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Summary

Optogenetics is a recently developed method in which neu-
rons are genetically modified to express membrane proteins

sensitive to light, enabling precisely targeted control of
neural activity [1–3]. The temporal and spatial precision

afforded by neural stimulation by light holds promise as a
powerful alternative to current methods of neural control,

which rely predominantly on electrical and pharmacological
methods, in both research and clinical settings [4, 5].

Although the optogenetic approach has been widely used
in rodent and other small animal models to study neural

circuitry [6–8], its functional application in primate models
has proven more difficult. In contrast to the relatively large

literature on the effects of cortical electrical microstimula-
tion in perceptual and decision-making tasks [9–13], previ-

ous studies of optogenetic stimulation in primates have
not demonstrated its utility in similar paradigms [14–18]. In

this study, we directly compare the effects of optogenetic
activation and electrical microstimulation in the lateral intra-

parietal area during a visuospatial discrimination task. We
observed significant and predictable biases in visual atten-

tion in response to both forms of stimulation that are consis-

tent with the experimental modulation of a visual salience
map. Our results demonstrate the power of optogenetics

as a viable alternative to electrical microstimulation for the
precise dissection of the cortical pathways of high-level

processes in the primate brain.

Results

Our experiments focused on the role that the lateral intrapar-
ietal area (LIP) plays in the selection of salient targets for
saccadic eye movements. Previous studies indicate that neu-
rons in this cortical area respond to both the presentation of
visual stimuli in localized regions of space [19, 20] and
saccade planning [21–23], a combination that has been char-
acterized as forming a ‘‘salience map’’ of visual space [24,
25]. In the current study, we hypothesized that the artificial
activation of a local population of LIP cells could systemati-
cally perturb this salience map, biasing choices under condi-
tions that require the animal to make a decision about where
to look. We therefore trained two monkeys to perform a
saccade task in which they learned to look toward a target
stimulus (see Figure 1). In ‘‘single’’ trials (one-third of the tri-
als), the target (T) appeared alone, in one of six locations
equally spaced around the center of the screen, at an eccen-
tricity of 7� visual angle. In the remaining ‘‘paired’’ trials, the
target was shown with a distractor (+) presented 180� away
(see Figure 1A). In both trial types, monkeys were rewarded
*Correspondence: david_sheinberg@brown.edu
for making a saccade to the target after fixating a central
spot (Figure 1A).
To modulate activity in LIP, we used either optical or electri-

cal microstimulation. To obtain optogenetic control, we phys-
iologically identified visual regions of LIP (Figure S1 available
online) and then transfected cells in this area with AAV5-
CaMKIIa-C1V1 (E122T/E162T)-TS-EYFP, a viral construct
that expresses the red-shifted excitatory opsin C1V1 and
mainly targets excitatory cells [26, 27]. After transfection,
single- and multiunit activity in this area was reliably modu-
lated via the delivery of green light across a wide range of fre-
quencies and optical powers (Figures 1D and S2).
To test whether electrical stimulation or C1V1-mediated

optogenetic activation of LIP neurons could affect decision
making, we picked sites of strong spatial selectivity (SSI >
0.33; see Supplemental Experimental Procedures) after identi-
fying themost effective receptive field location based on visual
responses. For optogenetic experiments, we also sought
regions with clear optical modulation (OMI > 0.2; see Supple-
mental Experimental Procedures). For a single run of the target
selection task (576 trials), half of the trials were pseudoran-
domly selected to be stimulatedwith a continuous 200ms light
pulse (optogenetic experiments) or a train of biphasic electri-
cal pulses lasting up to 200 ms (electrical experiments)
(Figure 2).
For optogenetic experiments, we first mapped the

