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Spatial attention enables us to focus visual processing toward
specific locations or stimuli before the next fixation. Recent evidence
has suggested that local luminance at the spatial locus of attention
or saccade preparation influences pupil size independent of global
luminance levels. However, it remains to be determined which
neural pathways produce this location-specific modulation of pupil
size. The intermediate layers of the midbrain superior colliculus (SC)
form part of the network of brain areas involved in spatial attention
and modulation of pupil size. Here, we demonstrated that pupil size
was altered according to local luminance level at the spatial location
corresponding to a microstimulated location in the intermediate SC
(SCi) map of monkeys. Moreover, local SCi inactivation through
injection of lidocaine reversed this local luminance modulation. Our
findings reveal a causal role of the SCi in preparing pupil size for
local luminance conditions at the next saccadic goal.

superior colliculus | attention | saccade preparation | inactivation |
microstimulation

hen bombarded by excessive input from the environment,

observers can selectively prioritize objects, ignore most
stimuli, and move their eyes to selected objects of interest.
Processing of a selected object can start before movement of the
eyes to foveate the object, enabling faster and more efficient
processing of information at the location of saccade goal and
attention locus than at other locations (1, 2). Objects in the
natural environment often have levels of luminance that are in-
dependent of global luminance. Pupil size changes according to
the amount of light projected onto the retina, with constriction in
response to global luminance increase and dilation to global
luminance decrease (3) (referred to as global luminance modu-
lation) to regulate the trade-off between image acuity and sen-
sitivity (4, 5). If processing of a visual object starts during the
planning of the saccade to foveate that object, these preparatory
processes could also modulate pupil size to optimize the quality
of the to-be-foveated image. This compelling idea, referred to as
local luminance modulation, receives support from recent in-
vestigations. When simultaneously presented with bright and
dark circular patch stimuli in the periphery, human subjects have
smaller pupil size when the locus of spatial attention is guided to
the bright, compared with the dark, patch stimulus, despite the
fact that global luminance and eye position remains unchanged
(6-9). The neural mechanisms underlying this preparatory local
luminance modulation remain poorly understood.

The superior colliculus (SC), a subcortical sensorimotor struc-
ture, has anatomically differentiated superficial and intermediate
layers. The intermediate SC (SCi) receives direct projections from
the frontal eye field (FEF) and the lateral intraparietal cortex
(LIP) and projects directly to the brainstem and the spinal cord to
execute the orienting movement, including saccades and pupil
dilation (10, 11). The SCi, together with the FEF and LIP, has
been causally implicated in the shifts of gaze and spatial attention
(12-15). SCi activity increases, before saccade initiation, in the
neurons coding the next saccade vector (16, 17), and the sources
of these preparatory signals are likely the FEF and LIP (18-20).
Electrical microstimulation in the SCi triggers saccades and biases
attention toward corresponding stimulated locations in the SCi
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saccade map (21-23). Recent research has shown that pupil light
responses evoked by a bright stimulus are enhanced when it is
presented at the location corresponding to the area where FEF
microstimulation is applied (24), further linking this circuit to the
modulation of pupil luminance responses (25). Given the role of
the SCi in saccade planning and spatial attention and the link
between the SCi and pupil control (11), we hypothesize that ob-
servers not only shift their attention to a potential to-be-foveated
location but also scale pupil size to optimize visual processing at
the next fixation target, and that the SCi plays an important role in
mediating these location-specific preparatory pupil responses.

To establish a causal role for the SCi in mediating the local lu-
minance modulation of pupil size, we altered SCi activity locally
with electrical microstimulation or chemical microinjection of
lidocaine to respectively enhance or depress neural activity in a lo-
calized region. Weak electrical microstimulation below the thresh-
old for triggering any saccades or pupil dilation (26) and injection
of lidocaine, a Nat chemical blocker that temporarily depresses
neural activity in the region of the injection, were used. Two
visual stimuli, small bright and dark luminance patches, were
presented simultaneously in opposite hemifields: one spatially
aligned with the corresponding site where we altered SCi ac-
tivity and the other at the opposite location relative to fixation.
We hypothesize that microstimulation will enhance (27), whereas
lidocaine injection will reduce, visuospatial processing toward
the corresponding location, resulting in the alternation of an
interaction with local luminance modulation.

