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SUMMARY AND CONCLUSIONS

1. Most recording studies on the role of the monkey superior
colliculns (SC) in eye movement generation have so far indicated
that the code of the recruited population of cells is a fixed vector
cominand representing the desired saccadic eye displacement vec-
tor, irrespective of the position of the eyes in the orbit. Experimen-
tal evidence from microstimulation, lesions, and neuroanatomy,
however, suggests that the SC may have aceess to an &ye position
signal.

2. In this paper we have tested the hypothesis that SC activity
is influenced by eye position, by recording from presaccadic burst
nenrons while monkeys made rapid eye movements in the light
covering a large part of the oculomotor range.

3. In four alert rhesus monkeys, we obtained sufficient data
from 57 SC single units. The activity of a substaiitial part of these
cells (30/57) appeared to be significantly influenced by eye posi=
tion. Although the tuning propetties of thess cells for saccade
amplitude and direction remained invariant for changes in eye
position, the peak firing rate of these units was systematically
influenced by the position of the eyes in the head.

4. We have characterized this eye position dependence of a
neuron’s activity by a qualitative, model-independent, as well as
by a quantitative model description (gain field), which takes into
account both the tming properties of the ¢ell for eye displacement
vectors and the dependence of eye: position.

5. Although a majority of gain fields had their eye position
sensitivity vector roughly aligned with the optimal saccade vector
direetion (colinear gain field, 17/30), a substantial part of the gain
fields had their eye position sensitivity vectors in quite different
direetions, approximately homogeneously distributed with respect
to the cell’s own direction.

6. We conclude that the SC has access to a signal related to the
positon of the syes in the orbit. Several hypothieses on the possible
functional role of this signal, in relation to the neural code of the
motor map, are discussed.

INTRODUCTION

It is well established that the superior colliculus (SC) is
¢ritically involved in the generation of saccadic eye move-
ments. ‘Cells in its deeper layers have limited movement
fields, meaning that they are recruited with an intense burst
of activity just before and during saccades of particular am-
plitudes and directions. Both stimulation (Robinson 1972)
and recording studies ( Schiller and Stryker 1972) have indi-
cated the existence of a topographically organized motor
map in which neighboring cells have neighboring moverment
fields. A large population of cells within this map is thought
to contribute to the ensuing saccade (Lee et al. 1988; Mcll-
wain 1982: Ottes et al. 1986). Until recently it was generally
held that this active population only specifies the amplitude
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(R) and direction (®) of the oncoming saccade (desired eye
displacement vector) and has no relation to either the actual
trajectory or velocity of the resulting eye movement. Recent
evidence, however, indicates that this picture may be over-
simplified. It was noted by Berthoz et al. (1986), in cat, and
also by Van Opstal and Van Gisbergen (1990), in monkey,
that the firing rate of some saccade-related burst neurons in
the deep layers correlates with saccade velocity. Moreover,
local inactivation of a small part of the motor map leads to
slower; but not to smaller, saccades (Lee et al. 1988), It
was also reported that electrical stimulation at near-threshold
intensities leads to slower eye movements (Van Opstal et
al. 1990). These findings seem to be at odds with a collicular
code specifying only the desired saccadic displacement vec-
tor of the eyes. In a recent study, Waitzman et al. (1991)
have proposed that so-called clipped cells in the intermediate
and deep layers encode dynamic motor error, which is the
instantaneous error of the eye 1o the target position. In their
view, these cell§ are part of the putative local internal feed-
back loop that was hypothesized almost two decades ago
and is thought to guide the instantaneous saccade trajectory
(Robinson 1975; Van Gisbergen et al. 1981).

According to the ideas sketched above, it is assumed that
the output of the motor SC represents an eye displacement
signal (either static or dynamic), which is independent of
eye position in the orbit. We have become interested in

testing this latter assumption for two reasons.

