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The superior colliculus contains neurons that cause displacements of the visual axis
(gaze shifts). These cells are arranged topographically in a motor map on which the
vector (amplitude and direction) of the coded movement varies continuously with
location. How this spatial representation becomes a temporal code (frequency and
duration) in the motoneurons is unknown. During a gaze shift, a zone of neural
activity moved continuously on the map from an initial location, defining the vector of
the desired gaze shift, to a final “zero” position containing neurons that were active
during fixation. Thus, the spatial-temporal transformation may be accomplished by
control of gaze throughout the spatial trajectory of activity on the motor map.

HE MAMMALIAN SUPERIOR COLLIC-

I ulus (SC) is a laminated neural struc-
ture that transforms sensory infor-
mation into motor commands that rapidly
move the visual axis (7). Visually responsive
neurons in the superficial layers are orga-
nized into a retinotopic map of visual space,
subtending up to 80° of the contralateral
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Fig. 1. Movement-related discharges of TRNs.
Shown in each panel are the gaze (G), head (H),
and eye (E) position traces; neural discharge for
cells (324 (A to D) and Q37 (E to H); and spike
density function [number of action potentials
(spikes) per second (sp/s)] (11). The occurrence
of an action potential is represented by a small
vertical line. Additional small lines superimposed
on top of others indicate extra spikes within the
same 2-ms time bin. The preferred movements for
cell Q24 were directed horizontally and for cell
Q37 were directed down to the left at an angle of
about 45° to the horizontal. Traces are aligned on
gaze-shift onset (vertical dashed lines). Arrows,
maximum spike density.
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visual field (2). Here we investigated the
deeper layers, which are organized into a
motor map (1).

In the cat, the animal studied here, coor-
dinated eye-head movements are used to
look at targets situated farther than about
+10° from center (3). Microstmulation of
the deeper layers, in the cat whose head is

unrestrained, elicits topographically coded
gaze (gaze = eye-in-space = eye-in-head +
head-in-space) shifts in which the vectors are
predicted by the location being stimulated
on the motor map (4). This motor map is
retinotopically coded and is in spadial regis-
ter with the overlying visual map.

The deeper layers conrain tectorericular
neurons (TRNs) that control gaze shifts via
projections to contralateral brainstem re-
gions that generate eye and head movements
(3). TRNs have both mulumodal sensory
responses (6) and movement-related dis-
charges (7-9). Many TRNs burst just before
a gaze shift. These neurons are grouped on
the motor map into a large, nearly circular
zone, the center of which specifies the am-
plitude and direction of the intended gaze
shift. Other TRNSs, located mn the zero-
amplitude locadon at the rostral pole of the
SC, are active when the cat fixates a target
and are silent during orienting gaze shifts (8,
10). Therefore, the retinotopic position of
the ensemble of active TRNs differs if mea-
sured at the start and end of a gaze shift. In
our experiments, we determined, in the car,
the retinotopic location of the active ensem-
ble of neurons during a gaze shift (17).

We analyzed the activity of TRINs identi-
fied on the basis of their antidromic re-
sponse after stimulation of the contralateral
predorsal bundle (7, 8). The animal was
required to make predictive gaze shifts to a
spatial locus devoid of a newly appearing
sensory cue, a procedure that prevented
phasic visual responses from contaminating
the movement-related neuronal activity.

The movement-related discharges of two
TRNs, cells Q24 and Q37, recorded in the
same cat are shown in Fig. 1. Of the two
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cells, 324 was located more rostrally (12).
This cell discharged in relation to all predic-
tive gaze shifts, made in the cell’s preferred
direction, that were larger than about 5° in
amplitude. The timing of the discharge de-
pended on the amplitude of movement: as
gaze shift amplitude increased (10°, 17°,
40°, 80° in Fig. 1, A to D, respectively) the
peak discharge occurred progressively far-
ther from the start of the gaze shift. Indeed,
for 80° gaze shifts (Fig. 1D), the cell was
silent at movement onset.

Cell Q37 was most active before the 50°
and 70° gaze shifts (Fig. 1, G and H), had a
weak discharge before the 25° movement
(Fig. 1F), and gave only a few spikes before
the 10° movement (Fig. 1E) (13).

For each cell, we plotted the latency to the
peak of the burst discharge from onsct (Fig.
2A) or termination (Fig. 2B) of each gaze
shift as a function of the total amplitude of
the gaze displacement. Only movements
that consisted of a single-step gaze shift
along the cell’s preferred direction were con-
sidered (Fig. 1). As total gaze displacement
increased, the latency from the end of each
gaze shift to peak discharge remained con-
stant for cell Q24 (Fig. 2B). Hence the
discharge of Q24 was greatest near a fixed
position of gaze relative to the target. It
follows that the latency from movement
onset to peak discharge for Q24 increased
with the amplitude of the gaze displacement
(Fig. 2A) because the duration of gaze shifts
normally increases with amplitude (3). By
comparison, Q37 reached peak discharge at
constant latency before gaze shifts in the
amplitude range 30° to 80° (Fig. 2A) and
therefore ar decreasing (that is, increasingly
negative) latencies relative to the end of gaze
shifts in that range (Fig. 2B). Q37 was
virtually silent for gaze shifts smaller than