Results

If the local pupil luminance responses are mediated through the
SCi, microstimulation should alter pupil size according to local
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luminance changes at the spatial location coded by the stimulated
site in the SCi. To demonstrate this effect, monkeys were trained
to fixate upon a spot in the center of a computer monitor while
task-irrelevant bright and dark patch stimuli were presented in
opposite hemifields (Fig. 14; detailed in Methods). On 50% of
the trials, we delivered a subthreshold train of microstimulation
(400 ms, 70-90 Hz) to a specific site in the SCi. One patch stim-
ulus was presented at the location corresponding to the stimulated
site in the SC map, and the other was presented at the opposite
location. To isolate the pupil local luminance responses, stim-
ulation parameters were set below saccade and pupil initiation
thresholds (detailed in Methods).

Experiment 1: Pupil Size Modulated by Local Luminance at the
Microstimulated Location. When subthreshold microstimulation
was applied to the SCi, the resulting effect on pupil size was
modulated by patch location (Fig. 1B). Transient pupillary re-
sponses were evoked by the presentation of patch stimuli alone
(Fig. 1B, dashed traces), with a decrease in pupil size (i.e.,
constriction) at approximately 250 ms after presentation, fol-
lowed by an increase in pupil size (i.e., dilation). Although the
pupillary responses were modestly different between the bright
and dark conditions, microstimulation exaggerated the pupillary
responses evoked by the patch stimuli (Fig. 1B, solid traces).
There was greater pupil constriction when the bright patch
overlapped the microstimulation site and greater dilation when
the dark patch was aligned with the stimulated site. Differences
between the bright and dark patch conditions on no-stimulation
trials could be results of the influence of microstimulation on
50% of the trials. To eliminate this bias, we normalized the data
by contrasting pupil diameter values between the stimulation and
no-stimulation conditions (SI Appendix). Fig. 1C shows the
normalized pupil diameter in the bright and dark conditions at
the same example stimulation site, demonstrating significantly
smaller pupil size in the bright compared with the dark condition
(significant differences denoted by a green horizontal bar in Fig.
1C). An epoch of 300-600 ms after stimulation onset (high-
lighted in gray area; Fig. 1C) was used to characterize transient
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Fig. 1. Effect of SCi microstimulation on local luminance modulation. (A)

Trials began with appearance of a central fixation point on a gray back-
ground. Subthreshold microstimulation was applied for 400 ms on 50% of
trials, with the presentation of the patch stimuli. (B and C) Effects from (B)
an example site and (C) after normalization between microstimulation and
no-stimulation trials in the bright and dark conditions. (D and E) Summary of
microstimulation effects collapsed across monkeys and stimulation sites (n =
32) on (D) pupil dynamics and (E) size (300-600-ms epoch poststimulation,
gray shading in C and D). In B-D, the black bar on the x-axis indicates the
time of microstimulation. In C and D, the shaded colored regions sur-
rounding the pupillary response represent +SE range for different condi-
tions. The green bar on the x-axis indicates the time line at which differences
between the bright and dark conditions were statistically significant (P <
0.05). In E, filled dots indicate sites with statistically significant differences
(P < 0.05). RF, response field.
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differences between the two conditions (bright, mean, —0.056 +
0.019; dark, mean, 0.0022 + 0.024; t19 = 1.86, P = 0.039, d =
0.85). This pattern of results was significant in the population
average of 32 stimulation sites from 2 monkeys (Fig. 1D; original
and normalized population data from each monkey are shown in
SI Appendix, Fig. S1). Immediately after microstimulation, pupil
size decreased when the bright patch overlapped with the stim-
ulated location and increased when the dark patch overlapped
with the stimulated location (significant differences between two
conditions denoted by a green horizontal bar in Fig. 1D; mean
pupil size from 300 ms to 600 ms, bright, —0.0102 + 0.0047; dark,
0.017 + 0.0045; t3; = 5.53, P = 4.7 x 107°, d = 1.04). Almost all
stimulation sites in our sample (26 of 32) produced numerically
smaller pupil sizes in the bright condition than in the dark con-
dition (300-600-ms epoch, significant differences in 9 of 32
stimulation sites; Fig. 1E). Although the effects observed were
relatively small and not significant in all stimulation sites, likely
because of implementation of very weak microstimulation and
goal-irrelevance of patch stimuli, these results nonetheless support
our hypothesis: the alteration of pupil size changed according
to local luminance at the SCi stimulated location.

