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Abstract
During fixation, the eyes are not still, but often exhibit microsaccadic movements. The function of
microsaccades is controversial, largely because the neural mechanisms responsible for their
generation are unknown. Here we show that the superior colliculus (SC), a retinotopically organized
structure involved in voluntary-saccade target selection, plays a causal role in microsaccade
generation. Neurons in the foveal portion of the SC increase their activity before and during
microsaccades with sizes of only a few minutes of arc, and exhibit selectivity for the direction and
amplitude of these movements. Reversible inactivation of these neurons significantly reduces
microsaccade rate without otherwise compromising fixation. These results, coupled with
computational modeling of SC activity, demonstrate that microsaccades are controlled by the SC,
and explain the link between microsaccades and visual attention.

Microsaccades are the very small (typically <12 min arc), involuntary, fast eye movements
that occur during fixation (1-3). The behavioral properties and functional significance of
microsaccades have been extensively studied - and sometimes vigorously debated - for many
years (1-14). However, the neural mechanisms responsible for their generation are unexplored.
We now show that the superior colliculus (SC), a retinotopically organized structure known to
be important for selecting and initiating voluntary eye movements (15-17), is also part of the
neural mechanism that controls microsaccades.

We analyzed SC activity associated with 15,205 microsaccades that occurred while monkeys
fixated a small stationary spot (18). Each fixation trial lasted for 3,500 ms resulting in many
microsaccades with a variety of directions and amplitudes (Fig. 1A,Supp. Fig. S1). These
movements had dynamics like those of larger saccades (3) (Supp. Fig. S1A), consistent with
evidence that pre-motor neurons (downstream from the SC) are active during movements as
small as 12-15 min arc (19).

We targeted neurons in the rostral pole of the SC, which represents foveal goal locations (18,
20). Figure 1A shows the spiking activity of a neuron in the left SC during a single trial
containing 9 microsaccades (highlighted in green). The neuron exhibited changes in activity
that were correlated with microsaccades. For example, the microsaccades labeled 1 and 2 in
Fig. 1A were predominantly downward and leftward, respectively, and both were associated
with a reduction in the neuron's activity. In contrast, small, predominantly rightward
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microsaccades, such as the ones labeled 3 and 4, caused an increase in activity before
microsaccade onset and a burst during the movement itself. Thus, the neuron preferred
particular microsaccade directions and amplitudes. We characterized these preferences across
all microsaccades by plotting the neuron's activity as a function of the two-dimensional
microsaccade amplitude, and we found consistent increases in activity for predominantly
rightward microsaccades (Fig. 1B, Neuron a). We also inspected the time-course of the neuron's
microsaccade-related activity. For this analysis, we included only microsaccades along the
neuron's preferred axis (shaded region in Fig. 1B), to highlight activity associated with the
preferred and non-preferred directions, and sorted the movements by radial amplitude to
facilitate visualization (Fig. 1C). The neuron's activity was remarkably similar to the
stereotypical saccade-related activity observed in caudal “buildup” neurons (21) during large
“macro” saccades (see Fig. S4, top, for samples), except that it happened for the smallest
detectable eye movements.

Each neuron from the rostral SC exhibited individual preferences for a range of microsaccade
directions and amplitudes. Figure 1D-G shows the activity of two additional sample neurons
(Neurons b and c), again recorded from the left SC, that preferred movements to the lower right
quadrant. Neuron b showed a peak in discharge for ~6 min arc amplitudes and reduced its
activity for smaller and larger movements. Thus, Neuron b was tuned for saccade amplitudes
smaller than those preferred by Neuron a, and also increased its activity for small leftward (i.e.
ipsilateral) movements (Fig. 1D). Neuron c was tuned for amplitudes larger than those preferred
by Neuron a, and increased its discharge for progressively larger microsaccades, up to ~44 min
arc (Fig. 1F) (22).

Data from our population of neurons indicated that the SC contains a continuous representation
of saccade amplitude and direction down to the smallest eye movements. We measured the
activity of each neuron as a function of microsaccade amplitude along its preferred direction,
and sorted the neurons based on their preferred microsaccade amplitudes (Fig. 2A). Neurons
tiled the contralateral space of all measured microsaccade amplitudes, and included some
neurons whose activity was highest for ipsilateral movements as well. The raw activity of one
of these neurons preferring ipsilateral microsaccades (labeled Neuron d in Fig. 2A) is shown
in Fig. S2. The presence of such activity indicates that microsaccades involve activity
distributed across the two SCs, functionally bridging the two visual hemi-fields to represent
central targets.

