive radio (dashed line) can be removed if not needed. Solid-state batteries in parallel
power module,
with a capacitor are used to provide continuous power. An MCU and current driver are used to control the LED stimulation protocol. Red
control module, blue
optical module. (b) A rendering of the OGS fully connected. (c) Connecting the thee modules: power, control, and optical.
black
The optical module is depicted with corner cut away to show the coupling of the LED to ﬁber-ferrule. Inset is a cross-sectional perspective of the optical module.
(d) Control modules for wireless (left) and internal triggering (middle). Since the internally triggered device does not require a passive radio, the antenna and
rectiﬁer are removed from the device. This makes the control module even smaller. The optical module (right) with a ﬁber-ferrule directly coupled to an LED.
microcontroller. CCD
constant current driver. For alternative module conﬁgurations, see Suppl. Fig. 1. Side view of wireless control module is
MCU
provided in Suppl. Fig. 1(a). For an example OGS schematic, see Suppl. Fig. 2.

others by providing ﬂexible control of stimulation parameters,
reducing artifacts due to tethering, and reducing the stress of
relatively heavy cumbersome devices.
II. MODULAR OGS AND CONTROLLED
DEEP BRAIN STIMULATION
The OGS is a modular solution (three modules: optical, control, and power) that consists of a cranially mounted ﬁber-coupled LED, an ultralow power microcontroller (MCU) to control
stimulation protocols, a wireless link to trigger stimulation, and
rechargeable solid-state batteries [Fig. 1(a) and (b)].
Targeting of deep brain structures is essential to the study
of behavior [10], [11] and disease (e.g., Parkinsonian circuitry
[12] and epilepsy [13], [14]). The optical module achieves
this by coupling an optical ﬁber (core diameter
200 m;
numerical aperture
) to an LED [Fig. 1(c), (d)]. Since
optical throughput is limited by the relatively narrow acceptance angle (numerical aperture) and small surface area of the
optical ﬁber, previous tethered LED ﬁber-coupled strategies
had poor coupling efﬁciencies and required a driving current
of 1.0 A for 27 mW mm irradiance (465–485 nm) [15].
With our fabrication methods, the same irradiance level can
be achieved while providing 21.01 mA of current to the LED
( 50 fold current reduction [Fig. 2(a)]. This irradiance level

readily activates channelrhodopsin-2 (requires 1 mW mm of
473 nm light [16]).
LEDs are used due to the form factor, narrow emission spectrum, rapid rise time (nanoseconds), consistent light output, lifetime, and safety. Since the surface area ratio of the ﬁber to LED
package is
, we achieve the most efﬁcient optical coupling
by directly butting the ﬁber to the light source [17]. This is realized with a modiﬁed ﬁber-ferrule approach. A circularly packaged, reverse-mounted LED is embedded in a printed circuit
board (PCB) and a shaved ferrule is mounted through the opposing side [Fig. 1(c)]. This novel module is fabricated with two
concentric through holes of differing depths (1.5 and 0.75 mm)
and diameters (1.25 and 2.00 mm, respectively) to align and
hold the ﬁber and LED. Temperature at the bottom (ventral)
surface of the optical modules adjacent to the optical ﬁber only
increased by
C under different conditions that are far
more exacting than those used in the in vivo validation experiments below [Fig. 2(d), (e)], and temperature changes at the
skull would be considerably less. To our knowledge, this is the
ﬁrst cranially mounted optical module with LED-ﬁber coupling
to allow power efﬁcient, tether free, deep brain targeting.
Controllable optical stimulation enables more sophisticated
stimulation protocols. It allows desired setting of various frequencies, pulse widths, irradiances, and patterns. We designed
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Fig. 2. OGS characterization for control of stimulation parameters. (a) Irradiance of optical modules (n
) with respect to input current. Solid line = average,
gray shading = 95% conﬁdence intervals. Dotted lines = maximum and minimum. Measurements made with PM100D (Thorlabs) power meter. (b) Controlling
stimulation frequencies with the microcontroller (MCU) and constant current driver (CCD). Normalized amplitude is the analog response of the power meter from
an uncoupled LED connected to the control module. Green = 50 Hz. Blue = 30 Hz. Black = 20 Hz. Twenty pulses each. (c) Controlling pulse widths with the MCU
and CCD. Each trace is a single pulse at 20 Hz. Black = 2 ms. Red = 3 ms. Blue = 4 ms. Green = 5 ms. (d), (e) Heating from bottom surface of optical modules
) after 3 min of constant stimulation [(d): 10-ms pulse width, 20 mA; (e): 20 Hz, 10-ms pulse widths]. Measurements were made at room temperature
(n
(22–24 C). Dotted lines are least square regressions. Error bars are standard errors. (f) OGS used for in vivo validation on freely behaving mouse. Since wireless
triggering was not needed, the smaller internal triggering control module was used. (g) Mice can be grouped housed.

