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Abstract

We previously reported that visuomotor activity in the superior colliculus (SC) – a key midbrain structure for the generation of
rapid eye movements – preferentially encodes target position relative to the eye (Te) during low-latency head-unrestrained gaze
shifts (DeSouza et al., 2011). Here, we trained two monkeys to perform head-unrestrained gaze shifts after a variable post-stimu-
lus delay (400–700 ms), to test whether temporally separated SC visual and motor responses show different spatial codes. Target
positions, final gaze positions and various frames of reference (eye, head, and space) were dissociated through natural (un-
trained) trial-to-trial variations in behaviour. 3D eye and head orientations were recorded, and 2D response field data were fitted
against multiple models by use of a statistical method reported previously (Keith et al., 2009). Of 60 neurons, 17 showed a visual
response, 12 showed a motor response, and 31 showed both visual and motor responses. The combined visual response field
population (n = 48) showed a significant preference for Te, which was also preferred in each visual subpopulation. In contrast,
the motor response field population (n = 43) showed a preference for final (relative to initial) gaze position models, and the Te
model was statistically eliminated in the motor-only population. There was also a significant shift of coding from the visual to
motor response within visuomotor neurons. These data confirm that SC response fields are gaze-centred, and show a target-to-
gaze transformation between visual and motor responses. Thus, visuomotor transformations can occur between, and even within,
neurons within a single frame of reference and brain structure.

Introduction

The superior colliculus (SC) is involved in the transformation of visual
signals into motor commands for gaze shifts (Wurtz & Albano, 1980;
Sparks & Hartwich-Young, 1989; Sparks & Mays, 1990; Everling
et al., 1999a,b; Sparks, 2002; Gandhi & Katnani, 2011). Neurons in
the superficial and intermediate layers respond to visual stimuli (visual
neurons), whereas the intermediate and deep layers also (or only)
show saccade-related activity (visuomotor and motor neurons) (Wurtz
& Goldberg, 1971, 1972a,b; Cynader & Berman, 1972; Goldberg &
Wurtz, 1972a; Sparks, 1975, 1978; Schiller, 1977; Munoz & Wurtz,
1995). These layers form closely aligned topographic visual and motor
maps (Sparks, 1986, 1988; Marino et al., 2008), and many individual
cells show congruent visual and motor response fields (RFs) (Sparks
& Hartwich-Young, 1989; Hartwich-Young et al., 1990; Marino
et al., 2008). However, none of these factors (i.e. temporal segrega-

tion of visual and motor responses, topography, or RF structure)
directly show which spatial parameters (i.e. stimulus location, vs. gaze
eye or head movement parameters, in various frames of reference) are
encoded within SC activity.
This is the question addressed in the current study, specifically:

what spatial parameters are encoded within SC visual and motor
bursts during head-unrestrained gaze shifts in response to remem-
bered visual stimuli, and how are these signals transformed through
different identified cell types? On the basis of SC physiology and
anatomy, one might expect visual responses (in visual and visuomo-
tor cells) to encode the location of a target relative to the eye, like
the retina (Cynader & Berman, 1972; Marrocco & Li, 1977; Berson,
1988; Snyder, 2000), but motor responses (in visuomotor and motor
cells) might encode a variety of different spatial parameters. Motor
responses might still encode stimulus location (Sparks, 1989; Stan-
ford & Sparks, 1994; Frens & Van Opstal, 1997; Edelman & Gold-
berg, 2002; Quessy et al., 2010), or they might encode movement
direction (Everling et al., 1999a,b). If they encode movement direc-
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tion, they might encode eye + head gaze displacement (Munoz
et al., 1991a,b; Freedman & Sparks, 1997b), or they might show
separate eye and head signals (Cowie & Robinson, 1994; Cowie
et al., 1994; Walton et al., 2007; Rezvani & Corneil, 2008; Nagy &
Corneil, 2010; Monteon et al., 2012). Finally, gaze, eye or head
commands must be defined in some frame of reference (Crawford
et al., 2011). Some early studies suggested that space-fixed goals
are encoded in the posterior SC (Guitton et al., 1980; Roucoux
et al., 1980; McIlwain, 1986), but since then most head-unrestrained
studies (Sparks, 1978, 1989; Van Opstal et al., 1991; Lee & Groh,
2012) and head-unrestrained studies (Freedman & Sparks, 1997a,b;
Klier et al., 2001; Choi & Guitton, 2009; DeSouza et al., 2011)
have emphasized eye-centred codes.
To our knowledge, no previous study has established the differ-

ence in spatial coding between SC visual and motor RFs in head-
unrestrained conditions. This is particularly difficult to address,
because target, gaze, eye and head motion tend to co-vary, and 3D
eye and head orientations are too variable (torsionally, vertically,
and horizontally) for a conventional reference frame analysis. How-
ever, we recently developed a way to test between all of the possi-
bilities listed in the preceding paragraph, simply by mapping visual
and motor RFs relative to different gaze parameters, and then deter-
mining which ‘model’ leaves the least residuals in the variability of
neural responses for a particular point in that space (Keith et al.,
2009). We previously used this method to show that the SC popula-
tion RFs are primarily organized according to target location relative
to initial eye orientation during gaze saccades made immediately to
visual targets (DeSouza et al., 2011). Here, we probed SC physiol-
ogy more deeply through the use of improved task parameters, addi-
tional models (for gaze, vs. eye, vs. head motion), and, most
importantly, a memory-delay paradigm that allowed us to discrimi-
nate visual and motor responses, and trace their spatial codes
through visual, visuomotor and motor cells (Sajad et al., 2014).

Materials and methods

Surgical procedures for neurophysiological and behavioural
recordings

The data were collected from two female Macaca mulatta monkeys
(M1 and M2; age, 10 years; weights, 6.5 and 7 kg) with a protocol
approved by the York University Animal Care Committee in accor-
dance with guidelines published by the Canadian Council for Ani-
mal Care. With surgical procedures described previously (Crawford
et al., 1999; Klier et al., 2001, 2003a,b), the monkeys were pre-
pared for long-term electrophysiology and 3D gaze movement
recordings. Each monkey was subjected to general anaesthesia with
1–2% isoflurane after intramuscular injection of ketamine hydrochlo-
ride (10 mg/kg), atropine sulphate (0.05 mg/kg), and acepromazine
(0.5 mg/kg). During the surgery, we implanted a vertically aligned
unit recording chamber (i.e. with no tilt) placed 5 mm anterior and
0 mm lateral in stereotaxic coordinates, which allowed access to the
left and right SC. This chamber angle and position were chosen to
minimize collisions between the electrode/microdrive and the experi-
mental setup during head movements, and to simplify the use of
stereotaxic coordinates during recordings. The chamber was then
surrounded by a dental acrylic cap, which was anchored to the skull
with 13 stainless steel cortex screws. Two scleral search coils (diam-
eter, 5 mm) were implanted in one eye of the monkeys to record
3D eye movements. Two orthogonal coils, which were secured with
a screw on a plastic base on the cap, recorded the 3D head move-
ments during the experiments. 3D recordings and analysis were per-

formed as described previously (Crawford et al., 1999; DeSouza
et al., 2011).

Experimental equipment

We used a Pentium IV PC and custom-designed software to present
stimuli, control behaviour paradigms, send digital codes to a Plexon
data acquisition system, and deliver juice rewards to the monkeys.
Stimuli were presented on a screen 60 cm in front of the monkey,
by use of a projector (WT600 DLP projector; NEC). Monkeys were
seated on a custom-designed primate chair in order to have their
heads move freely at the centre of a 1-m3 magnetic field generator
(Crawford et al., 1999), and a juice spout (Crist Instruments) was
placed on the skull cap for computer-controlled delivery of the juice
reward to the monkey’s mouth.

