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A large-scale optogenetic neurophysiology
platform for improving accessibility in non-
human primate behavioral experiments

Devon J. Griggs 1,2,6, Noah Stanis 2,3,6, Julien Bloch2,3, Jasmine Zhou 2,3,
Karam Khateeb 2,3, Shawn Fisher1,2, Larry Shupe4, Felix Schwock1,2,
Eberhard E. Fetz2,4, Hesamoddin Jahanian5 & Azadeh Yazdan-Shahmorad 1,2,3

Optogenetics has been a powerful scientific tool for two decades, yet its
integrationwithnon-humanprimate (NHP) electrophysiologyhasbeen limited
due to several technical challenges. These include a lack of electrode arrays
capable of supporting large-scale and long-term optical access, inaccessible
viral vector delivery methods for transfection of large regions of cortex, a
paucity of hardware designed for large-scale patterned cortical illumination,
and limited designs for multi-modal experimentation. To address these gaps,
we introduce a highly accessible platform integrating optogenetics and elec-
trophysiology for behavioral and neural modulation with neurophysiological
recording in NHPs. We employed this platform in two rhesus macaques and
showcased its capability of optogenetically disrupting reaches, while simul-
taneously monitoring ongoing electrocorticography activity underlying the
stimulation-induced behavioral changes. The platform exhibits long-term
stability and functionality, thereby facilitating large-scale electrophysiology,
optical imaging, and optogenetics over months, which is crucial for transla-
tionally relevant multi-modal studies of neurological and neuropsychiatric
disorders.

Optogenetics is unique among neuromodulation technologies
because it allows for cell-type-specificmanipulationofneural networks
with high spatial and temporal precision. This enables the precise
manipulations needed for research in fundamental neuroscience1–5,
such as investigating relationships between neural activity and
behavior4–8, monitoring changes in neural circuitry over time7,9,
understanding the neural changes associated with brain
dysfunction10,11 and developing therapies for neurological
disorders1,3,5,12,13.

The evolutionary proximity between the neurophysiology of non-
human primates (NHPs) and humans14–16 spurs us to apply optoge-
netics to NHPs to better understand the human brain and strengthen

translational medical research, especially in the context of neurologi-
cal and neuropsychiatric disorders. However, studying neurological
disease models in NHPs is challenging because NHP neuropathology
and anomalous neural activity are often spatiotemporally complex,
spanning multiple brain areas and months or years of development,
much like in humans. These challenges, along with the scientific
opportunities afforded by optogenetics, call for the development of
large-scale, chronically stable optogenetic platforms for NHPs.
Although the development of optogenetic techniques in NHPs
emerged soon after the debut of optogenetics17,18, its wide-spread
adoption has remained a challenge. We dissect key contributing fac-
tors below that are addressed in our platform.
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While optogenetics alone is a potent technique for functional
neuropathological studies, the integration of optogenetics with an
electrical platform, such as electrocorticography (ECoG) recordings,
can enable precise optical control over specific cell types with con-
current measurement of neural activity at high spatiotemporal reso-
lution. Merging of optogenetic and electrical recording platforms has
been demonstrated in rodent work19,20, however, similar attempts in
NHP work have come with limitations. Systems where skin is closed
over the implant require surgeries for device replacements or mod-
ifications and prevent ongoing assessment of both optical occlusions
between the light source and the brain, as well as optogenetic
expression21, which is typically confirmed with optical techniques.
Such limitations make these systems experimentally inflexible.

In contrast, modular chambers enabling chronic access to the
cortical surface have been developed. In particular, in vivo optical
imaging of NHP brains through cranial windows has been a small but
vibrant field with decades of development with techniques such as
calcium imaging22, voltage-sensitive dyes23,24, intrinsic signal optical
imaging24,25, and epifluoresence imaging9,26, among others. Optical
windows to the NHP brain are often covered with a transparent,
silicone-based artificial dura to protect the brain while providing
optical access to the cortex23–26. The artificial dura has been combined
with optical stimulation methods such as infrared neural stimulation27

and optogenetics25,28. In a previous effort, we have taken a similar
approach and performed simultaneous electrical recording and
optogenetic stimulation using a µECoG array in an optical window.
However, long-term optical access stability using this approach
remained an unmet challenge. One approach relied on daily explan-
tation of an artificial dura and implantation of a µECoG array to per-
form experiments, but the frequent manipulation of the cortical
surface stimulated tissue growth over the cortex and obscured optical
access26,29. Another approach relied on chronic co-implantation of
both anartificial dura and a µECoGarraybetween the artificial dura and
the brain, but tissue growth between the artificial dura and the µECoG
array obscured optical access29,30. To take full advantage of optoge-
netics in NHPs, there is a need for innovative platforms with chronic
stability in both electrophysiology and optical access to empower
widespread adoption.

One obstacle in NHP optogenetics, not present in rodent models,
is the size of NHP brains, which renders widespread viral delivery of
optogenetic vectors impractical via traditional, diffusion-based meth-
ods. In contrast, convection-enhanced delivery (CED) is a pressure-
based approach of infusion allowing for large-scale and even dis-
tribution of viral expression in comparison to diffusion-based
approaches26,31. Previously published CED protocols relied on live
magnetic resonance imaging (MRI) to monitor infusions26,32, making
these methods technically challenging and only accessible to the
institutions capable of MRI-guided viral infusions in the NHP brain.

Given the challenges of attaining large-scale optogenetic cover-
age and maintaining optical access, large-scale optical stimulation
techniques have been largely undeveloped—optogenetic stimulation
in NHPs is generally performed by fiber optics or optrodes coupled to
lasers33, which are not optimized for large-area optogenetic coverage.
Light emitting diode (LED) arrays, both with21 and without34,35 simul-
taneous electrophysiological recording, have also been used, but with
limited cortical coverage or access. Optogenetic transduction and
stimulation methods, that are both experimentally flexible and widely
accessible, are necessary to capitalize on large-scale optogenetics
in NHPs.

In this paper, we address the above challenges by designing
accessible tools and integrating them into a single platform. We
demonstrate large-scale, chronically stable optogenetics and ECoG in
an imaging window on NHP cortex. We present an optogenetic plat-
form comprised of five complementary state-of-the-art technological
advancements, enhancing both experimental flexibility and

accessibility to researchers with diverse technical backgrounds. Our
advancements are: (1) a platform designed to bemodular and flexible
for varied, multi-modal use-cases; (2) a chronically implanted inte-
gration of an ECoG array and an artificial dura, which we refer to as a
multi-modal artificial dura (MMAD); (3) optical hardware scalable
from single lasers up to large arrays of LEDs for complex patterned
stimulation across multiple brain areas; (4) improved ECoG-
compatible optical access with the MMAD, facilitating long-term
multi-modal experimentation; and (5) CEDwithout live-MRI guidance,
which is an accessible viral vector deliverymethod for achieving large-
scale expression. These technologies are synergistic yet maintain
functional modularity, i.e., no one technology requires all the others
to function, thus keeping our platform relevant for experiments
requiring fewer than our full suite of technologies, while maintaining
forward compatibility. Our work is poised to bridge the gap between
rodents and humans by facilitating powerful, multi-modal studies
in NHPs.

We demonstrated the efficacy of our advancements by three
complimentary measures: optical imaging, electrophysiology, and
behavior. We present months of continuous optical clarity with the
MMAD and years of chamber stability, which opens opportunities for
translational studies of models of neurological diseases and disorders
such as stroke recovery36. The optical clarity empowered verification
of large-scale epifluorescence, the product of our viral delivery pro-
cess, and our ECoG recordings confirmed the flexibility of our scalable
optical stimulation setup for optogenetic experimentation. We
demonstrated our platform’s relevance for behavioral studies by
optogenetically disrupting a center-out reach task by modulating the
posterior parietal cortex (PPC). This showcases the applicability of our
platform for complex behavioral experiments. This work provides a
milestone proof-of-concept for NHP behavior experiments with inhi-
bitory opsins which, up to this point, have not been successfully
applied to reaching behavior.

The ability to link millisecond-resolution neural activity with
behavioral effects and optogenetic neuronal manipulation is an
invaluable addition to the NHP researcher’s toolbox. Therefore, we
took measures to ensure the accessibility of our methods for a diverse
range of specialties: design files are provided for parts and equipment
that are not commercially available, our in-house fabrication processes
require only generic equipment and modest skill, and our neural
processing code is publicly available. Collectively, our work enables
large-scale and long-term interrogation of cortical areas in awake
behaving NHPs37,38.

