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ABSTRACT

We have previously demonstrated that macaque monkeys can behaviorally detect a subtle optogenetic impulse delivered to their inferior temporal (IT) cortex. We
have also shown that the ability to detect the cortical stimulation impulse varies depending on some characteristics of the visual images viewed at the time of brain
stimulation, revealing the visual nature of the perceptual events induced by stimulation of the IT cortex. Here we systematically studied the effect of the size of
viewed objects on behavioral detectability of optogenetic stimulation of the central IT cortex. Surprisingly, we found that behavioral detection of the same opto-
genetic impulse highly varies with the size of the viewed object images. Reduction of the object size in four steps from 8 to 1 degree of visual angle significantly
decreased detection performance. These results show that identical stimulation impulses delivered to the same neural population induce variable perceptual events

depending on the mere size of the objects viewed at the time of brain stimulation.

1. Introduction

Artificial perturbation of neural activity in the visual system is
known to alter visual perception, presenting a valuable opportunity to
explore the causal relationship between neural activity and visual
perception. Understanding the nature of the perceptual events evoked
by neural perturbations and how they are constrained by the neural state
of the visual system is essential for advancing our understanding of the
neural mechanisms that underlie vision as a behavior and is essential for
identifying the neural underpinnings of visual delusions in psychiatric
disease and developing effective visual prosthetics for patients with
severe visual impairment. While anecdotal human studies provide a
tantalizing glimpse into the potential perceptual effects of cortical
stimulation (Brindley and Lewin, 1968; Puce et al., 1999; Lee et al.,
2000; Murphey et al., 2009; Parvizi et al., 2013; Rangarajan et al., 2014;
Schalk et al., 2017), high throughput and systematic survey of the case
necessitates the appeal to non-human primate research.

We investigate the effect of optogenetic stimulation on visual
perception in macaque monkeys using Opto-Array (Blackrock Micro-
systems), a novel chronically implantable array of LEDs, allowing
spatiotemporally precise stimulation of the same cortical sites across
many sessions (Rajalingham et al., 2021), and a Cortical Perturbation
Detection (CPD) task which is highly sensitive (Murphey and Maunsell,
2007; May et al.,, 2014; Dai et al., 2014; Azadi et al., 2023) and
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unrestricted by prior assumptions about the tuning properties of the
targeted neurons or the potential effects of perturbation. Monkeys are
trained to detect optogenetic stimulations delivered to regions of their
inferior temporal cortex (IT) transduced with the depolarizing opsin
C1V1 while viewing images unrelated to the detection task. While
behavioral effects of optogenetic manipulation in nonhuman primates
have been documented before (Jazayeri et al., 2012; Gerits et al., 2012;
Cavanaugh et al., 2012; Ohayon et al., 2013; May et al., 2014; Dai et al.,
2014; Inoue et al., 2015; Afraz et al., 2015; Acker et al., 2016; Stauffer
et al., 2016; El-Shamayleh et al., 2017; Fetsch et al., 2018; Rajalingham
et al., 2021), optogenetic studies in monkeys typically produce small
behavioral effects (Tremblay et al., 2020; Bliss-Moreau et al., 2022). The
few exceptions utilize tasks that include a behavioral detection
component (May et al., 2014; Dai et al., 2014; Azadi et al., 2023). The
high sensitivity of the CPD task for optogenetic stimulation has also been
supported by rodent studies (Huber et al., 2008); (Histed and Maunsell,
2014), and for microstimulation in primates (Murphey and Maunsell,
2007; Murphey et al., 2009). While the CPD task has been used in pre-
vious optogenetic and microstimulation studies, the novelty of our
approach is that we provide a concurrent sensory input (images on a
screen) and the content of that input is independent of whether cortical
stimulation will occur on a given trial. This enables us to systematically
assess the effect of different visual input characteristics on the percep-
tual events evoked by cortical stimulation.
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With this approach we have found that detectability of the percep-
tual events evoked by optogenetic stimulation of macaque IT cortex
highly depends on the content and visibility of the concurrent visual
input (Azadi et al., 2023). Specifically, our prior study showed that when
the monkeys were looking at particular images (e.g. a laundry machine)
their ability to detect cortical stimulation was significantly higher than
when looking at other images (e.g. a gas mask). Why should looking at
one image enhance stimulation detectability and another hinder?
Perhaps stimulation adds a consistent visual element (e.g. phosphene,
‘facephene’) to the ongoing contents of perception, independent of the
visual input, but the ability to detect it varies across images due to
figure-ground effects like crowding or contrast. Alternatively, stimula-
tion may distort the contents of the visual-input driven percept and some
distortions are more noticeable, or some images put the visual system in
a state that is more or less resistant to the effects of stimulation, leading
to perceptual events of different magnitude. That is, does stimulation
evoke a consistent perceptual event, independent of the visual input,
detection of which interacts with the image on the screen? Or, is the event
induced by stimulation image-dependent in nature?

