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Rapidly-Customizable, Scalable 3D-Printed Wireless
Optogenetic Probes for Versatile Applications

in Neuroscience

Juhyun Lee, Kyle E. Parker, Chinatsu Kawakami, Jenny R. Kim, Raza Qazi, Junwoo Yea,
Shun Zhang, Choong Yeon Kim, John Bilbily, Jianliang Xiao, Kyung-In Jang, Jordan G. McCall,*

and Jae-Woong Jeong*

Optogenetics is an advanced neuroscience technique that enables the dissec-
tion of neural circuitry with high spatiotemporal precision. Recent advances
in materials and microfabrication techniques have enabled minimally inva-
sive and biocompatible optical neural probes, thereby facilitating in vivo
optogenetic research. However, conventional fabrication techniques rely on
cleanroom facilities, which are not easily accessible and are expensive to use,
making the overall manufacturing process inconvenient and costly. Moreover,
the inherent time-consuming nature of current fabrication procedures impede
the rapid customization of neural probes in between in vivo studies. Here, a
new technique stemming from 3D printing technology for the low-cost, mass
production of rapidly customizable optogenetic neural probes is introduced.
The 3D printing production process, on-the-fly design versatility, and biocom-
patibility of 3D printed optogenetic probes as well as their functional capabili-
ties for wireless in vivo optogenetics is detailed. Successful in vivo studies with
3D printed devices highlight the reliability of this easily accessible and flexible
manufacturing approach that, with advances in printing technology, can fore-

using light!!l Its ability to control neu-
ronal activity with unprecedentedly high
spatiotemporal resolution has led to
breakthroughs in our understanding of
mammalian brain function and neural
pathways associated with various neuro-
logical, neuropsychological, and neuro-
pathological process.[>3!  Conventionally,
implementing optogenetics in vivo relies
on optical fibers connected to external
lasers.*”] This approach has been the
most commonly used tool for optoge-
netics since its emergence. Albeit simple
and powerful, the optical fiber approach is
limited due to its tethered operation and
lack of design flexibility, which hinders
rapid adaptation to diverse needs for com-
plex neuroscience experiments where the
number of light sources, location, depth,

shadow its widespread applications in low-cost bioelectronics in the future.

1. Introduction

Optogenetics is a highly selective neuromodulation technique
that enables cell-type specific manipulation of neural activity

and direction of light delivery can be
critical variables.

Recent advances in materials and
microfabrication techniques have tried to
overcome this issue by creating optical neural probes that are
customizable in terms of size, dimensions, and functions for
minimally invasive versatile operation.! This microfabrication-
based method not only allows the use of various materials
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(e.g., silicon,l*8 SU-8,°T polyimide,'® polyethylene tereph-
thalate,>I etc.) to build highly biocompatible implants, but
also facilitates the direct integration of probes with micro-
n-scale light sources and wireless control units. Together these
features enable opportunities for tether-free chronic optoge-
netics in awake, behaving animals.*”] However, this approach
requires expensive, bulky equipment and special cleanroom
facilities, which make the overall manufacturing costly and
limits accessibility to the technology for labs that do not have
these equipment or skills. Moreover, modification of a design is
time-consuming and arduous as it requires the need for design
of new photomasks and/or development of new fabrication
processes. The difficulty in customizability hampers the rapid
design adjustment and optimization of neural devices to meet
requirements for specific applications. Recent developments
have addressed some of these limitations by employing thermal
drawing, which does not involve complex cleanroom equip-
ment, for the manufacture of flexible multifunctional fibers.!l
Thermal drawing can, relatively easily, produce polymeric
fiber neural probes with different combinations of modali-
ties (e.g., optical, electrical, and fluidic) and various lengths.
However, this approach lacks multi-dimensional scalability
and still requires access to special equipment and procedures
that cannot be easily or rapidly customized. In addition, this
fiber-like configuration still relies on tethered operation, which
restricts naturalistic behavior during in vivo experiments.