Behavioural paradigm

In order to separate visual and motor responses, monkeys were
trained to perform memory-guided gaze shifts. First, they looked at
a fixation point near the centre of the screen, which was a green cir-
cle with a radius of 0.5°. The fixation light remained on for another
400–700 ms, in order to introduce a variable memory delay and dis-
courage anticipation of the go signal, which was the disappearance
of the initial fixation point. After 300 ms, a target stimulus appeared
(red circle with a size of 0.5°) in the periphery for 125 ms. When
the go signal was presented, the monkeys made a gaze shift towards
the remembered location of the target, and were required to maintain
fixation for at least 200 ms at that final position to obtain the juice
reward. The fixation light remained on for another 400–700 ms in
order to introduce a variable memory delay and discourage anticipa-
tion of the go signal. The proper maintenance of initial fixation was
ensured by setting a tolerance window of 2–4° (radius) with respect
to the fixation position. In order to spatially separate targets vs. gaze
coding, we allowed a tolerance window of diameter 6–12° for gaze
errors around the remembered locations of the targets, and thus
allowed monkeys to produce a natural (i.e. self-selected) distribution
of gaze end points around the targets (Fig. 1).
For our analytical method to work (see ‘Model fitting’ below), we

needed to: (i) span the spatially modulated portion of each neuron’s
RF through a proper distribution of visual targets and eye–head gaze
shifts; and (ii) have trial-to-trial variations between different gaze
parameters (target vs. gaze, gaze vs. to head, different frames, etc.).
The first requirement was accomplished through placement of tar-
gets that evoked activity throughout the RF, and the second through
natural (untrained) variations in behaviour.
During experiments, the target stimuli were presented in the

visual field contralateral to the hemifield of the recording site (see
‘Neural recordings’). Once a neuron had been isolated, the RFs were
estimated through initial mapping, which involved monkeys per-
forming visually guided saccades to a wide range of stimuli pre-
sented on the screen while cell activity was monitored on-line. Test
stimuli were then selected within a grid (12–32 targets, depending
on the RF size) that extended just beyond the cell’s receptive field.
During testing, stimuli were presented in a randomized order, and
each target was presented for at least seven successful gaze shifts.
The initial fixating point was varied randomly from one trial to
another within a square range approximately equal to the cell’s RF
size (Fig. 1). This variation led to greater variation in initial 3D
gaze, head and eye positions (Fig. 2A–F) than in DeSouza et al.
(2011). This was important for distinguishing different reference
frames (see ‘Model fitting’).
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Otherwise, the monkeys were allowed to vary initial combinations
of 3D eye and head orientations (Fig. 2, left and centre columns)
and the relative amounts of eye and head contributions to the gaze
shift (Fig. 2, right column) as they wished (this was important for
distinguishing different target, gaze, eye and head models). Example
variations between final gaze position and head position relative to
one target are shown in Fig. 1. The right columns of Fig. 2G–I
show example distributions of gaze, head and eye amplitudes (verti-
cal; up the end of the gaze shift) for one RF-mapping experiment,
and Fig. 3A shows the corresponding ‘full head’ movement (defined
as the end point of motion or the largest excursion point of the head
before it returned). Figure 3B and C shows the full distribution of
gaze, head (to end of gaze) and full head movements for all experi-
ments in both monkeys, with corresponding statistics in the figure
legend. Note that many of the head movements are small, but, for
our method, this does not matter, so long as: (i) they were the
movements that corresponded to our RF mapping; and (ii) they
showed trial-to-trial variability relative to the other gaze parameters.
This is illustrated in the right column of Fig. 3, where Fig. 3D
shows colour-coded examples of variations in head movement asso-
ciated with three targets, and Fig. 3E and F quantify this across all

trials for each monkey by plotting the standard deviation of gaze
and head amplitudes for each target location, as a function of target
distance from the centre. This shows that there is variability in both
these parameters throughout the range that we explored, although it
scales to movement size in both parameters. Thus, RF maps based
on head movement would be spatially compressed relative to target-
based or gaze-based RFs, but this is accounted for in our non-para-
metric analysis method (Keith & Crawford, 2008).
As a result of these simple manipulations and the naturally vari-

able behaviour produced by the monkeys, every neuron that we
report below was tested with a variety of initial 3D eye and head
orientations, final target positions, final gaze positions, and different
combinations of relative eye and head motion during the gaze shift.
This provided the behavioural basis for the spatial separation
between the models described below.

Trial definition and inclusion criteria

The beginning of a trial was marked by the appearance of the initial
fixation point. The beginning of the gaze saccade was defined as the
instant when its velocity exceeded 50°/s, and its end when its veloc-
ity decreased to 30°/s. The contribution of the head movement to
gaze is defined here as the head movement from the start to the end
of the gaze saccade. However, the head movement was often pro-
longed after the saccadic component of the gaze shift. Head move-
ments were marked from the start of gaze movement until the point
at which the head velocity decreased to below 15°/s. For trials in
which the head velocity never exceeded 15°/s, the head position
was sampled at the time of gaze onset and offset. The head move-
ment marks were then visually inspected to ensure correct marks.
For analysis, all trials were considered for analysis irrespective of
whether or not the monkey received a reward after the trial. We
excluded trials on the basis of spatial and temporal criteria. First, tri-
als in which the directions of the gaze shifts were completely unre-
lated to the direction of the target (e.g. opposite direction) were
removed. Then, we obtained the regression between errors in gaze
vs. retinal error (note: retinal error is the retinal angle between the
fovea and the target at the initial position before the gaze shift), and
removed trials with gaze error two standard deviations greater than
this regression line. Furthermore, every trial was visually inspected,
and any trial in which the gaze shift was anticipated (reaction time
of < 100 ms after the go signal), the gaze shift consisted of multi-
step saccades or there was a saccade or head movement (> 5°) dur-
ing the memory interval was excluded. The timing of the saccade
was tightly linked to the time of the go signal, and was not influ-
enced by the duration of the variable delay period: the correlation
between the variable delay period and the reaction time of gaze
shifts in response to the go signals was very low (0.11 for M1,
P = 0.62; 0.012 for M2, P = 0.24). Finally, for each neuron, we
required successful performance for at least 80% of total trials
[mean � standard error of the mean (SEM) trials = 162 � 28], and
at least seven successful gaze shifts towards each target location
(with a possible maximum of 15, after excluding erroneous trials);
also, the neuron had to remain isolated throughout the recording ses-
sion.

Neural recordings

We recorded extracellular activity from the left and right SC with
tungsten microelectrodes (FHC). The electrode was inserted through
a guide tube, which was controlled by a hydraulic microdrive (MO-
90S; Narishige International, East Meadow, NY, USA). Isolated

Fig. 1. Example stimulus (red circles) locations and gaze/head trajectories.
For this example, the red circle at the top left corner was the target. Other
possible targets for other trials are also shown, but were not presented at the
same time. The initial fixation position was randomly varied within a range
approximately similar to the RF of the isolated neuron (green square). Gaze
errors were tolerated (i.e. rewarded) if the gaze landed within a certain dis-
tance from the target (6–12° range for all experiments, and 8° in this exam-
ple). The head and gaze trajectories towards the example stimulus are also
indicated, by black and grey lines respectively. The variations in the initial
positions of gaze and head relative to the centre of the screen were utilized
to dissociate eye, head and space coordinates, and helped to encourage dif-
ferent eye and head trajectory amplitudes and directions for different gaze
shifts to a given target (see Materials and methods).
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signals were amplified, filtered and stored for off-line sorting with
the Plexon MAP system. The SC was identified according to crite-
ria published previously (Klier et al., 2001; DeSouza et al., 2011).
The process of identification included the following steps: (i)
stereotaxic placement of the recording chamber; (ii) on-line calibra-
tion of the stereotaxic coordinates through recordings of additional
small midbrain structures with highly characteristic firing patterns
and 3D stimulation results, such as the interstitial nucleus of Cajal;
(iii) advancement of electrodes in a search pattern based on the
expected stereotaxic coordinates of the SC; (iv) a search for neural
activity related to the presence of a visual stimulus and gaze onset,
(v) preliminary on-line mapping of visual and motor RFs, and con-
firming that the observed RF followed the SC map; (vi) low-thresh-
old, head-fixed microstimulation of sites (at the start and the end of
the experiment) to confirm that saccades or staircase saccades with
zero torsion were elicited; (vii) off-line analysis of results; and (viii)
confirmation across experiments of the orderly rostrocaudal and
mediolateral maps of RFs and stimulation-evoked movements char-
acteristic of the SC. In addition, recording sites have now been his-
tologically confirmed in one monkey. Cells that showed a clear
response time-locked with the visual stimulus, saccade or both were
recorded for off-line analysis.