the control module for user programmability of stimulation
algorithms and management of power consumption. An ARM
Cortex-M0 MCU is interfaced with a constant current LED
driver to offer control over the frequency [Fig. 2(b)], pulse
width [Fig. 2(c)], and optical irradiance of stimulation. The
optical and temporal parameters can be deﬁned with microwatt
and submillisecond resolution, respectively. Since the optical
output power is linearly proportional to the input driving current to the LED [Fig. 2(a)], the digitally programmable constant
current driver (14 steps from 1.8–20.0 mA) predictably controls
the optical irradiance emitted from the optical ﬁber. During
periods with no stimulation, the device turns off all unneeded
MCU peripherals and enters a deep sleep state consuming less
than 7 A (3.3 V supply,
W). Within a stimulation
train, the MCU is awake during stimulation and is in sleep
for the remainder of the period. Deep sleep wake up times
are dependent on MCU conﬁgurations (0.056–7.0 ms; see
NXP Application Note AN11027). Internal MCU timers or
an external wireless trigger from the passive radiofrequency
receiver (Suppl. Fig. 1) can wake the MCU from deep sleep
for stimulation. Using the internal timers, in vivo validation

was performed with looping algorithms for periodic trains of
stimulation (deep sleep wake up time
ms).
Ultralow power consumption and low duty cycle operation
open avenues for a variety of powering strategies. Previous optogenetic device studies have used RF radiative far-ﬁeld powering [5], inductive powering [6], or coin cell batteries [7] individually. Here we utilize a more robust technology for behavioral experimental paradigms: rechargeable solid-state batteries that are noncytotoxic, lightweight, and thin (Cymbet Corporation). Two 50- A-Hr batteries were stacked in parallel to
provide current to the device. A tantalum capacitor delivers the
surge currents required during the 1-s stimulation train. The capacitor is recharged during deep sleep states (no stimulation periods). Capacitor sizing can be designed for a single or train
of current pulses. This is critical in providing the proper current and stimulation frequency [Suppl. Fig. 1(e), (f)]. Designing
for a 1-s train of 4-ms pulses (10 mA, 20 Hz), we assumed a
single continuous pulse of 80 ms as a worst case (see Methods).
The within-train pulse rate is limited by the MCU wake up time
and not the capacitor. The minimum capacitor was 795 F, and
1 mF was used. With two batteries,
s are required for
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Fig. 3. Histological characterization of optical ﬁber implants. (a) Optical ﬁber placement at the right ventral tegmental area (VTA). The black arrow points to the
VTA (shaded blue), and the red circles show the placements of individual optical ﬁbers. (b) Histological characterization with c-fos staining for neurological activity
after 1 h of the CPP stimulation protocol (20 Hz, 10 mA, 4 ms, 20 pulses per minute). The black asterisk indicates the optical ﬁber lesion tract. Red box indicates
the implant site (VTA). Blue box indicates enlarged view in (c). (c) Enlarged view of blue box in (b). White arrows point to c-fos positive neurons indicating
m. (d) Confocal image of IBA1 (green) and tdTomato (red). As is typical for implantations, IBAI shows mild microglial
recent neural activity. Bar
activation immediately adjacent to the ﬁber lesion tract (brighter green). As expected following Slc6a3-cre activation, the tdTomato is localized at the VTA (white
arrow). White asterisk indicates ﬁber lesion. (e) Enlarged view of white box in (d) showing Slc6a3 activated tdTomato. For further histological characterization of
); Slc6a3-cre mice, see Suppl. Fig. 3. Scale bars a,b 1 mm; c, 250 m d, 200 m e, 500 m.