preferred receptive field (RF) of an LIP neuron (Figure 2A)
and then recorded both the neural response (Figure 2B)
and behavior (Figure 2C) in both the unstimulated and stimu-
lated conditions for all target locations. By convention, our
analyses use the angle relative to the RF location to represent
each possible target location. The strong neural modulation
in stimulated trials was accompanied by a systematic bias
in the monkey’s choices. Data from a single experiment of
Monkey J (Figure 2C) demonstrates both increased accuracy
at the RF and decreased accuracy at the anti-RF location in
paired trials. For electrical microstimulation experiments,
the procedure was almost identical, with the light stimulation
being replaced by current delivery, as illustrated in Figure 2E.
For this example experiment (from Monkey I), the RF was
mapped as shown Figure 2D, and the effect on accuracy is
shown in Figure 2F. Here again, the artificial modulation in
activity shifted the monkey’s performance in favor of the tar-
gets appearing in the RF, at the expense of those located in
the anti-RF location.
To assess the effects of the two forms of stimulation, we

performed 40 experiments with optogenetic modulation (21
from Monkey J and 19 from Monkey I) and 45 experiments
with electrical microstimulation (24 from Monkey J and 21
from Monkey I). The effects on task accuracy for every exper-
iment are plotted in Figure 3 (only paired trials are shown
because accuracy for both conditions was at the ceiling for
single trials). In the center of each plot we show the spatial
tuning curves determined prior to running the spatial choice
discrimination task. For visualization purposes, these curves
have been rotated to align each experiment’s RF location to
the most common RF location for each animal (i.e., bottom
right for Monkey I and upper left for Monkey J). The six
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Figure 1. Experimental Design

(A) Behavioral task: at one of six locations (at 7� visual eccentricity), a target ‘‘T’’ appeared alone (top, single trials) or with a distractor ‘‘+’’ that appeared at

180� away (bottom, paired trials). In both conditions, monkeys were rewarded for making a saccade to the T after briefly fixating a central spot.

(B) Recording optrode: a tapered fiber was glued to a standard tungsten electrode. An image taken in photoluminescent dye demonstrates that, via a stag-

gered construction, the light from this fiber illuminated the tip of the electrode.

(C) Stimulation protocol during the optical stimulation trials: a 200 ms light pulse was delivered simultaneously with the visual stimulus onset.

(D) A comparison of the optogenetic modulation by different frequencies of light stimulation of a single LIP neuron (see also Figure S2).
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surrounding subplots (also RF rotated) show results for each
paired target configuration, as denoted by the insets above.
Performance is depicted in the scatterplots, which show per-
formance in the stimulated condition (x value) plotted against
performance in the unstimulated condition (y value). The
average performance across sessions for stimulated (green)
and unstimulated (red) trials is indicated on the right of each
plot. Below are the p values of two-tailed paired t tests (com-
plete repeated-measures model described below). Figures 3A
and 3B show effects caused by optogenetic stimulation for
Monkey I and Monkey J, respectively. When the target was
presented at the RF, activity modulation by light significantly
increased accuracy by 10% in Monkey I (p = 0.002) and 8%
in Monkey J (p = 0.028). When the target was presented at
the anti-RF location, optical stimulation decreased Monkey
I’s accuracy by approximately 5% (p = 0.05). For Monkey J,
the decrement at the anti-RF location was more variable but
was highly robust at a location 60� away (15%, p < 0.001).
We note that, corresponding to the large negative effect at
this location, there was strong positive effect (8%, p = 0.008)
in the opposite direction (60� clockwise from RF location).
These ‘‘off-RF’’ effects could be a result of the relatively
broader spatial tuning for cells recorded in Monkey J’s
recording experiments compared to those from Monkey I,
which made a precise definition of a single RF location more
difficult.
The corresponding effects caused by electrical microstimu-

lation for the two animals are shown in Figures 3C and 3D. For
Monkey I, microstimulation caused an increment in perfor-
mance of about 8% (p = 0.03) for targets at the RF location
and about 6% decrement (p = 0.06) for the anti-RF location.
For Monkey J, electrical microstimulation effects were clear
at both the RF (14% increment, p = 0.001) and anti-RF (11%
decrement, p = 0.001) locations.
To directly compare the two types of stimulation, we con-

ducted a repeated-measure ANOVA on the accuracy shifts
observed due to stimulation at the RF (between-session
factor) and anti-RF (within-session factor). This analysis indi-
cated no significant difference between optical and electrical
stimulation (in Monkey I, F(1,38) = 0.022, p = 0.88; in Monkey
J, F(1,43) = 2.70, p = 0.11; and in a data set pooled across
animals to address possible power issues, F(1,83) = 1.59,
p = 0.21).
We also measured the effect of stimulation on the monkey’s

saccadic reaction times (RTs) by subtracting RTs for unstimu-
lated trials from RTs for stimulated trials. These are plotted in
the center of each panel in Figure 4 (also RF, rotated as in Fig-
ure 3). Session-by-session data of the RT effects are shown in
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Figure 2. Example Optogenetic and Electrical Microstimulation Experiments