Unit analysis and classification

After off-line spike sorting, neural activity was aligned with experi-
mental events in order to classify the types of activity and neuron

(Fig. 4). Visual neurons (Fig. 4B) were defined as cells that showed
a robust burst of activity (> 50 spikes/s above the baseline) 40–
60 ms after the stimulus presentation that lasted for ~180 ms after-
wards (Goldberg & Wurtz, 1972a,b). Motor neurons (Fig. 4E) were
those with robust activity or a buildup of activity peaking at the
time of gaze onset, with activity starting prior to the gaze onset
(100–40 ms before saccade), and that continued to ~100 ms after
gaze onset. Neurons that met both of these criteria were classified as
visuomotor (Fig. 4C and D). For visual neural activity, a fixed tem-
poral analysis of 60–160 ms (with respect to target presentation)
was used (Fig. 4B and C), and for motor neural activity a fixed tem-
poral window of �50 ms to +50 ms (relative to gaze onset) was
used (Fig. 4C and D). For this analysis, we only included head
movement data up to the end of the gaze shift in our head-related
model fits (see next section). We also analysed motor activity in a
variable window that included the entire duration of the movement-
related burst of each neuron. For this analysis, we included the
entire head movement in our model fits (see below). When we refer
to ‘number of spikes’ below, this refers to number of action poten-
tials in these defined temporal windows.

Model fitting

We used a method previously reported by Keith et al. (2009) and
DeSouza et al. (2011), with further optimization of the behavioural
method for the analysis (Fig. 1) and the addition of effector-specific
models, that is eye movement relative to the head and head

Fig. 2. Behavioural parameters used in our analysis. Horizontal and vertical variations in initial fixation position (circles) of gaze (A), head (B) and eye (C)
along with the torsional components (D–F) are illustrated for the same experimental session as in Fig. 1. In the right column, the vertical component of gaze
(G), head (H) and eye (I) movements are aligned with gaze onset, showing variability in amplitudes and in final vertical positions.
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movement relative to space (Fig. 5). This approach allowed us to
simultaneously test between different models without any special
training (other than the delay fixation training), relying instead on
the monkeys’ natural variability in behaviour (Figs 1–3). In short,
we plotted the RFs of neurons’ visual and motor activity in various
representations to identify the model that gave the most coherent fit,
that is the least variability in number of spikes for a given spatial
location, as illustrated schematically in Fig. 5B. Experimentally, this
was quantified by use of the mean predictive sum of squares
(PRESS) statistics. PRESS residuals were obtained by computing
the residual for each trial relative to fits obtained from all of the

other trials. The ‘best fit’ for the activity of a given neuron was
defined as the smallest overall mean residual of the PRESS obtained
from fits between numbers of spikes obtained from all trials, com-
pared across all models, and across all bandwidths (the width of the
convolution kernel used in fitting the data to each model). This
method – as compared with traditional regression techniques – has
the advantages that it makes no assumptions about the shape of the
RF or linearity, and utilizes the full 2D range of the neural RF and
3D range of eye and head kinematics (Keith et al., 2009; DeSouza
et al., 2011). These factors are all important in this study, because
RFs in the SC are neither simple nor linear (e.g. Figs 7 and 9–11),

Fig. 3. Details of eye and head amplitudes in our dataset. (A) The vertical component of head movement is plotted as a function of time for the same trials as
the one illustrated in Fig. 2H, but showing the head movement, with the point in time corresponding to the end of the first gaze shift indicated by the dark dots.
(B) Frequency histogram for the complete distribution of gaze, (green), head contribution to gaze (blue) and full head movement (red) amplitudes for subject
M1, across all experiments. For this monkey, the statistics for eye, head contribution to gaze and full head movement (respectively) in degrees were: mean
amplitude (17.36, 1.86, 2.44), median amplitude (16.00, 0.90, 1.30), minimum amplitude (1.90, 0.00, 0.00), maximum amplitude (50.30, 43.30, 45.19), lower
quartiles (11.20, 0.40, 0.52), and upper quartiles (21.40, 2.20, 2.86). (C). Same plot for subject M2. For this monkey, the statistics for eye, head contribution to
gaze and full head movement (respectively) in degrees were: mean amplitude (12.85, 3.10, 4.37), median amplitude (11.10, 1.70, 2.64), minimum amplitude
(1.70, 0.00, 0.00), maximum amplitude (49.50, 37.90, 45.48), lower quartile (5.50, 0.60, 1.32), and upper quartile (18.20, 4.10, 6.13). (D) Example plots of
head movement as a function of time (selected from A), illustrating variability of amplitudes and end points relative to three different colour-matched targets
(●). (E) Standard deviation (SD) of gaze (blue) and head (red) for each and every target position used with monkey M1, plotted as a function of target distance
from the centre of the screen. (F) Same plot for monkey M2.
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and most of the models described below are inherently non-linear
and/or depend on 3D eye or head orientation (Martinez-Trujillo
et al., 2003).
Here, we summarize all of the models included in our analysis

(Fig. 5A).

Target models

In these models, we were testing whether neural activity encoded
target location relative to initial 3D eye orientation (Te), target loca-
tion relative to head orientation (Th), or in the space-fixed (or body-
fixed) coordinates (Ts).

Gaze models

Here we tested whether neural activity encoded the final gaze posi-
tion relative to initial eye orientation (Ge), the final gaze position
relative to head orientation (Gh), or the final gaze position relative
to space coordinates (Gs).

Displacement models

These models consider the possibility of neurons encoding the vec-
tor displacement (i.e. final position minus initial position) of the eye
during gaze shifts (i.e. the saccade) (dE), gaze in space (i.e. gaze
displacement vector as projected onto a 2D screen) (dG), or the
head in space (dH).