Experiment 2: Local Luminance Modulation Was Spatially Confined to
the Microstimulated Location. To further investigate the spatial
specificity between the patch luminance effect and stimulation
location, we conducted a follow-up experiment. More specifically,
we tested whether the patch luminance effect is present only when
the patch and stimulation locations align, or if this effect can still
be generated as long as the patch and stimulation location are
within the same hemifield. We introduced four configurations of
the patch stimuli relative to the SCi stimulation site: the patch
stimuli were presented aligned and opposite the SCi stimulation
site (same as experiment 1; Fig. 24) or orthogonal to this con-
figuration (Fig. 2B). Because the orthogonal patch stimuli did not
match with the corresponding stimulated site in the SCi, we pre-
dicted no systematic pupillary modulation. Consistent with the
previous results, pupil constriction was observed after micro-
stimulation when the bright patch spatially overlapped with the
corresponding stimulated site, and pupil dilation was observed
when the dark patch spatially overlapped with the stimulated site
(Fig. 2 C and E: two-sided ¢ test, mean pupil size from 300 ms to
600 ms, bright, —0.042 + 0.011; dark, 0.026 = 0.01; ;3 =4.77, P =
3.7 x 107, d = 1.68; SI Appendix, Fig. S2 shows results in indi-
vidual monkeys). However, in the orthogonal condition, the pu-
pillary responses were not different when the bright or dark patch
was presented ipsilateral or contralateral to the stimulation site
(two-sided ¢ test, mean pupil size from 300 ms to 600 ms post-
stimulation, same example site, bright, 0.0072 + 0.013; dark,
—0.011 + 0.023; #13 = 0.58, P = 0.57,d = 0.27; Fig. 2 D and F).
Together, these results suggest that local luminance modulation
was spatially confined to the corresponding stimulated location.

Experiment 3: Pupil Size Modulated by Local Luminance Independent
of Transient Changes in the Visual Field. The temporal overlap of
the patch presentation and SCi microstimulation in experiments
1 and 2 may suggest that local luminance effect mediated via SCi
microstimulation was only effective with sudden changes in the
visual environment. To determine whether local luminance
modulation by SCi microstimulation also occurs in the absence
of simultaneous changes in the visual environment, we presented
the patch stimuli 1,000-1,500 ms before applying SC micro-
stimulation (Fig. 34). Fig. 3 B and C show the effects of SCi
microstimulation on pupil diameter in different patch conditions
at an example stimulation site. Once again, microstimulation
changed pupil size as a function of the patch condition: there was
a decrease in pupil size when the bright patch was aligned with
the stimulated site and an increase in pupil size when the dark
patch was aligned with the stimulated site. Similar to previous
results, we found smaller pupil sizes in the bright condition
compared with the dark condition (¢# test, mean pupil size
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Fig. 2. Effect of SCi microstimulation on different patch location conditions.
(A and B) Patch stimuli were presented at the corresponding stimulated
location (aligned) or orthogonal. (C and E) Effects of SCi microstimulation on
the normalized pupil diameter in the bright and dark conditions collapsed
across monkeys and stimulation sites (n = 14) on (C) pupil dynamics and (E)
pupil size (300-600-ms epoch poststimulation). (D and F) Effects of SCi
microstimulation on the normalized pupil diameter in the orthogonal con-
dition collapsed across monkeys and stimulation sites on (D) pupil dynamics
and (F) pupil size (300-600-ms epoch poststimulation). Symbols as in Fig. 1.

between 200 ms and 500 ms, bright, —0.027 + 0.011; dark,
0.017 + 0.016; 5, = 2.41, P = 0.013, d = 0.98).