To tease apart these two interpretations, our prior report tested how
diminishing the visibility of the visual input by reducing the contrast,
saturation, and spatial frequency of the concurrently fixated images
affected detection of the cortical event. If cortical stimulation induces a
consistent perceptual event, it should be similarly if not more easily
detected when the onscreen images are less visible. However, the study
found that stimulation detectability decreased as the visibility of the
onscreen images was diminished. This counterintuitive result suggests
that the perceptual nature of the event induced by stimulation depends on
the concurrent visual input. The finding carries significant implications
for the design and interpretation of perturbation studies, and for the
development of visual prosthetics (see Discussion). Given the counter-
intuitive nature and significance of this finding, we sought to replicate
the result using a different kind of visibility manipulation.

In this short report we present a variation on the visibility experi-
ment, diminishing the visibility of the concurrently fixated object im-
ages by shrinking them in size, rather than fading and blurring them to
uniform gray. While the degree of visual angle subtended by the images
will be progressively reduced, their contrast, saturation, and features
will be preserved until there is no longer an image on the screen. If the
magnitude of the perceptual event evoked by stimulation highly de-
pends on the existence and prominence of the visual input, reducing
image size should attenuate stimulation detectability.

2. Methods
2.1. Surgical procedures

In a sterile surgical setting under general anesthesia, two male ma-
caque monkeys (“Ph” and “Sp”) were surgically implanted with Opto-
Array (Blackrock Microsystems), a novel chronically implantable 5 x
5 mm array of micro LEDs, over regions of their central IT cortex (on the
lateral convexity) transduced with the depolarizing opsin C1V1 (Fig. 1A
and B). The tissue was transduced by injecting a total of 160 pL of AAV5-
CaMKIIa-C1V1(t/t)-EYFP (nominal titer: 8 x 10'2 particles/ml) across
16 evenly spaced sites within central IT (10 pL/site), which resulted in a
region of ~6 mm x 6 mm viral expression (left hemisphere in Sp, right
hemisphere in Ph; Fig. 1B). See detailed surgical methods published
elsewhere: (Rajalingham et al., 2021; Azadi et al., 2022; Azadi et al.,
2023). Arrays were also implanted over the corresponding region of IT
cortex in the opposite hemisphere not transduced, to serve as a control
site in an earlier study (Azadi et al., 2023). All procedures were con-
ducted in accordance with the guidelines of the National Institute of
Mental Health Animal Use and Care Committee.
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Fig. 1. Surgical procedures, task paradigm. a) Schematic illustration of the
two-part surgical procedure for chronic optogenetic stimulation of IT cortex.
Left: Injection of virus AAV5 which expresses the depolarizing opsin C1V1 over
a region of central IT cortex in one hemisphere. Right: Implantation of Opto-
Array: in a second surgery an Opto-Array was implanted over the transduced
region. A control array was also implanted in the corresponding region of
central IT in the opposite hemisphere not transduced with virus (control site,
not shown). b) Confirmation of viral expression (monkey Sp). Left: the signa-
ture glow of the fluorescent EYFP protein co-expressed with opsin C1V1. Right:
the implanted Opto-Array over the expression zone. ¢) Stimulation-detection
task paradigm. Following a 500 ms fixation, an image was displayed on the
screen for 1s. Halfway through image presentation, a 200 ms optical impulse
was delivered to the cortex in half of the trials, randomly selected. The animal
was rewarded for correctly identifying whether the trial did or did not contain
optogenetic stimulation by making a saccade to one of the two points presented
at the end of the trial.

2.2. Apparatus

The experiment was carried out with the monkey head fixed, posi-
tioned 52 cm from a calibrated 32 in, 120 Hz, 1920 x 1080 IPS LCD
Display++ monitor (Cambridge Research Systems). Fluorescent room
lights were turned on. Temperature on the LED die was monitored by a
thermistor inside the Opto-Array at the beginning of each trial and trial
delivery was paused if the temperature on the LED die rose more than
3 °C above the baseline temperature, and restarted once it was less than
1 °C above the baseline. A 3 °C change at the LED die translates to
approximately 0.5 °C temperature change on the cortical surface
(Rajalingham et al., 2021). A custom MWorks script (The MWorks
Project), running on a Mac Pro 2018, was used to control the experi-
ment. A Blackrock LED Driver (Blackrock Microsystems) running a
custom firmware version for compatibility with MWorks was used to
control the Opto-Array. Gaze was tracked with an Eyelink 1000 Plus (SR
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Research). Animals received liquid rewards for successfully completing
trials and were water-restricted in their cages.