Consistent with a continuous spatial representation throughout the SC (21), neuronal activity
during microsaccades sometimes extended to small, voluntary saccades. Figure 2B illustrates
this for the three sample neurons of Fig. 1 by plotting their activity as a function of amplitude
during microsaccades, as well as during larger visually-guided saccades. This figure uses a
logarithmic x-axis scale to magnify the representation of small microsaccades for easier
visualization. Neurons a and b in Fig. 1 were specifically tuned for movements with amplitudes
classically associated with microsaccades, but Neuron c was active for amplitudes that also
included some voluntary movements larger than microsaccades. Similar observations were
made for the remainder of our population. Neurons active during both microsaccades and
voluntary saccades generally preferred voluntary saccades less than ~5 deg in amplitude (Fig.
S3). Neurons more caudal in the SC map (those preferring ~10 deg voluntary saccades in our
data set) did not exhibit microsaccade-related activity (Fig. S4).

SC activity during microsaccades was also distinct from modulations caused by small
deviations of eye position from the fixated goal (23) (Fig. S5), and it persisted in the absence
of a visual stimulus (Fig. S6).
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We next investigated if the SC is causally involved in microsaccade generation. Figure 3A
shows the distribution of microsaccade occurrences during one second of steady-state fixation
before and after reversibly inactivating a sample SC site. Inactivation caused a reduction in
microsaccade rate (p = 0.0003; ranksum test), and this was consistent across sessions - except
when the inactivated SC neurons represented eccentricities larger than ~5-6 deg (Fig. 3B). This
is consistent with our neuronal recordings showing a lack of microsaccade-related modulations
for peripheral SC neurons (Fig. S4). Inactivation reduced the probability of both contralesional
and ipsilesional microsaccades (Fig. 3C), again consistent with our neuronal data showing
activity for both contralateral and ipsilateral movements. Thus, rostral SC activity is directly
involved in microsaccade generation.

A computational model, in which “buildup” neurons in the rostral SC encode foveal goal
locations (24,20), provides a plausible mechanism for microsaccade generation (Fig. 4A).
During steady-state fixation, the selected goal is foveal and results in bilateral activity centered
on neurons representing the central visual field. The instantaneous locus of this activity may
be viewed as a stochastic process with zero mean (Fig. 4B). According to this model,
microsaccades are triggered when the center of mass of SC activity deviates sufficiently from
zero.

Our model explains the inactivation-induced reduction in microsaccades. We simulated the
effects of inactivation by eliminating the activity of a subset of model neurons (Fig. 4C, arrow
1). In steady-state, inactivation reduces activity even on the intact side of the SC, without
creating an imbalance across the right and left SC (24) (Fig. 4C). Thus, with the same stochastic
processes influencing SC activity, the locus of the center of mass of this activity is less variable,
reducing the probability of deviation beyond the threshold for triggering saccades (Fig. 4D).
Because the activity remains balanced bilaterally (24) (Fig. 4C,D), inactivation reduces the
frequency of both contralesional and ipsilesional microsaccades.

Our model can also explain why microsaccades are influenced by covert attention shifts (8,
9). Cognitive factors such as attention and prior expectations alter “buildup” neuron activity
(25,26); these changes could bias SC activity sufficiently to cause asymmetries in microsaccade
generation. We therefore simulated the momentary effects on SC activity of attending to a
peripheral location (Fig. 4E). These effects caused the average locus of SC activity to shift
slightly towards the peripheral site, resulting in a higher probability of supra-threshold
deviations towards the “attended” location (Fig. 4F).