Results
Hardware
We designed and implemented our platform for two healthy adult
male rhesus macaques (Macaca mulatta, Monkeys H and L). We used
magnetic resonance imaging (MRI)-based methods to plan a cra-
niotomywith a diameter (Ø) of 25mmover the left PPC and to design a
custom chamber with a curvature precisely fitting the surface of the
skull around the craniotomy for each monkey (Fig. 1a, c). We have
previously published these methods as step-by-step protocols for
accessibility39,40. The custom chamber was designed to provide a
sturdy base for experimental equipment and protect the brain when
the monkey is freely moving between experiments. The chamber is
further described in Methods. We implanted the chamber along with
our multi-modal artificial dura (MMAD; Fig. 1b, d41;) in both animals.
The chambers continue to be stable and used for studies after >4.6 and
>3.8 years following implantation for Monkeys H and L, respectively,
and we have not observed behavioral or health deficits.

We designed theMMAD to serve both as an optical window to the
brain and as an electrocorticography (ECoG) array. The MMAD is
composed of a flexible and corrosion-resistant electrode arraymolded
in silicone into a “top-hat” shape common for traditional artificial

Article https://doi.org/10.1038/s41467-026-69448-3

Nature Communications |         (2026) 17:3128 2

www.nature.com/naturecommunications


duras40,42. The opaque, conductive traces of the MMAD are layered on
top of each other to maximize the optical access to the brain through
the transparent polymer of the MMAD41. Like traditional artificial
duras, the MMAD protects the brain and keeps the brain moist during
experiments. Unlike traditional artificial duras, cables extend from the
“top-hat” of the MMAD to hardware for electrophysiological record-
ings, as described below. We packaged the MMAD cables inside the
chamber between experiments (Fig. 1d). The MMAD, as well as the
commercially available electrode array (Ripple Neuro, Salt Lake City,
UT) from which the MMAD was fabricated, are further described in
Methods.

The MMAD cables require adapters, called clamp connectors, to
be used with external electrophysiology equipment. We designed a
stack-up of parts to attach to the chamber and support the clamp
connectors (Fig. 1e, f). All parts are designed to bemodular for flexible
experimentation and design iterations as needed. Further descriptions
of parts can be found inMethods, anddesignfiles are publicly available
(see Data and Code Availability).

We designed and tested our platform for both laser- and LED-
based optical stimulation. The lasers and optical fibers were com-
mercially sourced and can support a variety of light wavelengths
(see Methods for further laser system details). We designed an LED
array and its driving circuitry in-house (Fig. 2, Supplementary Fig. 1)
to be compatible with high temporal resolution (sub-millisecond)
requirements (Supplementary Movie 1). While pulse-width mod-
ulation is a popular technique for driving LEDs, we designed our
driving circuitry to be controlled by analog signals. Specifically, we
drove our LEDs with continuous voltage signals to avoid high-
frequency photo-induced artifacts in our electrophysiology
recordings. We selected LEDs for optimal tissue penetration and
powered our circuitry with two rechargeable 9 V batteries to miti-
gate line noise (Supplementary Fig. 1). We designed and fabricated
two versions of an LED array for patterned stimulation, a 4 × 4 array
with individually drivable LED columns43. and a 3 × 5 array with
independently drivable LEDs (Fig. 2a). An example stimulation

pattern demonstrating spatial, temporal, and optical power com-
plexity is provided (Supplementary Movie 1). Both boards used
identical schematics for the driving circuitry except for the number
of LEDs driven by each driving circuit (Supplementary Fig. 1). We
fabricated our LED arrays in two wavelengths (634 nm and 485 nm).
The LED array was protected from potential moisture from the brain
by a cover glass between the LED array and the MMAD (Figs. 1e–g,
2b). This also provided a small air gap between the LEDs and the
cover glass tomitigate conductive heating of the brain (Fig. 2b). Our
benchtop temperature measurement data indicate our stimulation
design limits the cortical temperature change to less than 1 °C

Fig. 2 | LED array. a LED column-drivable 4 × 4 LED array (left column) and indi-
vidually drivable 3 × 5 LED array (right column). PCB schematic (top), photograph
of LED array in tube and through the cover glasswith LEDs off (middle) and on in an
example illumination configurations (bottom). b Schematic of LED array and rela-
ted hardware for optical stimulation through MMAD, including an air gap to miti-
gate tissue heating. Upper- andmiddle-left panels of (a) are adapted/reprintedwith
permission from IEEE EMBC43.
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during our stimulation protocols (Supplementary Fig. 2), which is
below the safe limit for brain44–47 and has minimal impact on neu-
ronal activity48,49. We did not observe any tissue damage (e.g., brain
discoloration) or behavioral deficits over the years in our animals.
We commercially sourced our custom printed circuit boards (PCBs)
and assembled the LED array and driver PCBs in-housewith common
soldering methods. (For more details, see Methods).

Optical stability
To demonstrate the stability of optical access through theMMADwe
used both optical epifluorescence imaging and stimulation. With
ourMMAD, we achieved 10 to 14 consecutive weeks of optical access
in our monkeys before tissue growth began to obstruct light pene-
tration (Supplementary Fig. 3). After tissue had matured, we resec-
ted the tissue and reimplanted the MMAD for additional
experiments.

As aforementioned, both implanted monkeys have been stable
for ~4 years following surgery, and the chambers have supported
optical experiments, displaying the platform’s ability to facilitate
long-term NHP studies. Over this period, we have repeated the dura
resection and reimplantation of the MMAD for both monkeys, each
allowing us windows of >10 weeks of optical access for experi-
mentation. In some instances, we observed accelerated tissue
growth when we explanted the MMAD to test other recording and
stimulation systems. For example, following a tissue resection in
Monkey H approximately two years after first implantation, the
MMAD was replaced and clear optical access was maintained for
7 weeks. At week 7, while optical access was still clear, the MMAD
was removed to test other stimulation and recording devices that
impacted tissue growth. Approximately oneweek later, tissue began
to grow over the cortex. For another example, one and a half years
after the first implantation in Monkey L, a similar procedure pro-
vided clear optical access for at least 5.5 weeks during which we ran
experiments. Similarly, the MMAD was removed for another
experiment that led to tissue growth. These results collectively show
the stability of optical access with our design for several months and
the modularity of our platform to test other recording and stimu-
lation devices. In addition, our results caution that explantation and
implantation of the MMAD must be minimized, because it is known
that mechanical manipulation on the surface of the brain causes
irritation of the cortical surface and can lead to accelerated tissue
growth that obscures optical access.

CED and epifluorescence
During the chamber implantation surgery, we used CED (similar
to9,26,50,51) to infuse up to 50 µL of a pan-neuronal inhibitory optoge-
netic viral vector (AAV8-hSyn-Jaws-GFP, 5.4 × 1012 genome copies per
milliliter (gc/mL))52,53 at several locations across the craniotomy
(Fig. 3). We delivered viral vector at rates up to 5 µL/min using our
custom-built stepped-tip cannula26. Further descriptions of parts,
equipment, and protocols are provided in Methods.

We infused the optogenetic viral vector in the surgery suite
immediately prior to chamber implantation. This allowed us to visually
inspect any potential reflux on the surface of the brain from the can-
nula without live-MRI, which we had used in previous protocols. For
our presented protocol, we had eleven successful and two unsuc-
cessful infusions as determined by epifluorescent expression near the
locations of cannula insertion. We canceled one infusion before its
completion because the brain did not seal against the cannula and we
observed fluid buildup, likely reflux (Fig. 3c, d). We reattempted that
infusion nearby and successfully generated expression (Fig. 3d). In the
first surgery (Monkey H), we had difficulty determining the depth of
cannula penetration into the brain with stereotactic instruments alone
because of the brain’s tendency to dimple during cannula insertion. To
address this in our second surgery (Monkey L), wemarked the cannula
prior to surgery at a set distance distal from the cannula’s tip to facil-
itate measurement of penetration depth during surgery. This techni-
que correlated with an improvement in success rate between our first
and second surgeries (62% and 100%, respectively; Fig. 3c, d).

Our long-term and large-scale optical access provided by the
MMAD empowered us to monitor optogenetic expression over time
for both monkeys. Monkey H underwent initial imaging for epi-
fluorescence two weeks after viral infusion. Expression was evident
during the first imaging session and increased in coverage and inten-
sity until the fifth week after infusion, when expression plateaued at 92
mm2 coverage (Fig. 3b, d). Similarly, we confirmed 76 mm2 expression
coverage in Monkey L (Fig. 3d). Although we did not see a change in
epifluorescent expression during the initial months following the pla-
teau in viral expression area, approximately two years after infusionwe
observed a strong reduction of expression in both monkeys.

