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Disruption of Fixation Reveals Latent Sensorimotor
Processes in the Superior Colliculus
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Executive control of voluntary movements is a hallmark of the mammalian brain. In the gaze-control network, this function is thought to
be mediated by a critical balance between neurons responsible for generating movements and those responsible for fixating or suppress-
ing movements, but the nature of this balance between the relevant elements—saccade-generating and fixation-related neurons—
remains unclear. Specifically, it has been debated whether the two functions are necessarily coupled (i.e., push-and-pull) or
independently controlled. Here we show that behavioral perturbation of ongoing fixation with the trigeminal blink reflex in monkeys
(Macaca mulatta) alters the effective balance between fixation and saccade-generating neurons in the superior colliculus (SC) and can
lead to premature gaze shifts reminiscent of compromised inhibitory control. The shift in balance is primarily driven by an increase in the
activity of visuomovement neurons in the caudal SC, and the extent to which fixation-related neurons in the rostral SC play a role seems
to be linked to the animal’s propensity to make microsaccades. The perturbation also reveals a hitherto unknown feature of sensorimotor
integration: the presence of a hidden visual response in canonical movement neurons. These findings offer new insights into the latent functional
interactions, or lack thereof, between components of the gaze-control network, suggesting that the perturbation technique used here may prove
to be a useful tool for probing the neural mechanisms of movement generation in executive function and dysfunction.
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Introduction
Active vision entails interacting with the environment through
alternating patterns of fixations and redirections of gaze or sac-
cades. The behavioral transition between fixation and saccade
generation is mediated by a neuronal shift between movement-
suppressing neurons and movement-generating neurons in the

oculomotor neuraxis. The superior colliculus (SC), which is a
major node in the gaze-control pathway (Gandhi and Katnani,
2011), is ideally situated to implement the transition. Movement
suppression is controlled by so-called “fixation-related neurons”
in the rostral SC (Munoz and Wurtz, 1993a). These neurons are
active during fixation, which is likely maintained by preparatory
activity associated with programming of microsaccades (Hafed et
al., 2009). Crucially, they suppress their discharge before large
saccades. Movement generation is mediated by visuomovement
neurons in the caudal SC (Sparks and Mays, 1990; Dorris et al.,
1997) that burst during saccades. Intriguingly, these neurons also
burst in response to a visual stimulus.

One line of evidence points to a reciprocal relationship be-
tween the rostral and the caudal SC in maintaining the balance
between fixation and saccade generation under normal condi-
tions. Inactivation of the rostral SC leads to uninhibited saccade
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Significance Statement

Eye movements are an integral part of how we explore the environment. Although we know a great deal about where sensorimotor
transformations leading to saccadic eye movements are implemented in the brain, less is known about the functional interactions
between neurons that maintain gaze fixation and neurons that program saccades. In this study, we used a novel approach to study
these interactions. By transient disruption of fixation, we found that activity of saccade-generating neurons can increase indepen-
dently of modulation in fixation-related neurons, which may occasionally lead to premature movements mimicking lack of
impulse control. Our findings support the notion of a common pathway for sensory and movement processing and suggest that
impulsive movements arise when sensory processes become “motorized.”
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generation to peripheral visual targets (Munoz and Wurtz,
1993b) or stable offsets during fixation (Hafed et al., 2008; Gof-
fart et al., 2012). Conversely, microstimulation in the caudal SC
generates saccades (Robinson, 1972), and microstimulation of
the rostral SC interrupts ongoing large movements (Munoz et al.,
1996), perhaps through interference induced by stimulation-
evoked small-amplitude saccades (Gandhi and Keller, 1999).
However, the inability to record neural activity simultaneously
during these manipulations makes it difficult to gauge the func-
tional relationship between fixation and saccade-generating
mechanisms, and whether the interactions extend beyond move-
ment generation to other features of the sensorimotor transfor-
mation. For instance, does the state of the network during
fixation influence the visual response of visuomovement neurons
in caudal SC? Are activation changes in one network obligatorily
linked to changes in the other, and how do these changes influ-
ence fixation, microsaccade, and saccade behavior? It is impor-
tant to mention here that we use the term “network” in this paper
to broadly refer to a collection of putatively interconnected neu-
rons thought to perform a specified function.

We used an alternative approach—naturalistic, noninvasive,
and transient behavioral perturbation of fixation—that permit-
ted simultaneous recording of neural activity. We reasoned that if
fixation is behaviorally disrupted, it must affect activity in the
fixation-related network, altering the balance between the fixa-
tion and saccade-generating networks. Hence, on some trials
within a session, we presented an air puff to the subject’s eye to
evoke the trigeminal blink reflex (Berardelli et al., 1985) during
initial fixation of a central target. Blinks disrupt fixation by tran-
siently removing foveal visual input and producing an associated
blink-related eye movement (Rottach et al., 1998; Gandhi and
Bonadonna, 2005), during which activity in the pontine omni-
pause neurons, a low-level node in the fixation network, is sup-
pressed (Schultz et al., 2010). We asked whether and how this
perturbation affects the evolution of activity in the fixation-
related and saccade-generating networks in the SC. Note that the
blink was induced while the animal directed its gaze to a central
target and, crucially, fixation of this target was re-established be-
fore a peripheral stimulus was illuminated. Thus, we were able to
circumvent potential confounds of transient changes caused by
the blink perturbation. In a small percentage of trials, blinks bi-
ased the network-level balance toward caudal SC neurons suffi-
ciently to generate premature saccades. More importantly, we
observed changes in network activity even when saccades were
not triggered prematurely. The stimulus-evoked visual response
of visuomovement neurons was enhanced and, surprisingly, pu-
tative movement neurons also exhibited a visual response. Blink-
induced modulation of rostral SC activity, which was more
closely associated with the animal’s propensity to make micro-
saccades, did not obey the purported coupled relationship with
saccade-generating neurons in caudal SC. These results have a
potentially deep impact on our understanding of mechanisms
mediating voluntary control of gaze and its dysfunction in neu-
ropsychiatric disorders.