First, in a recent paper, we have investigated the responses
of collicular neurons in order to test the hypothesis that the
motor SC might be involved in the neural implementation
of Listing’s law (the so=called Q-model) (Tweed and Vilis
1990; see Hepp et al. 1993 and Van Opstal et al. 1993, for
a detailed description). We argued that, for that model to
be correct, movement fields of SC neurons should represent
eye movements as three-dimensional (3D) rotations, rather
than as two-dimensional displacement vectors. A corollary
of this argument was that a specific dependence of a cell’s
peak activity as a function of eye position would then be
expected. In particular, the maximunm firing rate should be
most sensitive to variations in initial eye position perpendic-
ular to the cell’s optimal direction (Hepp et al. 1993; Van
Opstal et al. 1993 ). Moreover, saccades evoked by electrical
stimulation would have to be influenced by eye position in
a well-defined way (Van Opstal et al. 1991, 1993 ). Although
our single-unit recordings did not support the Q- -model, we
noted that stimulation-evoked saccade trajectories often de-
pended rather strongly on the position of the eyes in the

orbit (see, e.g., Fig, 2 in Hepp et al. 1993; and Fig. 2 in
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Van Opstal et al. 1991). The observed relation with eye
position, however, was not related to the encoding of List-
ing’s law, because the effect often seemed to follow gualita-
tively the same direction as the evoked saccade vectors,
rather than a gradient orthogonal to the evoked eye displace-
ments.

Second, in the literature there is a substantial body of
evidence provided by single-unit recordings, electrical mi-
crostimulation, collicular lesions, as well as neuroanatomy,
which hint at the possibility that the deep layers of the SC
may have aceess to an eye position signal. Only a brief
account of this evidence will be presented here,

Because saccade-related cells in the deep layers have been
shown to encode desired eye displacement (motor error)
irrespective of the retinal target position, Mays and Sparks
(1980) inferred that the activity in the deep layers must be
updated by oculomoter information. This hypothesis was
strongly supported by experiments in which the saccadic
system needed to compensate for an unexpected disturbance
in eye position cansed by microstimulation of the deep layers
(Schiller and Sandell 1983; Sparks and Mays 1983). Never-
theless, a direct dependence of saccade-related activity on
absolute eye position has so far not been described for the
monkey SC. By contrast, in cat SC, the tonic activity of
some collicular cells was found to be linearly related to eye
position (Peck 1986), and in a more recent study it was
shown that often the visually evoked burst is systematically
influenced by changes in eye position (Peck et al. 1995).

Stryker and Schiller (1975) reported that both the proba-
bility of occurrence and the size and direction of electrically
evoked head movements in monkey SC depend on initial
eye position. More recently, it has been reported that the
trajectories of large saccadic eye movements, elicited by
electrical stimulation at more caudal sites, may be influenced
by the initial gaze direction (Segraves and Goldberg 1984,
see also above). Electrical microstimulation in cat SC has
also been shown to yield eye movements that are strongly
influenced by the starting position of the eyes in the orbit
( Guitton et al, 1980; Mcllwain 1986, 1990; Roucoux and
Crommelinck 1976).

The deficits in the precision of saccadic eye movements
after reversible inactivation or after complete ablation of the
SC are related to eye position (Albano and Wurtz 1982;
Keating et al. 1986; Keating and Gooley 1988).

Recently, a retrogade tracer study in monkey SC demon-
strated the existence of a projection to the SC from the
contralateral nucleus prepositus hypoglossi (NPH) and from
the medial portion of the vestibular nuclei (MVN) (Hart-
wich-Young et al. 1990). Interestingly, both nuclei are
thought to be crucially invelved in the neural integration
process that constructs an eye position signal from velocity-
related inputs (Cannon and Robinson 1987; Cheron et al.
1986).