B6.SJL-(

recharge between trains [Suppl. Fig. 1(f)], and 59 s was provided. Additionally, recharge occurs between pulses. The batteries provide closed experimental setups that are not RF compatible. Miniature and lightweight systems are critical for use
in rodents to allow freely moving behavior. When completely
connected, the OGS conﬁguration used for in vivo validation is
12 7 11 mm (L W H) and weighs
g. The mice
are freely moving and unrestricted [Fig. 2(f), (g)].
III. IN VIVO VALIDATION
Device validation in vivo was performed using a well-validated three-chamber conditioned place preference (CPP) paradigm [10], [18]. We generated mice that express ChR2-H134R
and tdTomato in dopaminergic neurons after activation by
Slc6a3-cre (Fig. 3 and Suppl. Fig. 3). Slc6a3-Cre mice (treatment groups) and Slc6a3-Cre mice (no ChR2 expression,
control groups) were implanted with optical ﬁbers in the right
ventral tegmental area (VTA; coordinates AP:
, L: 0.5,
DV:
) (Fig. 3). Phasic, burst stimulation in this region
is established to cause place preference [5], [10]. Mice were
conditioned over three days (see Methods). The control and
power modules were ﬁrst connected and then plugged into
the optical module immediately prior to the conditioning
sessions. Stimulation (20 pulses, 20 Hz, 2–4 ms pulse width,
5–10 mA, 1-min period) was provided only in the afternoon.
While input current controls the optical irradiance, the optical
dose is also dependent on the pulse width and is described
as output energy per pulse (optical power multiplied by the
pulse width). The OGS was programmed to achieve a speciﬁc
range of doses [Fig. 4(a)]. At various irradiances, pulse widths
from 1 to 1000 ms have been shown to elicit action potentials

[16] and drive behavior [5], [10], [19]. We tested the ability
to drive place preference with two groups (treatment group
1 [Tx 1] lower dose range and 2 [Tx 2] higher dose range).
Only the higher dose range Tx 2 showed a signiﬁcant increase
in change of preference (one-way ANOVA, F
,
p
, TX2 signiﬁcantly different to all other groups
with Tukey–Kramer post hoc,
) and signiﬁcantly
greater posttest preference (F
, p
,
Tukey-Kramer post hoc,
) [Fig. 4(c), (d)]. Critically,
in treatment groups, the posttest preference for the conditioned
chamber increased with dose [Fig. 4(f)] and activity levels were
not signiﬁcantly different between groups (F
,
p
) [Fig. 4(b)] or between the pretest and posttest
(Suppl. Fig. 4). These results are consistent with previous
tethered optogenetic CPP experiments [5], [10].
IV. DISCUSSION AND CONCLUSION
The OGS is compatible with current behavioral assays in rodents. It offers user-deﬁned stimulation protocols, controllable
optical dosing, wireless triggering, and deep brain targeting
with a modular ﬁber-ferrule approach. To our knowledge,
this is the ﬁrst untethered optogenetic device to successfully
drive behavior dependent on deep brain structures with a
ﬁber-coupled LED. Recently, Hashimoto et al. developed a
novel, battery-powered, multi-LED stimulator with wireless
infrared control of stimulation parameters (duration, frequency,
and pulse width) [8]. The device was demonstrated in vivo with
transcranial stimulation. For targeting intracranial structures,
the authors coupled a 0.5–1 mm diameter optical ﬁber and could
produce 1.9 mW mm . This device does not allow control of
the optical power and is a relatively large optical ﬁber if it were
to be used in deep brain structures. Importantly, we were able
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Fig. 4. Dose-dependent induction of conditioned place preference. (a) Optical dose range and mean for each group (n
per group). (b) Posttest activity.
,p
). (c) Change (posttest – pretest) in preference toward conditioned side.
There was no difference between groups (one-way ANOVA, F
,p
, Tukey–Kramer post hoc,
).