Here we report material processes and 3D printing-based
fabrication strategies that allow the rapid development of
implantable neural probes of any desired design and length.
These printing approaches not only eliminate the need
for expensive materials, special cleanroom machines, and
time-consuming microfabrication procedures, but also pro-
vide on-the-fly design customizability. In other words, these
probes can be redesigned and deployed for quick turnaround
to meet design needs. These probes can be made with minimal
skills, equipment, and training, thus significantly reducing the
overall cost, time, and effort required for the construction of
neural probes for specific target applications. These advances
can be particularly useful for the independence of neurosci-
ence laboratories where neuroscientists do not have access
to cleanroom resources or skilled training to execute micro-
fabrication to produce neural implants optimized for their
needs. Using this unique manufacturing scheme, we deployed
various designs of 3D printed optogenetic probes (3D-POPs),
which can be assembled with custom-designed wireless control
modules. Experimental characterization and successful imple-
mentation of wireless in vivo optogenetics in mice validate their
biocompatibility, reliability, and functionality. The practicality
and robustness of this 3D printing approach for facile manufac-
turing of versatile neural implants demonstrates its utility for
experiments in live animals.

2. Results and Discussion

2.1. Concept and Design of 3D-POPs

Figure 1 presents the highly customizable and rapidly manufac-
turable nature of 3D-POPs. Mammalian brain research involves
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animal models of varying sizes, ranging from small rodents
to humans, each requiring a different probe design for neu-
ronal interventions at specific tissue locations in the brain as
illustrated in Figure 1a. The 3D-POP can be an effective tool in
this regard due to its innate ability for easy and quick design
adjustment as well as the rapid deployment of optimized
structural variations for a wide variety of targeted brain struc-
tures in various animal models. Figure 1b highlights the basic
architecture of ultrathin (60 um thick) and minimally-invasive
3D-POPs, which consist of microscale inorganic light-emitting
diodes (U-ILEDs) for optogenetic stimulation, electrodes for
W-ILED control, and a 3D printed substrate for probe construc-
tion. The substrate is embedded with superficial micro-grooves
(20 um deep) which enable the uniform and rapid construction
of ultrathin electrodes (20.6 + 2.3 Q) on the surface (Figure S1,
Supporting Information). Their customizability can be further
extended to create multi-dimensional configurations (e.g., 2D
or 3D) by simple design modification in the 3D printed file.

The key to the facile and swift construction of the probes is
3D printing-based manufacturing. This approach allows versa-
tile scaling and on-the-fly alterations of device design in terms
of layouts, lengths and dimensions. Figure 1c and Figure S2,
Supporting Information present the fabrication process of
optogenetic probes using 3D printing. With an appropriate com-
puter-aided design (CAD) file loaded in a 3D printer (B9 Core
530, B9 Creations), the desired shapes and dimensions of probe
substrates are printed with a photopolymer (B9R-4-Yellow Resin,
B9 Creations) using stereolithography with minimal vertical
and lateral resolutions of 20 and 30 um, respectively (step ©).
Depending on the size of the build head of the 3D printer, this
approach can allow printing of up to 50 distinct probes (total
printing area of 1800 mm?) in =3 min, making it a promising
and feasible option for low-cost mass production. After the
probes are released from the 3D printer build stage (step @),
silver paste (P-100, CANS) is spread onto the patterned probe
substrates with a rubber blade to render the electrodes into the
microgrooves (step ®). Finally, following transfer printing and
soldering of P-ILEDs (220 um x 270 pm; TR2227, Cree Inc.) at
the tips of probes,”! the probe shanks are coated with a poly-
dimethylsiloxane (PDMS; 1 um)/parylene C (6 um) bilayer to
provide biocompatibility, chemical inertness, and waterproofing
(vapor permeability of parylene C = 0.083 g mm m~2 day )]
(step @). Figure 1d-g and Figure S3, Supporting Information
present fabricated 3D-POPs, highlighting their customizable
scalability in dimensions (1D to 3D), length (order of mm to
tens of mm), as well as function (photostimulation with various
wavelengths of light to activate distinct optogenetic actua-
torsi?!). 3D-POPs can be fabricated as thin as 60 um, which is
comparable to the thickness of a human hair, to enhance their
mechanical compliance for biomechanical compatibility with
soft brain tissue (Figure 1f,g). With this manufacturing scheme,
a batch of 3D-POPs with any configuration can be rapidly pro-
duced with extremely low cost ($ 0.54 per probe with 5 mm
length; Table S1, Supporting Information) through simple
changes in the 3D CAD design. The resulting devices can be
powered using both wired (Figure S4, Supporting Information)
and wireless schemes (Figures S5-S7, Supporting Informa-
tion), making them highly versatile and accessible for neurosci-
ence experiments.