The motor SC is also known to receive extensive projec-
tions from cortical areas that have been hypothesized to play
a role in the processing of visual and oculomotor informa-
tion. For example, the lateral intraparietal sulcus (area LIP)
has topographically organized projections to the deep colli-
cular layers (e.g., Baizer et al. 1993; Fries 1984; Lynch et
al. 1985). Tt has recently been demonstrated that the activity
of visually responsive neurons within the posterior parietal
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cortex (Area 7a) and movement-related activity in area LIP
is modulated by eye position (e.g., Andersen et al, 1985,
1990; Zipser and Andersen 1988). Thus the peak firing rate
of a parietal cell for a visual stimulus in the center of its
receptive field often depends in a monotonic way on eye
position. This behavior of a cell’s activity has been termed
a gain field, indicating the multiplicative nature of the effect
(Zipser and Andersen 1988 ).

In the present paper we report on the influence of eye
position on the activity of 4 number of saccade-related burst
neurons in the motor SC of the macaque monkey, in a similar
way as has been described for parietal cells, The possible
implications of our findings for models of the collicular role
in saccade generation are considered.

Part of this research has been described in a preliminary
form (Van Opstal 1994),

METHODS
Subjects and surgical procedures

The activity of single cells was recorded ‘with tungsten micro-
electrodes in the deep layers of the SC of four awake rhesus mon-
keys. The monkeys had been trained to follow a small red laser
spot or a red light-emitting diode (LED) with saccadic eye move-
ments. The monkey’'s head was restrained, and eye movements
were recorded with a dual-search coil, allowing for 3D eye position
registration. Eye movement signals as well as spike counis were
sampled at a rate of 833 Hz (CED 1401, Cambridge Electronics).

Surgical procedures for head restraint, recording chamber, and
dual-search coil imiplant are described in detail in Hess (1990),
Hess et al. (1992), and Hepp et al. (1993). In short, under intuba-
tion anesthesia with N,O/O,, the recording chamber was implanted
in stereotaxic coordinates centered at the midline over a trephine
hole. The chamber was oriented perpendicularly to the horizontal
stereotaxic plane. In addition, bolts were implanted to allow for
stable fixation of the head during experiments. A special dual-
search coil (Hess 1990) was implanted on one eye. Eye movements
were recorded with the monkey’s head in the center of two alternat-
ing magnetic fields (20 kHz) in spatial and phase quadrature (Ska-
lar Instruments, Delft, The Netherlands) . In the default experimen=
tal situation, the monkey’s head was fixed in a position tilted nose
down by 15° with respect to the horizontal stereotaxic plane.

Experimental protocol

All eye movement data and single-unit recordings, described in
this paper, were collected when monkeys made eye movements in
the light. As will be explained in more detail below. our analysis
requires 4 large and uniformly distributed saccade data base for
each cell, which must be obtained in a limited amount of time.
Therefore, rather than letting the monkey perform in a paradigm
in which it makes movements to specific targets, different experi-
mental procedures were employed.

In the first type of experiment, we atiracted the monkey’s atten-
tion with pieces of food or novel gadgets, thus encouraging the
animal to make saccades to the limits of the oculomotor range. In
this way, typically 6—9 min of spentaneous. eye movements were
recorded, yielding ~1,000-2,000 saccades in all directions from
a large range of different starting positions.

In the second type of experiment, aimed at extending the oculo-
motor range to three dimensions, monkeys were rotated in the light
about five different axes. Rotations were either about an earth-
vertical axis (at 0.2 Hz, +40° amplitude), or about different earth-
horizontal axes to induce nystagmus in the vertical, torsional, or
vertical semicircular canal directions (with monkeys Ce and Ca at



GAIN FIELDS IN THE SUPERIOR COLLICULUS

0.5 Hz, £30°% with monkeys Criand Yu at 0.2 Hz, +40°). Measure-
ments from maonkeys Ce and Ca were obtained from a vestibular
setup in - which the whole-body rotations were manually controlled.
In later experimental sessions, with monkeys Cr and Yu, the vestib-
ular chair was automatically controlled by computer.

In the last type of experiment ( with monkeys Cr and Yu only),
the monkey was put in different static roll positions (40° right- or
left-ear down) to induce a static torsional counterroll of ~5°. This
paradigm extended the horizontal/vertical oculomotor range even
further. In agreement with earlier findings, in which we showed
that the SC does not contribute a torsional signal to saccadic eye
movements (Hepp et al. 1993), we observed that the induced
counterroll had no influence on the discharge of the presaccadic
collicular neurons.