Tx2 preference change was signiﬁcantly different to all other groups (one-way ANOVA, F
and 0.05). (d) Posttest preference. Tx2 preference was signiﬁcantly
All other groups were not signiﬁcantly different from each other (TK post hoc,
,p
, TK post hoc,
for Ctrl1 and Tx1,
for Ctrl 2). All other groups were not signiﬁcantly
different to all other groups (F
and 0.05). (e) Posttest preferences versus optical dose for all control groups. Red open circles = Ctrl 1. Blue
different from each other (TK post hoc,
open circles = Ctrl 2. (f) Posttest preferences versus optical dose for all treatment groups. Red closed circles = Tx 1. Blue closed circles = Tx 2. All error bars show
standard errors unless indicated otherwise. *Indicates signiﬁcance across all groups. For pretest and activity data, see Suppl. Fig. 4.

to control the optical dose by programming the control module.
With a 200 m diameter ﬁber, we could produce an irradiance
of 27 mW mm (21.01 mA). The modular OGS design allows
for rapid improvements and expansion. As a result, the device
serves as a platform to integrate RF circuitry [20] to recharge
the solid-state batteries or replace them in fully implantable
implementations, incorporate an electrical stimulator, and
add front-end sensors [21], [22], signal processing [23] for
closed-loop experimental paradigms [13], [14], and aspects of

other MCU-based optical stimulators [6], [8]. Importantly, we
used commercially available components, so the OGS can be
widely accessible. The schematic (Suppl. Fig. 2), suggested
PCB layout, fabrication, and basic code for the MCU are made
available by request. The future of novel, miniature devices,
such as the OGS, is promising. Technological advances paired
with the proper molecular tools enable new experimental designs in modern neuroscience research and have far-reaching
implications for the study and treatment of diseases.
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V. MATERIALS AND METHODS—DEVICE FABRICATION
The optogenetic stimulator was designed and fabricated using
a host of equipment and software packages. The device layout
for the printed circuit board (PCB) was developed using Osmond PCB software. PCBs were fabricated in house with a
milling machine (ProtoMat S100, LPKF, Tualatin, OR, USA or
Accurate 350, Accurate CNC, Inc., Fort Wayne, IN, USA). All
PCBs were populated with components using a combination of
reﬂow and hand soldering. Populated PCBs were cleaned with
acetone and then isopropyl alcohol or methanol.
A. Optical Module
The optical module was fabricated on FR4 PCBs (59-mil
thickness, 106394-1, LPKF). Two different sized through holes
were drilled into the board to mount the ferrule and LED. From
the topside of the board, with a 1.20-mm diameter drill bit (hole
1.25 mm), the ﬁrst through hole was made. From the same
side, with a 2.00-mm diameter drill bit, the second through hold
was made halfway through the board. Due to process variations,
the 2.00-mm diameter hole may not always be deep enough, and
this can be corrected by manually extending the through hole
with the drill bit. Zirconia ferrules (Thorlabs) with 1.25-mm
diameter were cut with a diamond-crusted dremel blade, and
stripped 200- m diameter optical ﬁbers were inserted into the
shortened ferrule and sealed with epoxy. The ﬁber-ferrule was
then polished using previously described protocols. First, a low
insertion force connector (CLE-105-01-G-DV, Samtec, New
Albany, IN, USA) was populated. Then, the LED (PointLED,
OSRAM, Munich, Germany) was reverse mounted from the
top side of the PCB, and the ﬁber-ferrule was then inserted
from the bottom side. Medical grade epoxy was used to add
mechanical stability to the ferrule-PCB connection. A diamond-tipped pen was used to score and break the optical ﬁber
to the desired length. Variation in coupling efﬁciency of the
optical module [Fig. 2(a)] has potential to alter optical output
for a given driving current. Low-efﬁciency modules required
a higher input current to provide the same optical output as a
high-efﬁciency module.