Final eye and head position models

We tested models corresponding to the head’s final position in space
(Hs) or that of final eye position in the orbit (Eh) (note that some of
these models may be quite similar spatially). For example, Ge and
dG are both ‘gaze-centred’ in the sense that the zero reference posi-
tion is initial gaze direction, but the coordinates of Ge are fixed in
the eye, whereas the coordinates of dG are fixed in space (Crawford
& Guitton, 1997). The difference between them only becomes evi-
dent for large deviations in eye orientation (torsion, vertical, or hori-
zontal) combined with large gaze shift components in an orthogonal
dimension (Klier et al., 2001). Furthermore, both resemble dE when
eye displacement dominates the gaze shift (Freedman & Sparks,
1997a,b).
We derived visual and/or motor RFs for each of our neurons for

all of these models, by plotting the number of action potentials in
our sampling windows (Fig. 4) for each trial as a function of the
horizontal and vertical coordinates dictated by each of the above

Fig. 4. Memory-guided saccade paradigm and population responses of
visual, visuomotor and motor neurons. (A) Vertical eye positions aligned
with different task events. The black vertical line after the gaze onset repre-
sents the reaction time gaze inclusion criteria (> 100 ms). (B) Spike density
plot for visual neurons aligned with stimulus presentation. (C) Visual activity
of visuomotor neurons aligned with stimulus presentation. (D) Motor activity
of visuomotor neurons aligned with gaze onset. (E) Motor activity of motor
neurons aligned with gaze onset. In B–E, the average number of spikes
(� SEM) across all trials is shown in black, and the average number of
spikes (� SEM) across 10% of trials with the highest firing rate (top 10%
for each neuron) is shown in red with confidence intervals (light red). The
sampling windows for visual (60–160 ms after stimulus onset) and motor
(� 50 ms relative to gaze onset) responses are represented by vertical light
grey lines.
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models as derived from our behavioural data for that trial. Contour
fits were made to neural activity plotted as a function of the vertical
and horizontal axes defined by each of these models, by use of a
non-parametric method based on a series of Gaussian kernels rang-
ing between 2° and 15° in steps of one (Keith et al., 2009). This
method is robust for fitting various oddly shaped or discontinuous
RFs, and thus avoids the problems inherent in fitting a simple Gaus-
sian shape to RFs that do not have a Gaussian shape (Platt & Glim-
cher, 1998). The model (and bandwidth) that yielded the minimum
mean PRESS residuals was identified as the ‘best fit’ model, and
was statistically compared with all other models at the same

bandwidth. Specifically, a two-tailed Brown–Forsythe test was used
to compare the PRESS residuals of the ‘best fit’ model with those
of each of the other models. The model that resulted in significantly
greater PRESS residuals was excluded. The analysis also accounted
for the presence of any ‘gain fields’ (i.e. gaze position-dependent
modulation) effects, but we found no significant gain field effects
here, perhaps because of limitations in the range of initial gaze posi-
tion. Note that the mean PRESS residuals were never reduced to
zero for any model, probably because of non-spatial factors that
were not accounted for in our models, such as attention, motivation,
and/or random biological noise. The last step in our analysis

Fig. 5. (A) Geometrical interpretation of the models being tested. (A1) Most models illustrated from a view above a cartoon subject. This hypothetical example
shows the space-fixed body (grey ellipse), with the head (orange ellipse) and eyes (blue circles) turned to the left towards an initial fixation point (blue cross)
on the screen (green line). The solid red line and circle indicate the direction of the target on the right side of the screen. Solid blue, orange and grey arrows
pointing towards the screen show initial pointing directions of gaze from the recorded eye, head, and body (fixed at midline), respectively. Dashed orange and
blue lines pointing towards the screen show the final pointing direction of the head and gaze, respectively, after a future gaze shift. The heavy arrows show dis-
placement of gaze (dG) and head (dH) pointing directions on the screen. The solid grey, orange and blue arrows curving to the right show the angular position
of the target relative to space (Ts), initial head orientation (Th), and initial eye orientation (Te), respectively. The dashed gray, orange and blue arrows curving
to the right show the angular position of final gaze relative to space (Gs), initial head orientation (Gh), and initial eye orientation (Ge), respectively. Final head
position relative to space (Hs) is shown by the straight dashed orange arrow. (A2) Further illustration of the eye-in-head displacement model (dE; rightward
curving arrow) and the eye-in-head position model (Eh; dashed blue arrow). (A3) View of the eye in space from behind, illustrating one difference between the
gaze displacement (dG) model and the gaze relative to eye (Ge) model. If a target (red disc) appears to the right of the eye at the primary position, both models
are equal (to the right). However, if the eye rotates torsionally (here, 15° clockwise), dG remains the same, but Ge now has an upward component. All of these
parameters were allowed to vary freely in our experiment, except that initial gaze and head orientations were kept in a more central zone (see Fig. 2). Actual
distances of the eyes from the screen are greater than depicted here, so translational motion of the eyes is negligible and does not affect our analysis, which
was based on trial-to-trial variability of angular body positions. (B) Schematic diagram of tuning of two different neurons for two different spatial location gaze
end points vs. target location. The firing rate is proportional to diameter of circles for both the target-coding neuron ( ) and the gaze-coding neuron ( ). The
figure on the left shows the firing rate of these two neurons for a given target location (●); the target-coding neuron fires consistently at a high rate; however,
the gaze-coding neuron fires at different rates for each trial. Thus, the firing rate of the target-coding neuron is more ‘coherent’ in this example. The figure on
the right shows that the firing rate for the gaze-coding neuron increases systematically for the preferred gaze end point location (X at the centre), whereas the
firing rate of the target-coding neuron does not change with different gaze locations.
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involved combining the results of individual neurons in order to pro-
vide an overall measure of the best model fit for population of
visual and motor activities (Keith et al., 2009).
Because of the predominance of Te and eye-centred gaze codes

(i.e. dG and Ge) in our results (Figs 6 and 8), we constructed a con-
tinuum between Ge and Te models to test ‘intermediate’ Te–Ge
models. This involved the calculation of PRESS residuals for mod-
els along 10 steps between and 10 steps beyond each side of these
two models, and identification of the overall best fit (Sajad et al.,
2014). We selected Ge over dG, because it is in the same reference
frame as Te, and, as a result, the constructed continuum would pro-
vide physical locations between target and gaze positions relative to
the same reference frame (fixed on the eye). Te and Ge models were
positioned at �5 and 5 on the continuum in each trial. The spatial
models beyond Te and Ge (from �5 to �15, and from +5 to +15)
were constructed to prevent false clustering at the two canonical rep-
resentations. Theoretical and experimental studies have shown that
individual neurons can show fits that go beyond the intermediate
range between two models, that is further away from Ge than Te, or
further away from Te than Ge (Pouget & Snyder, 2000; Blohm
et al., 2009; Patel et al., 2014).
Finally, note that our analysis does not account for other factors

that might modulate SC activity, such as eye velocity (Munoz et al.,
1991a,b; Goossens & Van Opstal, 2012), motivation levels (Isoda &
Hikosaka, 2008), attention levels (Goldberg & Wurtz, 1972a,b; Shen
et al., 2003), plans for future gaze shifts or head movements (Mon-
teon et al., 2012), influences of eye position that do not reach statis-
tical significance in our programme (Van Opstal et al., 1995;
DeSouza et al., 2011), or completely random biological noise. For
this reason, none of our spatial models can be expected to reduce
the residuals of fit to zero for any neuron; we can only determine
the best spatial fit.

Results

Neuron population

We recorded from 78 neurons from the left and right SC of two
monkeys, and 60 of these neurons met our inclusion criteria (see
Materials and methods). These neurons showed both ‘closed’ RFs
(with boundaries defined within the range that we tested) and ‘open’
RFs (with boundaries that extended beyond the range where stimuli
could be presented) with peaks varying from 4° to 30° from the
fovea (see Figs 7, 9–11 for examples). On the basis of the criteria
described above, 17 of these neurons were classified as visual neu-
rons, 12 were classified as motor neurons, and 31 were classified as
visuomotor neurons.
Figure 4 summarizes the average (� SEM) spike density profile for

all neurons, derived either from all trials (black/grey lines) or from the
neural response for trials with the top 10% number of spikes (mea-
sured in the specific time epoch explained above) (red/pink lines). The
latter corresponds to trials towards the RF ‘hot spot’ in the preferred
representation of the RF. These spike density profiles are aligned
either with stimulus (Fig. 4B and C) or movement onset (Fig. 4D and
E). The plots show the mean and variability of both the amplitudes
and durations of our visual and motor responses (see Materials and
methods). They also show the fixed temporal windows used to analyse
the visual and motor responses. As noted in Materials and methods,
we also used a variable motor window for the motor burst duration of
each individual neuron, which varied across neurons from �100 ms
to +160 ms with respect to gaze onset. Both methods produced very