Materials and Methods
General and surgical procedures. All experimental and surgical procedures
were approved by the Institutional Animal Care and Use Committee at
the University of Pittsburgh and were in compliance with the U.S. Public
Health Service policy on the humane care and use of laboratory animals.
We used three adult rhesus monkeys (Macaca mulatta; two male, ages 8
and 6 years; one female, age 10 years) for our experiments. One animal
died during the course of the study, so we completed the remaining

experiments with the third animal. Under isoflurane anesthesia, a crani-
otomy that allowed access to the SC was performed on each animal and a
recording chamber was secured to the skull over the craniotomy. In
addition, posts for head restraint and scleral search coils to track gaze
shifts were implanted. After recovery, each animal was trained to per-
form standard eye-movement tasks for a liquid reward.

Visual stimuli and behavior. Visual stimuli were displayed either by
back projection onto a hemispherical dome (Monkeys BB and WM) or
on a LED-backlit flat screen television (Monkeys BB and BL). Stimuli
were white squares on a dark gray background, 4 � 4 pixels in size, and
subtended �0.5° of visual angle. Eye position was recorded using the
scleral search coil technique, sampled at 1 kHz. Stimulus presenta-
tion and the animal’s behavior were under real-time control with a
LabVIEW-based controller interface (Bryant and Gandhi, 2005). After
initial training and acclimatization, the monkeys were trained to perform
a delayed saccade task. Each subject was required to initiate the trial by
acquiring fixation on a central fixation target. Next, a target appeared in
the periphery, but the fixation point remained illuminated for a variable
500 –1200 ms, and the animal was required to delay saccade onset until
the fixation point was extinguished (GO cue). Trials in which fixation
was broken before peripheral target onset were removed from further
analyses.

Perturbations. On a small percentage of trials (�15–20%), fixation was
perturbed by delivering an air puff to the animal’s eye to invoke the
trigeminal blink reflex. Compressed air was fed through a pressure valve
and air flow was monitored with a flow meter. To record blinks, we taped
a small Teflon-coated stainless-steel coil (similar to the ones used for eye
tracking, but smaller in coil diameter) to the top of the eyelid. The air
pressure was titrated during each session to evoke a single blink (typically
15–30 psi). Trials in which the animal blinked excessively or did not blink
were aborted and/or excluded from further analyses. Air-puff delivery
was timed to evoke blinks 400 –100 ms before target onset. Blinks typi-
cally lasted 50 –100 ms, and we removed trials in which fixation of the
central target was not re-established before a stimulus was illuminated in
the periphery to ensure that vision of fixation spot or the incoming
stimulus was not altered at the time of its onset. For two of the monkeys
(BB and BL), we also used two other forms of perturbation. First, the
central fixation target was transiently blanked out for 50 –100 ms at ap-
proximately the same times that a blink would have occurred on blink
trials (before peripheral target appearance). We refer to these as target-
blank trials. In other experiments, an air puff was introduced to the
animal’s ear. Trials in which the animal blinked defensively in response
to the ear puff were removed from further analysis. The animals typically
adapted to this perturbation after a few trials.

Electrophysiology. During each recording session, a tungsten micro-
electrode was lowered into the SC chamber using a hydraulic microdrive.
Neural activity was amplified and bandpass filtered between 200 Hz and
5 kHz and fed to a digital oscilloscope for visualization and spike discrim-
ination. A window discriminator was used to threshold and trigger spikes
on-line, and the corresponding spike times were recorded. The location
of the electrode in the SC was confirmed by the presence of visual and
movement-related activity as well as the ability to evoke fixed-vector
saccadic eye movements at low stimulation currents (20 – 40 �A, 400 Hz,
100 ms). Before beginning data collection for a given neuron, its response
field was estimated. During data collection, the saccade target was placed
either in the neuron’s response field or at the diametrically opposite
location (reflected across both axes) in a randomly interleaved manner.
For recordings in the rostral SC, stimuli were presented at one of two or
four locations at an eccentricity sufficient to induce a reduction in activ-
ity during the large-amplitude saccade. In two of the monkeys (BB and
BL), we also performed recordings with a 16-channel linear microelec-
trode array (Alpha Omega Engineering; 150 �m spacing between elec-
trode contacts). Neural activity was digitized, filtered, and recorded with
the Grapevine Scout system (Ripple). Since the electrode’s approach was
normal to the SC, neurons recorded with the array typically had compa-
rable response fields.

