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Figure 2: (a) Behavioral paradigm for luminance discrimination task. Each trial of the behavioral task consisted of a
fixation period, during which one (or none) of the LEDs were preemptively activated on a random proportion of trials.
Following fixation, two sample stimuli were briefly presented at random radially opposite locations in the visual field. The
task required the subject to make a saccade to a target location defined by the brighter of the two sample stimuli. The
location and relative luminance of the stimuli was randomly assigned for each trial. By varying the relative luminance of
the two sample stimuli, we systematically varied the task difficulty. (b) The time course of the behavioral paradigm. The
LED activation was timed to completely overlap the stimulus-related activity in V1. (c) Control behavior from the animal.
(d) Correspondence between spatial organization of V1 cortex (bottom) and the visuospatial organization of the visual
field (top). Behavioral effects from perturbing the Opto-Array implant region are expected to be spatially constrained to a
target ROI, shown in purple. Given the spatial symmetry of the task, we additionally expect an equal and opposite
behavioral effect in the radially opposite position in the visual field. (e,f) For two different example LED conditions (see
insets for location of activated LEDs), z-scored psychometric shift maps are shown, with raw data and fitted
psychometric curves from the target regions shown on the left.
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Methods

Characterization of Opto-Array

Photometric measurements

Photometric measurements were made with a power-meter (Thorlabs) with power sensor in tight proximity
(<0.5mm) to the surface of the LED arrays, mimicking the distance between the sutured LED array to the
cortical surface. We averaged the power output over a sensor of 9mm in diameter and over a 500ms
duration window. To measure the spatial density of LED power, we measured the power output of individual
LEDs with the same power-meter, but with an pin-hole occluder placed in between, with varying pin-hole
size. In order to mitigate mis-alignments of LEDs with respect to the power sensor, we repeated this
experiment with all LEDs on the array and selected the LED with maximally detected power. We additionally
repeated this experiment on an Opto-Array that was implanted in an animal for >6months. The light output of
the explanted array approximately matched that of a new one (Figure S1D), demonstrating the survivability of

this tool in-vivo.

Temperature measurements

We measured the thermal response of an Opto-Array implanted directly on the cortical surface of an adult
rhesus monkey in two separate experiments. Temperature was sampled from the embedded thermistor every
30ms. We note that this measurement is a highly conservative upper bound for the corresponding
temperature change on the cortical surface, given the silicone insulation that separates the thermistor from
the brain. Under a simplified model of heat transfer (assuming specific heat capacity ranging between 0.2
and 2.55 W/m.K for the silicone, and 0.3 W/m.K for the PCB), we expect an increase of only 0.03° to 0.26°
on the external surface of the Opto-Array for every 1° increase measured by the thermal sensor. It is also
worth mentioning that temperature readings vary depending on the distance of each LED from the thermistor
on the PCB. To factor out the apparent thermal effect of LED distance from the thermistor we used only the
LEDs that are adjacent to the thermistor. To ensure the animal’s safety, in both experiments, trials in which

the PCB temperature increased more than 3°C were aborted.

In experiment 1, we measured the LED thermal response after a single activation. Each trial lasted for 11
seconds and contained one activation that started 1s after the onset of the trial. Each activation condition
was randomly selected from a set of combinatory conditions including the following parameters: the number
of active LEDs (1, 3 or 5), duration of activation (100, 200 or 500ms), power of activation (0, 40, 82, or
132mW). Each trial-type was repeated 10 times, except for the trials in which the temperature crossed the
3°C safety limit (see Figure S1C).
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In experiment 2, we measured the thermal response during sequences of LED activations. Each trial started
with recording 1 second of baseline temperature prior to sequences of LED activations that lasted each 10
minutes. Each activation sequence was randomly selected from a set of 40 combinatory conditions including
the following parameters: the number of active LEDs (1 or 5), duration of activation (200ms or 500ms), power

of activation (82 or 191mW) and duty cycle of activation (one pulse every 1, 2, 4, 8 or 16 seconds).