© 2020 Wiley-VCH GmbH
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Figure 1. Concept and design of low-cost and rapidly customizable 3D printed optogenetic probes (3D-POPs). a) Schematic illustration of 3D-POPs
highlighting their customizable scalability in terms of length and dimension for applications involving various mammalian brains with different sizes.
Insets show magnified view of each probe implanted in a corresponding animal brain. b) Exploded view illustration of the 3D-POP illustrating its basic
architecture and design variations for 1D, 2D, and 3D configurations, which can be rapidly manufactured by 3D printing. The inset shows the cross-
section of a probe. c) lllustration of the fabrication steps of a 3D-POP: 1) print desired probes using stereolithography, 2) carefully remove the printed
probes and wash them to remove excess residue, 3) apply silver paste over the microgroove surface of the probes and traverse the surface longitudinally
with a rubber blade, and 4) attach a microscale inorganic light-emitting diode (u-ILED) at the probe tip. d) Optical images of 1D (top), 2D (middle),
and 3D (bottom) constructions of 3D-POPs, demonstrating simple yet versatile customizability in structural design. 1-ILEDs with desired colors (e.g.,
blue, red, green, etc.) can be integrated onto probe tips for specific application needs (inset; scale bars, 500 um). e) Optical image of 3D-POPs with
diverse lengths and dimensions fabricated by rapid serial 3D printing. Fifty 5 mm long probes can be printed within 3 min. f) Scanning electron micro-
graph comparing thicknesses of a 3D-POP (yellow) and a human hair (blue). g) Optical image of a 3D-POP wound around a rod (1.5 mm in radius),
demonstrating its flexibility.
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Figure 2. Electrical, optical, and thermal characteristics of 3D-POPs. a) Current and optical intensity of u-ILEDs as a function of supplied voltage.
b) Normalized light intensity of p-ILEDs for 3D-POPs bent at 90° with a radius of curvature ranging from 2 to 10 mm. c) Temperature change in brain

tissue during the U-ILED operation at different pulse frequencies (5, 10, 20,

and 40 Hz; 10 ms pulse width), measured using an infrared camera after

insertion of a W-ILED into brain tissue at a depth of 1 mm. d) Normalized optical intensity of 3D-POPs as a function of time in saline water (0.9%) at

physiological and extreme temperatures (37, 60, and 90 °C).

2.2. Electrical, Optical, and Thermal Characteristics of 3D-POPs

Figure 2 shows the electrical, optical, and thermal character-
istics of the 3D-POPs. For activation of optogenetic actuators
such as channelrhodopsin-2 (ChR2), at least 1 mW mm™
of optical output power is required at a wavelength of
=470 nm light.?2 We operated the u-ILEDs of 3D-POPs with
an input voltage of 3 V, and this led to an optical intensity of
~80 mW mm~? (Figure 2a), which is far beyond the minimal
threshold for optogenetic stimulation. The probes were able
to provide stable and sufficient optical output power even
under tight bending, maintaining nearly 80% of performance
(=65 mW mm~2) when bent 90° with a radius of curvature
of 2 mm, thus demonstrating necessary electromechanical
flexibility to enable reliable operation in a dynamic tissue envi-
ronment and under a curved condition (Figure 2b). For rare
applications requiring extremely high flexibility, enhanced elec-
trical stability and reliability could be achieved using elastic
conductive composite materialsi?>2%! instead of the silver paste
to build the interconnects of 3D-POPs. Photostimulation using
W-ILEDs is also thermally compatible with neural tissue, there-
fore ensuring biologically safe operation. To demonstrate this
thermal operation with 3D-POPs, we operated the probes in
brain tissue (10 ms light pulse width at 5, 10, 20, and 40 Hz)
for 2 min at each frequency and showed that the temperature