2.3. Stimulation-detection task

The monkeys were trained to detect short pulses of illumination
delivered to a ~1 mm? region of the transduced cortical area (Raja-
lingham et al., 2021) while viewing images of objects unrelated to the
detection task (Fig. 1C). The animals were required to maintain fixation
within a central 2° window throughout each trial (fixation point was
0.15° in diameter). In each trial, following fixation (500 ms), an image
was displayed on the screen for 1 s. In half of the trials, randomly
selected, optogenetic stimulation was delivered for 200 ms half way
through image presentation, and the animal was rewarded for correctly
identifying whether the trial did or did not contain cortical stimulation
by making a saccade to one of two choice targets presented above and
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below the screen center Sp was trained to report stimulation trials with a
saccade to the upper target, Ph was trained to report stimulation trials
with a saccade to the lower target. For each incorrect response, a 3.5 s
timeout was enforced. To reinforce the training process, a tone was
played when a trial was initiated (following 500 ms central fixation),
and a second tone was played when the trial completed indicating
whether the animal’s response was correct (high pitched tone for correct
response, low tone for incorrect response). We previously showed that
while the monkeys could learn to accurately report illumination of the
arrays implanted over the transduced region, they could not do the same
for illuminations at the control site (Azadi et al., 2023). For the present
report, illumination power was 1.2 mW and 0.81 mW, respectively for
Ph and Sp. Due to the sensitivity of the task, the animals can easily get
into a saturated level of performance. In order to avoid the ceiling effect,
prior to the experiment we determined the illumination levels for each
monkey to get them below the ceiling.
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Fig. 2. Detectability of optogenetic stimulation of inferior temporal cortex depends on the size of concurrently fixated images. Top: Monkey Ph, Bottom:
Monkey Sp. Left: each monkey’s imageset, containing 5 object images and 4 size conditions. The “no image” (uniform gray) condition is not shown. Right: each
monkey’s stimulation-detection performance (d’) as a function of image size. The “no image” condition is represented as size 0. Each thin colored line represents data
from one object image and the thick black line represents performance across all images. The error bars represent bootstrapped 95% confidence intervals. Image size
had a main effect on performance (one-way ANOVA Ph: F (3,16) = 18.52, p < 0.001; Sp: F(3,16) = 5.24, p = 0.01). There is a significant correlation between image
size and performance (Pearson’s Ph: r (20) = 0.82, p < 0.001; Sp: r (20) = 0.60, p = 0.004). Linear regression was performed and a square root curve was used to fit
the data (Ph: R? = 0.84, t (3) = 4.73, p =0.018; Sp: R?=10.90, t (3) = 6.06, p = 0.009). The p-values for pairwise comparisons are from post-hoc permutation tests of

ANOVA (Benjamini-Hochberg corrected).



R. Lafer-Sousa et al.

One experimental session was performed for each monkey with 1493
and 1004 trials collected with overall performance of 80.5% and 87.5%
correct trials, respectively for Ph and Sp.

2.4. Stimuli

Each animal performed the stimulation-detection task with an
imageset containing 5 object images and 4 size conditions (subtending 1,
2, 4, and 8 degrees of visual angle), plus one “no image” (uniform gray)
condition (see Fig. 2 for each animal’s image set). The “no image”
condition occurred as often as any one image size condition, creating 21
total conditions. In a previous study we had measured the animals’
performance on a battery of 40 images (subtending 8 degrees of visual
angle), at two cortical sites (LEDs within the same array) each. For the
present study we selected each animals’ top five performing images for a
given cortical site. For one animal the exact LED used in the previous
study had burned out, so we used a neighboring LED. We have previ-
ously shown that the performance image-dependencies are highly
correlated for neighboring cortical positions (Azadi et al., 2023). That is,
we chose each animals’ highest performing images for the present study.

3. Results

In order to systematically test whether stimulation detectability de-
pends on the size of the concurrently fixated images, the animals per-
formed the optogenetic stimulation-detection task while fixating on
randomly presented images of five objects at four size levels (subtending
1, 2, 4, and 8 degrees of visual angle; Fig. 2). A ‘no image’ condition was
also included. The monkeys’ task was unrelated to the size or content of
the images, the animals simply had to report whether a trial did or did
not contain cortical stimulation.

Image size had a strong effect on stimulation detectability (Fig. 2;
one-way ANOVA Ph: F (3,16) = 18.52, p < 0.001; Sp: F (3,16) = 5.24,p
= 0.01; Pearson’s Ph: r (20) = 0.82, p < 0.001; Sp: r (20) = 0.60, p =
0.004). The monkeys’ performance increased with the size of the im-
ages; the largest size condition (8°) produced significantly higher per-
formance than the smallest size condition (1°) and the no image
condition in both animals, as well as the second smallest size condition
(2°) in one animal (pairwise comparison permutation tests, followed by
Benjamini-Hochberg correction, Ph: p < 0.001 for 8 deg vs 1 deg, p =
0.007 for 8 deg vs no image; Sp: p = 0.005 for 8 deg vs 2 deg, p < 0.001
for 8 deg vs 1 deg and 8 deg vs no image).

In a linear regression analysis we used the formula:

d=py+pis

Where d’ is performance, s is image size, f is intercept and f; is slope
coefficient. The results confirmed a significant linear relationship be-
tween the square root of image size and performance (Ph: R? = 0.84, ¢
(3)=4.73,p=0.018; Sp: R?= 0.90, t (3) = 6.06, p = 0.009). Consistent
with our prior results (Azadi et al., 2023), this result suggests that the
perceptual event evoked by artificial stimulation in IT cortex highly
depends on the presence and prominence of the concurrent visual input.
Performance on the “no image” condition was still significantly above
chance for one animal (permutation test, Ph: p = 0.009, Sp: p = 0.06),
which could be due to the fact that our manipulation did not entirely
eliminate the visual input (e.g the monitor was still visible), or a po-
tential residual effect that persists even in the absence of the visual
stimulus.