B. Control Module
The control module was fabricated on FR4 PCB (22-mil
thickness, 108761, LPKF, Garbsen, Germany). The topside was
populated with the microcontroller (MCU, LPC1104UK, NXP,
Eindhoven, The Netherlands; 2.2 mm 2.3 mm) and constant
current driver (ZLED7012, ZMDI; 2 mm 2 mm). Low insertion force connectors are used to attach the optical and power
modules. This architecture allows the design of low duty cycle
operation. Untethered devices beneﬁt from carefully designed
stimulus waveforms, where the duty cycle is minimized without
decreasing the desired modulation of neural activity, in order
to reduce power demands and increase lifetime of operation
under a given power budget [9]. For example, when calculating
with a safety factor of 2, the duty cycle used during in vivo
experimentation was less than 0.3%. The safety factor doubles
the calculated duty cycle. This provides a conservative estimate
for design. Wireless triggering is implemented by passively
rectifying RF signals at 2.4 GHz (Suppl. Fig. 1). This is similar

to a previous wireless stimulator design [5]; however, power
demands are much less for our design, since the rectiﬁed
signal is only driving the trigger which requires signiﬁcantly
less power. Importantly, the batteries and capacitors provide
the necessary power to drive the LEDs. The RF power link
calculations are detailed below. When the wireless trigger is
not needed, it can be removed.
The Friis transmission equation [24] [(1)] can be used to estimate the power budget of a wirelessly powered RF system in
the far ﬁeld. Often, the log (base 10) format [(2)] is preferred,
since simple addition and subtraction can be used. Here we use
the log form and report power values in dBm and antenna gain
in dBi. The equations are
(1)

(2)
Power received at the input to the rectiﬁer;
Power transmitter from the RF power ampliﬁer into the
transmit antenna;
Gain of the transmitting antenna;
Gain of the receiving antenna;
wavelength
GHz
m);
distance from transmit antenna to
(
receive antenna (1 m).
The power required at the input of the rectiﬁer (1-m distance)
is determined by power required at the comparator input and the
efﬁciency of the rectiﬁer. The input power to the comparator is
given by
where

(3)
Power;
Current;
Voltage
where
across the load (input to the comparator);
Resistance of the load. The threshold voltage is 0.2 V, and
the load is 1 M ; therefore, the input power is 43.98 dBm
(40 nW). In actuality, slightly less power will be required, since
the bias current into the comparator is 10 nA (www.maximintegrated.com/datasheet/index.mvp/id/5823). This creates a
0.01 V offset. Assuming a conservatively low rectiﬁer efﬁdBm), the required power received at the
ciency of 25% (
input to the rectiﬁer is
dBm (160 nW). Equation (2)
can be rearranged to solve for the required power transmitted
P
G ). Assuming a receiving antenna gain of
(
dBi, the required transmitted power is 12.07 dBm, well
below the Federal Communications Commission (FCC) maximum effective isotropically radiated power (EIRP) of 36 dBm
(4 W) for ISM bands (FCC, Part 15–Radio frequency devices,
Title 47, CFR 15; http://www.ecfr.gov/). There is a nearly
24 dBm (251.1 mW) buffer to account for other mismatches.
C. Power Module
The power module was fabricated on 22-mil thick FR4
PCBs. Surface mount (QFN package, 8 mm 8 mm) or bare
dies (5.7 mm 6.1 mm) of the solid-state batteries (CBC050,
Cymbet, Elk River, MN) were used (Fig. 1 and Suppl. Fig. 1).
For the surface mount batteries, each battery was soldered
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to a PCB. Two battery-mounted PCBs were then physically
stacked and connected. Mechanical stabilization was achieved
by threading through holes with wires. Company-speciﬁed battery-handling instructions were followed (www.cymbet.com,
AN-1026).
The die battery module consisted of more complex fabrication procedures. First the pads of the bare dies were stud bumped
with a wire bonder. One gold wire bond was made to each pad of
the battery. The ﬂoating tails (nonbonded end) were manually
removed with forceps under a microscope. Conductive epoxy
was applied to each of the stud bumped pads and allowed to
cure for 1 h at 75 C. Conductive epoxy was then placed on
the battery footprint pads of the PCBs, and the bare dies were
ﬂipped, attached, and allowed to cure for 1 h at 75 C. Two batteries were then stacked with a process similar to the surface
mount battery modules.