Localization

In identifying the anatomic location of the SC, the stereotaxic
coordinates of the eleetrode were compared with the coordinates
of easily identifiable landmarks such as the trochlear nucleus, the
ahducens nucleus, or the paramedian pontine reticular formation.

Physiological identification was based on the response properties
of single units. The initial visnally evoked background activity of
onits in the superficial layers was usually followed by saccade-
related activity of single units at deeper sites. We were able to
verify the topographical arrangement of the motor map, both by
recordings and by electrical microstimulation at low intensities
(<50 pA).

‘We think our recordings were made from single SC cellg, rather
than from terminal arborizations of axons, because of the stability
of the recordings, even during vestibular stimulation, and because
unifs could be recorded from over considerable depth ranges.

Finally, after the conclusion of the single-unit recordings, and
for a different experimental series, other landmarks like the rostral
interstitial nucleus of the medial longitudinal fasciculus were inac-
tivated with kainic acid. The animal was perfused under an over-
dose of pentobarbital sodivm, the brain was removed, and histology
was performed (maonkeys Ce, Ca, and Cr). The relative coordinates
of the landmarks were then checked.

Data analysis

Calibration of the dual-search coil signals was performed by a
procedure described in detail in Hess et al. (1992). The result of
this calibration is a parametrization of eye position as a 3D rotation
vector, 7, where the three vectorial components are expressed in
half-radians in a head-fixed Cartesian coordinate system (ses, e.g.,
Hepp et al. 1993; Van Opstal 1993, for particular details). r = 0
coincides with the so-called primary position. Ag has been exten-
sively doeumented in earlier papers from several laboratories, in-
cluding our own, Listing’s law imposes a constraint on these rota-
tion vectors for eye movements with the head at rest and upright:
the torsional component of the position vector satisfies », = 0. In
this way, the rotation vectors belong to a plane, which is known
as Listing’s plane. In all four monkeys, Listing's law was obeyed
with high precision (ftypical torsional width of Listing’s plane
~0,6" compared with an oculomotor range within this plane of 40°
in all directions). 7

Saccades were detected by computer, applying velocity as well
as acceleration criteria: Onset and offset markings ‘were visually
inspected and adjusted, if needed, by the experimenter. Saccades
with marked overshoots, multiple-peaked velocity profiles, or
blinks were discarded from the analysis.

All collicular cells displaying a clear burst of activity that was
leading and tightly ¢oupled to the onset of a saccadic eye movement
were regarded as presaccadic burst neurons in this study. We have
not attempted to systematically dissociate these cells into different
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functional subelasses, such as visual-movement or quasi-visual
(Mays and Sparks 1980), because the required visnomotor para-
digms for allowing such a dissociation were not performed. We
could, however, determine whether the neural activity was clipped
or unclipped, with fegard to saccade termination (Waitzman et al.
1991).

The presaccadic activity of a collicular burst neuron associated
with a saccade into its movement field was quantified in three
different ways: /) the number of spikes, Na,, counted over a
dynamie time window extending from 20 ms before saccade onset
te 20 ms before saccade offset; 2) mean firing rate of the cell,
Fyyy, in this dynamic window

Fayn = Nyl D' (spikes/s)

where D is saccade duration (in 8); note that this activity measure,
as opposed to Nyy, , can differ markedly for small and large saccades
for which cells may fire the same number of spikes; and 3) the
number of spikes, Ny, in a fixed time window, from 50 ms before
saccade onset to 50 ms after saccade onset (e.g., Ottes et al. 1986).
Mean firing rate of the cell, is then determined by
Fp = 10-Ng,  (spikes/s)

Note that, depending on whether or not a collicular unit carries a
correlate in its firing behavior of saccade velocity, Ny, and Fg,
can yield different movement field descriptions for short- and long-
duration saccades.