Data analysis and preprocessing. Data were analyzed using a comb-
ination of in-house software and Matlab. Eye-position signals were
smoothed with a phase-neutral filter and differentiated to obtain velocity
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traces. Saccades were detected using standard velocity criteria. The ani-
mal was considered to be maintaining fixation if the gaze remained
within a 2–3° window around the fixation target. Slow, blink-related eye
movements were detected using lower-velocity criteria. We also detected
microsaccades that occurred during a trial by using a velocity criterion
based on the overall variability in the velocity signal for that trial. The
adaptive algorithm enabled us to account for changes in fixation patterns
and movements over time for each subject. We visually verified that
microsaccades were being detected accurately.

Raw spike density waveforms were computed for each neuron and
each trial by convolving the spike trains with a Gaussian kernel (width: 4
ms for the caudal SC, 10 ms for the rostral SC). For a given neuron and
target location, spike densities were averaged across trials after event-
related alignment (perturbation/target/saccade onset). Caudal SC
neurons were classified as task-related (visual and/or movement) if the
activity during the visual epoch (100 –250 ms following target onset)
and/or the premotor epoch (�100 to 50 ms around saccade onset) was
significantly elevated above baseline. Rostral SC neurons were classified
as fixation-related if their activity during the premotor epoch of large
saccades was significantly reduced below baseline. We used a firing-rate
criterion to increase confidence that we were using only meaningful
neurons in our analysis. This was especially important for the multichan-
nel recordings as almost all channels had some activity due to crossover
spikes or noise. Hence, we only considered caudal SC neurons that had a
maximum firing rate of �100 spikes/s and rostral SC neurons that had a
tonic baseline firing rate of �20 spikes/s. Further, we only used neurons
that had �5 trials for a given condition (e.g., early saccades following
blink perturbation). Since the animals rarely made errors in the control
condition, we did not have a sufficient number of neurons that met this
criterion for that condition to warrant further analysis. To enable
comparison of spike densities during the perturbation epoch, the
perturbation-related alignment for no-perturbation trials was per-
formed by random assignment of “perturbation” times from the distri-
bution of times from perturbation trials for that session. We also
normalized the trial-averaged spike density of each neuron to enable
meaningful averaging across the population. The activity of each caudal
SC neuron was normalized by its peak firing rate across conditions. The
activity of each rostral SC neuron was normalized by the baseline firing
rate across conditions.

Statistical comparisons of neural activity between conditions were per-
formed using nonparametric tests (Wilcoxon rank-sum and signed-rank
tests). Activity comparisons used either the average activity in a window
or the instantaneous activity (sliding 1 ms bin), as appropriate. Where
applicable, multiple comparisons were corrected for Bonferroni correc-
tion. A p value �0.01 was used to assess statistical significance, unless
otherwise specified.

To quantify the functional properties of caudal SC neurons as visual,
visuomovement, or movement-related, we computed the visuomovement

index (VMI) for each neuron. VMI was calculated as VMI �
M � V

M � V
,

where V is the baseline-subtracted activity during the visual epoch, and M is
the delay period-subtracted activity during the saccade epoch. We also cal-
culated a modulation index to quantify the perturbation-induced modula-
tion in the neurons’ visuomovement activity. The modulation index was

calculated for the visual epoch as
Vp � Vc

Vp � Vc
, where Vp and Vc are the baseline-

subtracted activity during the visual epoch in perturbation and control trials,
respectively.

Results
We perturbed fixation by inducing a blink and recorded neural
activity from the SC in three monkeys performing a delayed-
response task (Fig. 1a). During the control condition, the animals
correctly initiated the eye movement after fixation point offset on
98.0% percent of the trials. The black trace (Fig. 1a, Eye) illus-
trates the temporal profile of a typical saccade and the black his-
togram (Fig. 1b) shows the distribution of reaction times
(mean � SD, 276 � 46 ms). On perturbation trials, the blink was

always induced during the initial fixation period (Fig. 1a, small
bumps in the colored eye-position traces above the red arrows).
We only analyzed trials in which the blink had completed and
fixation re-established before a target was illuminated in the vi-
sual periphery. For the majority of trials (4372 of 5178; 84.4%),
the animals produced a saccade after the saccade-initiation cue,
much like the behavior seen during control trials. The red trace
(Fig. 1a) represents a typical example and the same color histo-
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Figure 1. Behavior in control and perturbation conditions. a, Schematic of the delayed-
saccade task. The red arrows indicate that blink-perturbation times preceded target appear-
ance. The temporal traces in the bottom rows are schematics of typical eye-position profiles in
the absence of perturbation (control, black) and with perturbation leading to premature (gold)
and regular latency saccades (red). Radial position is plotted. Hence all deflections are positive.
b, Histograms for the distribution of saccade reaction times with regular (right) and early (left)
latencies for control (top) and perturbation (bottom) trials. The offset of fixation point repre-
sents the GO cue. c, Proportion of errors in the perturbation condition (ordinate) plotted against
the control condition (abscissa). Each point represents a session. Symbols represent individual
subjects. The unity line is on the diagonal. The inset replots the same data on log–log axes for
better visualization.
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gram (Fig. 1b) shows the associated latency distribution (mean �
SD, 271 � 50 ms). On a smaller subset of trials (806 of 5178;
15.6%), a saccade was produced prematurely during the delay
period. The gold trace (Fig. 1a) denotes a typical example and the
same color histogram (Fig. 1b) displays the latency distribution.
The increase in likelihood of premature saccades was observed
not just across the entire dataset but also during a majority of
sessions in every animal (Fig. 1c; Wilcoxon signed-rank test, n �
89, p � 0.0001). Neural activity recorded during blink trials that
did not alter behavioral performance (“red” data) provides an
opportunity to assess the latent functional interactions between
fixation and saccade-generating networks without introducing
any confounds from activity associated with saccade execution.
Analyses of these data constitute the major focus of this study.
Discharge patterns associated with the smaller subset of blink
data that yielded premature saccades (“gold” data) are consid-
ered briefly at the end of the Results section.