Fig. 3D summarizes the effects of SCi microstimulation on
normalized pupil dynamics collapsed across 2 monkeys and 25
stimulation sites (SI Appendix, Fig. S3 shows original and nor-
malized population data from each monkey; the differences in
pupil size between the bright and dark conditions were in-
significant on trials without microstimulation: mean pupil size
from 200 ms to 500 ms, bright, —0.012 + 0.0055; dark, —0.015 +
0.0055; two-sided ¢ test, t,4 = 0.67, P = 0.51, d = 0.12). The effects
of pupil local luminance responses through SCi microstimulation
were evident, with pupil constriction after microstimulation when
the bright patch overlapped with the SCi stimulated site and pupil
dilation when the dark patch overlapped with the SCi stimulated
site (significant differences between the two conditions, ¢ test, P <
0.05 denoted by green horizontal bar in Fig. 3D; mean pupil size
from 200 ms to 500 ms, bright, —0.016 + 0.0034; dark, 0.0058 +
0.003; 54 = 6.45, P = 1.1 x 107°, d = 1.39; note that the timing of
the selected epoch was earlier in this experiment because lumi-
nance signals were already available at the time of micro-
stimulation). Almost all stimulation sites in our sample produced
numerically smaller pupil size in the bright condition than in the
dark condition (200500 ms epoch, 23 of 25 stimulation sites;
significant differences in 7 of 25 stimulation sites; Fig. 3E). These
results are consistent with the previous microstimulation experi-
ment (Fig. 1), suggesting that the mediation of the local luminance
effect through the SCi does not require a transient change in the
environment, but rather the onset of microstimulation at the SCi
site aligned with the patch stimulus.

Experiment 4: Modulation of Pupil Local Luminance by Lidocaine
Microinjection. To further establish a causal role of the SCi in
mediating the local luminance modulation, we microinjected small
quantities of lidocaine (six sites) into the SCi of two monkeys to
temporally inactivate a small portion of the SC (Materials and
Methods). Lidocaine inactivates neural tissue through blocking
sodium channels, and we hypothesized that this manipulation
would produce the opposite effect of microstimulation. We ex-
amined performance before injection (preinjection), immediately
after injection (postinjection), and after recovery from the in-
jection. Effects of SC inactivation on saccade execution were in-
vestigated by presenting, on a subset of trials, a visual target in the

10448 | www.pnas.org/cgi/doi/10.1073/pnas.1809668115

region of the visual field that aligned with the SCi site. As dem-
onstrated in earlier studies (28-30), the peak velocities of saccades
made into the affected part of the visual field were slightly de-
creased after injecting small amounts of lidocaine (SI Appendix,
Fig. S44 shows normalized mean peak velocity data; saccades
made to the injection location, pre, 98 + 0.53%; post, 90 + 3.58%;
recovery, 97 + 1.63%; post and pre, t5 = 2.33, P = 0.034, d = 1.26;
post and recovery, ts = 1.86, P = 0.061, d = 0.99; saccades made to
the opposite location, pre, 99 + 0.38%; post, 95 + 3%; recovery,
98 + 2.87%; two-sided ¢ test, post and pre, ts = 1.24, P =0.27,d =
0.62; post and recovery, ts = 0.92, P = 0.39, d = 0.33).
Transient pupil responses were evoked by patch stimuli in
the period of preinjection, postinjection, and recovery (Fig. 4B
shows an example site). To directly examine the local luminance
modulation, we normalized the data by contrasting pupil di-
ameter values in the bright and dark conditions between the
postinjection and preinjection or recovery period separately (S/
Appendix). Fig. 4C shows the normalized pupil diameter (post-
injection minus preinjection) in the bright and dark condition at
the same example injection site, demonstrating significantly
larger pupil size in the bright compared with the dark condition
(significant differences between two conditions denoted by a
green horizontal bar in Fig. 4C; epoch of 300-580 ms, high-
lighted in gray area, was used to characterize transient differ-
ences between the two conditions: mean size, bright, 0.027 +
0.0093; dark, —0.018 + 0.011; #76 = 3.09, P = 0.0014, d = 0.69).
The normalized pupil diameter between the postinjection and
recovery period at the same example injection site showed sim-
ilar results (bri%ht, 0.063 + 0.0093; dark, 0.012 + 0.011; t74 = 3.54,
P =34 x 107", d = 0.79; Fig. 4D). Moreover, this pattern of
results was significant in the sample average of six injection sites
from two monkeys (Fig. 4 E-H; SI Appendix, Fig. SAB shows data
from each monkey population). After injection, pupil size be-
tween post and preinjection increased when the bright patch
overlapped with the injected location, whereas pupil size de-
creased when the dark patch overlapped with the injected loca-
tion (significant differences between two conditions denoted by a
green horizontal bar in Fig. 4E; mean pupil size from 200 ms to
580 ms, bright, 0.027 + 0.01; dark, —0.005 = 0.016; t5 = 6.22, P =
7.8 x 107*, d = 1.5). This pattern is opposite of microstimulation
effect (compare Figs. 1-4). All injection sites in our sample
produced statistically larger pupil sizes in the bright condition
than in the dark condition (200-580-ms epoch, significant dif-
ferences in six of six injection sites; Fig. 4G). Similar patterns of
results were observed in the comparison of postinjection vs.
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Fig. 3. Effect of SCi microstimulation on local luminance modulation. (A)
Patch stimuli were presented before microstimulation. (B and C) Effects from
(B) an example site and (C) after normalization between stimulation and
no-stimulation trials in the bright and dark conditions. (D and E) Summary
of microstimulation effects collapsed across monkeys and stimulation
sites (n = 25) on (D) pupil dynamics and (E) pupil size (200-500-ms epoch
poststimulation).
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Fig. 4.