Results will be presented on the basis of the F, activity mea-
sore. The results obtained with the other spikes-counting criteria
will be considered in the DISCUSSION .

Two different methods have been followed to quantify the data.
In the first method, a model-free description of eye position sensi-
tivity on collicular responses was obtained on the basis of a selected
set of saccade vectors. As will be explained below, this method is
particularly well-suited when saccade vectors are homogeneously
distributed across the oculomotor range. However, this condition
was not always met. Therefore, in order to be insensitive fo a
particular distribution of saccade vectors, we have applied a second
method, in which we propose a quantilative description of collicu-
lar gain fields based on the entire data set. We subsequently com-
pared the results of this analysis with an earlier proposed model
of SC movement fields without eye position sensitivity (Ottes et
al, 1986).

Qualitative description of SC movement fields

Ta assess, in a model independent way, whether a cell was
influenced by initial eye position, we first analyzed the cell’s move-
ment field qualifatively, This method furthermore enabled us to
estimate initial parameters for the fitting procedures of the two
model deseriptions described below.

For each saccade, i, we first determined the initial eye position,
(H;, V), relative to the computed center of the oculomotor range.
In this way, the center of the oculomofor range, rather than the
primary position (see above), was taken as the origin of a head-
centered coordinate frame.

From the data base of a particular cell, we then selected all
saccades for which the saccade-related activity was within 75% of
the absolute peak value, and denoted the obtained amplitude and
direction ranges of these near-optimal saccade vectors as the pre-
sumed center of the cell’s movement. field.

Subsequently, a first-order estimate of the effect on a cell’s
activity due to changes in eye position was obtained for all these
near-optimal saccade vectors, by fitting a best plane (in the least-
squares sense) through the data according. to

Fo=fi +fo H +fo-Vi (1)
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with 7, (spikes/s) and (fu;/v) in spikes/s/deg. Because collicular
neurons are tuned for specific saccade vectors, it should be noted
that systematic differences in the distribution of these vectors ac-
cross the oculomotor range may be wrongly interpreted as an eye
position effect. Therefore, to address this potential problem, addi-
tional statistical tests were performed on these data by assessing
the properties of the saccade vectors and cell activity within various
sectors of the oculomotor range (see below, Statistical evaluation).

We have also: explored a different method for yielding a more
robust description of an eye position influence, which is based an
the entire data base rather than on a selected subset of saccades.
To that means we fitted the cell's movement field according to the
model descriptions presented below.

Model description of SC movement fields

We quantified collicular movement fields in two different ways.
In the first description we took into-account the possibility that the
activity of the cell might be a function of both the coordinates of
the saccade vector as well as eye position. This analysis was called
the collicular gain field description. In the second description we
assumed that the cell’s activity only depended on the coordinates
of the saccade vector. This was termed the classical movement field
analysis. '

To determine a cell’s gain field, we applied a model fit to the
data by applying the following procedure.

1. For each saccade vector, i, with polar coordinates (R;, ®;),
and initial eye position relative to the center of the oculomotor
range, (H;, V;; see above), we took the cell’s activity, F;. We then
applied the x*-minimalization procedure of Levenberg-Marquardt
(Press et al. 1992), to fit the cell’s responses for the complete set
of N saccadic eye movements in the light with the following planar
gain field activity function

(t — ua)® + (v = w)?

3
20,

F, = (a~H, + b-V; + Fy) exp —

(2)

In this equation, u; and v; are the anatomic collicular coordinates,
which are determined by applying the complex logarithmic map-
ping function of the SC motor map to each saccade vector (R,
®, ; see APPENDIX for additional details) (see also Ottes ei al. 1986;
Van Opstal et al, 1990). The six free parameters for the gain field
fit are therefore the eye position modulation vector (or the gain
field gradient vector) a = (a, b) (in spikes/s/deg), the peak
activity of the cell for saccades from the center of the oculomotor
range, Fy (in spikes/s), the optimal saccade vector expressed in
collicular coordinates, (u, Uy both in mm), and the tuning width
of the cell to motor error, measured as the range of collicular space
in the motor map, ¢, (in mm).