Subthreshold enhancement of stimulus-evoked activity
following disruption of fixation
Figure 2a shows the population activity of 94 caudal SC neurons
recorded in the intermediate layers during control (black) and
perturbation (red) trials with regular latency saccades. The visual
response was strongly enhanced at the population level (Wil-

coxon signed-rank test, p � 0.01), as indicated by the significance
bands along the bottom of the figure. Note that the perturbation
occurred before target onset and the eyes were stationary and
refixated on the fixation point at the time of the visual burst (Fig.
2a; bottom row shows mean eye-position traces for each condi-
tion). Activity was also enhanced significantly into the delay pe-
riod. Scatter plots in Figure 2b illustrate that the increase was
observed regardless of the neurons’ firing rate and, in several
cases, the difference between conditions was of the order of �100
spikes/s. This suggests that the perturbation-induced changes to
the saccade-generating circuitry were strong and long-lasting,
persisting several hundreds of milliseconds into the trial (left and
middle panels). In contrast, the activity during the motor burst
was comparable between control and perturbation conditions
(Fig. 2b, right).

A hidden visual response is present in putative movement
neurons
Next, we studied how the disruption of fixation affected the func-
tional properties of these neurons. The VMI (see Materials and
Methods), a measure of the relative strengths of a neuron’s visual
and saccade-related bursts, has previously been used to sort SC
and frontal eye field neurons into functional classes (Shen and
Paré, 2007; Cohen et al., 2009). Negative values (closer to �1)
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Figure 2. Population activity in the caudal SC. a, Population average (mean � SEM) of caudal SC neurons (normalized) for the control (black) and perturbation (red) conditions. The tick marks
near the base of the figure indicate time points at which the difference between the two conditions was significantly different (Wilcoxon signed-rank test, p � 0.01). The color of the tick mark
indicates the condition in which activity was higher. The bottom row shows mean eye-position traces in the two conditions. b, Scatter plots of individual neuron activities (n � 94) during the
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plotted against the control condition. Unity line is on the diagonal. Each symbol corresponds to a different monkey. Activity was enhanced during the target and delay epochs but not during the
saccade epoch for a majority of neurons.
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indicate that the neuron is primarily visually driven and positive
values (close to �1) indicate that the neuron is primarily
movement-related, with values in between representing a com-
bination of the two processes. We computed the VMI for each
neuron based on its activity on control trials and perturbation
trials separately. Figure 3a shows the two sets of VMIs plotted
against each other. The individual points largely fall below the
unity line (Wilcoxon signed-rank test, n � 103, p � 0.0001),
indicating a shift toward a visually driven profile in the neurons’
responses (see also histogram). Note that several canonical move-
ment neurons based on VMI (right-most grid column) trans-
form into visuomovement neurons in the perturbation
condition, unmasking the presence of latent “visual” activity
throughout the intermediate/deeper layers. The top and bottom
panels of Figure 3b respectively show the population average of
11 movement neurons (VMI, 	0.9) as well as the activity of an
example movement neuron in the two conditions.

We then looked at whether a neuron’s functional classifica-
tion, as defined by the VMI, has an influence on its susceptibility
to the perturbation. We computed a modulation index for each
neuron based on the relative change in its activity during the
visual epoch on perturbation trials compared with control trials
(see Materials and Methods). The modulation index is plotted
against the VMI for each neuron in Figure 3c. The two indices
were highly correlated (Pearson’s correlation coefficient, 0.571;
p � 0.0001), indicating that neurons with a more movement-
related profile (VMI closer to �1) are modulated to a greater
extent by disruption of fixation. These results suggest that the

contribution of individual neurons to visuomotor transforma-
tions and saccade generation is not fixed but is flexibly modu-
lated, depending on the state of the network.