To provide the needed current for stimulation, a 1 mF tantalum capacitor was mounted on a separate PCB (22 mil) and
connected in parallel to the batteries. To provide larger values of
current, supercapacitors or ultracapacitors may be used as well
(Suppl. Fig. 1). When using a tantalum capacitor, it is important
to consider the leakage current. Carefully selecting the capacitor and using voltage ratings higher than needed (derating) can
minimize leakage and also protect against failures due to transient overvoltages. Capacitor sizing for the batteries is detailed
in Cymbet application note AN-1025. Maximum, minimum,
and recharge voltages for stimulation were 4.0, 3.0, and 4.1 V,
respectively. Brieﬂy, the designer must decide the capacitance
value and then determine if there is sufﬁcient recharge time with
the intended power source. Importantly, there is a tradeoff between capacitance size and recharge time [Suppl. Fig. 1(f)] that
must be considered in order to apply a stimulation protocol. This
powering strategy should be used in low duty cycle applications. For more stringent and power demanding experiments,
such as a continuous sine wave of stimulation, higher power
sources should be used. One possible source is the 10-Ma-hr
battery used by Hashimoto et al. [8].
D. Device Programming
The microcontroller (MCU) algorithm was created with
CrossWorks for ARM 2.2 (Rowley Associates, Dursley, U.K.),
a C/C++ development environment. A custom development
board was designed and fabricated to allow debug and program
download through a 10-pin serial wire debug (SWD) interface.
Current, timing, device veriﬁcation, and power consumption
measurements were taken using this development board. Example code speciﬁc to this device is made available upon
request for looping stimulation protocols. Please contact the
corresponding authors.
E. Optical Measurements
Optical power was measured using a triple power supply
(Agilent 3631A; Agilent, Santa Clara, CA), digital multimeter
(DMM, Agilent 34410A), optical power meter (PM100D,
Thorlabs, Newton, NJ) and sensor (S121C, Thorlabs). The
power supply was connected in series to the DMM and optical
module. A threaded-ﬁber adaptor (S120-FC, Thorlabs) was
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connected to the S121C sensor to prevent nonﬁber emitted light
from entering. The optical module was stabilized on a stand
and the ﬁber was placed next to the sensor through the FC/PC
hole. The power meter was set to “Relative Power” to subtract
the ambient light. For blue light, the wavelength, , was set
to 473 nm. Optical power data points were collected from
input currents of 0–25 mA. To measure frequency and pulse
width data, the development board was used with an uncoupled
LED. The PM100D bandwidth was set to “HI” and the analog
voltage output was recorded with a 350-MHz oscilloscope
(MSO7034B). Since this data is not calibrated by the PM100D
and only timing information was desired, normalized values
were reported. The data was normalized by the maximium
analog output at a speciﬁc current input.
F. Temperature Measurements
Posteuthanasia, devices with dental cement intact were removed from the skull and 2-wire thermistors were superglued
to the ventral surface of the optical module. The thermistors
were placed adjacent to the optical ﬁber and the two wires were
connected to a digital multimeter (DMM; Agilent 34410a) with
temperature sensing functionality. The optical module was controlled with a custom LED driver circuit board, waveform generator (Agilent 33522a), triple power supply (Agilent 3631A),
and a DMM. The DMM was programmed to sample at 1 Hz
for 8 min while the optical module was OFF for 1 min, ON for
3 min, and then OFF for 4 min. The input current and frequency
of stimulation were varied while the pulse width was held at
10 ms. The current was varied at 5, 10, and 20 mA, while the
frequency was 20 Hz. The frequency was varied at 10, 20, and
30 Hz when the current was held constant. All measurements
were taken at room temperature (22–24 C).
VI. MATERIALS AND METHODS—IN VIVO VALIDATION
For the CPP experiments, we generated B6.SJL-(CAG
COP4* H134R/TdTomato);Slc6a3-cre mice (Slc6a3-Cre) by
mating
B6.
and B6.SJL-Slc6a3
J mice. In Cre+ mice, the
channelrhodopsin:TdTomato cassette is selectively expressed in
dopaminergic neurons. Adult Cre+ and Cre- mice (22–35 g)
were selected for experimental and control groups, respectively.