2. To test whether the classical movement field function, i.e..
one without eye position modulation, could describe the data
equally well, we also fitted the same data set with a Gaussian
tuning function to motor error, as previously proposed in the litera-
ture (Ottes et al. 1986; Van Opstal et al. 1990).

(i = uo)” + (v; —1g)?

z
20

F, = Fy-exp — (3)

Statistical evaluation

PITFALLS. 'We are aware that certain hidden relationships may
obscure, OF even cause, an apparent eye position—related effect on
the activity of SC cells, First, because collicular units are tuned
for a limited range of amplitudes and directions, a systematic bias
in the distribution of saccade vectors as a function of eye position
may cause unwanted changes in the qualitatively obtained parame-
ters of Eg. I and may thus be erroneously attributed (o an eye
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position effect proper. Two independent tests were applied to inves-
tigate this problem.

1. To check whether the distribution of saccades into the center
of the movement field (defined above) differed for various eye
position sectors, we computed for these saccades the two-dimen-
sional, two-sampled Kolmogoroy-Smirnov (d) statistic (Press et
al. 1992), pair-wise among different eye position sectors evenly
divided over the oculomotor range, and oriented parallel to the
fitted gradient vector (fi, fv) of the gain field (see also RESULTS,
Eq. 5, for further details on this latter procedure). When this statis-
tic is insignificant, e.g., [P(d) > 0.2], the underlying saccade
distributions are statistically indistinguishable at the obtained prob-
ability level. Thus, in those cases, an eye position effect on the
cell’s activity cannot be readily explained by differences in the
distribution of the saccade vectors across eye position sectors.

2. Sometimes, however, the d statistic on saccade distributions
proved to be significant, so that differences in saccade vectors
could potentially underly the qualitatively observed eye position
effect of Eq. 1. Therefore we had to rely on a different criterion
in order to decide whether the gain field could be due to this
artifact, or whether it was nevertheless likely to be real. To that
means, the prediction of the cell’s activity for the actually measured
saccades, according to the fit results of the classical movement
field (Eq. 3), which assumes no eye position medulation, was
compared for different regions of eye positions across the oculomo-
tor range. If a systematic bias in the saccade vector distributions
would underly the observed gain field, this prediction should then
also display a clear, but false, effect for these different eye position
sectors. Although such a relation is still compatible with a real
gain field, cells for which such a relation did indeed emerge were
not included in our population of identified gamn field cells.

A second hidden variable, which could have ap influence on the
results, resides in the possibility of a relation between saccade
velocity and the activity of certain SC cells (see INTRODUCTION),
For example, suppose that centripetal saccades would be associated
with higher firing rates than centrifugal saccades due to a system-
atic higher velocity. Because we are interested in a pure eye posi-
tion contribution to a cell's activity, it might prove difficult to
establish such a relation if these kinematic effects exist. Therefore,
to test for a systematic relation between eye position and eye
velocity for saccades directed into the center of the movement
field, we subjected these movements to a robust linear regression
analysis, according to the following equation

VE%=a+ﬁ~R (4)

where V is mean eye velocity (in deg/s), D is saccade duration
(in ). and R is saccade amplitude (in deg). The parameters a (in
deg/s) and 8 (in's~") were found by minimizing absolute devia-
tion, rather than least-squares error (Press et al. 1992). In this way,
the regression coefficients, which are based on relatively few data
points, are less sensitive to outlying data points.