Fixation-related activity in the rostral SC is dissociated from
visuomovement activity
Rostral SC neurons, which fire at a tonic rate during fixation and
burst for microsaccades, are suppressed during larger saccades,
and there is some evidence for reciprocal inhibitory connectivity
between the rostral and caudal SC (Meredith and Ramoa, 1998;
Munoz and Istvan, 1998; but see also Phongphanphanee et al.,
2014). We therefore considered whether the enhancement of
visuomovement activity following perturbation in the caudal SC
is obligatorily linked to a suppression of activity in the fixation-
related network in the rostral SC. Figure 4a shows the population
activity of 44 rostral SC neurons in the control and perturbation
conditions. At the population level across all three animals, there
was no consistent difference between the two conditions as seen
from the significance bands below the activity traces (Wilcoxon
signed-rank test, p 	 0.05). However, the individual subjects’
data presented a spectrum of effects (Fig. 4b). Monkey BB’s ros-
tral SC showed a dramatic and sustained suppression on pertur-
bation trials, whereas Monkeys BL and WM showed a transient
increase immediately after the perturbation before a return back
to control levels. The heterogeneity of the effect can also be real-
ized through the scatter plot of average firing rates during the
delay period (Fig. 4c). Since the behavior and caudal SC profiles
are largely consistent across subjects, while the rostral SC activity

a b

c

Figure 3. Latent visual response in putative movement neurons. a, VMI (see Materials and Methods) calculated from perturbation trials plotted against VMI from control trials. VMI significantly
decreased in perturbation trials (neurons became more “visual”). Note that neurons in the light-shaded rectangle that would typically be classified as “movement” neurons based on activity in the
control condition (VMI,	0.6) become visuomovement neurons under perturbation. The histogram shows the distribution of VMI differences between the two conditions. b, Top, Population activity
of 11 movement neurons, defined as those with VMI 	0.9 (a, dark-shaded region), in control and perturbation conditions. Bottom, Activity of an exemplar movement neuron showing strong
unmasking of a latent visual response following the perturbation. c, Modulation index in perturbation trials relative to control trials plotted as a function of VMI in control trials. The correlation was
significantly positive, i.e., more movement-like cells were more likely to be modulated by the perturbation during the visual epoch.
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is not, it follows that the rostral SC cannot be exclusively respon-
sible for the shift in balance from fixation to saccade generation.

Rostral SC activity is better correlated with
microsaccade occurrence
We asked whether another aspect of the animals’ gaze-related
behavior may help explain the heterogeneity in rostral SC and the
apparent disconnect between the caudal and rostral SC popula-
tions. Since rostral SC neurons are known to play a role in the
generation of tiny fixational eye movements known as microsac-
cades (Hafed et al., 2009), we looked at the microsaccade rate for
the individual subjects as a function of time on control and per-
turbation trials (Fig. 5a). Monkeys BL and WM (middle and right
columns) exhibited a characteristic microsaccade signature on
control trials, including target-related suppression of microsac-
cades followed by a rebound (Winterson and Collewijn, 1976;
Engbert and Kliegl, 2003). On perturbation trials, there was a
pre-target reduction in microsaccade rate for these two subjects,
which we attribute to the inability to detect microsaccades during
the blink-related eye movement. On the contrary, we propose
that the actual microsaccade rate during this period increases, a
claim consistent with the increase in rostral SC activity, particu-
larly for Monkey WM (Fig. 5b). We suggest that a blink-related
reduction in brainstem omnipause neuron activity removes in-
hibition on the burst generators (Gandhi and Bonadonna, 2005;
Schultz et al., 2010) and allows activity in upstream premotor
networks (in this case, fixation activity in the rostral SC) to gen-
erate the associated movement (microsaccades) in these two sub-
jects. On the other hand, Monkey BB, who showed a strong and
sustained suppression in rostral SC activity in the perturbation
condition, rarely ever made microsaccades in either condition.

Thus, microsaccades explain some of the discrepancies observed
in rostral SC activity.

Alternate perturbations reveal mechanism mediating
fixation-saccade network balance
We investigated whether the network-level effects observed
above were specific to the perturbation method or extended to
other ways of disrupting fixation. Specifically, we wanted to know
whether the perturbation acts by disrupting the flow of visual
information and/or the motor act of fixating, both of which are
affected when the animal blinks. It is also possible that the per-
turbation acts as a higher-order cognitive cue informing the an-
imal of impending target onset, thereby switching the network to
a different state of preparation. To delineate these potential
mechanisms, we also employed other forms of perturbations.
First, we blanked out the central target during fixation at approx-
imately the same times the blink would have occurred. This ma-
nipulation disrupts visual input to the fixation network while
preserving fixation itself. Next, as a control perturbation to test
the hypothesis that the cue may act in a top-down fashion, we
presented a puff of air to the animal’s ear during fixation. Figure
6a,b shows the histogram of saccade latencies across trials and
proportion of premature saccades across sessions for the target-
blank and ear-puff perturbations, respectively. The target blank
was similar to the blink perturbation in terms of the distribution
of premature saccades—there were significantly more delay-
period errors compared with the control condition (Wilcoxon
signed-rank test, n � 13 sessions, p � 0.0001). In contrast, how-
ever, the animals were not more likely to make errors following
the ear puff compared with the control condition (Wilcoxon
signed-rank test, n � 11 sessions, p 	 0.5). Thus, it is unlikely the
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Figure 4. Population activity in the rostral SC. a, Top, Population average of rostral SC neurons (normalized) in the two conditions. Colors and tick marks same as in Figure 2. The bottom row shows
mean eye-position traces. b, Individual subject population means of rostral SC neurons. Activity was strongly suppressed in Monkey BB whereas Monkeys BL and WM showed transient increase in
rostral SC activity (not significant, Wilcoxon rank-sum test, p 	 0.05). c, Scatter plot of the individual neurons’ activities (n � 44) during the delay period (shaded epoch in a) in the perturbation
condition plotted against the control condition. Plot follows the scheme in Figure 2b.
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blink and target-blank perturbations acted exclusively as a cog-
nitive cue to the animal.