While the animals were required to maintain fixation within a cen-
tral 2° window throughout each trial, regardless of image size, they may
have felt compelled to more tightly constrict their fixations on small
image trials. If such an asymmetry in fixation effort occurred, it could
account for the reduced capacity to detect stimulation events for smaller
images. To assess whether differences in fixation behavior might ac-
count for the observed effect of image size on detection performance,
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fixational spread was analyzed as a function of image size (Fig. 3, left),
trial outcome (Fig. 3, middle), and detection performance (Fig. 3, right).
For each trial, the root mean square of all pairwise distances between
fixations throughout the trial (measured 1/ms over 1000 ms, from image
onset until imageset offset) was computed (fixational spread). Image size
did not have an effect on fixational spread (ANOVA Ph: F (3,16), = 0.93
p = 0.45; Sp: F (3,16) = 1.74, p = 0.20; Spearman’s Ph: r (20) = 0.26, p
= 0.26; Sp: r (20) = 0.09, p = 0.70). Fixational spread was also inde-
pendent of trial outcome (hit, miss, false alarm, correct rejection)
(ANOVA Ph: F (3,79) = 1.26,p = 0.29; Sp: F (3,70) = 1.08, p = 0.36) and
overall performance (Spearman’s Ph: r (20) = 0.19, p = 0.40; Sp: r (20)
=0.05, p = 0.83; Ph: R = 0.01, £ (19) = 0.49, p = 0.63; RZ = 0.02, t (19)
= 0.66, p = 0.52). Further, the animals did not break fixation more or
less often as a function of image size (ANOVA Ph: F (3,16) = 0.51, p =
0.7; Sp: F (3,16) = 0.79, p = 0.5; Spearman’s Ph: r (20) = 0.05, p = 0.8;
Sp: r (20) = —0.09, p = 0.7), or for stimulation trials compared to non-
stimulation trials (Ph: X2 (1, N = 1775) = 0.003, p = 0.96; Sp: X% (1, N =
1438) = 0.11, p = 0.74).

4. Discussion

The present report builds off a foundational study demonstrating that
monkeys’ ability to detect identical optogenetic impulses delivered to
the same neural population in IT highly depends on what they are
looking at during cortical stimulation (Azadi et al., 2023). That is,
looking at particular images reliably enhanced or impaired stimulation
detectability. This observation raised an intriguing question about the
phenomenological nature of the perceptual event induced by stimula-
tion: Does stimulation of the same neural population induce a consistent
perceptual event (e.g. phosphene), independent of the concurrently
fixated image, that is more or less difficult to detect due to figure-ground
effects (e.g crowding, contrast)? Or does stimulation induce a variable
perceptual event depending on the concurrently fixated image (e.g.
distortion)? The prior report addressed this question by diminishing the
visibility of the concurrent visual input by reducing the contrast, satu-
ration, and spatial frequency of the concurrently fixated images and
found this reduced the monkeys’ ability to detect the stimulation event.
The result suggests that the perceptual nature of the event evoked by
stimulation depends on the concurrent visual input. Put another way,
identical stimulation impulses do not elicit identical perceptual events if
the concurrent visual input is varied. Consistent with this finding, we
show here that image size also has a significant effect on stimulation
detectability. Specifically, reducing image size decreases stimulation
detectability. That is, smaller images lead to stimulation-induced
perceptual events of smaller magnitude.

Why does the concurrent visual input affect stimulation detect-
ability? The definitive answer to this question will require concurrent
neural recordings, a key advantage promised by optogenetics over
electrical stimulation, nevertheless, the current version of the Opto-
Array technology doesn’t yet allow neural recordings. In the mean-
time, psychophysical studies alone can provide some clues. One possi-
bility is that the visual input modulates the neural thresholds of the
stimulated neurons, making the neurons more or less excitable (i.e.
perturbable) depending on what the monkey is looking at. The results of
the prior visibility experiment and the size experiment presented here
are consistent with this idea. While we do not have recordings from the
neurons stimulated in this study, prior work has shown that many
neurons in IT decrease their firing rate when images are presented at
lower contrast (Zoccolan et al., 2007; Rolls and Baylis, 1986). As for the
case of size, it is traditionally believed that neurons in central IT have
very large receptive fields, centered at the fovea, and respond invariant
of stimulus size. However, this belief is not well supported by the data
and the median size of central IT receptive fields varies dramatically
from 26° (Desimone and Gross, 1979) to as small as 2.6° (DiCarlo and
Maunsell, 2003). Moreover, while central IT receptive fields almost al-
ways include the fovea, many have peak sensitivity in the parafovea (Op
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Fig. 3. Fixation behavior is independent of image size, trial outcome, and task performance. Top: Monkey Ph, Bottom: Monkey Sp. Left: Fixational spread
(RMS of all pairwise distances between fixations throughout each trial, from image onset to image offset) as a function of image size. Crosses represent outliers. Image
size did not have an effect on fixational spread (ANOVA Ph: F (3,16), = 0.93 p = 0.45; Sp: F (3,16) = 1.74, p = 0.20; Spearman’s Ph: r (20) = 0.26, p = 0.26; Sp: r (20)
= 0.09, p = 0.70). Middle: Fixational spread as a function of trial outcome (Hit, Miss, Correct Rejection, False Alarm). Crosses represent outliers. Fixational spread
was independent of trial outcome (ANOVA Ph: F (3,79) = 1.26, p = 0.29; Sp: F (3,70) = 1.08, p = 0.36) Right: Fixational spread as a function of stimulation-detection
performance (d’). Colored data points represent mean fixational spread for each image (black = no image condition; red = 1 deg; magenta = 2 deg; green = 4 deg;
blue = 8 deg). Fixational spread was independent of overall performance (Spearman’s Ph: r (20) = 0.19, p = 0.40; Sp: r (20) = 0.05, p = 0.83; Ph: R?= 0.01,t(19) =
0.49, p = 0.63; RZ = 0.02, t (19) = 0.66, p = 0.52). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