(A)–(C) refer to data from a single optogenetic experiment in Monkey J. (D)–(F) refer to data from a single electrical microstimulation experiment in Monkey I.

(A) Each neuron’s receptive field wasmapped bymeasuring neural activity to a single spot flashed peripherally in one of eight directions; the RF (highlighted

by a gray square) was identified as the location that elicited the maximal response (see Supplemental Experimental Procedures). RF specificity was

measured by calculating a spatial selectivity index (SSI = 0.63 for this neuron).

(B) Neural responses from the same cell in (A) during unstimulated (red) and stimulated (green) paired trials with targets presented at the six possible loca-

tions. The target location that matches the RF is labeled as 0�; other locations are spaced by 60� increments and labeled with their angular distance from the

RF. Because these data come from paired trials, visual responses at anti-RF locations were evoked by the presence of the distractor appearing at the RF.

(C) Accuracy in performing the visuospatial discrimination task plotted in polar coordinates corresponding to each target location for unstimulated (red) and

stimulated (green) conditions, with the RF indicated by a gray region.

(D) RF mapping for this experiment’s neuron, as in (A), with SSI = 0.48.

(E) Schematic of the electrical microstimulation protocol, which consisted of 200 ms, 40 mA biphasic current presented at 200 Hz gated by the visual stimulus.

(F) Accuracy on trials with or without electrical microstimulation, using the same conventions as in (C).
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Figure S3. For these data, we analyzed correct responses for
both the single and paired trials. For the single-target condi-
tion with optogenetic stimulation, we found no significant
effect on RT for either monkey (blue data in Figures 4A and
4B). For the paired condition, optogenetic stimulation sped
both monkeys’ choices when the target was presented at the
RF (purple in Figures 4A and 4B; 5.92 ms for Monkey I, p =
0.01; 4.39 ms for Monkey J, p = 0.033) but did not significantly
affect RTs for targets at any other location.

Electrical microstimulation revealed a somewhat different
picture; whereas a similar effect of speeding responses was
observed at the RF location, an even larger slowing of sac-
cades was observed in the anti-RF (Figures 4C and 4D). This
anti-RF interference was true for both single trials (blue in Fig-
ures 4C and 4D), in which responses to targets located in the
anti-RF were slowed by 8.04 ms (p = 0.007) in Monkey I and
8.25ms (p < 0.001) inMonkey J, and paired trials (purple in Fig-
ures 4C and 4D), in which anti-RF responses were slowed by
8.31 ms (p = 0.005) for Monkey I and 8.81 ms (p = 0.003) for
Monkey J. Thus, in contrast to optical stimulation, electrical
stimulation exerted its strongest influence by significantly
slowing reaction times on trials in which the target appeared
away from the RF.
Because computational models of the visual salience map

have been described as a winner-take-all process, highly
sensitive to the insertion of extra stimulation [28], we looked
for any evidence of a speed-accuracy tradeoff that might
occur if the computational process was delayed. However,
there was no evidence in either type of stimulation that
increased accuracy was associated with RT slowing; in fact,
both monkeys showed strong negative correlations between
accuracy and reaction time across sessions at both the RF
(Monkey I: r = 20.43, p = 0.051, n = 21 sessions; Monkey J:
r =20.75, p < 0.001, n = 24 sessions) and the anti-RF (Monkey
I: r =20.67, p < 0.001; Monkey J: r =20.81, p < 0.001) for elec-
trical stimulation sessions.
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Figure 3. Optogenetic and Electrical Microstimulation Affects Behavioral Choice

(A) Accuracy during each optogenetic experiment for Monkey I. In the center we show spatial tuning curves that have been rotated to align each experi-

ment’s RF to the most frequently observed RF (bottom right, as highlighted by the square), with a bold curve representing mean spatial tuning. Discrimi-

nation performance at each possible target location (also RF rotated, as denoted by the inset) during each experiment is shown by scatterplot, with the

x and y axes representing proportion of correct performance for the stimulated and unstimulated conditions, respectively. The average performance across

sessions for unstimulated (red) and stimulated (green) trials are indicated adjacent to the plot, and the p values below are the results of two-tailed paired

t tests. The same conventions are used for (B)–(D).