Adv. Funct. Mater. 2020, 2004285 2004285

increase in brain tissue was <=1 °C when the W-ILEDs were
operated up to a frequency of 40 Hz with a 10 ms pulse width
(Figure 2c). The thermally biocompatible operation of u-ILEDs
has also been confirmed through extensive in vivo charac-
terization in several previous studies.1%271 Apart from the
minimally invasive and biocompatible nature of neural probes,
their chronic operational stability in biological fluids is another
critical factor to determine their feasibility of use in long-
term animal studies. To mimic the biological environment
for validation of long-term stability, we immersed 3D-POPs
in saline solution (0.9%) at various temperatures (37, 60, and
90 °C) and measured the optical power density of the probes
over time to determine how long they could operate without
performance degradation by biofluid invasion (Figure 2d).
PDMS/parylene C bilayer coating of 3D-POPs served as an
excellent barrier against biofluid, thereby helping the 3D-POPs
survive for more than 60 days at <90 °C. Theoretical analysis
with Arrhenius relation' shows that the probes are expected
to be operational for a year at physiological temperature
(37 °C), which is substantially longer than most neuroscience
applications. While parylene C provides robust encapsula-
tion for long-term biological operation, in the case of shorter
in vivo applications (1-2 months),™! PDMS alone can be used
for probe sealing to simplify the device encapsulation process
(Figure S8, Supporting Information).

(4 of 9) © 2020 Wiley-VCH GmbH
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Figure 3. Mechanical characteristics of 3D-POPs and their biomechanical interaction with brain tissue. a) Plot comparing stiffnesses of 5 mm long
3D-POPs and optical fibers (200 um in diameter) at physiological frequency (0.1-10 Hz). b) Sequence of optical images showing implantation of a
3D-POP into phantom brain tissue (0.6% agarose gel) without bending. c) FEA simulation visualizing mechanical stress induced in brain tissue by
a 3D-POP (left) and an optical fiber (right) due to tissue micromotions (amplitude of micromotion =10 um). d—f) Representative immunofluorescence
images of 30 um horizontal slices of brain tissue depicting immune response to implantation. Tissue stained for astrocytes [glial fibrillary acidic protein
(GFAP), purple] and activated microglia (Ibal, yellow) from 200um fiber optic (d), bare 3D-POP (e), and parylene C-coated 3D-POP (f) neural probes.
Scale bars, 50 um. g) Average lesion area (Lm?) in tissue following implantation of fiber optic (n = 11), bare 3D-POP (n = 10), and parylene C-coated
3D-POP (n = 8) neural probes. A nested one-way ANOVA revealed a significant difference in lesion area, F(2,7) = 6.64, p < 0.05). Tukey’s multiple com-
parisons test showed a significant difference in lesion area between fiber optic and bare 3D-POPs (p < 0.05), but no significant difference in lesion area
for parylene C-coated 3D-POPs compared to fiber optic (p = 0.77) or bare 3D-POPs (p = 0.08). h—i) Average fluorescence intensity of GFAP (h) and Ibal
(i) expression in tissue following implantation of fiber optic (n =10), bare 3D-POP (n = 16), and parylene C-coated 3D-POP (n = 8) neural probes (data
are mean = SEM, a.u., arbitrary units). Nested one-way ANOVAs did not reveal any significant difference in GFAP expression, (F(2,8) = 2.52, p = 0.14),
nor Ibal expression (F(2,8) = 0.53, p = 0.61).