De Beeck and Vogels, 2000). In fact, when measured with fMRI, the
lateral convexity of IT (where our arrays are implanted) shows a par-
afoveal bias (Lafer-Sousa and Conway, 2013). Taken together, it is
reasonable to assume that larger stimuli have a better chance of
engaging IT receptive fields, thus eliciting a larger neural response.
Certainly, when there is a stimulus on the screen (as opposed to no
image) the targeted neurons are driven to some degree, lowering their
effective threshold and making them easier to stimulate. Alternatively, it
is possible that artificial stimulation always activates the neurons
strongly, thus independently from the visual input, but the downstream
read-out mechanisms filter the effects of stimulation differently
depending on the state of the rest of the visual system. For example,
when there is an object on the screen, the artificially induced activity of
a group of IT neurons can be attributed to the onscreen object by the rest
of the brain. However, when most of the visual system provides evidence
against the existence of an onscreen object (the no image condition), the
artificial activation of IT neurons might be ignored by the rest of the
brain. This alternative suggests the existence of heuristic mechanisms
that gate visual perception. As important as this possibility is, neural
recording data is needed to decisively address the question. This may
even require more sophisticated models that incorporate readout,
feedback, and cortico-cortical dynamics (Jazayeri and Afraz, 2017).

At this time there is no off-the-shelf chronically implantable platform
capable of simultaneous recording and surface optogenetic stimulation
for large nonhuman brains. Technologists should endeavor to develop
such tools. fMRI-guided optogenetics could prove a useful interim step.
Carrying out functional imaging prior to transducing the cortical tissue

and implanting arrays would enable us to direct our optogenetic per-
turbations to neural populations with specific selectivity profiles, like
face patches (Tsao et al., 2003) or color-biased regions (Lafer-Sousa and
Conway, 2013), and ask whether the types of stimuli those regions
prefer enhance detection in the CPD task more so than non-preferred
stimuli. We expect the types of stimuli that enhance detection to have
common features that relate to the underlying selectivity of the stimu-
lated neurons, as has been observed anecdotally in human patients
(Parvizi et al., 2013). An eagle-eyed reader may have noticed that the
image sets used in the present work, which were chosen because they
were each animal’s top performing objects from an earlier experiment
(Azadi et al., 2023), had some common features—Sp’s imageset con-
sisted entirely of either green or achromatic objects and Ph’s imageset
consisted only of reddish or achromatic objects. Could the perceptual
events evoked by stimulation at these sites be chromatic in nature?
Answering this and related questions will require additional experi-
ments using many more images and more systematic feature variation.
The combined use of the highly sensitive CPD task and the chronically
implanted Opto-Array make this undertaking feasible.

The observations presented here have profound implications for the
design and interpretation of artificial perturbation studies—one should
not assume to get the same psychophysical effect across visual inputs,
and perhaps not even the same neural effect. Moreover, these findings
raise exciting possibilities and critical considerations for the develop-
ment of visual prosthetic devices. The traditional approach to visual
prosthetics has focused on restoring vision in the profoundly visually
impaired by artificial stimulation of the primary visual cortex, where
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stimulation evokes retinotopic phosphenes. This approach has not been
particularly successful and will likely be insufficient to bring about a rich
visual experience. How plausible is it to paint a smiling face with
phosphenes? Restoring a rich sense of vision will likely require the use of
prosthetics applied to IT, where high-level object representations are
found. The present work shows first, that IT stimulation induces visual
perceptual effects, encouraging its use for prosthetics, and second, that
stimulation evoked events in IT depend on the bottom up input. This
consequently suggests that if stimulation of IT is considered for visual
prosthetics, it should be done in concert with artificial stimulation of low
level visual areas. While more experimental and theoretical work is
needed in order to explain how local stimulation interacts with the
general ongoing activity of the brain, these results expand the horizon of
visual prosthetics beyond the primary visual cortex.

Data and material availability

The data and material that support the findings of this study are
available on request from the corresponding author R.L.

CRediT authorship contribution statement

Rosa Lafer-Sousa: designed the research with guidance from Arash
Afraz, performed the research, analyzed the data, prepared the figures,
wrote the manuscript. Karen Wang: designed the research with guid-
ance from Arash Afraz, performed the research, wrote the manuscript.
Reza Azadi: performed the surgeries. Emily Lopez: performed the
surgeries, trained the animals. Simon Bohn: performed the surgeries,
trained the animals. Arash Afraz: guided research design, performed
the research; performed the surgeries, wrote the manuscript. All authors
reviewed the manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

We are grateful to Mark Eldridge for his development of the custom
virus-injector array and assistance with the surgeries, to Elia Shahbazi
and Timothy Ma for assistance with anatomical reconstructions for
surgical planning and useful discussions, and to our funding sources:
NIMH Grant ZIAMH002958 and NIMH Intramural Research Training
Award (IRTA) Fellowship Program.