Our results provide a description of the neural mechanisms for generating saccades smaller
than 12 min arc. Coupled with the report that pre-motor neurons in the brainstem reticular
formation are active during saccades as small as 12-15 min arc (19), our results demonstrate
that microsaccades share the same neural mechanisms as voluntary saccades. Our proposal that
microsaccade occurrence depends on the variability of SC activity representing salient goal
locations reconciles seemingly disparate observations about microsaccades. Because SC
activity can be manipulated by task set as well as by shifts of attention (25,26), this
interpretation can explain why microsaccades might be voluntarily suppressed in some
conditions (6) but asymmetrically increased in others (8,9) (Fig. 4F). Our interpretation also
suggests that microsaccades may be part of a visual feedback loop. If the variability in
targetrelated activity increases because of perceptual fading (12), the resulting microsaccades
would correct for this fading through their influence on visual cortical activity (27-30). This
in turn reduces the variability of SC signals defining the fixated target location. This mechanism
can explain the increases in microsaccade rate and variability during fixation with no visual
stimuli (6,10), as well as the behavioral correlations between increases or decreases in
microsaccade rates and intensifying or fading visual percepts (12).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Microsaccade-related activity in the SC. A, Sample trial from one neuron. Microsaccades are
highlighted in green on the eye position traces (18); the black tick marks indicate the neuron's
spike times. The circled numbers highlight sample microsaccades that were associated with
either a reduction in the neuron's activity (1 and 2) or a gradual buildup until movement onset
(3 and 4). Upward deflections in the eye position traces denote right or up. B, Peak discharge
of the same neuron during all microsaccades plotted as a function of their horizontal and vertical
amplitudes. The neuron preferred rightward movements. C, Radial eye positions and neuronal
activity for all microsaccades in the shaded gray region of B for the same neuron. Data are
aligned on microsaccade onset and sorted by radial amplitude for contralateral (light blue) and
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ipsilateral (light red) movements. The vertical starting positions for successive microsaccade
traces are also aligned, but slightly offset from each other (by 0.06 min arc each), to facilitate
visualization. Blue and red show average eye position or firing rate (with s.e.m. envelopes).
Light-colored dots show individual-movement spike rasters. D, E, Similar to B, C but for
another neuron, recorded from the same SC side, which preferred smaller movements directed
to the lower right quadrant. F, G, Similar to B, C but for a third neuron, from the same SC
side, preferring larger movements (22).
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Fig. 2.
Continuum of SC activity down to the smallest detectable saccades. A, Peak discharge of each
neuron during microsaccades plotted as a function of microsaccade amplitude along the
neuron's preferred direction (positive is contralateral). Neurons are sorted based on the
amplitude that caused peak activity. Labeled neurons are the sample neurons of Fig. 1 and Fig.
S2 (Neuron d). White space in middle indicates unanalyzed bins (18). Each shown bin contains
at least 5 microsaccades. B, Comparison of neuronal activity during contralateral
microsaccades along the neurons' preferred directions with activity during larger contralateral
voluntary saccades. Some neurons were specifically tuned for microsaccades, and paused or
significantly reduced their activity for larger “macro” saccades (Neurons a and b). Other
neurons continued to increase their discharge for slightly larger saccades (Neuron c, Supp. Fig.
S3). Error bars denote s.e.m.
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Fig. 3.
A causal role for the SC in microsaccade generation. A, Microsaccade probability during one
second of fixation before (gray) and after (black) SC inactivation in one experiment (from
monkey A; 18). Inactivation reduced microsaccade rate. B, Change in average microsaccade
rate as a result of SC inactivation (average inactivation rate minus average baseline rate).
Inactivation of the most central (i.e. rostral) SC sites caused the biggest reductions in
microsaccades. Filled symbols indicate changes with p < 0.05 (ranksum test, N = 48 trials for
baseline, N = 48 trials for inactivation; average p-value across filled symbols: 0.018). Squares
indicate saline controls, which did not influence microsaccade rate. For a plot of absolute
microsaccade rates before and after inactivation (also separated by monkey), see Fig. S7. C,
Inactivation reduced both contralesional and ipsilesional microsaccades. For the experiments
with a significant change in B (N = 9/14 experiments), data are plotted separately for
contralesional and ipsilesional microsaccades. 8/9 experiments fell in the lower left quadrant.
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Arrows in B, C point to the sample experiment of A, performed at the same SC site as a
subsequent saline control (square at the same eccentricity in B).
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Fig. 4.
A model of goal representation by the SC accounts for microsaccade generation. A, Bilateral,
one-dimensional SC map with activity representing the fixated goal. Activity is centered on
neurons representing the central visual field (dashed black line). Gray traces show activity from
500 iterations of the model with each SC “neuron” exhibiting normally distributed activity
(18). Negative values correspond to left, positive to right. B, The instantaneous center of mass
of SC activity in A was variable but had zero mean. Saccades are triggered when this center
of mass deviates beyond a certain threshold (for example, red lines indicating 2 s.d.). C,
Simulating the effect of inactivating neurons representing ~2.5° (arrow 1). In the steady-state,
inactivation reduced the overall level of SC activity even on the intact side (arrow 2), but
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activity remained balanced bilaterally (vertical dashed line) (24). The dashed activity profile
shows baseline. D, The distribution of SC activity center of mass was narrower than in B, but
still had zero mean, explaining the reduction in both contralesional and ipsilesional
microsaccades. For this simulation, there was a ~50% reduction in the frequency of deviations
beyond the threshold of B (consistent with our experiments; Fig. S7). E, F, Simulating the
momentary effects of a covert attention shift to a peripheral site at ~5° by introducing an
increase in activity at this site (18). The average locus of activity was biased toward the
peripheral site (dashed line in E), resulting in a higher probability of deviations from fixation
towards the peripheral site than away from it (F).
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