2.3. Mechanical Characteristics of 3D-POPs and their fibers in several aspects. Figure 3a compares the stiffnesses
Biocompatibility of a 3D-POP and an optical fiber (silica; 200 um in diameter;

FT200EMT, Thorlabs Inc.) with 5 mm length in the physi-
3D-POPs have bio-favorable mechanical and material proper-  ological frequency range of 0.1-10 Hz. 3D-POPs are 40.6 times
ties, which are comparable to those of conventional optical less stiff than optical fibers (stiffness at 0.1 Hz: 5.1 N m™

Adv. Funct. Mater. 2020, 2004285 2004285 (5 of 9) © 2020 Wiley-VCH GmbH
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for 3D-POPs versus 2076.6 N m™ for optical fibers), yet they
are rigid enough to penetrate soft tissue without any external
mechanical support. The experiment with phantom brain
tissue (0.6% agarose gel) shown in Figure 3b and Video S1,
Supporting Information verifies that 3D-POPs can be injected
into tissue without bending. This was further demonstrated by
in vivo studies, covered later in this paper, which required precise
and accurate implantation of 3D-POPs. This attribute simpli-
fies the surgical process by eliminating the need for injection
assist needles,>* "] bioresorbable stiffeners,!1%2627] or mechan-
ically transformative platforms.l?®! When implanted, the probes
exert smaller mechanical stress compared to that of an optical
fiber on surrounding brain tissue, which continuously vibrates
in microscale mainly due to cardiorespiratory functions and
locomotion. Figure 3c shows finite element analysis (FEA)
results visualizing the maximum principal strains in brain
tissue caused by a 3D-POP (left) and an optical fiber (right),
assuming 10 pm lateral displacement of tissue by micromotion.
The simulation indicates that the strain induced in the sur-
rounding tissue by a 3D-POP is 41% smaller than that caused
by an optical fiber due to a large difference in their flexibility.
Previous studies have reported a strong relationship between
the mechanical strain caused by implanted probes during
tissue micromotion and associated inflammation response.[23¥
However, it was not clear whether the 3D printed material is
biocompatible and how this variable would affect overall immu-
noreactive glial responses, a sign of inflammation in the brain.
To quantify this inflammatory response, we implanted bare
and parylene C-coated 3D-POPs as well as standard 200 um
diameter optical fibers into the dorsal striatum of adult micel.
We then examined expression of markers associated with
microglia, Ibal (ionized calcium binding adaptor molecule 1),
and astrocytes, GFAP (glial fibrillary acidic protein), following
implantation of optical fibers and 3D-POPs (with and without
parylene C coating). Although bare 3D-POPs created signifi-
cantly larger lesions on average, parylene C coating reduced
this response to levels aligned with fiber optic implants, with
no significant differences between fiber optic probes and
parylene-coated 3D-POPs (Figure 3d-g). Additionally, there
were no significant differences across any of the implants in
the microglial and astrocytic responses following 1 month of
implantation (Figure 3h—i). These results suggest that parylene
C-coated 3D-POPs provide substantially improved biocompat-
ibility. However, parylene C is not perfectly hermetic. Therefore
this encapsulation approach would likely only be suitable for
2-5 years, an operation lifetime far beyond what is typical in
laboratory settings.

2.4. In Vivo Behavioral Experimentation using 3D-POPs

Figure 4 demonstrates the effectiveness of implementing
3D-POPs for basic behavioral neuroscience experimenta-
tion. Here we adapted a well-established behavioral assay in
which agouti-related protein (agrp) expressing neurons in the
arcuate nucleus of the hypothalamus (ARC%") are stimulated
to drive food consumption in ad libitum fed conditions.?? We
implanted 3D-POPs lateral to the paraventricular nucleus of the
hypothalamus (PVH) of agrp®® x Ai32 (Cre-dependent ChR2)