Effect of SCi inactivation on local luminance modulation. (A) Experimental paradigm. (B) Effects of lidocaine injection on pupil size following the patch

presentation at an example site during preinjection, postinjection, or recovery period. (C and D) Effects of SCi inactivation on the normalized pupil diameter
[differences between postinjection and preinjection (C) or recovery (D) trials] in the bright and dark condition at the same example site. (€ and F) Summary of
lidocaine injection effects collapsed across monkeys (n = 6) on (E) Post — Pre condition and (F) Post — Recovery condition. (G and H) Summary of injection effects
on pupil size (300-580-ms epoch poststimulation), including two saline control injections (n = 2) on (G) postpre condition and (H) postrecovery condition. In B-F,
the black bar on the x-axis indicates the time of patch stimuli. Symbols as in Fig. 1.

recovery period, with significantly larger pupil size when the
bright patch, but smaller pupil size when the dark patch, over-
lapped with the injected location (significant differences between
two conditions denoted by a green horizontal bar in Fig. 4F; 200—
580-ms epoch, bright, 0.027 + 0.01; dark, —0.011 + 0.0098; t5 =
4.46, P = 0.0033, d = 1.86, significant differences in six of six
injection sites; Fig. 4H). These results could also be interpreted
as spatial attention being biased toward the opposite location of
the injection site as a result of inactivation of the SCi at the
injection location, thus producing pupil dilation in the bright
condition and constriction in the dark condition.

In the control experiment, a comparable volume of saline so-
lution was injected into the SCi of two monkeys (two injections).
Transient pupil responses between the bright and dark conditions
after saline solution injection were not significantly different from
preinjection or recovery responses (Fig. 4 G and H; monkey A,
post and pre, bright, —0.011 + 0.013; dark, —0.021 + 0.013; t34 =
0.55, P =0.58, d = 0.18; post and recovery, bright, —0.027 + 0.013;
dark, —0.027 & 0.013; t34 = 0.004, P = 0.99, d = 0.0014; monkey B,
post and pre, bright, 0.051 =+ 0.014; dark, 0.079 + 0.012; #75 = 1.58,
P =0.12, d = 0.36; post and recovery, bright, 0.027 + 0.014; dark,
0.0092 + 0.012; t73 = 0.98, P = 0.33, d = 0.22; SI Appendix, Fig.
S4C shows saline solution injection data for each monkey), in-
dicating that the reversed local luminance modulation depends on
the injection of an inactivating substance into the SC. Overall,
these results support our hypothesis that the SCi plays a causal
role in mediating the local luminance modulation.