Appendix A. Peer Review Overview and Supplementary data

A Peer Review Overview and (sometimes) Supplementary data
associated with this article can be found, in the online version, at https
://doi.org/10.1016/j.crneur.2022.100063.

References

Acker, Leah, Pino, Erica N., Boyden, Edward S., Desimone, Robert, 2016. FEF
inactivation with improved optogenetic methods. Proc. Natl. Acad. Sci. U.S.A. 113
(46), E7297-E7306. https://doi.org/10.1073/pnas.1610784113.

Afraz, Arash, Boyden, Edward S., DiCarlo, James J., 2015. Optogenetic and
pharmacological suppression of spatial clusters of face neurons reveal their causal
role in face gender discrimination. Proc. Natl. Acad. Sci. U.S.A. 112 (21),
6730-6735. https://doi.org/10.1073/pnas.1423328112.

Current Research in Neurobiology 4 (2023) 100063

Azadi, Reza, Bohn, Simon, Mark, A., Eldridge, G., Afraz, Arash, 2022. Surgical procedure
for implantation of opto-array in nonhuman primates. bioRxiv. https://doi.org/
10.1101/2022.10.04.510884.

Azadi, R., Bohn, S., Lopez, R., Lafer-Sousa, R., Wang, K., Eldridge, M., Afraz, A., 2022.
Image-dependence of the detectability of optogenetic stimulation in macaque
inferotemporal cortex. Current biology 33 (2). https://doi.org/10.1016/j.
cub.2022.12.021.

Bliss-Moreau, Eliza, Costa, Vincent D., Baxter, Mark G., 2022. A pragmatic reevaluation
of the efficacy of nonhuman primate optogenetics for psychiatry. Oxford Open
Neuroscience. https://doi.org/10.1093/00ns/kvac006.

Brindley, Giles S., Lewin, W.S., 1968. The sensations produced by electrical stimulation
of the visual cortex. J. Physiol. 196 (2), 479-493. https://doi.org/10.1113/
jphysiol.1968.sp008519.

Cavanaugh, James, Monosov, Ilya E., McAlonan, Kerry, Berman, Rebecca,

Smith, Mitchell K., Cao, Vania, Wang, Kuan H., Boyden, Edward S., Wurtz, Robert
H., 2012. Optogenetic inactivation modifies monkey visuomotor behavior. Neuron
76 (5), 901-907. https://doi.org/10.1016/j.neuron.2012.10.016.

Dai, Ji, Brooks, Daniel 1., Sheinberg, David L., 2014. Optogenetic and electrical
microstimulation systematically bias visuospatial choice in primates. Curr. Biol.: CB
(Curr. Biol.) 24 (1), 63-69. https://doi.org/10.1016/j.cub.2013.11.011.

Desimone, Robert, Gross, Charles G., 1979. Visual areas in the temporal cortex of the
macaque. Brain Res. 178 (2-3), 363-380. https://doi.org/10.1016/0006-8993(79)
90699-1.

DiCarlo, James J., Maunsell, John H.R., 2003. Anterior inferotemporal neurons of
monkeys engaged in object recognition can Be highly sensitive to object retinal
position. J. Neurophysiol. 89 (6), 3264-3278. https://doi.org/10.1152/
jn.00358.2002.

El-Shamayleh, Yasmine, Kojima, Yoshiko, Soetedjo, Robijanto, Gregory, D., Horwitz,
2017. Selective optogenetic control of purkinje cells in monkey cerebellum. Neuron
95 (1), 51-62. https://doi.org/10.1016/j.neuron.2017.06.002 e4.

Fetsch, Christopher R., Odean, Naomi N., Jeurissen, Danique, Yasmine El-

Shamayleh, Gregory D. Horwitz, Shadlen, Michael N., 2018. Focal optogenetic
suppression in macaque area MT biases direction discrimination and decision
confidence, but only transiently. Elife 7 (July). https://doi.org/10.7554/
eLife.36523.

Gerits, Annelies, Farivar, Reza, Rosen, Bruce R., Wald, Lawrence L., Boyden, Edward S.,
Vanduffel, Wim, 2012. Optogenetically induced behavioral and functional network
changes in primates. Curr. Biol.: CB (Curr. Biol.) 22 (18), 1722-1726. https://doi.
org/10.1016/j.cub.2012.07.023.

Histed, Mark H., Maunsell, John H.R., 2014. Cortical neural populations can guide
behavior by integrating inputs linearly, independent of synchrony. Proc. Natl. Acad.
Sci. U.S.A. 111 (1), E178-E187. https://doi.org/10.1073/pnas.1318750111.

Huber, Daniel, Petreanu, Leopoldo, Ghitani, Nima, Ranade, Sachin, Hromddka, Tomas,
Mainen, Zach, Svoboda, Karel, 2008. Sparse optical microstimulation in barrel
cortex drives learned behaviour in freely moving mice. Nature 451 (7174), 61-64.
https://doi.org/10.1038/nature06445.