(B) Accuracy during each optogenetic experiment for Monkey J.

(C) Accuracy during each electrical microstimulation experiment for Monkey I.

(D) Accuracy during each electrical microstimulation experiment for Monkey J. (Note that, for visualization purposes, the few performance values falling

below 0.3 are clipped on the corresponding axes.)
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Each panel shows the average difference in reaction time between the stimulated and unstimulated trials (center) and physical locations of saccade end-

points made to each target (periphery). Each panel has been rotated to align each experiment’s RF to themost frequently observed RF (highlighted in gray).

(A) RT differences and saccade endpoints during optogenetic experiments inMonkey I. NegativeRT differences indicate a faster response during stimulated

trials. The dashed reference circle represents no effect. Blue and purple lines represent data from single and paired trials, respectively. Error bars show SEM

across experimental sessions. For saccade endpoints, unstimulated and stimulated conditions are shown by open red and filled green circles, respectively,

and each circle represents the average position from one session. The dashed octagon indicates the original eight locations used for RFmapping. The same

conventions are used for (B)–(D).

(B) RT differences and saccade endpoints during optogenetic experiments in Monkey J.

(C) RT differences and saccade endpoints during electrical microstimulation experiments in Monkey I.

(D) RT differences and saccade endpoints during electrical microstimulation experiments in Monkey J (see also Figure S3).
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Because the monkeys’ tasks explicitly required responding
bymaking a saccade, we also looked for any specific effects of
either form of stimulation on eyemovements. Despite previous
reports that indicate that electrical microstimulation in LIP can
evoke saccades [29], even for sites showing clear evidence of
optical modulation (as in Figures 1D and 2B), we never
observed an evoked saccade via either optical stimulation or
electrical microstimulation (at the light levels or currents we
used). To further investigate any effects of stimulation on
saccade execution, we looked closely at saccade trajectories
and endpoints (outer plots of each panel in Figure 4; these end-
points were extracted from correct single and paired trials, and
each point denotes the mean landing position of one experi-
mental session). Upon initial inspection, it was clear that elec-
trical microstimulation appeared to pull Monkey J’s saccade
landing point toward the RF for trials in which the target
appeared in either of the two adjacent locations (Figure 4D,
red versus green circles). By calculating the distance of the
endpoint to the RF, we found that the endpoints targeting
these two locations were significantly closer to the RF when
stimulated (0.63� 6 0.10� and 0.68� 6 0.10� [mean 6 SEM,
henceforth] for single trials, 0.52� 6 0.07� and 0.60� 6 0.10�

for paired trials, p < 0.001, n = 24). For the optogenetic exper-
iments, no obvious effect was observed. However, in Monkey
J and in only one location (260� from RF), we found evidence
for an extremely small, but significant, effect for both the single
and paired conditions in which the endpoints under stimula-
tion were 0.11� 6 0.03� (single) and 0.06� 6 0.02� (paired)
closer to the RF (p < 0.005, n = 21). These average endpoint
differences were much smaller than the corresponding effect
of electrical microstimulation. We characterized the effect
size by computing Cohen’s d and found that the effect sizes
by optical stimulation for that particular location were only
0.16 (single) and 0.28 (paired), neither exceeding the generally
accepted minimum significant effect size (0.41) [30]; the
effects of electrical microstimulation on landing position
were 0.90 (single) and 1.58 (paired). In no condition did we
see any effects on Monkey I’s eye movements. From these
analyses, we then conclude that direct effects of optical stim-
ulation on saccade programming in our paradigm seem mini-
mal compared to the effect on choice behavior.