Experiment 5: Pupil Size Modulated by Local Luminance at the
Saccade Goal. To link the aforementioned local luminance mod-
ulation with human pupil local luminance responses observed
during cognitive tasks (6, 7), monkeys were trained to perform a
version of the visual-delayed and memory-guided saccade tasks
that included presentation of patch stimuli during the delay period
(Fig. 54). Monkeys were required to prepare a saccade toward a
visible or remembered target location (one of four possible loca-
tions in each block; two different blocks) but maintain central
fixation until the disappearance of the fixation point, which
instructed them to initiate a saccade to the target location. During
the delay period, two task-irrelevant bright and dark patches were
presented briefly. The patch stimuli were presented either aligned
and opposite the saccade goal (Fig. 5B) or orthogonal to this

Wang and Munoz

configuration (Fig. 5C; similar to experiment 2; SI Appendix).
Because neural activity in the SCi is sustained during the delay
period (16, 31-33), we hypothesized that pupil size after the patch
presentation should be smaller when the bright patch stimulus,
compared with the dark patch stimulus, is spatially aligned with
the future saccade goal. Moreover, because the orthogonal patch

Experiment 5
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Fig. 5. Effect of saccade planning on local luminance modulation. (A-C)

Visual-delayed and memory-guided saccade tasks. The bright (or dark) patch
was spatially aligned with the target location in the bright (or dark) condi-
tion in B. Neither patch was aligned with the target location (orthogonal) in
C. (D and F) Pupil responses from an example monkey in the bright and dark
aligned conditions in (D) visual-delayed and (F) memory-guided saccade
tasks. (E and G) Pupil responses from an example monkey in the bright and
dark orthogonal conditions in (E) visual-delayed and (G) memory-guided
saccade tasks. In B and C, “T" indicates the target location. In D-G, the
black bar on the x-axis indicates the time of the patch presentation.
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stimuli did not match with the saccade goal, we predicted no
systematic pupillary modulation. Visual-delayed and memory-
guided tasks were performed separately, and trials in each task
were collapsed across two to five daily recording sessions. Similar
local luminance modulations by the saccade goal were observed in
both tasks across two monkeys (SI Appendix, Fig. S5 shows data
from another monkey). As shown in an example monkey (Fig. 5 D
and F), transient pupil responses after the patch presentation
decreased significantly when the bright patch stimulus was pre-
sented at the saccade goal, compared with the dark patch stimu-
lus, in the visual-delayed task (epoch of postpresentation 290-365
ms, selected arbitrarily to capture differences between two con-
ditions, monkey A, f,03 = 2.06, P = 0.041, d = 0.29; monkey B,
te34 = 2.67, P = 0.0076, d = 0.21; SI Appendix, Fig. SSE) and the
memory-guided task (epoch of postpresentation 290-365 ms,
monkey A, ts = 2.86, P = 0.0023, d = 0.4; monkey B, #35¢ = 2.26,
P =0.012, d = 0.23; SI Appendix, Fig. SSE). These local-luminance
effects were consistent with the human behavioral effects showing
smaller pupil size when the locus of attention overlaps with a
bright patch compared with a dark patch (6, 7). Similar pupil re-
sponses were evoked after orthogonal patch stimuli in an example
monkey (Fig. 5 E and G), but the differences between two or-
thogonal conditions (90° or 270° radial angles from target loca-
tion) were indifferent (visual-delayed task, two-sided ¢ test, epoch
of postpresentation 290-365 ms, monkey A, t>14 = 0.52, P = 0.6,
d =0.07; monkey B, 515 = 0.59, P = 0.55, d = 0.05; memory-guided
task, two-sided ¢ test, epoch of postpresentation 290-365 ms,
monkey A, t19 = 0.49, P = 0.63, d = 0.067; monkey B, #4335 = 1.64,
P =0.1,d = 0.16; SI Appendix, Fig. S5F). Note that, although pupil
dynamics induced by the patch stimuli were different between two
monkeys, the same local luminance modulation was observed.

Discussion

The goal of this study was to investigate the role of the SCi in
mediating pupil local luminance responses before movement of
the eyes. We found that pupil size changed according to a lumi-
nance level at the location corresponding to the site where we
applied weak microstimulation in the SCi, with constriction when
the bright patch stimulus spatially matched with the stimulated
site and dilation when the dark patch stimulus spatially matched
with the stimulated site. Moreover, these observed effects were
reversed when we injected lidocaine into the SCi to temporarily
inactivate neurons in those regions. These results suggest that the
SCi is not only causally involved in spatial attention and saccade
preparation to bias visuospatial processing toward the selected
location, but this bias also modulates pupil size potentially to
optimize visual processing at the location before the next fixation.