Behavioral effects of optogenetic perturbation

Subjects and surgery

Behavioral data were collected from one adult male rhesus macaque monkey (Macaca mulatta, subject Y).
Monkey Y was trained on a two-alternative forced-choice luminance discrimination task (Figure 2A ).
Following this, we injected AAV8-CAG-ArchT on the right hemisphere of the primary visual (V1) cortex,
covering a region of 15mmx7mm with over 18 injection sites, injecting 3ul at a rate of 200nl/min in each each
site (described in detail in Open optogenetics). Over this transfected tissue, we first implanted a steel
recording chamber (Crist) for acute optrode experiments, and confirmed the viral expression by recording
modest neural modulation by delivery of green light (Figure S1A). We did this to confirm viral expression
using a traditional method, but typically this stage is not typically needed and we recommend covering the
viral injection zone with artificial dura before closing the dura on it. The layer of artificial dura (between pia
and dura) prevents tissue adhesions and makes the second surgery smoother. In a second surgery, we
removed the chamber and implanted two 5x5 LED arrays over the transfected tissue. To provide access for
array implantation, a large U shaped incision (6mmx10mm, base of the U being the long side) was made in
dura mater. Viral expression can also be confirmed at this stage using an alternative method: looking for
fluorescence produced by GFP. After opening the dura the lights of the operating room can be turned off,
then using a flashlight with appropriate wavelength and proper goggles (e.g. 440-460nm excitation light,
500nm longpass filter for GFP) the fluorescence of the viral expression zone can be directly inspected and
photographed. Besides confirming the viral expression, one advantage of this method is to visualize the
expression zone and implant the array precisely over it. The array was kept in position by suturing the holes
in the corners of the arrays to the edges of the rectangular opening in the dura (using non-absorbable
suture). This tightly keeps the arrays aligned with the pia surface directly under them. The dura flap was
loosely sutured over the arrays (to avoid putting pressure on the cortex) and the area was covered with
DuraGen. Schematics of this surgical procedure are shown in Figure 1F. All procedures were performed in
compliance with National Institutes of Health guidelines and the standards of the MIT Committee on Animal

Care and the American Physiological Society.
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Behavioral paradigm

The luminance discrimination behavioral task was designed to probe the role of millimeter scale regions of
V1, which encode local features of the visual field. Stimuli were presented on a 24" LCD monitor (1920 x
1080 at 60 Hz; Acer GD235HZ) and eye position was monitored by tracking the position of the pupil using a
camera-based system (SR Research Eyelink 1000). At the start of each training session, the subject
performed an eye-tracking calibration task by saccading to a range of spatial targets and maintaining fixation

for 800 ms. Calibration was repeated if drift was noticed over the course of the session.

Figure 2A illustrates the behavioral paradigm. Each trial of the behavioral task consisted of a central visual
fixation period, during which the animal had to hold gaze fixation on a central fixation spot for 900ms. During
this epoch, one (or none) of the LEDs were pre-emptively activated on a random proportion of trials. This
was followed by the simultaneous and brief (50ms) presentation of two sample stimuli (Gaussian blob of 1
degree size, varying in luminance) in the periphery, at radially opposite locations in the visual field. The LED
activation was timed to completely overlap the stimulus-related activity in V1. Following the extinction of
these stimuli, two target dots were presented at the stimulus locations. The task required the subject to make
a saccade to a target location defined by the brighter of the two sample stimuli. By varying the relative
luminance of the two sample stimuli, we systematically varied the task difficulty. Correct reports were
rewarded with a juice reward. Real-time experiments for monkey psychophysics were controlled by

open-source software (MWorks Project http://mworks-project.org/).

Optical fiber experiments

To provide a baseline for comparison across methodologies, we first performed a small number of acute
optical fiber experiments. We first confirmed weak viral expression by recording modest neural modulation by
delivery of green light via an acutely inserted optical fiber (Figure S1A). Next, we measured the behavioral
effects of optogenetic suppression with light delivered via an acutely inserted fiber. Figure S1B shows the
behavioral effects in the two alternative forced choice luminance discrimination task described above, for an

example optrode session. Formatting is as in Figure 2B.