Photo-induced artifact removal
Ouroptical stimulation systemgenerated artifacts in theECoGdata.To
remove artifacts fromECoGdata, wegenerated adataset of artifacts, in
the absence of any neural signals, by optically stimulating an MMAD
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submerged in a saline bath. We modeled the photo-induced artifact
using these saline data, fit the model to the in vivo ECoG data, and
removed the estimated photo-induced artifact (see Methods for
details). The results demonstrate that the method effectively removes
photo-induced artifacts (Fig. 4a). As a control, we tested the artifact
removal method on data without stimulation and found that the
method had negligible effect, as intended (Fig. 4b, c).

Stimulation at rest
To demonstrate our platform’s ability to integrate optogenetics and
ECoG, we applied optical stimulation protocols (Fig. 5a, b) and recor-
ded evoked neural activity. We removed photo-induced artifact as
described above and in Methods. Statistical tests were run by com-
paring the neural activity to the baseline recording before the onset of
stimulation (Bonferroni correction applied to p <0.05).

We stimulated an opsin-expressing area of Monkey L during rest
with one of the red LEDs of the 3 × 5 LED array (634 nm, 75mW,
900ms; Fig. 5a). The stimulation produced a significant increase in
ECoG power across most frequencies and weaker effects persisted
after the end of stimulation (Fig. 5a, c, e) probably due to spatio-
temporal complexities of neural networks, including the possibly of

rebound effects54. The effects of stimulationwere similar but weaker at
nearby electrodes (Fig. 5a, c, g, i) (0mm vs 2mm p = 7.7e–6, 0mm vs
2mm p = 4.6e−8). In addition to testing our LED array, we also tested
traditional laser stimulation. We stimulated neural tissue of Monkey L
with fiberoptic cable connected to a laser (638 nm, 45mW, 900ms;
Fig. 5b). Again, the stimulation produced a significant increase in ECoG
power across high frequencies and weaker effects persisted after the
end of stimulation (Fig. 5b, d, f). However, the persisting effects were
more pronounced than with LED stimulation, likely due to the focal
nature of collimated laser stimulation as opposed to the less focal,
uncollimated LED stimulation. Effects were primarily local (Fig. 5b, d, f,
h, j), which aligned with our expectation that laser stimulation would
have a more focal effect than LED stimulation (0mm vs 2mm p = 5.5e
−7, 0mm vs 4mm p = 1.2e−6). A similar experiment with Monkey H
produced similar results (Supplementary Fig. 4).

However, we expected that inhibitory optogenetics would cause
ECoG power to decrease in general, not increase. To validate the light-
evoked responses observed, we have performed a series of control
experiments described below.

We investigated the spatial nature of the neural responses with
respect to opsin-expressing and opsin deficient areas (Fig. 6). To test
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the spatial natureof theneural responses,we stimulated all 16 red LEDs
of the 4 × 4 array (634 nm, ~12mW/mm2) during rest and separated
recording channels based on the expression in their vicinity. A control
animal, Monkey C, which had never been genetically altered, did not
show statistically significant changes in neural activity (p =0.53;
Fig. 6d). For both optogenetic monkeys, ECoG power evoked by red
LEDs was statistically stronger in the opsin expressing areas than the
opsin deficient areas (Monkey H: p =0.012; Monkey L: p = 8.3e−9;
Fig. 6a, c). We repeated the experiment with sub-optimal stimulation
techniques in Monkey L, being red LED stimulation with tissue growth
over the brain and blue (485 nm) LED stimulation of a clear window,
and found there was no significant difference between the opsin
expressing and opsin deficient areas (tissue p =0.47; blue light
p =0.90; Fig. 6c). Responses when optical access was clear produced
significantly higher power in opsin expressing areas compared to
conditions of tissue growth and the use of blue light (tissue p = 1.8e−4,
blue p = 3.0e−59). Repeating the red light stimulation experiment with
the full LED array and clear optical access in Monkey H ~ 2 years after
initial infusion, when most of the epifluorescence had dissipated,
produced no statistically significant changes from natural fluctuations
in a baseline activity without optical stimulation (p =0.76; Fig. 6b).
Comparing light-evoked responses from opsin expressing and opsin
deficient regions across days yielded statistically significant differ-
ences inMonkey L (Fig. 6e). Note that after 540 days formonkey L and
686 days for monkey H we saw decreased expression as measured by
both epifluorescence and insignificant light-evoked responses (H: p =
0.89, L: p = 0.92; Fig. 6e, f). We then reinjected 838 days after initial
injection inMonkey L and 1,435 days after in initial injection inMonkey
H (Fig. 6e, f) and generated approximately the same stimulation-
evoked activity levels as the first injection inboth opsin expressing and
opsin deficient areas althoughwith smaller expression regions (Fig. 6e,
f). Collectively, the differences between light-evoked responses of
opsin expression and opsin deficient regions, the light evoked
responses after reinjection, and the lack of response in control
experiments (a naïve monkey, tissue growth, blue light) support our
finding that optical stimulation of neural tissue expressing Jaws
increased ECoG power, despite Jaws being an inhibitory opsin. This
increase could be due to disinhibition of neurons in lower cortical

layers following inhibition of upper cortical layers—we reason the
disinhibition is reflected in the ECoG signal through apical dendrites
from the lower layers.

Given the increase of ECoG power when inhibition was applied in
vivo, we examined the potential underlyingmechanism by performing
a simulation experiment, investigating the effect of stimulation across
different cortical depths. We used VERTEX55, a simulation tool based
on detailed cortical neuronal data56 used for modeling and simulating
large-scalenetworks of neurons, whichwe recently updated to support
optogenetic stimulations57. We found that pan-neuronal stimulation of
Jaws-expressing neurons led to decreased spiking in upper layers (L2/3
and L4) and increased spiking in layer 5 (L5; Supplementary Fig. 5a, b).
Similar changes are observed in local field potential (LFP) spectro-
grams from different cortical layers (Supplementary Fig. 5c). The
observation of rebound effect in simulation also corroborates in vivo
laser stimulation data (e.g., Fig. 5f), where neural responses can persist
to some degree after stimulation terminates. These simulation results
further confirm our hypothesis that inhibition of upper cortical layers
generated disinhibition of neurons in lower cortical layers.

Stimulation during behavior
To demonstrate our platform’s applicability for behavioral neu-
roscience experiments, we trained the monkeys to perform a center-
out reach task using their right hand (Fig. 7a) collecting data over
multiple sessions (e.g., Supplementary Fig. 6). To begin, the monkey
held his finger at a start target in the center of a screen, and then the
end target displayed on the screen randomly in four locations: right,
up, left, and down. We applied optical stimulation for 900ms with all
LEDs of our red 4 × 4 array (~12mW/mm2) simultaneously for a ran-
domly selected 50%of the trialswith the expectation that optogenetic
inhibition would impede reach. The onset of the stimulation aligned
with the appearance of the end target. After a randomdelay, an audial
“go-tone” would play, signaling the monkey to reach for the end tar-
get. Monkeys typically completed the reach before the end of
stimulation.

Optogenetic inhibition led to significantly longer reach times in
both monkeys (H: p =0.04, L: p =0.009; Fig. 7c, f); however, trajec-
tories of the reaches during stimulated and non-stimulated conditions
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Article https://doi.org/10.1038/s41467-026-69448-3

Nature Communications |         (2026) 17:3128 6

www.nature.com/naturecommunications


do not look qualitatively different (Fig. 7b, e). To better investigate
these delays, we analyzed reach times for each movement direction
individually (Fig. 7c, f). We found direction-specific effects in both
animals. In Monkey L, reaches in the down and left directions were
significantly impacted by stimulation (down p =0.0001, left p = 0.03,
up p = 0.33, right p = 1.0)(Fig. 7f). In Monkey H, significant delays were
observed in the downward direction as well (down p =0.03, left
p =0.23, upp = 0.99, rightp = 0.13)(Fig. 7c). Additional analyses of path
length were consistent with these findings (H all directions p = 0.40,
down p = 0.04, left p =0.35, up p = 0.08, right p = 0.32; L all directions

p = 4.2e−6, down p = 1.1e−11, left p = 3.1e−5, up p = 0.45, right p =0.71)
(Fig. 7d, g).

