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Tracking an Invisible Target Reveals Spatial Tuning of
Neurons in the Rostral Superior Colliculus Is Not Dependent
on Visual Stimuli
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The superior colliculus (SC) plays an es-
sential role in the sensory-motor mecha-
nisms that underlie saccadic eye move-
ments. The superficial layers of the SC
receive visual information from the retina
and striate cortex, and the intermediate
and deep layers send outputs to motor
centers in the brainstem that are respon-
sible for driving saccades. Microstimula-
tion and single-unit recordings have
shown that neurons in the intermediate
and deep layers of the SC form an orderly
motor map where larger saccades are rep-
resented more caudally than smaller sac-
cades (Robinson, 1972; Wurtz and Gold-
berg, 1972). More specifically, when gaze
is shifted to an object of interest, neural
activity progressively moves across the SC
indicating the distance between the cur-
rent eye position and the final goal (i.e.,
position error) (Munoz and Guitton,
1991; Munoz and Wurtz, 1993a; Bergeron
et al., 2003). At the rostral tip of the SC,
neurons represent small position errors

for multiple eye movements including
very small saccades, smooth pursuit, and
fixation (Krauzlis et al., 1997; Bergeron
and Guitton, 2000; Choi and Guitton,
2006). Although these later signals would
be appropriate for signifying that a goal is
being reached, there is controversy as to
whether neurons in the rostral SC indicate
a goal has been achieved. In other words,
does the activity in the SC ever specify
“zero” error?

Recent experiments by Hafed and
Krauzlis (2008) and Hafed et al. (2008)
provide new insight into the functional
role of the rostral SC. Specifically, Hafed
and Krauzlis (2008) provide strong evi-
dence that activity in the SC reflects posi-
tion errors during pursuit eye movements
even when no visual stimulus is present,
per se. Tracking an object without a visual
stimulus is unique insofar as we generally
consider smooth pursuit as a type of eye
movement that requires a visual signal.
Unlike saccadic eye movements, smooth
pursuit cannot occur without an appro-
priate stimulus. Hafed and Krauzlis
(2008), therefore, designed a task where a
visual stimulus could be dissociated from
the motor command. Two bars, which
moved together sinusoidally, were pre-
sented on opposite sides of a screen, and
monkeys were rewarded for following the
midpoint between the two moving bars.
In a sense, monkeys were trained to track
an “invisible” target. Once the monkeys

were trained to track invisible targets, the
authors recorded individual neurons in
the SC (Hafed and Krauzlis, 2008).

Hafed and Krauzlis (2008) found that
the discharge of neurons in the rostral SC
was modulated during the pursuit of an
invisible target, whereas neurons in the
caudal SC were relatively unresponsive.
The modulations of example rostral SC
neurons are illustrated in Hafed and
Krauzlis (2008), their Figure 2 (http://
www.jneurosci.org/cgi/content/full/28/
38/9426/F2) and Hafed et al. (2008), their
Figure 2 (http://www.jneurosci.org/cgi/
content/full/28/32/8124/F2). Notably,
contralateral pursuit resulted in an in-
crease in the neuron’s neural discharge,
and ipsilateral pursuit resulted in a de-
crease in discharge. The results of Hafed
and Krauzlis (2008) extend two previous
findings.

First, the results are consistent with
data that have shown that if a target is mo-
mentarily turned off when a monkey is
actively fixating (for example, during a
blink paradigm), neurons in the rostral
SC continue to discharge. This demon-
strates that the SC is not dependent on
visual stimulation (Munoz and Wurtz,
1993a). Second, Hafed and Krauzlis
(2008) confirm that neurons in the rostral
SC are modulated during pursuit (Krauz-
lis et al., 1997; Basso et al., 2000) such that
the spatial tuning estimated during pur-
suit is comparable with that estimated
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spatial tuning during small saccades
(Krauzlis et al., 1997). Notably, spatial
tuning was calculated in terms of “retino-
topic goal locations.” This was calculated
by determining the difference in distance
between the current eye position and the
inferred goal location. The novelty in
Hafed and Krauzlis’s (2008) study was
that the authors revealed that the repre-
sentation of the small mismatches is reli-
able even when the final goal location is
not visual.