Adv. Funct. Mater. 2020, 2004285

2004285 (6 of 9)

mice (Figure 4a,d—f) and drove 20 Hz blue light photostimu-
lation within an ad libitum feeding assay. Following baseline
exposure to a 3 chambered behavioral apparatus, agrp®™® x
Ai32 mice were given access to chow and sweet pellet diets
on 3 consecutive test days (Figure 4b,c). On the second day,
blue light was used to photostimulate (20 Hz) ARC*" affer-
ents within the PVH (ARC*"-PVH). This activation increased
total food intake among PVH-implanted mice compared to oft-
site (non-PVH) and Cre-negative control mice (Figure 4g-h,
Figure S9a—c, Supporting Information). Overall, PVH-implanted
mice increased 397 £ 79.6% in baseline consumption during
20 Hz stimulation (Figure 4i). Although mice showed an increase
in total food consumption, there were no differences in time
spent in environments associated with preferred diets or the
preference of specific diets among PVH mice and non-PVH
mice (Figure S9d-h, Supporting Information). Overall, these
data clearly demonstrate the effectiveness of using 3D-POPs
for optogenetic stimulation within behavioral neuroscience
experiments.

3. Conclusion

In summary, the 3D printing approaches reported in this article
have immense potential to create a wide variety of low-cost
microscale neural probes in a swift manner. This facile, rapid
manufacturing technique with on-the-fly design customiz-
ability yields biocompatible and functionally robust neural
interfacing devices. This straightforward approach can poten-
tially replace neural probes fabricated with standard microfab-
rication processes involving special and expensive cleanroom
facilities. The study presented here focused on the develop-
ment and in vivo validation of 3D printed optogenetic probes
for the brain, but the same strategy can be readily applied to
produce not only neural probes with other modalities (e.g., elec-
trical, microfluidic, etc.) but also different types of bioelectronic
devices optimized for specific needs for various other organs.
We envision that the integration of 3D printing manufacturing
with advanced materials and packaging schemes will open
numerous opportunities for cost-effective, yet powerful wear-
able and implantable electronics with practical applications in
biomedical sciences, healthcare, and medicine.

4. Experimental Section

Design of Plug-n-Play Standalone Wireless Control Modules: The
releasable wireless control module controls the neural probe after
decoding the wireless Bluetooth signals sent from the smartphone by
the user. It consists of a Bluetooth system-on-chip (RFD77101, RF Digital
Corp.), a low-dropout (LDO) regulator (NCP4624, Semiconductor
Components Industries LLC), a rechargeable battery (GM300910,
PowerStream Holdings Inc.), and a male pin connector (M50-3630342,
Harwin Inc.), which were soldered onto a custom-designed flexible
printed circuit board (Figure S6, Supporting Information). The Bluetooth
chip adjusts the frequency of voltage pulses for U-ILED operation
on-the-fly. The LDO regulator ensures a stable output voltage to
the circuit irrespective of the current fluctuations occurring due to
different photostimulation frequency requirements. The wireless
control module can easily regulate a 3D-POP attached with a female
pin connector (M50-3140345, Harwin Inc.) with the simple assembly/

© 2020 Wiley-VCH GmbH
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Figure 4. In vivo behavioral experimentation using 3D-POPs. a) Cartoon diagram depicting intracranial placement of probe, inset: photographs of
probe. b) Diary of food choice test depicting timeline for optogenetic stimulation. c) Cartoon schematic of food choice test and stimulation control.
d) Representative atlas cartoon depicting placement of 3D-POPs into the paraventricular nucleus of the hypothalamus (PVH) of channelrhodopsin-
expressing AgRP-Cre x Ai32 (ChR2-eYFP) mice. e) Atlas cartoon showing correct targeting of the PVH (blue circles indicate confirmed correct placement
of 3D-POP. f) Representative coronal immunohistological images of the arcuate nucleus (left panel) and PVH (right panel) depicting expressing ChR2 in
agrp™e. Images show ChR2 (green) and Niss| (blue). Scale bars indicate 200 and 100 um, respectively. g) Graph depicting total food consumed over 1h
during 0 and 20 Hz stimulation in PVH mice compared to non-PVH mice (Mixed-effects model analysis, Group x Stimulation, F(2,30) =17.11, p < 0.001.
Tukey’s multiple comparisons revealed 20 Hz stimulation increases food consumption in PVH mice compared to 0 Hz stimulations, ** p < 0.07).
h) Representative heatmaps depicting cumulative time spent with preferred and non-preferred diets for PVH stimulation on days 1-3. i) Graph depicting
the percentage change in total food consumption during 20 Hz stimulation from baseline consumption (0 Hz) for non-PVH and PVH implanted mice