We analyzed the neural activity recorded during reaches with and
without optogenetic stimulation to identify the change in neural
activity underlying the reach disruption (see Methods for details on
the neural data analysis; data adapted from ref. 58). We plotted heat-
maps of theta-band activity (4–10Hz) during rest and during the
planningphaseof the task justbefore go-tone (Fig. 8a, b). Theta band is
known to be reflective of behaviorally relevant cortical activity. We
found that area 7 exhibits increased activity during the planning phase.
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nels, opsin deficient: 3 channels, 50 trials) and blue light with clear optical access
(opsin expressing: 12 channels, opsin deficient: 9 channels, 100 trials). The power
ratios of responses are calculatedby taking the ECoGpower during stimulation and
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reported in violin plots. Asterisks denote *p <0.05, **p <0.01, ***p <0.001 using a
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deficient p =0.47, L blue opsin expressing vs deficient p =0.90, L expressing red vs
redwith tissue growth p = 1.8e−4, L expressing red vs blue p = 3.0e−59, L expressing
red with tissue growth vs blue p = 6.7e−13, C red p =0.76, L over time opsin
expressing vs deficient left to right p = 1.5e−9, p = 9.0e−9, p =0.92, p = 7.0e−6,
p =0.29, p =0.41, p =0.001, p = 1.3e−6, p = 7.2e−5, p = 5.1e−7, p =0.006, p =0.001,
p = 7.0e−6, p =0.01, p =0.0001, p =0.94, p =0.02, p =0.73, p =0.02, p =0.18,
p =0.01, p = 5.6e−8, p =0.01, p =0.05, p =0.02, p =0.05, H over time opsin
expressing vs deficient left to right p =0.004, p =0.89, p = 3.5e−6, p = 9.4e−8,
p = 4.1e−5). A two-tailed Student’s t test was used in panel (d) (p =0.53, t =0.61).
Source data are provided in the code repository.
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Next,weselected example electrodes inopsin expressing anddeficient
regions of area 7 and analyzed the signal during the planning period of
the task with and without stimulation (Fig. 8c–e). To assess the chan-
ges in local activity of the selected electrodes, we analyzed high-
gamma band activity. For both animals, both electrodes exhibited
similar increases in baseline-normalized high-gamma-band activity
during the task in the absence of stimulation. For each monkey, both
electrodes had statistically significant increases in activity when sti-
mulated (H expressing: p = 8.9e−29 deficient: p = 1.0e−5; L: expressing:
p = 2.5e−114; deficient: p = 8.9e−13, Fig. 8f, g). Additionally, for both
monkeys we found that the stimulation-evoked activity of the elec-
trode over the opsin expressing area was more pronounced than the
electrode over the opsin deficient area to a statistically significant
degree (Monkey H: p = 2.8e−15; Monkey L: p = 8.9e−104), which was
not the case in the absence of stimulation (Monkey H: p =0.40; Mon-
key L:p = 0.08; Fig. 8f, g). These results support ourfinding thatoptical
stimulation of neural tissue expressing Jaws increased ECoG power
both during behavior and at rest (Fig. 6).

Discussion
We present an NHP optogenetic ECoG platform both accessible to
researchers with diverse expertise and flexible for diverse experimental
aims. Our work entails five complementary technological advancements
tied together with the common thread of experimental flexibility and
researcher accessibility: an adaptable and modular platform, a chronic
MMAD, scalable optical hardware for patterned stimulation, improved
ECoG-compatible optical access, and efficient viral vector delivery
without live-MRI monitoring. We used optical imaging, electro-
physiology, and behavioral data to showcase our platform.

We designed our platform to be widely accessible by making it
modular and replicable in several ways. All parts are interchangeable

between monkeys except those chronically implanted. Our MMAD
molding process did not require any special facilities or tools aside
from the custom mold pieces, and the miniature ECoG array is com-
mercially available (Ripple Neuro Inc.). We have previously demon-
strated the MMAD’s capability of electrical stimulation41,59–62, which
opens further experimental opportunities, especially given that opto-
genetic and electrical stimulation have been shown to work
synergistically63,64. Furthermore, we predict our work will spur the
development of MMADs with higher channel counts of smaller and
transparent electrodes to increase electrophysiological resolution and
optical access65,66. In particular, we expect future versions of the
MMAD with electrode sizes in the order of 10-30 µm to be capable of
recording action potentials or multiunits from the cortical surface,
similar to previous work65,67,68. We also expect LEDs will be incorpo-
rated into future MMAD designs, much like past work with electrode
arrays (e.g. refs. 69,70). Our platform can facilitate iterative develop-
ment in MMAD design because explanation of past designs and re-
implantation of future designs is minimally invasive. Replacing or
updating electrophysiological or optical stimulation hardware
implanted with traditional window-less approaches, like Utah array-
style devices71 or LED arrays sutured to the native dura34, is more sur-
gically complex in comparison to our window-based method.

The ring and clamp connector tray facilitate experimental flex-
ibility for imaging, electrophysiological recording, andbothfiberoptic-
and LED-based optical stimulation. Most of the optical stimulation
components can be 3D printed in-house with common 3D printers,
which facilitates quick and inexpensive revisions for experimental
needs. Parts can be soldered onto the LED-related PCBs in-house with
minimal experience, and simple, custom-designed battery-powered
circuitry mitigates line-noise. The LEDs are commercially available in
many colors and have the same footprint, which facilitates custom LED
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arrangements including multi-color arrays for step-function opsins72.
Our custom circuitry does not use pulse-width modulation, but drives
the LEDs continuously. Continuous stimulationminimizes the count of
optical stimulation onsets and offsets per stimulus, thus mitigating
complexity of photo-induced artifacts in electrophysiology data.
Regardless, the remaining singular onset and offset of continuous
stimulation produced artifacts in our ECoG data. We rejected the
artifacts with a rigorous procedure designed to preserve the neural
responses of stimulation. Our artifact rejection method can be readily
adapted for other experiments combining optogenetics with electro-
physiology. We incorporated an air gap into our LED setup to mitigate
tissue heating, which is a concern in all optogenetic experiments, and
particularlywhenplacing LEDson34,35 or in the brain. To further protect
the brain from heating, we designed the LED array and the driving
circuitry to be separate PCBs to keep heat produced by the driving
circuitry (i.e., opamps and resistors) away from the brain. Our tem-
perature measurement data (Supplementary Fig. 2) indicate that our
designs were effective at limiting the cortical temperature change to
less than 1 °C during our stimulation protocols (Supplementary Fig. 2),
which is below the safe limits for the brain44–47 and hasminimal impact
on neuronal activity48,49. The stimulation setup of previous work
allowed for the optical stimulation of only two or three point-locations
at a time due to the physical interference of fiberoptic wires within the
chamber26; in contrast, our LED array provides large-scale patterned
optical stimulation for targeting several brain areas simultaneously.
Additionally, our platform allows users to monitor both stimulation
and recording locations every experimental session for displacement
with respect to the brain (ref. Fig. 3a), which provides a great

advantage over surgically implanted devices with limited visibility of
the brain (e.g. refs. 21,34,35). Similarly, given that our platform can be
integrated with optical techniques such as optical coherence tomo-
graphy angiography (OCTA)41, calcium imaging and intrinsic signal
imaging, it is well-suited for studying neural and vascular dynamics—
including neurovascular coupling—across timescales ranging from
minutes to months, and in conjunction with behavioral tasks. We
anticipate development of higher-count and multicolor LED arrays to
further complement our large-scale optical platform, which would be
especially powerful with multi-opsin and step-function opsin
experiments17. The design files of our electronic and hardware parts
are publicly available (see Data and Code Availability).

Our work pushes the bounds of previous efforts across the field
largely hindered by the challenge of maintaining optical access and
especially at the large scales that will be necessary to study complex
network interactions across multiple brain regions in awake behaving
NHPs. As with past work, we resected both the skull and the opaque
native dura and implanted transparent artificial duras that are bio-
compatible and can provide optical access to the brain for
months24,26,73 before tissue growth stifles optical access26. This tissue is
a neo-membrane and cannot be easily removed during early stages of
growth because it is nourished through the brain, but the tissue can be
surgically removed once the neo-membrane matures and separates
from the brain. This growth process forces the researchers to wait for
about one to two months before resuming experimentation, and thus
highlights the importance ofmaintaining optical windows for an order
of months, as others have done with classic optical windows and as we
havenowdemonstratedwith anelectrocorticographic opticalwindow.
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Fig. 8 | Effect of opsin expression status on neural activity during reach. Theta-
band (4–10Hz) ECoG heatmap of resting (a) andmovement planning (b) activity in
the absence of stimulation for Monkey H. White stars on electrodes indicate sta-
tistical significance (p <0.05, one-sample t test). (c, d) Epifluorescence map for
Monkey H (c) and Monkey L (d) indicating electrodes selected for use in (e, f) and
(g), respectively. eTrial average spectrograms from individual electrodes calledout
in (c) during reach. (i): opsin expressing electrode, no stimulation (n = 253 trials).
(ii): opsin expressing electrode, stimulation (n = 241 trials). (iii): opsin deficient
electrode, no stimulation (n = 253 trials). (iv): opsin deficient electrode, stimulation
(n = 241 trials). Spectrograms are average neural activity across trials for the 900ms
stimulation (orwhere stimulationwould havebeen), the 500msbefore theonset of
the stimulation and 900ms after the offset of stimulation. Gray bars indicate bins
during the first 50ms of stimulation onset and offset—data during these times are