Figure 6c shows the population activity of caudal (top) and
rostral SC (bottom) neurons from two animals, for these condi-
tions, compared with the control and blink conditions for the
same subset of neurons. Activity in the caudal SC was enhanced
and activity in the rostral SC suppressed following the target-
blank perturbation (compare blue and black traces; Wilcoxon
signed-rank test, p � 0.01). The suppression in the rostral SC
seemed to be linked to a reduction in microsaccade rate in the one
animal that made microsaccades in this condition (Monkey BL;
Fig. 7a, middle row). There was minimal change to the network
following the ear-puff perturbation (green traces), although
there was a slight increase in caudal SC activity during the late
component of the visual response (Fig. 6c, significance bars on
bottom of each panel). Note that the red traces in Figure 6c are
from blink perturbation trials recorded for the same subset of
neurons. The effects were similar to those described above for the
larger population of neurons. Together, these results suggest that
the perturbation must necessarily disrupt the visual and/or mo-
tor aspects of fixation to produce the network-level effects ob-
served in this study.

Activity during premature saccades is reflective of a caudal
SC-driven shift in balance
Thus far, we have focused on the subset of perturbation trials that
produced regular latency saccades in the delayed saccade task.

Finally, we turn to the small proportion of
blink perturbation trials that resulted in
saccades erroneously triggered before the
GO cue (Fig. 1, gold trials). Figure 8 shows
the population activity of caudal SC (top
row) neurons for blink perturbation trials
in which a premature saccade was pro-
duced (gold traces), compared with trials
with regular latency saccades in the per-
turbed (red) and control (black) condi-
tions for the same subset of neurons. Note
that the difference between regular la-
tency saccades in control and blink-
perturbed trials for this subset of caudal
SC neurons is similar to the effect
described earlier in Figure 2—an en-
hancement of visuomovement activity
following target onset in the perturbed
condition, starting 94 ms after target onset
(Fig. 8, top row, middle column, red vs
black traces; also see red significance bar
below activity traces). Caudal SC activity
was even higher on premature saccade tri-
als, and separated earlier (54 ms after tar-
get onset; see gold significance bar below
activity traces) from activity in the control
condition (gold vs black traces). Impor-
tantly, perturbation trials with premature
saccades differentiated from trials with
regular latency saccades (gold vs red
traces) during the early part of the visual
epoch (shaded window), with the respec-
tive activity profiles separating 92 ms after
target onset (see arrow in significance
band above activity traces).

Rostral SC activity aligned on target
onset was expectedly lower during prema-

ture saccades compared with when there was no early saccade
following target onset in the control or blink-perturbed
conditions (Fig. 8, middle row, middle column, gold vs black and
red traces). Intriguingly, compared with caudal SC activity, ros-
tral SC activity for perturbation trials with premature saccades
separated from trials with regular latency saccades much later,
�200 ms after target onset (see arrow in middle row). This ob-
servation is consistent with the interpretation that premature
movements are primarily driven by an increase in visuomove-
ment activity in the caudal SC. It is important to highlight that
visuomovement activity profiles during the visual epoch in the
caudal SC (Fig. 8, top row, middle column, black, red, and gold
trials) seem to fall on a continuum, suggesting that the stimulus-
evoked response following the perturbation is graded and may
sometimes be strong enough to trigger a movement. Drawing
from this observation, we wish to re-emphasize the idea that
subthreshold (below the phenomenological threshold to evoke
movements) neural changes can reveal the evolution of mecha-
nisms leading to premature movements.

Discussion
We probed the functional interactions between movement-
generating neurons and movement-suppressing neurons in-
volved in the control of gaze by perturbing fixation behaviorally,
with reflex blinks, while recording neural activity in the caudal
and rostral portions of the SC. We found that the perturbation

a

b

Figure 5. Microsaccade behavior of individual animals. a, Microsaccade rate as a function of time relative to target onset for
each of the three monkeys in control (top row) and perturbation (middle row) trials. Monkey 1 (BB) rarely made microsaccades at
any time after acquiring fixation of the central fixation target. The other two monkeys show a characteristic microsaccade rate
profile with transient inhibition of microsaccades following target onset. The dramatic reduction in microsaccade occurrence in
perturbation trials just before target onset is an anomaly due to the inability to detect microsaccades during the blink owing to the
blink-related eye movement. b, Rostral SC activity (same as Fig. 4b, middle column) is shown in the bottom row for comparison. It
is possible that the actual microsaccade rate increases during this period (suggested by the increase in rostral SC activity, particu-
larly in Monkey WM).
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Figure 6. Behavior and population activity for alternative perturbations. a, Left, Histogram of saccade reaction times as in Figure 1b for control (top) and the target-blank perturbation (bottom)
trials. Right, Proportion of errors in the target-blank perturbation condition plotted against the control condition. Each point represents a session; symbols correspond to different monkeys. The unity
line is on the diagonal. b, Same as a, but for the ear-puff perturbation. c, Population activity (mean � SEM) of caudal SC (top) and rostral SC (middle) neurons for each of the four conditions (control,
black; blink, red; target blank, blue; ear puff, green). The activity is plotted only for the matched subset of neurons for which we had data for all four conditions. The tick marks of a particular color
indicate time points at which the corresponding condition had a higher activity relative to the control condition (Wilcoxon rank-sum test, p � 0.01). Specific comparisons are enclosed by thin lines
of the relevant color. The bottom row shows mean eye-position traces.
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produced profound changes in the neural activity even when the
animal’s reaction time was not compromised. The perturbation
increased the intensity of the visual burst in visuomovement neu-
rons in the caudal SC and revealed novel sensorimotor properties
of these saccade-generating neurons. Neurons that were more
movement-like along the visuomovement continuum were more
likely to be affected by the perturbation and tended to exhibit
more visual-like properties. We also found that disruption of fixa-
tion had a complex effect on the rostral SC. The tonic activity of
rostral SC neurons exhibited minimal changes at the population
level across subjects but showed dramatic differences between them.
We attributed some of these differences to the occurrence of micro-
saccades. We considered alternative explanations for these observa-