Functional Role of the Local Luminance Modulation. Pupil size
changes according to the global luminance level to optimize the
trade-off between image acuity and sensitivity (4, 5). Visual pro-
cessing at the location of attention and saccade planning starts well
before the eye movement (1, 2). Correspondingly, pupil size was
also modulated by these presaccadic processes (6, 7), with smaller
pupil size when the locus of spatial attention was directed to a
bright stimulus compared with a dark stimulus (8) or when prepa-
ration for an eye movement toward a stimulus embedded in a bright
compared with a dark background (34). Here, we found compa-
rable local luminance effects in monkeys performing the visual-
delayed and memory-guided saccade tasks: pupil size was smaller
after the patch presentation when the bright stimulus overlapped
with the target location, suggesting the involvement of similar local
luminance mechanisms between humans and monkeys. Most im-
portantly, the similar local luminance modulation was produced
following SCi microstimulation and the effects were reversed by SCi
inactivation through lidocaine injection. Together, these observa-
tions suggest that the effects of microstimulation on pupil responses
were similar to those of spatial attention and saccade planning.
Although research exploring the behavioral advantages of the local
luminance modulation have shown that performance probed at the
attended location correlated with the degree of local luminance
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modulation (9, 35), a functional role of the local luminance mod-
ulation on this behavioral advantage is still lacking. Does the local
luminance modulation play any causal role on the behavioral ad-
vantage or does it simply reflects a degree of attentional processing
(or saccade preparation) on the attended target, thus producing
correlation between behavioral advantage and local luminance
modulation size? Future research is required to directly examine
the functional role of this local luminance modulation.

Depth perception is essential to our everyday life, and the near
response is known to include three motor acts: vergence, ac-
commodation, and pupillary constriction (36). This raises an
interesting question: does this principle generalize to the near
response of pupillary constriction or even to other motor acts of
the near response? Although the present study is not able to
answer this question directly, we argue that the pupil control
system should be able to change according to shifts of attention
in depth. That is, if attention is guided from a distant to a near
object, the pupil should slightly constrict to provide a better fo-
cus on the attended target. Future studies are needed to in-
vestigate this important question.

Neural Mechanisms Underlying the Local Luminance Modulation. A
neural network that involves the SCi, FEF, and LIP is regularly
attributed to effects of spatial attention and saccade planning (12,
13, 37). Anatomically, the SCi receives direct input from the FEF
and LIP (18-20, 31), and neurons in the SCi project directly to the
brainstem circuit to initiate various orienting responses such as
saccades and pupil dilation (10, 11). Weak microstimulation of the
SCi or FEF evokes pupil dilation without triggering saccades (26,
38, 39). Moreover, a recent study has shown greater pupil con-
striction evoked by a bright stimulus when it was presented at the
corresponding FEF microstimulated location (24), suggesting that
pupil light responses can be spatially enhanced by FEF micro-
stimulation. Taken together, the SCi could integrate signals from
the FEF and LIP, and luminance signals could be modulated in a
spatially selective manner through the efferent projections from
the SCi to the pupil control circuit.

The SCi has anatomical connections to the parasympathetic and
sympathetic pathways to change pupil size (11). The SCi connects
to a downstream parasympathetic structure, the Edinger—West-
phal (EW) nucleus, mainly via projections through the central
mesencephalic reticular formation (40, 41). The EW nucleus
projects to the ciliary ganglion with excitatory and inhibitory
connections (42) and can therefore produce constriction and di-
lation. Additionally, the EW nucleus receives projections from
topographically organized the pretectal olivary nucleus (PON),
which receives luminance signals directly from the retina (43-45).
Because the EW nucleus receives projections from topographi-
cally organized SCi and PON, the efferent projections from the
SCi and PON to the EW nucleus could interact in a spatially se-
lective manner. Luminance signals carried by the PON could thus
be enhanced by spatial attention signals delivered through the SCi,
with increasing or decreasing EW activity according to the local
luminance level at the stimulated location, resulting in pupil
constriction or dilation, respectively. Therefore, enhancing or
suppressing neurons SCi activity via microstimulation or micro-
injection of lidocaine respectively increased or decreased local
luminance effects at the location corresponding to the site of SCi
stimulation. In summary, we argue that the SCi-EW pathway is
likely underlying the observed local luminance modulation.