Inoue, Ken-Ichi, Takada, Masahiko, Matsumoto, Masayuki, 2015. Neuronal and
behavioural modulations by pathway-selective optogenetic stimulation of the
primate oculomotor system. Nat. Commun. 6 (September), 8378. https://doi.org/
10.1038/ncomms9378.

Jazayeri, Mehrdad, Afraz, Arash, 2017. Navigating the neural space in search of the
neural code. Neuron 93 (5), 1003-1014. https://doi.org/10.1016/j.
neuron.2017.02.019.

Jazayeri, Mehrdad, Lindbloom-Brown, Zachary, Horwitz, Gregory D., 2012. Saccadic eye
movements evoked by optogenetic activation of primate V1. Nat. Neurosci. 15 (10),
1368-1370. https://doi.org/10.1038/nn.3210.

Lafer-Sousa, Rosa, Conway, Bevil R., 2013. Parallel, multi-stage processing of colors,
faces and shapes in macaque inferior temporal cortex. Nat. Neurosci. 16 (12),
1870-1878. https://doi.org/10.1038/nn.3555.

Lee, H.W., Hong, S.B., Seo, D.W., Tae, W.S., Hong, S.C., 2000. Mapping of functional
organization in human visual cortex. Neurology 54 (4), 849-854. https://doi.org/
10.1212/WNL.54.4.849.

May, Travis, Ozden, Ilker, Brush, Benjamin, Borton, David, Wagner, Fabien,

Agha, Naubahar, Sheinberg, David L., Nurmikko, Arto V., 2014. Detection of
optogenetic stimulation in somatosensory cortex by non-human primates-towards
artificial tactile sensation. PLoS One 9 (12), €114529. https://doi.org/10.1371/
journal.pone.0114529.

Murphey, Dona K., Maunsell, John H.R., 2007. Behavioral detection of electrical
microstimulation in different cortical visual areas. Curr. Biol.: CB (Curr. Biol.) 17
(10), 862-867. https://doi.org/10.1016/j.cub.2007.03.066.

Murphey, Dona K., John, H.R., Maunsell, Michael S., Beauchamp, Yoshor, Daniel, 2009.
Perceiving electrical stimulation of identified human visual areas. Proc. Natl. Acad.
Sci. U.S.A. 106 (13), 5389-5393. https://doi.org/10.1073/pnas.0804998106.

Ohayon, Shay, Grimaldi, Piercesare, Schweers, Nicole, Doris, Y., Tsao, 2013. Saccade
modulation by optical and electrical stimulation in the macaque frontal eye field.
J. Neurosci.: The Official Journal of the Society for Neuroscience 33 (42),
16684-16697. https://doi.org/10.1523/JNEUROSCL.2675-13.2013.

Op De Beeck, Hans, Vogels, Rufin, 2000. Spatial sensitivity of macaque inferior temporal
neurons. J. Comp. Neurol. 426 (4), 505-518. https://doi.org/10.1002/1096-9861
(20001030)426:4<505::aid-cnel >3.0.co;2-m.

Parvizi, Josef, Jacques, Corentin, Foster, Brett L., Nathan, Witthoft, Rangarajan, Vinitha,
Weiner, Kevin S., Grill-Spector, Kalanit, 2013. Correction: Parvizi et Al., Electrical
Stimulation of Human Fusiform Face-Selective Regions Distorts Face Perception.

J. Neurosci.: The Official Journal of the Society for Neuroscience 33 (3), 1291.
https://doi.org/10.1523/jneurosci.5614-12.2013, 1291.



https://doi.org/10.1016/j.crneur.2022.100063
https://doi.org/10.1016/j.crneur.2022.100063
https://doi.org/10.1073/pnas.1610784113
https://doi.org/10.1073/pnas.1423328112
https://doi.org/10.1101/2022.10.04.510884
https://doi.org/10.1101/2022.10.04.510884
https://doi.org/10.1016/j.cub.2022.12.021
https://doi.org/10.1016/j.cub.2022.12.021
https://doi.org/10.1093/oons/kvac006
https://doi.org/10.1113/jphysiol.1968.sp008519
https://doi.org/10.1113/jphysiol.1968.sp008519
https://doi.org/10.1016/j.neuron.2012.10.016
https://doi.org/10.1016/j.cub.2013.11.011
https://doi.org/10.1016/0006-8993(79)90699-1
https://doi.org/10.1016/0006-8993(79)90699-1
https://doi.org/10.1152/jn.00358.2002
https://doi.org/10.1152/jn.00358.2002
https://doi.org/10.1016/j.neuron.2017.06.002
https://doi.org/10.7554/eLife.36523
https://doi.org/10.7554/eLife.36523
https://doi.org/10.1016/j.cub.2012.07.023
https://doi.org/10.1016/j.cub.2012.07.023
https://doi.org/10.1073/pnas.1318750111
https://doi.org/10.1038/nature06445
https://doi.org/10.1038/ncomms9378
https://doi.org/10.1038/ncomms9378
https://doi.org/10.1016/j.neuron.2017.02.019
https://doi.org/10.1016/j.neuron.2017.02.019
https://doi.org/10.1038/nn.3210
https://doi.org/10.1038/nn.3555
https://doi.org/10.1212/WNL.54.4.849
https://doi.org/10.1212/WNL.54.4.849
https://doi.org/10.1371/journal.pone.0114529
https://doi.org/10.1371/journal.pone.0114529
https://doi.org/10.1016/j.cub.2007.03.066
https://doi.org/10.1073/pnas.0804998106
https://doi.org/10.1523/JNEUROSCI.2675-13.2013
https://doi.org/10.1002/1096-9861(20001030)426:4<505::aid-cne1>3.0.co;2-m
https://doi.org/10.1002/1096-9861(20001030)426:4<505::aid-cne1>3.0.co;2-m
https://doi.org/10.1523/jneurosci.5614-12.2013