CONFIDENCE INTERVALS OF GAIN FIELD PARAMETERS. To
test whether the eye position modulation vector, &, found by the
fitting procedure of Eg. 2, differed significantly from zero, we
determined the confidence limits of (&, &) by applying the boot-
strap method (Efron and Tibshirani 1991; Manly 1991; Press et
al. 1992). In short, the fit on the data was repeated 250 times on
data sets of equal length (N data samples of [H;, Vi, w:, vi, Fi1),
which were generated by drawing at random with replacement
(with a uniform random generator) from the original data set of
N points. In this way, each realization of a new data set yielded
different parameter estimates, because the data distribution was
different each time. From the 250 parameter estimates, means and
standard deviations were obtained. These values were taken as the
most reliable estimates for the parameters and their 68% confidence



GAIN FIELDS IN THE SUPERIOR COLLICULUS

1597

2001 0 ‘ ' ' I T
A il -
150 150l |
100+ PJI iool 1 ] E;
S0r S0+ 1 =
Qle - 0 ———L y E
50 0 50 -50 0 50 §
HOR._EYE DISPLACEMENT [deg] VERT. EYE DISPLACEMENT [deg] =
>
UNIT: CR4603 -
<«
B 300 J
100 - 1 =
=
200} . >
HM ﬂ
j\) 100+ W 4
0 T, . l\‘k 0 _,- _4. _; = L .
750 50 '50 0 50 40 30 20 10 0 10 20 30 40
HOR. EYE POSIT!ON [deg] VERT. EYE POSITION [deg) HORIZONTAL EYE POSITION [deg]
mG. 1. Statistical properties of eye movements while recording from cell ¢r4603. A : distribution of horizontal (Jeft) and

vertical (right) saccade components. Note that both histograms are approximately symmetrical and peak around 0°, Means:
Hay = 0.0, and payv = 0.3°. Widths: gay = 4.6, and o5y = 12.9° Total number of saccades: N = 2,735. B: histograms of
horizontal (Jef) and vertical (righr)initial eye positions for fhe same saccades as in A, relative 1o the center of the oculomoter

range. C' distribution of initial eye positions, re O =

(0, 0). for the subset of saccades from A with amplitodes between 10

and 25 (see text). Note homogeneous oculomoter tange with a radius of ~30°. Number of selected saceades: N = 1,531.

level, respectively. A gain field, based on this analysis, was consid-
ered significant ‘when at least one of the two parameters (a, b) had
amean value different from zero'by at least two standard deviations
(95% acceptance level). ‘

CORRELATION ANALYSIS. The parameters yielded by fitting Egs.
2 and 3 to the data were also used to predict the cell’s activity for
each measured set of eye movement coordinates [H., Vi, ;. v ].
In this ‘'way, linear correlation coefficients were obtained between
measured and predicted firing rates for each of the two models. gy
and 7, respectively. Under the assumption of normally distributed
measurements (see, &.g., Fig. 14) and additive Gaussian noise in
the cell’s activity, a standard statistical test was performed on the
significance of the difference between the two comrelation coeffi-
cients (Press et al. 1992). Because the number of data points
was usually very high (N typically >2,000), differences in the
correlation coefficients as low as 0.01 could reach a significance
ievel as low as 0.001,

SIGNIFICANCE OF GAIN FIELDS. As will be made clear near the
end of RESULTS, we have applied several statistical criteria that had
to be fulfilled simultaneously in order to accept the significance of
a cell’s gain field. To clarify these criteria, the full procedure of
our analysis will first be shown for a typical neuron.

RESULTS
General remarks

In this paper we report on a total of 57 presaccadic burst
neurons from the intermediate and deep layers, obtained
from 7 colliculi in 4 monkeys. From these units, we obtained
sufficient data in order to allow for a full statistical analysis.

In what follows, we will first show, in subsequent fi gures,
the various steps of our qualitative and quantitative analysis
for one of these cells (cr4603) that has been identified for
having a significant modulation of its activity by eye posi-
tion. The neuron has a modest gain field but is selected
because it is illustrative for most of the problems described
in METHODS.