Fig. 6. Frequency histograms of goodness of fit for each model across neu-
rons in each cell type. Best models (red) are defined as the models with the
lowest residuals. The possible models (green) did not yield the lowest resid-
ual, but the residual of their fit is not significantly larger than the best fit,
and thus cannot be eliminated. The worst models (blue) are the models with
residuals significantly larger than those of the best model, and were thus sig-
nificantly eliminated as a spatial coding possibility. (A) Distribution of
results for the visual neuron population; > 60% of neurons have Te as their
preferred spatial code. (B) Distribution for visual activity of visuomotor neu-
rons, showing that the majority of neurons still prefer Te; however, the per-
centage is now 36%. (C) For the motor activity of visuomotor neurons, the
percentage for best and possible fits at Te is decreased, and Ge has the high-
est percentage. (D) In motor neurons, dG is the dominant model along with
dE and Ge, with no neuron having Te as its best model.
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similar results for individual neurons and at the population level
(shown in Fig. 8), so, unless stated otherwise, the fixed window analy-
sis was used to generate figures.
Note that our population motor response (and some of the indi-

vidual neuron motor responses shown below) was lower than one
might expect. This is likely, because: (i) we show the number of
spikes of motor neurons by using the top 10% activity surrounding
the peak RF response, rather than repeating saccades to the absolute
peak; (ii) because head-unrestrained gaze shifts are often accompa-
nied by longer, less intense motor bursts than head-restrained sac-
cades (Freedman & Sparks, 1997a,b; Choi & Guitton, 2006, 2009;
DeSouza et al., 2011; Monteon et al., 2012); and (iii) memory-
guided saccades are associated with less intense motor activity than
saccades made directly to a visual transient (Stanford & Sparks,
1994; DeSouza et al., 2011).
The following sections examine each of these subpopulations

(separately considering their visual and motor responses, as appro-
priate), in order to establish which candidate models of their spatial
coding scheme were preferred and which could be statistically elimi-
nated. For reference, Fig. 6 summarizes the percentage of neurons
that gave a best fit (red), the percentage of neurons for which that
particular model remained a possible fit (green; i.e. not statistically
eliminated), and the percentage of neurons that were statistically
eliminated (blue), for each of the models tested, in each frame of
reference.

Visual activity

Figure 7 shows the main results of our analysis of a representative
visual neuron; this includes the spike density and raster plot for the
trials that have the top 10% number of spikes (Fig. 7D), RF plots
for three example models (Fig. 7A–C), PRESS residuals for all
models fitted with kernels of different bandwidths (Fig. 7E), and the
statistical comparison between models (Fig. 7F). In the RF plots,
neural activities for each trial (represented by circle size; see Fig. 5)
are plotted over non-parametric model fits to these same data, indi-
cated by the colour-coded contours. The best fit corresponds to the
model and bandwidth (in this example, 2°) that gave the overall
lowest residuals in Fig. 7E, and the same bandwidth was used for
the other RF plots. The residuals between the data (circles) and the
colour-coded fits are plotted at the bottom of Fig. 7A–C (these
residuals are equivalent to the vertical difference between individual
data points and a linear fit in a standard 2D regression analysis).
In order to visually illustrate the method and results for this neuron,

we plotted the example neural data and their colour-coded fits relative
to (i) Ts, which is roughly equivalent to target position on the screen
(Fig. 7A); (ii) the model coordinates that yielded a significantly worse
fit (Ge) (Fig. 7B); and (iii) the model coordinates that yielded the best
fit for this neuron (Te) (Fig. 7C. This goodness of fit is explicitly indi-
cated by the relatively small (positive or negative) residuals at the bot-
tom of Fig. 7C as compared with Fig. 7A and Fig. 7B. The poor fit

Fig. 7. Example of the analysis for a representative visual neuron. (A) RF plotted in target in space model (Ts) coordinates; the colour code represents the
non-parametric fit to the model. The centres of circles represent the location of the targets in the Ts (i.e. the location of targets on the screen), and the diameter
of the circles is proportional to firing rate for that given trial. The bottom panels show the residuals from fit. (B) Example of an RF plotted in final gaze relative
to initial eye position models (Ge), which results in a poor-quality fit (compare the size of residuals and circle size similarities) (C) RF plotted in the target in
eye model (Te), which results in a fit with significantly smaller residuals. (D) Spike density and raster plot for the top 10% firing rate of this visual neuron. The
sampling window is represented by vertical blue lines; alignment is represented by vertical black line. (E) Comparison between the PRESS values of different
models at the specified kernel bandwidths. (F) Statistical comparison between the best fit and other models; the dashed line represents the significant difference
line, and models represented below P = 0.05 have significantly larger residuals and are thus eliminated as a possible spatial code.
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Fig. 8. Results of population analysis. (A) The visual neuron population shows a clear separation between the Te model and other models, which is repre-
sented by the horizontal line at P = 0.05; thus, anything below this line has a significantly larger residual and is eliminated as a possibility, and anything above
this line that is not the fit with smallest residual (i.e. the best fit) is still considered as a possible spatial parameter that the activity is coding for. The results for
the visual neuron population suggest that this neuron population is encoding the location of the target in eye-centred coordinates. (B) For the motor activity of
visuomotor neurons, gaze-related models are better than the Te model, which suggests a change in coding within individual visuomotor neurons. (C) For the
visual activity of visuomotor neurons, the best fit is still the Te model, but the separation from gaze-related models is less than for visual neurons. (D) For
motor neurons, dG, as the best fit, and some other gaze-related models are among the possible coding schemes, which are, interestingly, better than the Te
model, which may be attributable to another level of visuomotor transformation from visuomotor to motor neurons. For C and D, analysis was also performed
with consideration of full motor burst and full duration of head movement; the results are represented by solid circles and, in cases of similar results, only solid
circles are visible. (E) Population analysis for the combined activity of visual neurons and the visual component of visuomotor neurons; this indicates that the
Te model is significantly preferred over all other models by the visual activity in the SC. (F) Population analysis for the combined motor activity of visuomotor
neurons and of pure motor neurons; there is a trend towards coding for motor-related models, and the Te model is no longer the best fit.
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Fig. 9. An example of visual activity analysis of a representative visuomotor neuron. (A) RF plotted in the Ts model. (B) RF plotted in Te (best fit). (C) Spike
density and raster plot for the visual activity. (D) Statistical comparison between the models.

A B

C D

Fig. 10. An example of motor analysis for the representative visuomotor neuron shown in Fig. 9. (A) RF plotted in the Ts model. (B) RF plotted in the dE
model (best fit). (C) Spike density and raster plot for the motor activity. (D) Statistical comparison between the models.
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for the Ts and Ge models can also be visualized intuitively as overlap
of both small and large circles (visual bursts) at the same spatial loca-
tions in Fig. 7A and B, whereas similar-sized circles cluster together
in the Te model (Fig. 7C), producing a more coherent plot with larger
circles in the centre and smaller circles in the periphery (as explained
in Fig. 5B). This is reflected as a central hot spot in the colour-coded
non-parametric fit for Te (Fig. 7C), whereas the fits appear ‘washed
out’ in Fig. 7A and B.
The statistical analysis for this neuron is shown in Fig. 7F, which

provides P-values comparing the residuals for the overall best model
(Te fitted with a 2° bandwidth kernel) with those of every other
model at that bandwidth. For this neuron, every other candidate
model was statistically eliminated (P < 0.05). These observations
held for most of our visual neurons (Fig. 6A). In 70% of these neu-
rons, there was a significant preference for Te, with most of the
remaining neurons showing a non-significant preference for Te.
It is also important to determine what information is being

encoded at the population level; therefore, we combined the results
of single-neuron analysis for the different populations in the study
(see Materials and methods). The population analysis of visual neu-
rons showed that the Te model was significantly better than of all
the other models that we considered (Fig. 8A), except for the Ge
and dG models, which were close to being statistically eliminated.
These data indicate a clear preference for Te in visual neurons.