R. Lafer-Sousa et al.

Puce, Aina, Allison, Truett, McCarthy, Gregory, 1999. Electrophysiological studies of
human face perception. III: effects of top-down processing on face-specific potentials.
Cerebr. Cortex 9 (5), 445-458. https://doi.org/10.1093/cercor/9.5.445.

Rajalingham, Rishi, Sorenson, Michael, Azadi, Reza, Bohn, Simon, DiCarlo, James J.,
Afraz, Arash, 2021. Chronically implantable LED arrays for behavioral optogenetics
in primates. Nat. Methods 18 (9), 1112-1116. https://doi.org/10.1038/541592-021-
01238-9.

Rangarajan, Vinitha, Hermes, Dora, Foster, Brett L., Weiner, Kevin S., Jacques, Corentin,
Grill-Spector, Kalanit, Parvizi, Josef, 2014. Electrical stimulation of the left and right
human fusiform gyrus causes different effects in conscious face perception.

J. Neurosci.: The Official Journal of the Society for Neuroscience 34 (38),
12828-12836. https://doi.org/10.1523/JNEUROSCL.0527-14.2014.

Rolls, E.T., Baylis, G.C., 1986. Size and contrast have only small effects on the responses
to faces of neurons in the cortex of the superior temporal sulcus of the monkey.
Experimental Brain Research. Experimentelle Hirnforschung. Experimentation
Cerebrale 65 (1), 38-48. https://doi.org/10.1007/BF00243828.

Schalk, Gerwin, Kapeller, Christoph, Guger, Christoph, Ogawa, Hiroshi,

Hiroshima, Satoru, Lafer-Sousa, Rosa, Saygin, Zeynep M., Kamada, Kyousuke,
Kanwisher, Nancy, 2017. Facephenes and rainbows: causal evidence for functional

Current Research in Neurobiology 4 (2023) 100063

and anatomical specificity of face and color processing in the human brain. Proc.
Natl. Acad. Sci. U.S.A. 114 (46), 12285-12290. https://doi.org/10.1073/
pnas.1713447114.

Stauffer, William R., Armin, Lak, Aimei, Yang, Melodie, Borel, Ole, Paulsen,

Boyden, Edward S., Wolfram, Schultz, 2016. Dopamine neuron-specific optogenetic
stimulation in rhesus macaques. Cell 166 (6), 1564-1571. https://doi.org/10.1016/
j.cell.2016.08.024 e6.

Tremblay, Sébastien, Acker, Leah, Afraz, Arash, Albaugh, Daniel L., Amita, Hidetoshi,
Andrei, Ariana R., Angelucci, Alessandra, et al., 2020. An open resource for non-
human primate optogenetics. Neuron 108 (6), 1075-1090. https://doi.org/10.1016/
j-neuron.2020.09.027 e6.

Tsao, Doris Y., Freiwald, Winrich A., Knutsen, Tamara A., Mandeville, Joseph B., Roger,
B. H. Tootell, 2003. Faces and objects in macaque cerebral cortex. Nat. Neurosci. 6
(9), 989-995. DOI: 10.1038/nn1111.

Zoccolan, Davide, Kouh, Minjoon, Poggio, Tomaso, James, J., DiCarlo, 2007. Trade-off
between object selectivity and tolerance in monkey inferotemporal cortex.

J. Neurosci.: The Official Journal of the Society for Neuroscience 27 (45),
12292-12307. https://doi.org/10.1523/JNEUROSCI.1897-07.2007.


https://doi.org/10.1093/cercor/9.5.445
https://doi.org/10.1038/s41592-021-01238-9
https://doi.org/10.1038/s41592-021-01238-9
https://doi.org/10.1523/JNEUROSCI.0527-14.2014
https://doi.org/10.1007/BF00243828
https://doi.org/10.1073/pnas.1713447114
https://doi.org/10.1073/pnas.1713447114
https://doi.org/10.1016/j.cell.2016.08.024
https://doi.org/10.1016/j.cell.2016.08.024
https://doi.org/10.1016/j.neuron.2020.09.027
https://doi.org/10.1016/j.neuron.2020.09.027
https://doi.org/10.1523/JNEUROSCI.1897-07.2007

	Behavioral detectability of optogenetic stimulation of inferior temporal cortex varies with the size of concurrently viewed ...
	1 Introduction
	2 Methods
	2.1 Surgical procedures
	2.2 Apparatus
	2.3 Stimulation-detection task
	2.4 Stimuli

	3 Results
	4 Discussion
	Data and material availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Peer Review Overview and Supplementary data
	References