(Student’s t-test, t = 4.116, n = 17, *** indicates p < 0.0071).

disassembly process (Figures S5and S6; Video S2, Supporting
Information). This module allows researchers to optogenetically excite
multiple 3D-POPs in the vicinity wirelessly (using a smartphone, Figure S7,
Supporting Information), each with a unique stimulation frequency
without any line-of-sight handicap, as was seen in several previous
studies.l1233]

Mechanical Modeling and FEA: 3D finite element models were
established to simulate the mechanical interaction between a neural probe
and brain tissue in ABAQUS. The size of the brain tissue was 7 mm X
4 mm x4 mm. The Young's modulus and Poisson’s ratio of the brain were
3.156 kPa and 0.49, respectively.> The printed neural probe was 5 mm
long, 500 um wide, and 40 pum thick. Two different material properties
were defined for the optical fiber (Young’s modulus, E = 68.853 GPa) and
3D printed probe (E = 49.894 GPa). In these models, the interaction type
of the probe and surrounding brain tissue was tie contact. Micromotion
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(10 um) was simulated by displacing the bottom boundary of the brain
tissue while keeping the top edge of the neural probe fixed.

Experimental Subjects: Adult (20 to 30 g) male C57BL/6) and agrp-
IRES-Crel®>] backcrossed to C57BL/6) mice and bred to Ai32 micel* were
group-housed, given access to food pellets and water ad libitum, and
maintained on a 12-h:12-h light:dark cycle (lights on at 6:00 a.m.). All
mice were transferred to a facility within the laboratory after weaning and
remained in the facility in the laboratory at least T week before surgery,
after surgery, and throughout the duration of the behavioral assays to
minimize stress from transportation and disruption from foot traffic.
All procedures were approved by the Animal Care and Use Committee
of Washington University (20170202) and conformed to U.S. National
Institutes of Health (NIH) guidelines.

Stereotaxic Surgery: 3D-POP devices were implanted as previously
described®® with minor modifications to accommodate the 3D-POP
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probe. Briefly, after the mice were acclimatized to the holding facility
for 7 to 21 days, they were anaesthetized in an induction chamber
(4% isoflurane) and placed in a stereotaxic frame (model 942, Kopf
Instruments), where they were maintained at 1 to 2% isoflurane.
A standard cannula holder (model 1776-P1, Kopf Instruments) was
adapted to implant the 3D-POPs. Devices were ethanol-sterilized
before the implantation and secured with C&B Metabond (Parkell).
For the glial response studies, mice were implanted with 3D-POPs in
the dorsal striatum [stereotaxic coordinates from bregma: anterior-
posterior (AP), +1.10 mm; medial-lateral (ML), +1.50 mm; dorsal-
ventral (DV), —4.00 mm)]. For the optogenetic feeding experiment,
agrp-IRES-Cre x Ai32 mice were implanted with the 3D-POP adjacent
to the PVH (stereotaxic coordinates from bregma: AP, —0.82 mm; ML,
—0.5 mm; DV, —=5.25 mm). Further, two subsets of animals were used as
distinct control groups: 1) Cre negative animals implanted in the PVH, 2)
Cre positive animals implanted in the dorsal striatum (as described
above). Following blinded histological confirmation, all dorsal striatum
and off-target implanted agrp®™ mice were designated as non-PVH
for all analyses. Mice were allowed to recover 1 week following
implantation before behavioral testing.