A. Animal Surgery
Mice were anaesthetized in an induction chamber (5% isoﬂurane) and then prepped for surgery. The mice were secured in
a stereotaxic frame (1–2% isoﬂurane) and given carprofen (IP,
5 mg/kg). After the initial incision, connective tissue was removed until the skull was exposed. A craniotomy was made
, L 0.5).
above the right ventral tegmental area (VTA, AP
The dura matter was removed, and optical ﬁber was implanted
, L 0.5, DV:
). Coordinates were seto the VTA (AP,
lected from previous studies [10] and conﬁrmed with the Paxinos mouse atlas [25]. Coordinates were adjusted for undersized
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mice, and a custom stereotactic adaptor was made to hold the
optical module. After implantation, the optical module was secured with dental cement (Liquid Denton, Pentron). Mice were
given a SQ bolus of warmed sterile saline and allowed to recover for at least three full days prior to behavioral testing. The
Jackson Laboratory IACUC approved all procedures and protocols (#99108).
B. Conditioned Place Preference
A randomized three-chamber CPP procedure was performed
over ﬁve days similarly to previously published protocols [5],
[10], [18]. Randomization refers to the chamber assignment for
the unconditioned stimulus (discussed below). Two identical
unbiased commercial three-chamber CPP behavioral apparatuses were used (Med Associates, St. Albans, VT, USA). The
middle chamber had gray walls with a solid ﬂoor, while the
two side chambers had a black wall with solid bar ﬂooring and
a white wall with mesh grid ﬂooring. On the morning of day 1,
the pretest was performed. Mice were given 5 min to habituate
in the middle chamber and then 15 min to explore. For days
2–4, mice were given two 30-min conditioning sessions, one
in the morning and one in the afternoon. Conditioning sessions
were at least 4 h apart. For all morning sessions, devices were
attached but no stimulation was provided. During the afternoon
session, devices were attached and stimulation (20 Hz for 1
second every 60 s, 2–4 ms pulse width, 5–10 mA input current)
was provided. On the morning of day 5, the posttest was
performed identical to the pretest.
After the pretest, a preference score for the black chamber
was made for each subject. Based on this preference, we randomized the chamber in which each subject would always receive optical stimulation (afternoon conditioning session). If
any subject had a pretest preference of greater than 80% or less
than 20%, they were removed from the study.
C. Immunohistochemistry
For ﬂuorescent immunohistochemistry, brains were placed
into ice-cold 4% PFA for 24 h followed by 30% sucrose
overnight; frozen in OCT compound and cryosectioned at a
thickness of 20 m. For immunohistochemical staining, the
techniques outlined in the literature [26] were followed with a
few alterations. Brieﬂy; slide-mounted sections were allowed
to warm to room temperature (RT) in a desiccating chamber for
30 min and then washed with 5% Triton-X in phosphate buffer
(PBST) for 5 min. Following this sections were incubated for
2 h at RT with antibodies against GFAP, IBA1, or DAT (all
Abcam, USA) in 0.5% BSA and 10% chick serum in PBST.
Sections were then washed three times in PBST for 5 min
each and incubated with either chicken or rabbit secondary
antibodies conjugated to AF488 (Invitrogen, USA) in 0.2%
BSA in PBST for 1 h. Finally sections were washed three times
for 10 min in PBST, incubated with DAPI in PBS for 5 min,
washed again for 5 min with PBST, mounted in Fluoromount,
coverslipped, and sealed with nail polish.
For cFos staining a Ventana Discovery XT was used with
anti-cFos (Abcam, Cambridge, MA, USA). The detection kit
was a ChromoMap DAB, a multimer-based HRP kit (Ventana

Medical Systems, Tucson, AZ) using an anti-rabbit secondary
(OmniMap anti-rabbit HRP).
For Nissl staining and hematoxylin and eosin (H&E) staining,
mice were euthanized by perfusion ﬁxation with ice-cold PBS
followed by ice-cold 4% PFA, embedded in parafﬁn and serially
sectioned to 5 m thick. Sections were deparafﬁnised with two
5-min washes in xylene and rehydrated through a graded alcohol
concentration (100%, 95%, 70%). For Nissl staining, sections
were incubated at 60 C in warm ﬁltered cresyl violet solution
for 8 min. H&E staining sections were incubated in hematoxylin
for 4 min and washed in water for 5 min before being blued
in ammonia water for 1 min. Slides were differentiated in two
changes of 95% alcohol before dehydration in 100% alcohol
and cleared with xylene. Slides were mounted with Permount,
coverslipped, and sealed with nail polish.