Visuomotor neurons: visual activity

Figure 9 shows an example analysis of visual activity of a represen-
tative visuomotor neuron, following similar conventions as in Fig. 6,
but this time only showing: (i) the data points and colour-coded RF
fit for the Ts model as a control reference (Fig. 9A); (ii) the data
points and colour fit for the best RF model (Fig. 9B); (iii) the spike
density and raster plot for the neuron’s top 10% ‘hot spot’
(Fig. 9C); and (iv) statistical comparisons with the best model
(Fig. 9D). In this neuron, Te still gave the best fit, but now the Ge
and dE models were not significantly excluded (Fig. 9D). Across all
visuomotor neurons (Fig. 6B), the visual response showed a prefer-
ence for Te in most cases, and in 53% this preference was signifi-
cant. At the visuomotor population level (Fig. 8C), the visual
response still preferred Te, but the statistical separation between the
Te, Ge and dG models showed less clear preference for the Te
model than the visual response of purely visual neurons.

Visuomotor neurons: motor activity

Figure 10 shows the main results of analysis of the motor activity
of the same visuomotor neuron shown in Fig. 9. Once again, we
have illustrated the fit for the Ts model for reference (Fig. 10A),
for the best fit model (Fig. 10B), the spike raster and density plot
for the neuron (Fig. 10C), and the key statistics in Fig. 9
(Fig. 10D). In contrast to the visual activity described above, where
Te was clearly preferred, the motor burst showed a general prefer-
ence for (but did not clearly discriminate between) several eye and
gaze models (dE, dG, Eh, Gh, and Ge) over Te, although the latter
was not statistically eliminated. In other words, errors in final gaze
position were reflected in variations in motor-related number of
spikes in these neurons, yielding a better overall fit than target posi-
tion alone. Across all individual visuomotor neurons (Fig. 6C), Ge
was statistically preferred in most neurons (58%), but, overall, the
preference for motor burst was more distributed among models
than the visual burst described above, with no clear statistically sig-
nificant ‘winner’.

For the population of motor activity in visuomotor neurons
(Fig. 8B), Ge produced the lowest residuals, but Te, dE and dG
were very similar and were not significantly eliminated. This held
for both the fixed window/head contribution to gaze analysis and
the full burst/full head movement analysis. This suggests a shift in
coding tendencies between the visual and motor components of
visuomotor neuron activity (Fig. 8B and C), which we will quantify
more directly in a subsequent section.

Motor neurons

Figure 11 summarizes the results of our analysis of a representative
motor neuron with the same conventions as in Figs 9 and 10. In
some respects, this neuron showed similar results to the visuomotor
example shown above: the dE model and several eye-related and
gaze-related models (dG, Ge, and Gs) were preferred, without a
clear distinction between them. However, this time, unlike any neu-
ron that we have shown so far, the Te model was statistically elimi-
nated as compared with the gaze-related models. In other words, in
motor neurons, fits that accounted for errors in final gaze position
produced significantly lower residuals than fits that only accounted
for the target location. This was the case in ~80% of the motor neu-
rons tested (Fig. 6D). Across all neurons, dG showed the best fit in
most cases, and, in some cases, this was statistically significant
(Fig. 6D). However, in the population analysis (Fig. 8D), Ge and
dG (which are geometrically very similar models) were nearly indis-
tinguishable, as were several other eye and gaze models. However,
importantly, Te was now significantly eliminated, for the first time,
at the population level. This trend did not change when we consid-
ered full burst and duration of head movement as compared with
fixed window analysis.
When the motor activity was combined into one population

(Fig. 8F), the dG and Ge models gave the best fits (and were nearly
identical), along with dE and Te as candidate models. Again, since
the analysis considering the full burst and the full duration of head
movement did not result in change to either the trend or significant
separation (Fig. 8F). Our statistical analysis should work best with
the largest possible range of data, including small to large move-
ments, so the preceding analysis should not be influenced by the
fact that many of our recorded head movements were small. To ver-
ify this, we repeated our full motor population analysis twice,
excluding trials in which head movements were < 2° or 5°, respec-
tively. For the > 2° head movement analysis (which eliminated 52%
of our trials), Ge gave still the best overall fit. The overall pattern of
results between models (not shown) was similar to that shown in
Fig. 8F, except that, in this case, only Hs, Ts and Th were statisti-
cally excluded. For the > 5° head movement analysis (which elimi-
nated 75% of our trials), Ge was still the best fit overall, and the
overall pattern was again similar to that in Fig. 8F, but this time
only Ts was significantly excluded. Thus, as expected, removing
small head movements did not change the overall preference of the
model, but simply reduced the statistical power of our analysis.

Summary and combined population analysis

To summarize the main results so far, the preferred models for all
populations were gaze-centred models, but we have seen a clear
transition from Te being preferred in the visual burst (Fig. 8A and
C) to gaze models being slightly preferred in the motor burst of
visuomotor neurons (Fig. 8B) to Te being entirely eliminated in the
motor-only population (Fig. 8D). To highlight the main visuomotor
trends, we also performed an analysis of the combined visual popu-
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Fig. 11. An example of analysis for a representative motor neuron. (A) RF
plotted in the Ts model. (B) RF plotted in the dG model (best fit). (C) Spike
density and raster plot. (D) Statistical comparison between the models.

Fig. 12. Population analysis of visuomotor coding along the target–gaze
continuum passing through and between the Te model and the Ge model
(see Materials and methods for detailed definition). (A) Plot of VMI value
for each neuron plotted as a function of its fit on the target–gaze continuum
yields a weak correlation (R2 = 0.092). (B) Frequency distribution of target
vs. gaze coding of visual activity of visual neurons (red) and visuomotor
neurons (pink). Note the clustering of neurons around the Te model, with a
comparably low frequency of neurons represented at the gaze end of the con-
tinuum. The average target vs. gaze tendency of the population is represented
by the dashed vertical red line. (C) Frequency distribution of target vs. gaze
coding for motor activity of visuomotor (grey) and motor (black) neurons.
Note the clustering of neurons around the Ge model, with very few represen-
tations around Te. The overall average of target vs. gaze coding of the popu-
lation is represented by the vertical dashed grey line. These changes in
distribution pattern between visual and motor activity and different neuronal
classes further suggest a visuomotor transformation between different neuron
types in the SC. (D) The target and gaze preference of visual and motor
activity of visuomotor neurons. Each neuron is represented by a black circle,
and the average of the population is represented by the green square. Almost
all circles lie above the equality line, which is suggestive of a target–gaze-
related transformation from visual to motor activity of individual visuomotor
neurons.
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lations and combined motor populations (Fig. 8E and F). When the
visual responses from both the visual population and the visuomotor
population were combined (Fig. 8E), the resulting population
(n = 48) showed a statistical preference for the Te model over all of
the other models that were considered. In the combined motor popu-
lation (n = 43; Fig. 8F), the similar dG and Ge models were front-
runners (see Discussion), with the also similar dE model lagging not
far behind, followed by the Te model; all other models were statisti-
cally eliminated. We retested the full dataset after removing trials in
which the head contribution to gaze was < 2°. This analysis (not
shown in the figures) produced nearly identical results.