excluded due to residual artifact after artifact removal. f, g Median high-gamma-
band (80–200Hz) ECoG power during the task (900ms) for the aforementioned
electrodes with and without stimulation for Monkey H (f) and Monkey L (g). For
MonkeyH, trials are the same as those reported in (e). ForMonkey L, 440 trials with
stimulation and 401 trials without stimulation were used. Medians interquartile
range are shown inside violin plots. Asterisks indicate p <0.05 using a two-tailed
Mann–Whitney U test (Bonferroni correction, H opsin expressing stim vs no stim
p = 8.9e−29, deficient stim vs no stim p = 1.0e−5, stim opsin expressing vs deficient
p = 2.8e−15, no stim opsin expressing vs deficient p =0.40; L opsin expressing stim
vs no stim p = 2.5e−114, deficient stim vs no stim p = 8.9e−13, stim opsin expressing
vs deficient p = 8.9e−104, no stim opsin expressing vs deficient p =0.08). Source
data are provided in the code repository.
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Early works attempting to integrate electrode arrays and large-
scale optical windows did not result in long-term optical access26,30. In
this work, we achieve over 3 months of optical and electro-
physiological access by embedding electrodes into a transparent
polymer41 and then integrating the array into an artificial dura to create
a singleMMAD. Thebrain’s response is similar to classic, electrode-free
silicone artificial duras. While others have also embedded miniature
ECoG arrays into artificial duras74, their ECoG design restricted optical
access. We integrate our MMAD, purposefully designed for optical
access41, with an artificial dura to support chronic optogenetics, ima-
ging, and ECoG.

While others have proposed window-less designs for LED-based
NHP optogenetics21,34,35, our work facilitates routine epifluorescent
monitoring of large-scale optogenetic expression, revealing experi-
mental insights otherwise challenging to ascertain. For example, in our
experiment the optical window empowered us to confirm that CED
performed without the complexity of live-MRI (unlike26) resulted in
monitoring progression of large-scale expression up to a plateau in
expression at 5 weeks. The large areas of epifluorescent coverage are
comparable with previous work26. Around 2 years later, we observed a
waning of epifluorescent expression, which again highlights the value
of window-based designs for routine optical monitoring of the cortex.
The viral reinjection and subsequent epifluorescent confirmation in
bothmonkeys further underscore the importanceof the optical access
enabled by our setup. Our platform also supports non-genetic optical
techniques, such as infrared neural stimulation27 and photochemical
lesioning29,59,60,75,76, which sets the stage for such studies to be com-
plemented with chronic ECoG data via our MMAD. Further, our plat-
form enables routine monitoring of tissue growth, which can be
problematic for many optical techniques and is difficult to assess
without an optical window. Granted, our platform does not provide
optical access beyond the cortical surface, yet future iterations of our
platform could be combined with hardware for depth recording and
stimulation.

Our CED success is an important proof of concept for ourmethod
of optogenetic CED in monkey cortex without live-MRI guidance.
While live-MRI is a powerful method of visualizing infusions in real-
time during surgery26,50, the method is logistically challenging or
infeasible at many institutions, limiting its use. Our MRI-free CED
method was performed entirely in the surgery suite and during the
same surgerywhere all other surgical operationswereperformed. This
eliminated the need for MRI-compatible syringe pumps and compli-
cated fluid lines, and instead used a setup which may be widely
accommodated by surgery suites at other institutions, while still
capitalizing on the efficiency of CED over traditional diffusion-based
approaches. While with this technique we lose the on-line monitoring
of infusions, our previous work provides a comprehensive bench-side
technique to model the CED infusion profile prior to surgery51,77. This
bench-side model was informed by the correlation between CED
parameters and on-line MRI monitoring of infusion profiles in NHP
brains. Thismodeling technique is predicated on a reflux-free infusion,
which our presented CED technique empowered us to monitor.
Together, the model and method support accessible and compre-
hensive planning and execution of widespread viral delivery in
NHP brain.

Based on previous studies9,26,53, we expected that the strongest
effects of optogenetic stimulationwould occur in the opsin-expressing
areas and thatweaker effects would occur in opsin-deficient areas, and
our data support this. The weaker effects observed in opsin-deficient
areas (as seen inMonkeyH, Fig. 8f)maybe attributed tooneormoreof
the following factors: (1) opsin expression that is too weak to be
detected via epifluorescent imaging; (2) propagation of neural
responses originating in opsin-expressing regions, leading to second-
ary effects in opsin-deficient areas through network-level interactions;
and (3) potential thermal effects in opsin-deficient regions. However,

our bench-side temperature measurements indicate that stimulation-
induced temperature changes are less than 1 °C, suggesting that the
likelihood of thermally induced neural activity is minimal.

While the relative strengths of stimulation-evoked responses with
respect to opsin expression were aligned with our expectations, the
nature of the responses were surprising. We originally hypothesized
that our inhibitory opsin would reduce ECoG signal power when sti-
mulated, but found a general increase in ECoG signal power regardless
of behavioral state (Figs. 5, 6, 8), including when channels were
selected or grouped by the presence of expression in their vicinity
(Figs. 6, 8). To explain this finding, we speculated that upper layers of
the cortex,whichare known tohavehigher ratios of inhibitory neurons
than other layers78,79, were more strongly inhibited due to greater
proximity to the light source, and thus the electrodes netted higher
electrophysiological signal power from the lower cortical layers that
received less inhibition from the higher cortical layers. In particular,
layer 2/3 is known to project significantly to layer 5, which is a cortical
layer that contributes heavily to EEG80 and µECoG81 recordings. Indeed,
we have previously shown with electrical stimulation in rat brain that
lower rates of neuronal firing in layers 1/2 are correlated with higher
rates of firing in layers 5/6 (and vice-versa)82, and that ECoG activity is
more strongly correlated with the spiking and LFP activity of layer 5/6
than other cortical layers83. This reasoning agrees with our in vivo
findings, and to further investigate we have performed a simulation
study in which we observed that illuminating Jaws-expressing cortex
caused inhibition of upper cortical layers and excitation (disinhibition)
of lower cortical layers. These results further validated our in vivo
ECoG responses25

Simultaneous depth and surface recording has shown that an
increase in firing in lower cortical layers is correlated with an increase
in high-gamma ECoG power49,83. However, in this work, we observed
not only an increase in high-gamma power but also in other fre-
quencies. This finding is aligned with other work that showed
frequency-specific responses to different stimulation parameters82.
Our light-evoked changes in ECoG signal across different frequencies
could also vary depending on stimulation parameters, which merits
additional study.

Although the increase in signal power during optogenetic inhibi-
tion was unexpected, our control experiments confirmed that this
effect was indeed optogenetically driven (Figs. 5, 6). Notably, laser
stimulation produced more spatially specific modulation than LED
illumination and yielded a longer-lasting effect. These differences are
consistent with optical modeling and empirical studies demonstrating
that collimated laser light anddiffusewide-angle LED light interactwith
brain tissue in fundamentally different ways. Variations in beam geo-
metry, coherence, divergence, and photon scattering in gray matter
produce deeper and more focused light penetration with lasers,
whereas LEDs generate broader but more superficial illumination—
features that likely account for the distinct physiological responses we
observed84–86. Red light provided stronger neuralmodulation thanblue
light in accordance with the spectral characteristics of Jaws52,53. This
observation would not be expected had neural responses been merely
an effect of tissue heating as blue light is absorbed more than red light
and thus causes more spatially specific heating87. Furthermore, as
explained above our bench-side temperature measurements suggest
that the likelihood of thermally induced neural activity is minimal. In
addition, when the channels were grouped by the presence or defi-
ciency of expression in their vicinity, red stimulation through tissue
growth and blue stimulation with clear optical access experiments
failed to generate statistically significant results, leaving red stimula-
tion with clear optical access, i.e., both the optimal wavelength and
optical access, as the only case where opsin expressing areas were
evoked to higher power than opsin deficient areas (Fig. 6).