Immunohistochemistry:  Immunohistochemistry was  performed
as described.?® Briefly, mice were anesthetized with a ketamine/
xylazine/acepromazine cocktail and intracardially perfused with
paraformaldehyde in phosphate-buffered saline (PBS). Brains were
dissected, postfixed for 24 h at 4 °C, cryoprotected with solution of 30%
sucrose in 0.1 M phosphate buffer (PB) at 4 °C for at least 24 h, cut
into 35-um sections, and processed for immunostaining. Brain sections
(35 um) were washed three times in PBS and blocked in PBS containing
0.5% Triton X-100 and 5% normal goat serum. For glial responses in
implanted tissues, horizontal sections were then incubated for =16 h at
room temperature in guinea pig anti-GFAP (glial fibrillary acidic protein)
(1:500; Synaptic Systems) and rabbit anti-Ibal (1:300; Wako Chemicals).
Following incubation, sections were washed three times in PBS and
incubated for 2 h at room temperature in Alexa Fluor 488 goat anti-
rabbit immunoglobulin G (1:1000; Invitrogen) and goat anti-guinea pig
Alexa Fluor 546 (1:1000; Invitrogen), washed three times in PBS and
incubated for 1 h in NeuroTrace 435/455 Blue Fluorescent Nissl stain
(1:400), and then washed three times in PBS, followed by three 10-min
washes in PB, and mounted on glass slides with HardSet Vectashield
(Vector Laboratories). For tissue from the feeding studies, sections were
washed three times in PBS, followed by three 10-min washes in PB, and
mounted on glass slides with HardSet Vectashield with 4’,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories). All sections were imaged
on an epifluorescent microscope, and z-stacks were taken throughout
the focal plane. 3D deconvolution was then performed, and images
were presented as a maximum projection of that 3D deconvolution.
Gain and exposure time were constant throughout each experiment,
and all image groups were processed in parallel and analyzed using
Image) (NIH).

Food Consumption Assay: The food intake study was performed at
the onset of the light cycle to increase probability of baseline satiety.
All animals were singly housed for at least 2 weeks following surgery
and handled daily to ensure acclimation and minimize any stress
response to experimental procedures. A modified three-chamber
apparatus consisting of two square boxes (27 cm X 27 cm) was used
that served as the food chambers separated by a small center area that
served as the passageway (5 cm wide X 8 cm long) between boxes.
Boxes had 2.5 cm black-and-white vertical stripes or horizontal stripes
and a small weigh boat fixed to the chamber floor. Mice were handled
each day for 1 week and given 1 g of each test diet for 3 consecutive
days prior to behavioral testing to reduce neophobia. The behavioral
testing was completed over 5 consecutive days. On each test day, each
mouse was briefly handled to be connected to a battery-powered BLE
device, and placed into the apparatus. On day 0 of testing, mice were
allowed to explore all three regions of the box with no food present for
1h. On day 1, sweetened and chow pellet diets were placed in opposite
chambers of the apparatus. Mice were allowed to explore the apparatus
and freely consume each diet for T h. On day 2, mice received blue
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U-1LED photostimulation at 20 Hz immediately prior to the placement
into the apparatus and continuously for the entirety of the test. Mice
were allowed to explore the apparatus and consume each diet for 1 h.
On day 3, sweetened and chow pellet diets were placed in opposite
chambers and mice were allowed to explore the apparatus and freely
consume each diet for 1 h, with no stimulation. On day 4, mice were
allowed to explore all three regions of the box with no food present
for 1 h. The weight of each diet was measured before and after each
test. Locomotor and position data were monitored with EthoVision
11.0 (Noldus). Preference scores were calculated with regard to the
side in which each mouse consumed the most food during 20 Hz
stimulation on day 2 (Preferred food-side). The calculation subtracted
the time spent on the Preferred food-side during day 0 from time spent
in this side during day 4 testing. Mice with implantation outside the
PVH expression were excluded from the group after blind histological
examination by a separate experimenter and added here to the
non-PVH group. By this process, all food intake measurements were
randomized and blind to the experimenter.

Diets: The diets used for this experimentation were 20 mg, Dustless
Precision Pellets available from Bio-Serv (Flemington, NJ). The chow
diet (Product #0163) was 3.35 kcal g™ and consisted of 21.3% protein,
3.8% fat, and 54% carbohydrate. The sweetened diet (Product #F0071)
was 3.6 kcal g7' and consisted of 18.7% protein, 5.6% fat, and 59.1%
carbohydrate.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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