Target–gaze continuum analysis

To focus on the changes in spatial coding between our visual and
motor responses, we developed a new continuum analysis between
Te and Ge models. We used Ge here to represent the motor code,
because it uses the same mathematical frame as Te (but note again
that Ge gives nearly identical results to the geometrically similar
dG).
First, we considered how the placement of a neuron along this

continuum related to the relative vigour of visual vs. motor bursts,
by calculating a visuomotor index (VMI) [motor spike count – vi-
sual spike count/(motor spike count + visual spike count)]. The
visual and motor burst spike counts were first subtracted from the
baseline activity (100-ms pre-target period). This gave a score
whereby �1 is a purely visual neuron and +1 is a purely motor
neuron). Neurons classified as visual had VMI values ranging from
�0.83 to �0.15, visuomotor neurons had VMI values ranging from
�0.74 to 0.44, and pure motor neurons had VMI values ranging
from 0.2 to 0.94. Figure 12A shows the VMI plotted as a function
of the Te–Ge spatial coding continuum for all neurons, and each
subpopulation is colour-coded (red, visual neurons; light red, visual
activity of visuomotor neurons; grey, motor activity of visuomotor
neurons; and black, pure motor neurons). This leads to a very
weak positive correlation (R2 = 0.1 for motor response and
R2 = 0.01 for visual response), but one can see a general tendency
for the visual responses to cluster in the lower left, and motor neu-
rons (especially pure motor neurons) to cluster in the upper right.
Figure 12B and C (with the same horizontal axis and colour code

as Fig. 12A) highlights these trends by providing frequency his-
tograms for our different responses and neuron populations along
the Te–Ge continuum. This produced a wide distribution of fits,
even beyond Te and beyond Ge. This is consistent with the theory
that behaviour is determined by the overall balance between mem-
bers of the neuronal population, rather than individual neurons (Pou-
get & Snyder, 2000; Blohm et al., 2009). However, within this
distribution, both types of visual response (i.e. by visual and visuo-
motor neurons) showed their major cluster around Te (Fig. 12B),
whereas both types of motor response (i.e. by visuomotor and motor
neurons) showed their major cluster around Ge (Fig. 12C). In other
words, along the physical continuum between target position and
gaze end points, visual responses tended to encode positions near to
the target, and motor responses tended to encode positions near the
gaze end point. Plotted in this way showed a clear and significant
shift between the coding of the visual and motor responses
(P < 0.0001, unpaired t-test).
To examine whether this shift in spatial coding could occur

within individual visuomotor neurons (which, by definition, show
both a visual burst and a motor burst), we plotted the target–gaze
continuum value of the visual vs. motor response for each visuomo-
tor neuron (Fig. 12D). Almost all of the individual visuomotor

neurons lie above the line of equality, suggesting a shift from target
to gaze within these neurons. Moreover, this shift was statistically
significant (P < 0.001, paired t-test) at the level of the entire visuo-
motor population.

Discussion

The primary goal of this study was to determine what spatial infor-
mation is encoded within temporally defined visual and motor
responses in the primate SC during head-unrestrained gaze shifts.
Our analysis allowed us to simultaneously compare all of the
potential candidate models that have been considered in the litera-
ture. The results showed a statistical preference for eye-centred cod-
ing of target position in the visual response vs. final gaze position
coding in the motor response, even within visuomotor cells. Fur-
thermore, a more subtle trend emerged across neuron subpopula-
tions, with target coding being most prominent in the vision-only
cells, being progressively less so in the visual and motor responses
of visuomotor cells, and finally being statistically eliminated in pure
motor cells. In contrast, we found no clear evidence for effector-
specific coding or non-retinal frames of reference in our beha-
vioural paradigm.

Visuomotor transformation

Although the SC is closely associated with visuomotor transforma-
tions (Schiller & Wurtz, 1975; Sparks, 1986, 1988; Gandhi &
Katnani, 2011; Katnani & Gandhi, 2011), it remained unclear to
what degree these transformations occur within the SC (Takeichi
et al., 2007) as opposed to downstream from the SC (Klier et al.,
2001, 2003a,b; Edelman & Goldberg, 2002). In anti-saccade
experiments, visual responses are tied to the location of the visual
stimulus, whereas motor responses are linked to the direction of
the saccade (Everling et al., 1999a,b; Edelman & Goldberg,
2001). However, in anti-saccade experiments, animals might imag-
ine a target opposite to the stimulus (Zhang & Barash, 2000;
Munoz & Everling, 2004; Fernandez-Ruiz et al., 2007). Consistent
with this, SC activity correlates better with target position than
position-dependent errors in memory-guided saccades (Sparks,
1989; Gnadt et al., 1991; Stanford & Sparks, 1994; Edelman &
Goldberg, 2001). Furthermore, when targets and saccades are dis-
sociated through weakening of the eye muscles or visual feedback
training, SC activity is also linked to target location (Frens & Van
Opstal, 1997; Edelman & Goldberg, 2002; Quessy et al., 2010),
although one study suggested that SC activity can reflect saccadic
adaptation (Takeichi et al., 2007). These results are important, but
it is not trivial to extrapolate from a perturbed system to the nor-
mal system, especially if the adaptation mechanism (e.g. the cere-
bellum) operates in parallel with the main sensorimotor channel
(Optican & Robinson, 1980; Quaia et al., 1999; Straube et al.,
2001).
One advantage of our approach is that the visuomotor separation

was accomplished simply through natural, untrained variability in
gaze end points (Platt & Glimcher, 1998). Previously, when we
applied this method to a pooled visual and motor response across all
types of SC neurons in a visually guided gaze task (i.e. no delay to
separate visual and motor activity types), target coding dominated
the results (DeSouza et al., 2011). If we pooled all of the data in
the current study, we would probably obtain the same results, as the
Te model is so dominant in visual responses and remains a candi-
date model for motor responses in visuomotor neurons. However,
when we separated the ‘visual response’ from the ‘motor response’,
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we found that: (i) pure visual neurons encode the location of the tar-
get; (ii) target coding is also preferred, but less distinctly, in the
visual response of visuomotor neurons; (ii) the motor response of
visuomotor neurons preferentially encodes final gaze position; and
(iv) this preference becomes most distinct in pure motor cells, where
target coding is statistically eliminated. On the basis of these find-
ings, it is tempting to posit a progressive transformation between the
sensory signal in visual neurons to a behavioral output in the pure
motor neurons.
If this is true, it does not mean that these transformations are

occurring exclusively within and between SC neurons. Although
some SC visual cells are known to receive direct input from the
retina (Sparks, 1986), and SC motor responses directly influence
reticular formation saccade responses (Yasui et al., 1994; Rodgers
et al., 2006), the intermediate connections between the superficial
and deep layers of the SC involve complex pathways involving the
cerebral cortex (Wurtz & Albano, 1980), and the SC receives feed-
back from the brainstem burst generator (Moschovakis et al., 1988).
Thus, this signal progression could reflect events throughout the
entire saccade system. Consistent with this, in a recent study of
frontal eye field activity using very similar methods, we found a
similar transition from visual to motor coding (Sajad et al., 2014).
However, in our SC data, the visuomotor progression was more
complete at the level of pure motor neurons.
Another limitation of our study is that we did not establish which

of our cells project to the brainstem gaze control generator vs. feed-
back to the thalamus/cortex (Wurtz & Sommer 2004). However,
these schemes do not conflict, because visuomotor and motor cells
tend to provide such projections (Sommer & Wurtz 2000, Wurtz
et al. 2001), and our results suggest that these cells would provide
the most accurate estimate of actual gaze motion.
No previous study has compared the visual activity of these var-

ious SC neuron types in terms of target vs. gaze parameter codes.
Some studies have proposed that distinct subgroups of visuomotor
neuron populations are involved in transferring the retinal error
signal of the visual activity to downstream structures, for example
the quasivisual cells (Mays & Sparks, 1980) and the visually trig-
gered movement cells (Mohler & Wurtz, 1976), but these studies
did not suggest a transformation in spatial information until further
downstream (Sparks, 1986, 1988, 2002; Hepp et al., 1993; Stan-
ford & Sparks, 1994). The current study suggests that the SC does
not simply relay the retinal code; it is also involved in a transfor-
mation.
One of our most striking findings was the significant shift of cod-

ing along the target–gaze continuum between the visual and motor
bursts of visuomotor cells, with this trend being clear within almost
all individual neurons. This has never been shown before in SC
visuomotor cells in ‘pro’ saccades, but similar observations have
been made with other saccade and reach paradigms in the dorsal
premotor cortex (Caminiti et al., 1991; Crammond & Kalaska,
2000), the primary motor cortex (Ashe & Georgopoulos, 1994), the
posterior parietal cortex (Buneo et al., 2002; Bremner & Andersen,
2012), the prefrontal cortex (Funahashi et al., 1990), the frontal eye
field (Everling & Munoz, 2000; Sajad et al., 2014), and the lateral
intraparietal cortex (Barash et al., 1991a,b).
How and when does this transformation arise? In our memory-

delay paradigm, it is possible that the visuomotor transformation
occurs between visual and delay responses, during the delay, or in
the transformation from delay activity to motor activity. This
evokes the possibility that the gaze signal ‘wanders away’ from
the target signal owing to faulty recurrent feedback in the short-
term memory circuit (Compte et al., 2000; Chang et al., 2012;