Past studies have attempted to use excitatory opsins to evoke
musculoskeletal activity in NHPs at rest. Early trials were
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unsuccessful17, but more recently, a proof-of-concept was
demonstrated88. A preprint study has shown disrupted sensory-guided
reaching behavior using excitatory optogenetics89. Other studies have
used inhibitory opsins to produce behavioral effects; Jaws has been
used in rhesus macaques to produce behavioral effect in saccade
tasks53,90,91 and a joystick release task91. To demonstrate the versatility
of our platform for behavioral studies, we applied optogenetic sti-
mulation of Jaws expressing areas in the PPC during a center-out reach
task, hypothesizing that this deactivation would result in delayed
reaching movements. This hypothesis is based on the relationship
between the PPC andmotor intentions92–105, and neuronal connections
between the PPC (including areas 5 and 7) and themotor andpremotor
cortices106–111. PPC acts as a sensory integration center, downstream of
pre-motor regions. Previous studies have inhibited the PPC through
cooling and found reaching movements were delayed112. Additionally,
single-unit recordings in the PPC verified the proactive role of this
brain region in motor planning during a center-out reaching task113.
While future PPC studies could use our platform to disentangle inter-
related PPC functions, here we present an alternative to current
methods that allows for precise probingof the regionwithoptogenetic
deactivation.

Our behavioral effect is comparablewithotherwork: Forexample,
electrical subthresholdmicrostimulation of rhesusmacaque premotor
cortex, an area shown to be directly responsible for preparation of
motor movement, impeded reaction time of a reach task by tens of
ms114. In both of our monkeys, we attain similar results by optogen-
etically stimulating the PPC, an area indirectly responsible for pre-
paration of motor movement115. Our results indicate that our platform
is suitable for studying neural mechanisms of behavior with milli-
second-precision, spatial specificity, and reversible modulation, with
behavioral effects comparable to prior electrical stimulation work.

Our results support our hypothesis that optogenetic inhibition
disrupts reaching behavior; however, reach time was impacted dif-
ferently in our twomonkeys, whichmaybe due to different expression
profiles over the PPC. Monkey L had larger behavioral perturbations in
both reach path and reach time while also having greater opsin
expression near the interparietal sulcus. This region of the PPC is
known to have significant task-related activity116, which agrees with our
results and may indicate that we perturbed task-related activity more
precisely in this monkey. This observation is enabled by our ability to
chronically monitor opsin expression and its overlap with neural
activity. To our knowledge, this study debuts the reach disruption
using an inhibitory opsin in NHPs. Further, our study uses a brain area
not directly responsible for motor actions, as opposed to the motor
and premotor cortices more popular in musculoskeletal behavioral
experiments, which highlights the range of experiments our platform
can facilitate.

Collectively, our methods make cutting-edge neuroengineering
techniques accessible to NHP researchers with diverse expertise. Our
results validate our chronic setup and indicate its suitability for large-
scale and long-term stimulation and recording experiments in behav-
ing monkeys (Supplementary Fig. 10). The combination of high tem-
poral and spatial precision with large-scale and long-term access
renders our platform particularly useful for experiments that need
fine-scale manipulation and sensing over longer timescales and larger
brain areas. Examples include studies of network-level activity, func-
tional connectivity between different cortical areas9,117,118 and neuro-
logical diseases and disorders.

Given that not every experiment requires every technologyoruse-
case we present, our platform is functionally modular, providing
flexibility to select modalities appropriate for one experiment while
maintaining the opportunity to incorporate other modalities in future
studies with the same monkey. For example, an imaging-specific neu-
ropathology study could be followed by the development of simulta-
neous optogenetic and electrical stimulation protocols, which could

speed the translation of the new diagnostic or therapeutic techniques
from animals to humans. We anticipate wireless closed-loop
technologies119 and next-generation optical and ECoG devices120,121

will be integrated intodesigns basedonourplatformtomakeourwork
practical for experimentation on freelymoving animals.We expect this
to further advance stimulation-based therapies for neurological dis-
eases and disorders122.

Methods
Multi-modal artificial dura (MMAD)
We embedded a multi-modal artificial dura (ECoG array), similar to
past work41, into a traditional artificial dura (Fig. 1b). Briefly, theMMAD
consisted of four conductive layers sandwiched between five trans-
parent layers of medical-grade copolymer, where the conductive lay-
ers were aligned with each other to maximize optical access.
Conductive layers were composed of platinum particles dispersed in a
matrix within the polymer for mechanical flexibility. This design
eliminated the need for attached printed circuit boards (PCBs),
enabling long-term implantation without the challenges of protecting
PCBs from moisture and fluids within the chamber. The MMAD was
developed in close collaborationwith Ripple Neuro (Salt Lake City, UT,
USA), which manufactured the arrays. The company’s sales team may
be contacted for ordering details.

A traditional artificial dura is typically described as “top-hat”
shaped: a single silicone piece is composed of a cylindrical wall with
an optical window at the lower end and a flange extending under
the native dura to reduce regrowth of the native dura (Fig. 1b)24–26.
Here, we embedded the MMAD into the artificial dura with a simple
molding process40,42. The molded device is an artificial dura (skirt
Ø: 31.2 mm; skirt thickness: 0.4 mm; wall outer Ø: 21.0mm; wall
inner Ø: 18.6mm; height: 11.9 mm) with a fully embedded MMAD to
allow for electrical recording and stimulation from 32 electro-
des (Fig. 1b).

We designed the entire MMAD, including the cables, as a
corrosion-resistant single piece.We housed the cables of theMMAD in
the chamber between experiments, and during experiments, we
attached the cables to the electrophysiological recording and stimu-
lation hardware.

Chamber
The chamber is a cylinder (internal Ø 23mm), 3D-printed andmilled
from titanium (Ti-6Al-4V, Hybex Innovations, Anjou, Quebec,
Canada), which provides a sturdy base for experimental equipment
and protects the brain when the monkey is freely moving between
experiments, similar to previous work26. To design the chamber to fit
the skull of each monkey, we developed a software pipeline
(MATLAB, MathWorks, Natick, MA, USA; Solidworks, Waltham, MA,
USA) to extract the skull curvature from an MRI file and then used
the curvature to design a chamber with a unique skull-fitting skirt
(Fig. 1a, c; Supplementary Fig. 7)39,40. We included an intra-cranial
rim under the skirt (Supplementary Fig. 7) to aid in positioning the
chamber on the skull during surgery and to reduce bone growth
around the wall of the craniotomy, and included 12 holes in the skirt
(Supplementary Fig. 7) for titanium screws (Crist Instrument Com-
pany, Hagerstown, MD, USA). We incorporated concentric tracks
within the chamber to store the MMAD cables between experiments
(Fig. 1b–d). We threaded the chamber with a high thread pitch (M38
× 1.5) to allow either affixation of experimental equipment or a cap
to close the chamber between experiments (Fig. 1c; Supplemen-
tary Fig. 7).

Cap
We designed a cap (stainless steel 304, machined by Hybex Innova-
tions) to close off the chamber between experiments. We applied
polytetrafluoroethylene (PTFE) tape to the threads before eachclosure
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to prevent binding of the threads. We used a set screw
(HSS11400187HD, #4-40 × 3/16) to fasten the cap shut against the top
rim of the chamber.

Electrophysiology hardware
Our electrophysiology setup included a ring, a clamp connector tray,
and PCB clamp connectors (Fig. 1e, f). To prepare our platform for
recording and stimulation, we screwed the ring onto the chamber and
secured the clampconnector trayonto the ringwith 2-4 screws (M2.5 ×
6). The ring was machined from stainless steel (304; Hybex Innova-
tions) and the clamp connector tray was 3D printed with titanium (TI-
64; i.materialise, Leuven, Belgium).

The ring had 32 screw holes (M2.5) around its rim to offer optimal
flexibility in the orientation of attachments. The upper face of the ring
included a slight recess just above the threads for additional hardware
to be easily aligned with the ring for fastening.

Thebottomof the clampconnector tray included an intra-ring rim
around thewindow tofit into the recess of the ring. Thebaseof the tray
included a right-angled outer rim for grounding electronics as well as
four elevated screw holes (M2.5 or 4–40 thread) designed for optical
stimulation equipment to be secured to the tray. We designed the tray
to be compatible with both this work’s LED-based optical stimulation
setup and our lab’s previously described fiberoptic-based setup26. We
designed the arms of the tray to be lowweight and provide support for
theMMAD cables as they extended from the artificial durawalls at 45°.
The distal end of the tray armwas approximately 9.5 cm away from the
cranial window.

The arms of the tray supported PCB clamp connectors (Fig. 1e, f;
Ripple Neuro) held in place by rubber bands (not shown), which
secured the MMAD cables approximately 4.5 cm away from the brain
and provided an electrical connection between the cables and com-
mercial neurophysiology equipment (Grapevine Nomad, Ripple
Neuro). Two of these setups may be simultaneously deployed bilat-
erally, although this work is exclusive to the left hemisphere.