tions and showed that other methods of
perturbing fixation also had similar effects
on the rostral–caudal SC network; however,
it was important that the perturbation
disrupted fixation either visually or by in-
ducing an eye movement. A control pertur-
bation with the potential to serve as a
cognitive cue in advance of target onset, but
that did not disrupt fixation, produced min-
imal effect on the network. Finally, we
showed that perturbation-induced shifts are
primarily driven by an increase in visuo-
movement activity in the caudal SC, which
may sometimes trigger erroneous or prema-
ture saccades.

What do these results reveal about sen-
sorimotor processing in the gaze-control
network? In the delayed-saccade task, the
monkeys were trained to suppress a sac-
cade immediately following the onset of a
target and hold their fixation until the GO
cue. Under these conditions, visuomove-
ment neurons in the SC produce an initial
burst of activity locked to target onset but
is typically insufficient to trigger a sac-
cade. Visuomovement neurons in the SC
project directly to the saccade burst gen-
erators in the brainstem (Rodgers et al.,
2006), and an increase in their activity in-
creases the drive to generate a saccade.
Thus, the “visual response” is thought to
be an embodied signature of the sensori-
motor system registering the presence of
the saccade target. In other words, it rep-
resents the latent intention to generate a
saccade to the corresponding target.
When fixation is disrupted, the target’s
representation is enhanced, indicating
that the drive to look at the target in-
creases. This interpretation is supported
by the observation that, on occasion, the
enhancement is sufficiently large to trig-
ger a premature saccade (Fig. 8). It is im-
portant to note that the perturbation
occurred tens to hundreds of milliseconds
before target onset, and hence, these ef-
fects reflect persistent, long-lasting
changes to the balance between the fixa-
tion and saccade-generating networks—
changes that do not necessarily have a

behavioral signature. However, the enhancement of the visual
response may reflect internal changes, e.g., greater visual at-
tention and/or increased target salience. Although the inter-
pretation of a flexible visual–movement continuum is based
on a wealth of studies that have found little differences be-
tween visual and saccade-related responses of visuomovement
neurons, it is important to mention recent studies that have
shown that a systematic transformation occurs between the
visual and motor responses, from representing target location
in space to representing actual movement metrics (Sadeh et
al., 2015; Sajad et al., 2015). Our results suggest a lack of strong
functional distinction between the visual and movement
bursts, but specifically with respect to initiating the move-

a

b

Figure 7. Microsaccade behavior during alternative perturbations. a, Microsaccade rate as a function of time relative to target
onset for two monkeys in control (top row; data in black), target-blank (second row; data in blue), and ear-puff (third row; data in
green) conditions. Just like in the blink perturbation trials (Fig. 5), Monkey BB rarely made microsaccades at any time after
acquiring fixation of the central fixation target. Monkey BL showed a characteristic microsaccade rate profile with transient
inhibition of microsaccades following target onset. Since there is no blink to occlude microsaccades in the target blank trials (blue
histogram), the observed reduction in microsaccade occurrence just before target onset could possibly be attributed to the reduc-
tion in rostral SC activity (bottom row). b, The bottom row plots rostral SC activity during the three conditions. The color configu-
ration follows from above. The tick marks of a particular color indicate time points at which the corresponding condition had a
higher activity relative to the control condition (Wilcoxon rank-sum test, p � 0.01). Specific comparisons are enclosed by thin lines
of the relevant color.
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ment. It is still possible that variation in the amplitude of the
motor burst is correlated with variation in the executed sac-
cade across trials. If so, the observed enhancement of the visual
burst is consistent with the notion that the sensory response is
not correlated with the actual movement.

Enhanced excitability of the saccade-generating network
seems to occur through facilitation of the columnar dorsoventral
pathways within the SC or through its extracollicular inputs. It
does not seem to be directly related to the inability to maintain
fixation as judged from the heterogeneous response of rostral SC
fixation neurons. In one subject, the increased visuomovement
activation was accompanied by a concomitant reduction in
fixation-related activity, whereas in the others, it was associated
with an increase in the firing of rostral SC neurons. Previous
studies have linked such intersubject differences in the state of SC
activation to idiosyncrasies in microsaccade behavior (Hafed et
al., 2013). It is possible that subjects that for some reason generate
few or no microsaccades have a strong functional link (or one
that is apparent) between the fixation and saccade-genera-
ting networks. Other subjects that may have developed a mic-
rosaccade-based strategy for maintaining fixation may have a
weaker reciprocal relationship between the two systems. In these
subjects, behavioral disruption of fixation may increase activity
across the SC map, and the resulting impulsive behavior may

manifest as microsaccades or saccades alike. This latter interpre-
tation is consistent with the hypothesis that microsaccades and
saccades (and their associated neural substrates) form a func-
tional continuum (Zuber et al., 1965).