To further investigate the functional
significance of their single unit findings,
Hafed et al. (2008) evaluated performance
in the invisible tracking task after the SC
had been temporarily inactivated with mi-
croinjections of muscimol at different
rostral/caudal locations throughout the
SC (Hafed et al., 2008). Interestingly, in-
activation at the rostral section of the SC,
which represents the central portion of
the topographical SC map, resulted in a
systematic offset in eye position. How-
ever, no motor deficits (i.e., saccades, pur-
suit, or fixation) were reported [Hafed et
al. (2008), their Fig. 3 (http://www.
jneurosci.org/cgi/content/full/28/32/
8124/F3)]. In other words, the monkey’s
ability to estimate the midpoint was im-
paired. Specifically, the offset was directed
away from the estimated position en-
coded by the inactivated region of the SC.
For example, silencing neurons that en-
coded right goal locations resulted in a
bias to the left.

Together, the results of Hafed and
Krauzlis (2008) and Hafed et al. (2008)
provide further evidence that the SC con-
tains a continuum of neurons that encode
mismatches between the eye and the loca-
tion of the final goal, rather than specific
saccade vectors. What remains a topic of
debate is what happens at the rostral tip of
the SC. On the one hand, previous studies
have defined neurons in the rostral SC as
“fixation” neurons, because they are acti-
vated once the eye has reached a desired
target (i.e., when error reaches zero)
(Bergeron and Guitton, 2000; Choi and
Guitton, 2006). However, it has been pro-
posed that these neurons are not encoding
absolute zero error but are rather more
finely tuned to very small errors (Krauzlis
et al., 1997; Hafed and Krauzlis, 2008).
The data presented by Hafed and Krauzlis

(2008) and Hafed et al. (2008) support the
latter; classically defined fixation neurons
in the rostral SC are maximally activated
when the eye is very close to the goal (i.e.,
small errors) but not when the eye has
reached the final goal location.

Despite these new data, questions re-
garding the discrepancy in the interpreta-
tion of the functional role of the rostral SC
neurons remain. Have previous studies
that described rostral SC neurons as en-
coding zero error failed to describe gaze
errors accurately? Alternatively, could the
proposed continuum of neurons encod-
ing small errors extend to zero error?

Unfortunately, because of differences
in the identification and classification of
rostral SC neurons, it is difficult to deter-
mine if Hafed and Krauzlis (2008) and the
authors of previous studies are describing
the same class of neurons. Hafed et al.
(2008) identified sites for inactivation in
the rostral SC by evoking small saccades
using mircostimulation, whereas previous
microstimulation of the rostral SC re-
sulted in cessation or interruption of sac-
cades (Munoz and Wurtz, 1993b; Chatur-
vedi and Van Gisbergen, 2000).

Additionally, an important character-
istic of the neurons described by Hafed
and Krauzlis (2008) is that they were
tuned for very small errors occurring dur-
ing saccades and smooth pursuit. Previ-
ous studies, however, have shown that not
all neurons in the rostral SC discharge for
small saccades. For example, Munoz and
Wurtz reported that 35% of the neurons
paused for saccades in all directions. Ros-
tral SC neurons have also not always been
described during equivalent behavioral
tasks. Choi and Guitton (2006), for in-
stance, did not evaluate the responses of
rostral SC during pursuit or saccades that
were less than five degrees. Consequently,
some discrepancy in the results could be
the result of recording and inactivating a
slightly different subset of neurons.

In summary, Hafed and Krauzlis
(2008) have confirmed that neurons in
the rostral SC, which could be classified as
fixation neurons, are tuned to small errors
that occur during both saccades and
smooth pursuit. They have also demon-
strated that spatial tuning is not depen-
dent on a visual stimulus. These results
emphasize the need to more clearly differ-

entiate the subclass of neurons that exist
in the rostral SC. Determining if neurons
that share many similar features, but are
not completely identical, exist in the ros-
tral SC could be crucial for understanding
whether the data presented by Hafed and
Krauzlis (2008) are mutually exclusive to
the proposal that the SC contains a con-
tinuum of neurons that encode gaze error,
which extends all the way to zero.
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