Optical stimulation hardware
To optically stimulate across large cortical areas (~1 cm2), we incor-
porated either a 4×4ora 3 × 5 LEDarray (Fig. 2). The full 4 × 4 arraywas
used for stimulation during reaches. To prevent LED arrays from
moving when in use, we designed a system involving a rod, tube,
coverslip, and stimulation holder (Fig. 1g).We customdesigned and 3D
printed the rod, tube, and stimulation holder in-house with FDM PLA
(M2 revG, MakerGear LLC, Beachwood, OH, USA). We glued (Better
Ultimate Adhesive, slow dry, Cemedine Co. Ltd., Shinagawa City,
Tokyo, Japan) the coverslip (Ø 16mm, ORSAtec, Bobingen, Germany)
to one end of the tube. The base, which we affixed to the clamp con-
nector tray, secured the coverslip against the top side of the MMAD
and a set screw (HSS11400187HD, #4–40× 3/16) secured the rod inside
the tube. The rod positioned the LED array over the brain and above
the coverslip. Our setup created an air gap between the LEDs and the
coverslip, which protected the brain from conductive heating. Four
screws in the base secure the tube in place.

The LED array consisted of a circular custom rigid printed circuit
board (PCB; Ø 15.5mm;OSH Park, Portland, OR, USA). The LEDs (L1C1-
RED1 or L1C1-BLU1, Lumileds, Schipol, Netherlands) of the 3 × 5 array
were individually addressable, while the 4 × 4 array was wired to drive
four individually addressable columns of LEDs. Both PCB versions
included an internal copper plane for heat dissipation.We soldered the
LEDs onone side of the PCB and a connector (501331-0807,Molex Inc.,
Lisle, IL, USA) on the other side. We drove the LEDs with a custom
external PCB (OSH Park) connected to the LED array by a cable
assembly (151330806, Molex Inc.). The external PCB consisted of
voltage-controlled current sources. Each driving circuit consisted of a
high output current opamp (TLE2301, Texas Instruments, Dallas, TX,
USA) with a capacitor between the compensation network terminals

(not shown) and a resistor (15 Ω, 5W, SMW515RJT, TE Connectivity,
Schaffhausen, Switzerland), where the resistor value controls the ratio
of input voltage to output current. The input voltage is provided by
our neurophysiology system’s analog voltage output (Ripple Neuro)
and is prevented from floating high (e.g., when the neurophysiology
system is turned off) by a pull-down resistor (10 kΩ). We powered our
PCBs with two in-series batteries (9 V Li-ion rechargeable, Keenstone,
Industry, CA, USA) to reduce line noise in our electrophysiological
recordings. We depict our circuit and arrays in Fig. 2 and Supple-
mentary Fig. 1.

We also designed our clamp connector tray to be compatiblewith
our previous laser stimulation setup30, and its slightlymodified version
is briefly described here. Our setup was composed of a base similar to
the base for the LED array setup, and a stimulation ring, both FDM 3D-
printed in-house with black PLA. The base was screwed to the clamp
connector tray. The stimulation ring guided telescoping cannulas
(HTX-13R, HTX-16T, and HTX-18T, Component Supply Co., Sparta, TN,
USA) to different stimulation locations, and optical fibers were slid
through the cannulas. We coupled lasers (520 nm or 638 nm,
LDFLS_520_520_638_638, Doric Lenses, Quebec, Canada) to the opti-
cal fibers.

Animals
We recruited two healthy, socially housed male rhesus macaques
(Macaca mulatta; Monkey H: 9 y, 13 kg; Monkey L: 9 y, 11 kg) for this
study. Water was available ad libitum and standard food rations were
provided after experimental sessions. All animal care and experiments
were approved by the University of Washington’s Office of Animal
Welfare, the University of Washington’s Institutional Animal Care and
Use Committee, and the Washington National Primate Research
Center.

Surgical procedures
We performed surgical procedures on both monkeys similar to pro-
cedures in other work26. We sedated the monkey and shaved its head
before anesthetizing and head-fixing him in a stereotactic frame. The
respiratory rate, heart rate, and body temperature of themonkey were
monitored throughout the procedure. We created an incision several
cm long to the left of the head’s midline and used elevators to peel
back the skin, musculature, and muscle fascia. We confirmed the
location of the center of the craniotomywith stereotactic coordinates.
Using a Ø 25-mm trephine, we created the craniotomy. Then we
resected the dura by lifting the dura with a curved needle and trim-
ming with ophthalmic scissors, revealing the posterior parietal cortex.
After test-fitting the titanium chamber to the skull, we placed a flat
transparent silicone artificial dura on the brain to keep the brainmoist.

With the craniotomy complete, we performed convection-
enhanced delivery (CED) of Jaws (rAAV8/hSyn-Jaws-KGC-GFP-ER2,
5.4 × 1012 genome copies per milliliter (gc/mL), University of North
Carolina Vector Core), a red-shifted inhibitory viral vector52. Prior to
surgery, we hadmanufactured a 1-mmstepped-tip silica cannula (inner
cannula: inner Ø 320 µm, outer Ø 435 µm; outer cannula: inner Ø
450 µm, outer Ø 673 µm; Polymicro Technologies, Phoenix, AZ, USA)
for CED similar to our previous work26,51 by applying cyanoacrylate
(super glue) to the inner cannula, sliding the outer cannula over the
inner cannula, and using a razor blade to trim the inner cannula
extending fromone side of the outer cannula tomake a 1-mm stepped-
tip. We removed the artificial dura from the brain, punched a hole
through the artificial dura to be used for our injection, laid the artificial
dura back on the brain to keep the brain moist, and then inserted the
cannula tip through the hole approximately 2mm into the cortex
(Fig. 3a, left) and began the infusion protocol using convection-
enhanced delivery similar to previouswork26.We infused up to 50 µL at
each of several locations across the cortex. Once complete, we placed
a new artificial dura on the brain.
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Unlike previous work where live-MRI was performed during
infusions26,50, we performed the infusions without live-MRI. This
allowed CED to be performed in the surgery suite, while we were able
to visually inspect the location of the infusion for any reflux. It also
eliminates the need forMRI-compatible syringe pumpsor complicated
fluid line setups—the syringe and cannula were attached directly to the
pump, and a stereotactic arm was used for cannula insertion
during CED.

Following CED, we used a piezo-drill (5120063AS animal science
package, insert tips IM1-AL and IM1S, Piezosurgery Inc., Columbus,
OH) to drill screw holes and used titanium tap screws (Crist Instrument
Company) to secure the chamber to the skull. We removed the artifi-
cial dura and placed the MMAD on the brain and housed the cables in
the slots of the chamber (Fig. 1d). Finally, we applied PTFE tape to the
threads, closed the cap, secured the set screw, and appliedbonewax to
the set screw. Having secured and closed the chamber, we closed the
wound using standard surgical techniques.

We had implanted a titanium headpost (Crist Instrument Com-
pany) on each monkey prior to this study39.

Chamber cleaning and hardware assembly
We developed a process of cleaning the chamber at least three times
eachweek, starting one week after the surgery. We briefly describe the
processes here. After head-fixing the monkey, we cleaned the cap,
chambermargin, surrounding scalp and outside of the ear. Once clean,
we removed the cap and cleaned the margin. We used sterile cotton-
tipped applicators dipped in saline to clean the threads and the rim of
the chamber. To clean the inside of the chamber, we used a sterile
syringe and blunt-tipped needle to irrigate warm sterile saline on and
in the MMAD, its cables, and the storage area for the cables.

To prepare for electrophysiological recording, we screwed a
sterile ring onto the chamber and screwed a sterile clamp connector
tray to the ring with sterile screws. Then we removed the cables from
the chamber and placed them into the clamp connectors, and rubber
banded the clamp connectors to the clamp connector tray arms.

To prepare for optical stimulation, we attached the stimulation
holder for either the LED array or the lasers. In the case of laser sti-
mulation, we slid the stimulation ring down around the stimulation
holder and inserted the fiberoptic cable through the cannula and
placed the cannula on top of the brain through the stimulation ring. In
the case of LED stimulation, we assembled the LED array, rod, and tube
with coverslip, and secured them together with a set screw. Then we
lowered the assembly down through the stimulation holder and into
the MMAD, and secured the tube into place with set screws. Black foil
was wrapped around the stimulation equipment to prevent the mon-
key from seeing any lighting changes in the experimental rig due to
stimulation.

When the experiment was complete, we removed the stimulation
and recording equipment, cleaned theMMAD, and used sterile forceps
to return the cables back into the chamber. Then we cleaned the
chamber using sterile saline irrigation and applied an antibiotic to the
center of the MMAD. To avoid building antibiotic resistance, we rota-
ted through polymyxin B sulfate, gentamicin, and amikacin sulfate
antibiotics, applying one for 4-5 weeks and then switching to the next.
To prevent the cap from binding to the chamber between cleanings,
we wrapped a strip of sterile PTFE around a portion of the threads.
Then we screwed on a sterile cap and a set screw.