It is still possible that other pathways also contribute to the
local luminance modulation. The first possibility is that the al-
ternation in pupil size is computed within the SCi itself because
the SCi also receives direct retinal projections from the in-
trinsically photosensitive retinal ganglion cells, which are con-
sidered as luminance encoders and important for the pupil light
reflex (46, 47). However, there is no evidence suggesting that
luminance increase or decrease signals are processed differently
in the SC. Another possibility is that the projections from the SCi
to the SCs (48) play a role. The PON receives direct projections
from the SCs (40, 44) and projects to the suprachiasmatic
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nucleus of the hypothalamus in the sympathetic system (49). It is
possible that the luminance signals could be spatially modulated
by SCi microstimulation through SCi projections to the SCs or by
SCi microinjection through proximal spreading of lidocaine to
the SCs. However, because of the low stimulation parameters
used here (70-90 Hz, 2-25 pA), the SCi-to-SCs connection is less
likely to be activated to influence the PON. In addition, micro-
stimulation of the SCs failed to initiate any pupil response (26).
In summary, we argue that the most likely scenario requires the
SCi integrating the signals from the FEF and LIP and sending
the spatially selective signals to the EW nucleus that merge with
luminance signals from the PON to coordinate the location and
direction (constriction or dilation)-sensitive pupil modulation.

Materials and Methods

Data were collected from two male Rhesus monkeys. All procedures were
approved by the Queen’s University Animal Care Committee in accordance
with the guidelines of the Canadian Council on Animal Care.

When the SCi had been localized, the SCi was microstimulated (300-Hz pulse
train for 100 ms with alternating 0.3-ms anode plus 0.3-ms cathode pulses) and
saccade threshold was determined (evoked saccades 50% of the time; range, 5—
50 pA). In microstimulation experiments, we reduced the frequency of stim-
ulation to 70-90 Hz and used 25-45% of the saccade threshold current to
activate the target area in the SC without evoking saccades or pupil dilation
(detailed in S/ Appendix). Microinjections of lidocaine or saline solution were
made through a metal cannula with an attached microelectrode. Injections
consisted of 1-1.3 pL of 2% lidocaine or saline solution alone, delivered at a
rate of 0.5 pL/min by using a Hamilton syringe at a depth that was 1-2.5 mm
below the SC surface, defined by previous microelectrode recordings. Testing
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before (preinjection) and after injection (postinjection, ~1-20 min after the
injection) and after recovery (25+ min after the injection) was usually con-
ducted in the same session (detailed in S/ Appendix).

Monkeys were trained to perform fixation tasks, at which they had to
maintain gaze within 1.5° of a fixation point (0.5° diameter; 20 cd/m?, iso-
luminant color of the background) at the center of the screen on a gray
background (20 cd/m?) for a few seconds to obtain a liquid reward (details of
all experiments are provided in S/ Appendix). After the monkey maintained
fixation for 1-1.5 s, a train of stimulation pulses was delivered (400 ms, 70-90 Hz,
25-45% saccade threshold) on 50% of the trials (Fig. 1A), coincident with the
presentation of two task-irrelevant patch stimuli (3-9° in radius; one bright
and the other dark, both with 95% contrast relative to the gray background).
Monkeys had to maintain fixation for another 1.5-2.5 s for reward. Two patch
stimulus conditions were used: in the bright condition (50% of trials), the
center of the bright patch stimulus location was spatially aligned with the SCi
stimulated location determined by the saccade vector evoked via supra-
threshold SCi microstimulation, and the dark patch was presented at the op-
posite location of the bright patch. In the dark condition (50% of trials), the
center of the dark patch stimulus location was spatially aligned with the SCi
stimulated location, and the bright patch was presented at the opposite lo-
cation of the dark patch. All conditions were randomly interleaved.

SI Appendix includes extended details about stimuli, equipment, pro-
cedure, and data analyses. The data, materials, and code that support the
findings of this study are available from C.-A.W. upon reasonable request.
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