Sajad et al., 2014; Wimmer et al., 2014). Another possibility is
that the differences between visual and motor codes arise at the
time of the motor burst, owing to feedback signals that are not
present in the visual response (Soetedjo et al., 2002; Matsuo et al.,
2004; Choi & Guitton, 2006, 2009). For example, some models
and evidence suggest that, during gaze shifts, SC motor responses
are influenced by a brainstem feedback loop that would tend to
relay highly accurate measures of the actual metrics of the gaze
shift (Robinson, 1973; Becker & J€urgens, 1979; Everling et al.,
1998; Guitton et al., 2003).

Effector specificity

A crucial aspect of gaze control is the decomposition of target
position into separate commands for gaze (or the eye) vs. the head
(Daye et al., 2014). Unlike our previous study (DeSouza et al.,
2011), here we were able to distinguish whether the motor activity
of SC neurons is coding for movement vectors, or final positions
of eye or head, as opposed to gaze models (dE, dH, Eh, and Hs,
respectively) as opposed to gaze models. Consistent with our fron-
tal eye field results (Sajad et al., 2014), we found that, overall, SC
motor activity fits best with gaze-related models (Ge and dG),
although the eye displacement model (dE) was not significantly
eliminated. This was probably because eye displacement dominated
the gaze shifts in our animals, so dE was very similar to the gaze
displacement models. However, the dH model was significantly
eliminated in all of our motor activity populations, even when we
considered the full burst and head movement durations. This
agrees with most previous studies, which have suggested that the
saccade-related activity in the SC is better correlated with gaze
motion than with eye motion, and is only poorly related to head
movements alone (Freedman & Sparks, 1997b). It has been sug-
gested that 2D gaze displacement signals from the SC are dissoci-
ated downstream by the brainstem into separate 3D eye and head
control signals (Klier et al., 2003a,b; Stuphorn, 2007; Kremmyda
et al., 2011), probably involving signals from the cerebellum and
vestibular system (Van Opstal et al., 1996; Straumann et al., 2000;
Glasauer et al., 2003; Lehnen et al., 2008).
This seems to contradict some studies that have found head-

related activity in the SC (Walton et al., 2007; Gandhi & Katnani,
2011; Monteon et al., 2012). However, some of these recordings
may have involved a different class of cells than that described
here (Walton et al., 2007). Moreover, it should be noted that our
method only describes which parameter best describes the organiza-
tion of visual and motor RFs, and we only mapped these RFs from
relatively central gaze/head positions. It is possible that weaker sig-
nals were present but were still statistically eliminated by our
method. For example, when we plotted model fits against motor
activity along the continuum between gaze displacement and head
displacement models (not shown here), there was a slight shift in
the overall average away from gaze towards the head, probably
because a few motor neurons did prefer the head displacement
model (Fig. 6D). Furthermore, our finding does not eliminate the
possible contribution of other parameters, including head position
and motion, in other aspects of gaze control. For example, large
head position and movement modulations have been observed in
the SC in experiments that deliberately dissociated eye and head
displacement and/or used very large excursions in head position.
These responses may reflect other aspects of SC organization
(Gandhi & Katnani, 2011; Monteon et al., 2012; Daye et al.,
2014). Thus, to be conservative, our current results should only be
interpreted in the context of centre-out movements and their contri-
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bution to the spatial organization of visual and motor receptive
fields in the SC.

Frames of reference

For a successful visuomotor transformation, the frame of reference
of sensory input (here, the eye) has to ultimately be transferred into
an appropriate frame for muscle contraction (here, eye rotation rela-
tive to head and head rotation relative to the torso). The areas of the
brain involved in sensorimotor transformations contain a complex
array of signals, with some areas showing intermediate frames of
reference (Avillac et al., 2005; Mullette-Gillman et al., 2005, 2009;
Monteon et al., 2013). Nevertheless, eye-centred representations
often dominate the early stages of visuomotor transformations
(Buneo et al., 2002; Crawford et al., 2011). This is consistent with
most head-fixed studies (Andersen et al., 1985; Sparks, 1989; Chen
et al., 1993; Cohen & Andersen, 2002), and extends to head-unrest-
rained studies of the SC (Klier et al., 2001; DeSouza et al., 2011).
In the current SC study – much as in our recent frontal eye field

study (Sajad et al., 2014) – gaze-centred representations again pre-
dominated; that is, Te and Ge were the two most common best fits
across all visual and motor responses, followed by dG. Te clearly
dominated the visual response, but we could not separate the Ge (fi-
nal gaze position relative to eye) and dG (gaze displacement, which
is the same as the projection of final gaze position relative to the
fixation point on screen) models in our motor responses. Both are
gaze-centred, in the sense that initial gaze direction is the ‘0’ in this
coordinate system, but the coordinate axes for dG are actually fixed
in space, whereas the coordinate axes of Ge are fixed in the eye
(Crawford & Guitton, 1997). This necessitates a 3D position trans-
formation between Ge and dG (Blohm & Lef�evre, 2010). Our data
suggest that such a transformation could occur between visuomotor
neurons (which fit Ge best) and motor neurons (which fit dG best),
but, unfortunately, the population analyses for these models gave
results that were nearly identical and certainly not statistically differ-
ent. This is probably because these two models are geometrically
very similar up to gaze excursions of 30° (Fig. 3), which encom-
passes most of the data recorded here (Crawford & Guitton, 1997).
Furthermore, our larger gaze shifts (30–50°) tended to fall beyond
the range of RFs sensitive to our statistical method: either because
they went beyond the region of activity in a closed receptive field,
or because they reached the plateau area of an open receptive field,
where there was little directional modulation. On the basis of this
RF organization, it is not obvious how humans and monkeys are
able to produce accurate directional modulations in very large gaze
shifts (Klier & Crawford, 1998; Klier et al., 2001).
A previous stimulation study was able to separate these models

by evoking very large gaze shifts from the posterior SC, and here,
the Ge model was clearly preferred (Klier et al., 2001). Thus, the
most parsimonious explanation for our results is that the motor out-
put of the SC encodes Ge, but it is possible that the SC is able to
transform Te signals (from visual input or from electrical stimula-
tion) into a dG output in its motor response as a function of intrinsic
gaze position signals (Van Opstal et al., 1995; Smith & Crawford,
2005; DeSouza et al., 2011). Testing between these options will
require further experiments that focus on very large gaze shifts and/
or gaze shifts from large torsional offsets in eye positions. Further-
more, this would require either the localization of closed receptive
fields with peaks very far from the fovea (which we never observed
here), or perhaps simultaneous recordings from multiple sites in the
SC, to understand how the precise direction of large gaze shifts is
encoded at a population level.
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