Opto-Array experiments

Behavioral data with LED activation was collected over NN behavioral sessions, with NN+NN (mean + SD)
trials per session. For the first set of experiments, we activated groups of four neighbouring LEDs
simultaneously to increase both the spatial spread and power of light. We interleaved four such groups, each
consisting of four corners of arrays. Given the chronic nature of this tool, we collected behavioral data over
several sessions while activating LEDs on a small (20%) portion of trials, with the same illumination (900ms)

duration that yielded neural suppression and behavioral effects in optrode experiments.
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Behavioral analysis

To assess the behavioral effects from stimulation, we fit psychometric functions to the animal's behavioral
choices, separately for each LED condition (including the control condition of no LED illumination), and for
each tested position in the visual field. For each tested location (parameterized in polar coordinates with r, 8),
we pooled all trials where either of the target or distractor stimuli were presented in a pooling region spanning
4° along the radial dimension and /8 along the angular dimension. For this subset of trials, we fitted a

psychometric curve for each LED condition using logistic regression:

)\‘1
f(-x) = )\’() + l+e—(a+[3x)

where A,,A;,a, are the fitted parameters and f(x), x correspond to the dependent and experimentally
controlled variables. x corresponds to the visual signal, the difference in luminance between the stimulus in
the pooling region and the stimulus outside the pooling region, on each trial. f(x) models the choice, 1 for
choice in the pooling region, 0 for choice outside the pooling region, on each trial. A,,A, model lapses, i.e. the
floor and ceiling values of the psychometric function, attributed to visual deficits not resulting from LED
ilumination. o, model the criterion and sensitivity of the psychometric function. We fit psychometric
functions with constrained non-linear least squares using standard Python libraries (scipy.curve_fit) and
extracted both the fitted parameter estimates (e.g.d,,.,) and the variance of parameter estimates (e.g.
O2

). Note that psychometric functions were fit to individual trial data, such that the variance in the

OED

parameter estimates captures trial-by-trial variability.

To assess the effect of LED activation, we measured the change in psychometric criterion (i.e. corresponding
to shifts in the psychometric curves) via the difference in estimated criterion between the function fits of the

LED condition and the control condition: & =&, ,, — @ We normalized this difference by the pooled

control *

variance o = 4[02, +02,  to obtain a z-scored metric: z = 2

control

. Repeating this procedure for each tested

%ED
location in the visual field, we obtained a 2D map of z-scored psychometric shift estimates. Z-scores were

converted to one-tailed p-values using the survival function of the normal distribution N(0, 7).

We used a region of interest (ROI) based on the functional organization of primate V1: the dorsal region of
V1 on the right hemisphere is known to represent the contralateral (left) lower visual field. Given that viral
expression in monkey Y was verified to be poor and likely inhomogeneous over the cortical tissue, we did not

attempt to localize behavioral effects from LED illumination with finer precision.
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Fiber optic ("optrode”) experiments
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Figure S1. (a,b) Results from fiber optic experiments. (a) After injection of AAV8-CAG-ArchT on the right hemisphere of
the primary visual (V1) cortex, we first implanted a steel recording chamber (Crist) for acute optrode experiments. We
recorded V1 responses to a brief full-field grating stimulus, interleaving trials with and without light delivery from the
acutely inserted optic fiber coupled to a green light LASER. We confirmed weak viral expression: over all recorded
neural sites, the neural modulation (silencing) by light delivery was poor but significant, as quantified by the sensitivity
(d” between control and light trials) and the proportion of silenced evoked spikes. (b) Next, we measured the behavioral
effects of optogenetic suppression with light delivered via the acutely inserted fiber. The behavioral effects in the two for
an example fiber optic session is shown, with formatting is as in Figure 2B. We observe significant psychometric shifts
in the region of interest within the visual field. (c) Average thermal response from implanted Opto-Array to 36 different
LED conditions, varying in power, duration, and number of illuminated LEDs. (d) Survivability test comparing the light
power output of new Opto-Array to one explanted from an animal. (e) Global effect from Opto-Array experiments.
Pooling over all LED conditions and over the entire ROI, we observed a reliable behavioral effect of LED illumination
even at this coarse scale, in the form of a statistically significant psychometric shift away from the ROI (p=4.75e-4,
Figure S1E).
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