D. Experimental Design
),
For CPP, 4 groups were tested: Control 1 (Ctrl 1, n
Control 2 (Ctrl 2, n
), Treatment 1 (Tx 1, n
), and
). Optical dose per pulse was controlled
Treatment 2 (Tx 2, n
and determined by multiplying the optical power output by the
pulse width (PW) as given by
(4)
The power output for a given optical module at a speciﬁc current input is dependent upon the optical efﬁciency of the LED
and coupling efﬁciency between the ﬁber-ferrule and LED. The
optical efﬁciency of the LED varies with each batch from the
manufacturer, and end users are not provided with information.
According to the PointLED data sheet, there are four bins of
LEDs, and the manufacturer does not sort them. Due to this uncontrolled factor and variability in fabrication, optical modules
will have some variance in optical power output for a given current input. This variance accounts for the range in optical doses
for each group.
Previous studies have shown ChR2 to be activated in vivo
with pulse widths as short as 1 ms [19]. To demonstrate the capacity of the device to titrate optical doses, we ﬁrst controlled
for pulse width (2 ms) and varied the input current for groups
Ctrl 1 and Tx 1. The input currents proportionally reﬂected the
irradiance per pulse. Either 5 or 10 mA driving currents were
used to deliver the optical doses. There was no behavioral difference between groups, and we believed this was a result of
insufﬁcient optical dose. We then hypothesized a higher optical
dose would could result in place preference. For Tx 2 and Ctrl 2,
doses were increased by implanting more efﬁcient optical modules and ranging pulse widths from 2–4 ms.
One mouse from Ctrl 1 was excluded from the data analysis
due to nonexploratory behavior during the posttest. The subject's activity levels were ruled as low outliers when grouped
with all controls and all mice (Suppl. Fig. 4). Another subject
replaced this control. One mouse participated in both Tx 1 and
Tx 2. In Tx 1, this mouse had less than a 0.03 change in preference. When participating in Tx 2, this mouse performed another pretest and was then conditioned with light on the opposite
chamber as in Tx 1. Other mice with less than a 0.05 change in

LEE et al.: MINIATURE, FIBER-COUPLED, WIRELESS, DEEP-BRAIN OPTOGENETIC STIMULATOR

preference from Tx 1 were tested as well with increasing dose;
however, an unexpected disturbance occurred during testing,
and all of those subjects were removed from the study.
VII. PREFERENCE SCORING AND STATISTICAL METHODS
After the pretest, the pretest preference for the black chamber
was calculated as
(5)
preference score and
time for the respective
where
chambers. The distribution of pretest preferences was plotted
in a histogram to determine if the three-chamber apparatus bias
existed. Posttest preference scores were calculated similarly
(6)
preference score,
time, and c
black or
where
white. To obtain the change in preference, the preference scores
from the posttest for the chamber paired to the optical stimulation were subtracted from pretest preference score for the same
chamber. This is given by
(7)
To determine if there was a signiﬁcant difference in
between means from all groups, a one-way ANOVA for unbaland
anced groups was performed. A Tukey–Kramer (
0.05) post hoc analysis was conducted for multiple comparwas used for signiﬁcance.
isons. P
Pretest and posttest activity scores were compared with a
paired Students t-test (Suppl. Fig. 4). Pretest and posttest preferences are reported in Suppl. Fig. 4. For comparisons between
groups, see Fig. 4 in the main text.
Statistical analyses were made in MATLAB (R2010a; MathWorks, Natick, MA, USA) and STATA 10 (StataCorp, College
Station, TX, USA).
A. Optical Power Analysis
A least squares linear regression in Microsoft Excel was
performed on the raw data to predict the optical power output
for a given current input. Since input currents were typically
5–10 mA, the regression was not forced to cross the y-axis at
zero in order to minimize bias for lower current data points.
Descriptive statistical analysis was performed on the slopes and
y-intercepts. The mean, 95% conﬁdence intervals, and range
were calculated in MATLAB.
B. Temperature Analysis
The ambient temperature, determined by the ﬁrst minute and
last minute of recording, was subtracted from the raw data to obtain the change in temperature due to stimulation. The maximum
value from the 3 min of stimulation was selected. Five devices
were tested, and the average maximal change under each set of
stimulation parameters was reported. Analysis was performed
in Microsoft Excel.
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