It has been proposed that the rostral SC, in addition to its role
in enabling fixation and fixational eye movements, is involved in
maintaining gaze-related goals of the animal (Krauzlis et al.,
2004). In a multistep gaze-shift task, fixation neurons in the ros-
tral SC were shown to suppress their activity for the first step, and
remained so until the end of the trial, turning on only when the
complete sequence of movements was completed (Bergeron and
Guitton, 2000). In at least one subject in our study, it is possible
that the disruption of fixation marked the initial step, causing a
sustained suppression of rostral SC activity.

We considered several alternative mechanisms leading to the re-
sults in this study. The enhancement of the visual response is similar
to that observed during PFC cooling (Koval et al., 2011). The PFC
has been implicated extensively in the executive control of move-
ments (Funahashi, 2001), including saccades, and PFC deactivation
or damage results in an inability to inhibit premature responses
driven by the stimulus (Pierrot-Deseilligny et al., 1991). These ob-
servations together suggest that the effect reported in this study may
be due to an altered balance in the PFC–SC network. Could the
perturbation have served as a cognitive cue to the animal about

Figure 8. Population activity during premature saccades. Normalized population average activity (mean � SEM) of caudal (top row) and rostral (middle row) SC neurons for control trials (black),
blink perturbation trials with regular latency saccades (red), and blink perturbation trials with early saccades (gold). Note that for the gold trials, the activity in both middle and right panels reflects
saccade occurrences, but is aligned with respect to different events (target onset and saccade onset, respectively). The two sets of significance bars below the spike density profiles, enclosed by
dashed black and colored lines, indicate time points at which the condition corresponding to the respective color had higher (colored bars) or lower (black bars) activity relative to the control
condition. The significance bars above the spike densities, enclosed by dashed red and gold lines, indicate time points at which activity in the gold trials was higher (gold bars) or lower (red bars)
compared with the red trials; the arrows indicate first times at which they significantly separated from each other (Wilcoxon rank-sum test, p � 0.01). The shaded vertical rectangle indicates the
early visual epoch, 50 –150 ms after target onset. The bottom row shows the mean vectorial eye position in the three conditions.
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impending target onset, allowing top-down biasing of the SC net-
work balance? We have seen that a couple of different perturbations
produced the observed effects in this study. However, the control
perturbation of a puff of air to the ear had a weak, if discernible,
effect. We suggest that the best possible interpretation given these
observations is that even if the perturbation is a top-down cue, it
must act through the visual-oculomotor pathway to effectively dis-
rupt fixation and create a deficit that resembles executive-control
disorders. Another possibility is that the perturbation acted as a
“startle cue,” and produced a startle response. Unexpected startle
cues have been shown to excite the sensorimotor pathway (Kumru
and Valls-Solé, 2006) and accelerate the execution of planned move-
ments (Castellote et al., 2007). Since the perturbation was only ap-
plied on a small percentage of trials, it may have produced a startle
response, resulting in the disinhibition of visuomovement neurons.
However, the fact that the puff of air to the ear only had a weak effect
suggests that any startle-related changes must act through the visuo-
motor pathway. Regardless of which of the above mechanisms was at
play, the effective result of the perturbations was an altered balance
between movement generation and inhibition in the gaze-control
network.

Note that disruption of fixation occasionally resulted in pre-
mature eye movements (Figs. 1, 8, gold data). We propose that
this mimics impulse-control disorders in which the ability to
appropriately transition from fixation to saccade generation is
compromised. Such deficits have been observed in neuropsychi-
atric disorders, such as attention-deficit hyperactivity disorder
(Munoz et al., 2003) and schizophrenia (Braff and Geyer, 1990;
Crawford et al., 2002), and in movement-control disorders, such
as Parkinson’s disease (Terao et al., 2011). Indeed, impulsivity
and pathological gaze control is used as a common behavioral
assay for executive dysfunction (Reuter and Kathmann, 2004).
We propose that to gain a deeper understanding into the neural
mechanisms causing impulsive movements, it is important to
have access to internal changes that do not always manifest in
overt behavior. Previous studies have attempted to study func-
tional interactions in the gaze-control network by using causal
manipulations, such as microstimulation or pharmacological in-
activation. However, our understanding of what can be gained
with those manipulations is limited considering the fact that it is
difficult to record activity in the affected neuronal populations.
Moreover, the invasive nature of those manipulations makes it
difficult to apply them in human experiments. The simple, non-
invasive, behavioral perturbations we used here are readily acces-
sible for both animal and human studies. Importantly, they allow
us to examine latent network processes. Such perturbation ap-
proaches may prove to be an essential supplement to standard
neurophysiological experiments enabling a complete under-
standing of neural mechanisms underlying various behaviors.
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