Finally, to demonstrate that the effects of optical stimulation
were due to evoked neural modulation and not merely the
presentation of light, we conducted 22 further control ex-
periments in Monkey I in which we recorded from sites
surrounding the C1V1 injection sites (>3 mm away), for which
we saw no physiological effect of neural modulation via light
stimulation. During these experiments, we ran the same
optogenetic protocol but found no significant effect of stimu-
lation at the RF location on either accuracy or RTs. Direct
comparison of the accuracy effects for the real optical stimu-
lation trials (Figure 3A) and the control experiment effects
were significant (p = 0.04), confirming that the neural modula-
tion of spatially characterized cell populations is essential for
affecting behavior in our experiments.

Discussion

While previous studies have demonstrated clear optogenetic
modulation of neural activity in the nonhuman primate,
associated effects on behavior have been more difficult to
demonstrate [5, 14]. Here, we have shown that optogenetic sti-
mulation in LIP can reliably bias choice in a visuospatial
discrimination task. As reviewed by Gerits and Vanduffel [31],
of three previous optogenetic studies in nonhuman primates
that have reported behavioral effects of stimulation, two of
them have performed this stimulation close to the targeted
neural pathway’s input (primary visual cortex) [16] or output
(the superior colliculus) [17] regions and have assessed behav-
ioral effects using relatively simple behavioral measures, such
as either fixation patterns or saccades to single targets.
Another recent study in the arcuate sulcus using a visually
guided saccade task reported effects on saccade latency
[15]. Here, we asked whether the optogenetic approach could
be employed in another higher cortical area (LIP) during amore
complex decision task involving visual target discrimination
and spatial choice. Whereas previous behavioral assays in V1
and SC indicated a direct impact on the oculomotor response
[16, 17],we observedno elicited saccades or significant effects
on eye movement trajectories by optogenetic stimulation,
consistentwith previous studies [15]. Instead,we found effects
consistent with a bias revealed via choice accuracy between
two simultaneously presented targets in addition to a small,
but reliable, effect on choice reaction time. These results sug-
gest that optogenetic modulation can reliably bias signals in
higher-order structures such as LIP. Given that LIP may act
as a ‘‘salience map’’ [24, 25] in selecting spatial locations, our
findings are consistent with the idea that optogenetic (and
electrical) perturbation of activity in such a visual salience
map can alter decisions about where to look next.
To bridge the existing literature on electrical microstimula-

tion and optogenetic modulation, we compared the two ap-
proaches directly, using the same task in the same animals
(in different sessions). A recent study compared the effects
of optogenetic stimulation and electrical microstimulation
delivered to the frontal eye fields on evoked eye movements
during fixation [18]. These authors found that effects of opto-
genetic stimulation were generally only observable when
accompanying electrical stimulation. In our task, in area LIP,
we found that the effect of optical stimulation on choice
discrimination performance was quite comparable to that
caused by electrical microstimulation, consistent with results
from a previous study in LIP using electrical microstimulation
[12]. However, optogenetic stimulation does seem to have
more specific effects on saccadic reaction times (more local-
ized to the RF location) while having very little effect on eye
movement trajectories (Figure 4). This suggests that the
optical modulation may have led to more localized perturba-
tion in cortical activity than electrical microstimulation, there-
fore having a less direct influence on oculomotor behavior,
which is consistent with the findings of Ohayon et al. [18].
Furthermore, the ability to directly record the effects of opto-
genetic activation during stimulation (as seen, e.g., in Figures
1 and 2) provides feedback regarding the causal effect of
that stimulation that is extremely difficult to obtain with electri-
cal microstimulation.
In conclusion, our results clearly demonstrate that even in

an associative cortical area such as LIP, optogenetics in
nonhuman primates can be a powerful tool for controlling
behavior. Future refinements of this approach, especially
with respect to cell-specific targeting, will likely make it the
primary tool of choice in the causal examination of complex
neural networks.
Experimental Procedures

Detailed experimental procedures can be found in Supplemental Experi-

mental Procedures available online.
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Supplemental Information includes Supplemental Experimental Procedures

and three figures and can be found with this article online at http://dx.doi.
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