Epifluorescence imaging
We performed epifluorescence imaging of green fluorescence protein
(GFP) by using a blue light for the excitation wavelength of GFP
(NIGHTSEA stereo microscope fluorescence adapter, SFA-RB royal
blue, Electron Microscopy Sciences, Hatfield, PA) in combination with
a DLSR camera (Nikon D5300, Minato City, Tokyo, Japan) and a lens
based on the emission wavelength of the GFP (Nikon DX AF-S NIKKOR

35mm 1:1.8 G, SWM Aspherical ∞−0.3m/0.98 ft Ø52) for imaging. We
illuminated the brain from multiple angles to fully cover the optical
window. The camera was fixed throughout the illumination process,
whicheased stitching thephotos togetherwith image editing software.

Expression coverage was measured by outlining the extent of
expression in the stitched epifluorescent imagemanually, counting the
number of pixels within the outlined areas, and converting to mm2

based on known distances in the image, i.e., the distance between
electrodes.

Behavioral task
Our center-out reach task (Fig. 7a) was controlled by custom software
in MATLAB using Psychophysics Toolbox version 3123–125, similar to
previouswork126. A reflective sticker, placed on themiddlefinger of the
monkey’s right hand, contralateral to the implant, was tracked by a
motion capture system (Motive, OptiTrack, NaturalPoint Inc., Corval-
lis, OR, USA). These tracking data were processed in real-time by
MATLAB. The monkey was rewarded for successful trials with juice (5-
RLD-D1 D.A.R.I.S., Crist Instrument Company). The monkey was head-
fixed and seated in a monkey chair inside a dark experimental rig. The
visual and audio stimuli were provided by a monitor with built-in
speakers within reaching distance of the monkey.

Monkeys performed several hundred trials each session (Monkey
H: mean trials per session: 557.7, standard deviation: 217.6; Monkey L:
mean trials per session: 715.7, standard deviation: 266.0). For Monkey
H, there were 4522 analyzed reach trials split over 8 sessions, while for
Monkey L there were 11,101 trials split over 13 sessions.

Behavioral analysis
We analyzed reaches from the behavioral trials. All successful trials
from all sessionswere labeledwith reachdirection (right, down, left, or
up) and stimulation condition (stimulation or no stimulation). Data
groups were compared statistically by Mann–Whitney U test of the
distribution of reach times. Our experimental design focused on
examining how stimulation would affect behavioral metrics, including
reach time, path length anddirection,whichwe carefully recorded. For
these hypotheses, we did not adjust p-values as the nature of our
analysis was not exploratory.

We tracked the reach path and reach time and analyzed move-
ment in three-dimensional space for both stimulation and control (no
stimulation) conditions. We measured the time between the go-tone
and the finger’s entry into the end target, and we call this time the
“reach time”.

Behavioral data preprocessing
All reach trials were aggregated over all dates and conditions for each
monkeys individually. Trials were excluded from analysis if the reach
wasunsuccessful or if the trail was awarmup trial as judged fromawait
time before the go-tone <0.3 s, or a circle size >50 pixels radius
(approx. 25mm diameter).

The neural data were screened to remove malfunctioning elec-
trodes by measuring the impedance of the electrodes and by visual
inspectionof the voltage traces. Additionally, the standarddeviationof
the raw neural signal was computed for each trial, and if the z-score of
the standard deviation was >6, the trial was excluded.

Neural data analysis
Neural activity was recorded during behavior and stimulation (1 kHz
sampling frequency, Grapevine Nomad, Ripple Neuro). All neural data
analyses were conducted separately for the two monkeys. High
impedance electrodes were excluded from analyses.

The process involved segregating all trials into stimulation and
non-stimulation trials. Each trial was then split into three epochs:
before stimulation, during stimulation (or duringwhen the stimulation
would have occurred), and after stimulation. We analyzed 500ms of
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local field potential (LFP) activity immediately preceding the onset of
stimulation (“before stimulation”). The “during stimulation” period
encompassed the 900ms of LFP recorded during stimulation, and the
“after stimulation” period covered the 900ms following the end of
stimulation. Artifact removal was applied to each epoch (see “Photo-
Induced Artifact Removal” section below).

After removing photo-induced artifact, we quantified the effect of
stimulation by analyzing the time-frequency content of the data.
Multitaper spectrograms of ECoG data from each trial were calculated
with 50-ms non-overlapping windows, five tapers and a 128-sample
length Fast Fourier Transform (FFT) between 1 and 200Hz. The values
of each bin are normalized by the 500-ms pre-stimulation activity. The
50ms immediately following the start and termination of stimulation
are excluded from analysis to avoid including any residual artifact in
the signal at these times.

To quantify the changes due to stimulation, we calculated the
average values of the spectrogram per frequency bin. Spectrograms
were normalized to the 500ms preceding stimulation and the result-
ing values were used to determine if statistically significant changes
were induced before, during, and after stimulation using the
Mann–Whitney U test. For control experiments, the data processing
matched the stimulated condition, although the stimulation did
not occur.

Photo-induced artifact removal
To isolate photo-induced artifacts from the electrocorticography
acquired during simultaneous optical stimulation in vivo, we gener-
ated a dataset of these artifacts, absent any neural signals, by optically
stimulating anelectrode array submerged in a saline bath.Wemodeled
the photo-induced artifact using these saline data, fit the model to the
in vivo ECoG, and removed the estimated photo-induced artifact. The
procedure involved the following steps (Supplementary Fig. 8):
1. The time surrounding each stimulation in the saline data was

isolated, from 100ms before the onset of stimulation to one
second after the end of stimulation. Each of the 32 channels were
stackedwith their 100 corresponding stimulation pulses to form a
matrix (32 × 100 × length of time).

2. The matrix was split along the time axis into three matrices cor-
responding to before stimulation, during stimulation, and after
stimulation.

3. The saline data at the time of stimulation onset and offset (data
point time =0 for matrices “during stimulation” and “after sti-
mulation,” respectively) were set to 0mV and the whole traces
were shifted accordingly.

4. Photo-induced artifact was modeled from these data using
principal component analysis (PCA) conducted separately on
the “during stimulation” and “after stimulation”matrices, with the
top three components extracted from each.

This model was subsequently employed to eliminate the artifact
from the in vivo data as follows:
5. The in vivo data were isolated and stacked in the same way as the

saline data, such that a data matrix (channels × pulses × length of
time), with identical time length, was formed.

6. The matrix was split along the time axis into three matrices cor-
responding to before stimulation, during stimulation, and after
stimulation.

7. The ECoG data at the time of stimulation onset and offset (data
point time =0 for matrices “during stimulation” and “after sti-
mulation”) were set to 0mV and the whole traces were shifted
accordingly.

8. The ECoG data from the “during stimulation” and “after stimula-
tion” matrices were projected onto the corresponding models
derived fromsaline, and the estimated photo-induced artifactwas
regressed out of the NHP data using linear regression.

9. The three matrices were rejoined along the time axis, adding an
offset to the later matrices such that the average LFP value of the
last 50ms of the preceding matrix and the first 50ms of the later
matrix had the same average value.

This procedure enabled the separation of the photo-induced
artifact from neural activity, and retaining the neural activity in the
recorded signal (Fig. 4; Supplementary Fig. 8), as confirmed by con-
trols (Fig. 4).

Simulation
We simulated large-scale neural spiking activity and LFPs across
cortical layers using the extended VERTEX model, which allows for
optogenetic stimulation and neural activity recording57. The tissue
model was 1.5 × 1.5 × 2.6mm deep with LFP recording sites arranged
in a 3 × 3 × 6 grid, and a 200 µm optical fiber placed orthogonally at
the center of the cortical surface (Supplementary Fig. 9). We used
the VERTEX Jaws opsin model, which hyperpolarizes neuronal
membrane currents when optically evoked. Optogenetic inhibition
was modeled with a train of optical pulses matching our experi-
mental conditions (594 nm wavelength, 10 pulses, 900ms on/
2900ms off). To examine local firing rates around the optic fiber,
Supplementary Fig. 5a, b show neuron firing rates along the z-axis
within a 400 µm cylinder around the optical fiber. Supplementary
Fig. 5c shows the time-frequency spectrogram of the LFP recording
sites centered in each layer.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided in the code repository.

Code availability
Our analysis code for in vivo data and the design files of our electronic
and hardware parts are publicly available: (https://bitbucket.org/
yazdanlab/accessible-platform/src/main/; https://bitbucket.org/
yazdanlab/accessible-platform-electronics/src/main/; https://
bitbucket.org/yazdanlab/accessible-platform-hardware/src/main/).
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