Fig. 2. (A and B) Latency from onsct (A) and end
{B) of a gazc shift to peak discharge for cells Q24
(0) and Q37 (M) as a function of the amplitude
of gaze displacement. Each square represents data
from onc gazc shift. Negative valucs represent
trials in which peak discharge preceded movement
onset (A) and rermination (B). Linear regression

nine TRNs in which sufficient data were obtained. Correlation cocfficients for lines 1 to 9, respectively, in (D):
r = 0.86, 0.90, 0.88, 0.65, 0.75, —0.25, —0.02, 0.20, and —0.08; in (E): r = —0.01, 0.42, 0.33, —0.01, 0.28,
—0.66, —0.61, —0.64, and —0.70. (C and F) Plots of Q24’s (C) and Q37’s (F) normalized instantancous firing
frequency as a function of instantancous gaze error for different amplitude movements along the optimal
direction. Each curve was obrained by (i) aligning three to seven gaze shifts of identical magnitude on the end
of the gaze saccade and obtaining the average trajectory; (ii) calculating the corresponding average spike density
function (77}, which we then normalized using the highest of the peak values obtained in all of the trials that
covered the whole amplitude range; and (iii) shifting the normalized average spike density function 8 ms to the
right, a time thar corresponds to the minimal delay between a sudden burst of activity in the tecroreticulospinal
pathway and a midflight reacceleration of gaze (8). Time is implicit on cach curve: it starts at the black circle, the
start of a gaze shift, and progresses from right to left (that is, toward 0° gaze error). Mcasurement of firing
frequency began at the onset of gaze shifts. (G) Proposed activity patterns in the TRN layer of the SC during

about 30°. The nine TRNs that we studied
in detail were clustered, functionally, into
two groups: cells 1 to 5 (including Q24)
were recorded in the anterior SC (ampli-
tudes less than 30° on the motor map); cells
6 to 9 (including Q37) were recorded in the
more caudal SC (amplitudes greater than
50°%) (Fig. 2, D and E).

We also compared the instantaneous fir-
ing frequency of each cell [using the average
spike density function (11, 14)] to the cor-
responding value of instantanecous gaze er-
ror (difference between final and current
gaze positions) for different amplitude gaze
shifts (Fig. 2, C and F). For each cell, the
curves corresponding to different gaze shifis
tended to join a common trajectory, regard-
less of the toral gaze displacement. The peak
discharge for different amplitudes of move-
ment was similar and was attained at a
specific value of instantaneous gaze error:
berween 8° and 12° for cell Q24 and be-
tween 50° and 70° for cell Q37. Comparable
plots of spike density as a function of cither
instantaneous eye or head error revealed no

(for the eye) or weaker (for the head) over-
laps for different amplitude movements
(15).

The data in Figs. 1 and 2 are inconsistent
with the classic notion that vector-tuned
neurons in the SC specify initial motor error
(1, 16). Rather, our results indicate that a
zone of TRN activity moves across the SC of
the cat during the course of an orienting
gaze shift (17) (Fig. 2G). Immediately be-
fore a gaze shift, a zone of TRN activity is
established in the caudal region of one SC at
a location on the motor map that codes the
initial vector error (say, 60° horizontal) that
exists between the initial position of the
visual axis and the target of interest. As the
gaze shift proceeds, this zone of TRN activ-
ity moves toward the rostral pole. Its instan-
tancous location on the motor map specifies
the remaining gaze error. As the gaze shift
terminates (that is, gaze error is zero), the
active zone invades the rostral pole, where
fixation-related TRNs are located (8, 10).
Discharges similar to those of cells Q37 and
Q24 would be recorded by two microelec-
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the execution of an orienting gaze shift. Neural activity (firing frequency) is represented schematically as a hill
protuding from the two-dimensional, oval surface of the SC motor map. The “zero” of the map is at the

intersection, in the rostral pole, of the horizontal and vertical meridians. Each section shows the TRN layer at
a different time. The black dots represent hypothetical recording sites that would yield data similar to that

obscrved in Q37 and Q24, respectively. No scale intended.
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trodes located at the left and right black
dots, respectively, on the top portion of Fig.
2G.

An alternative interpretation of the data is
that a circular wave of activity propagates
radially from an origin at the initial site of
activation. Qur data are not compatible with
this notion. There was a lack of burst activity
in TRNs located farther from the fixation
zone than the imitially active zone. For ex-
ample, cell Q37 did not burst (Fig. 1E) after
the start of 10° to 15° gaze shifts that began
at the SC site of Q24.

Our observations suggest that a topo-
graphically represented motor command is
transformed into the temporal firing pattern
that motoneurons send to muscles (the so-
called spatial temporal transform) when
gaze is controlled throughout the spatial
trajectory of neural activity on the motor
map (18). This conclusion implies that tra-
ditional models of collicular control of gaze
shifts need to be revised. In these models,
the SC provides a command specifying only
the initial vector of the intended gaze shift
(1): a brainstem feedback control system is
hypothesized to subtract actual gaze posi-
tion from this signal, thereby yielding in-
stantaneous gaze error, which drives the
movement (19). Our results show that the
SC itself spatially encodes the gaze error.
Therefore, the SC may reside within the
gaze feedback loop (3, 8, 14). This hypoth-
esis i1s supported by observations that a
sudden increase in the discharge frequency
of TRN phasic bursts speeds up a gaze shift
without affecting its accuracy (8). Such a
finding is difficult to incorporate in tradi-
tional models of the SC, bur, in a feedback
control system wherein the SC provides the
error signal, the higher velocities reduce
gaze error more quickly, allowing shorter
movement duration while maintaining accu-

racy.
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