Statistics of saccades and initial eye position

The two panels of Fig. 1A show the distributions of hori-
zontal (left) and vertical (right) saccade vector components
of monkey Cr as they were collected during the recording
of cell cv4603, while the monkey was making spontaneous
eye movements in the light (number of saccades: N =
2,735). Note that both histograms are approximately nor-
mally distributed with average values close to 0.0° and com-
parable standard deviations of 14.6 and 12.9°, respectively.
These histograms indicate that there is no obvious bias in
the direction of the saccade displacement vectors, which
would show as a marked skewing of these distributions. In
addition, the majority of the saccades have amplitudes up
to ~20° which agrees well with earlier reports (Bahill et
al. 1975). The two panels of Fig. 1 B show the distributions
of the initial eye position components re to the center of the
oculomotor range (see METHODS) for the same saccades as
in the fop two panels. Note that the position histograms have
approximately the same widths as the saccade distributions,
although the shape of the horizontal position histogram is
more uniform. The distributions for this particular recording
are representative for all four monkeys.

We observed that the oculomotor range ( illustrated in Fig.
18Y), as well as its center relative to primary position (see
METHODS) remained quite stable over time. The center of
the oculomotor range, C, was found to be located within 10°
from primary position in all four monkeys (e.g., mean posi-
tion of C re primary position in monkey Cr, averaged over
16 experimental days: [Cy, Cv] = [—3.3, —4.1] deg. Vari-
ance around the mean: [2.8, 3.4] deg).

A qualitative plot of the tuning curve for this cell as a
function of saccade amplitude indicated that the maximal
activity was reached for saccades with selected amplitudes
between 16.0 and 20.0° at an optimal direction of about & ==
60° (see below, where these numbers are specified by a more
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precise quantitative analysis). The peak reduced to 75% of
its maximum value for amplitudes down to ~10.0° and up
to ~25.0°. We therefore selected, from the complete data
base of the saccades in Fig. 1A, all saccades having ampli-
tndes between 10.0 and 25.0°,

Figure 1C shows all initial eye positions for these selected
saccades (N = 1,531), plotted relative to the center of the
oculomotorrange. The two cross lines divide the oculomotor
range in four equal quadrants relative to C = (0, 0). In the
illustrations that follow (Figs. 2, 3, 6, and 7), data are pre-
sented in corresponding panels for each of these four eye
position quadrants.

Approximately equal numbers of saccades belong to the
four quadrants, which is shown in Fig. 2. In this plot, the
Cartesian coordinates of the selected saccade vectors (R €
[10, 25] deg) are plotted within each of the four eye position
sectors. A qualitative inspection of this figure suggests that
there is no strong bias for specific saccade directions. Spe-
cifically, the direction bins for saccades into the cell’s move-
ment field (around ® ~ 60°, i.e., rightward and upward),
contain approximately equal numbers of saccades in three
of the four quadrants (exception is quadrant 1 in Fig, 2R).

Figure 3 shows, for the identical set of selected saccades
as shown in Figs. 1C and 2, the averaged directional tuning
curves. for this cell in the four different eye position quad-
rants. Each point is computed by taking the ayerage activity

HORIZONTAL, COMPONENT [deg]

(based on the Fy, criterion, see METHODS ) of all saccades
belonging to a directional sector within 20° of the given bin.
Bins are spaced at 10° intervals, so that each average value
is computed by overlapping saccade populations. Upward
directed lines on each data point correspond to one standard
deviation for the corresponding bin. Several points.are worth
mentioning. First, the large standard deviations can be attrib-
uted fo at least two causes.

1. The cell is tuned for both direction and amplitude.
Because saccades, for which a given average is computed,
are distributed over the entire two-dimensional bin of R €
[10.0, 25.0] deg and ® € [Py, = 20] deg; a substantial
range of firing rates may be expected.

2. Intrinsic variability of collicular activity, even for iden-
tical saccade vectors, may be considerable (~40% of peak
firing rate) (see, e.g., Ottes et al. 1986; Stanford and Sparks
1994; Van Opstal et al. 1990). Second, the tuning curves
reach their peaks in approximately the same optimal direc-
tion bin (P = 60°), irrespective of initial eye position. Third,
there appears to be a tendency for the cell to fire at a higher
rate in the lower half of the oculomotor range, when com-
pared with the two upper quadrants. Such a gradual trend
persists, even if the oculomotor range is divided in a square
of 16 sectors (see below, Fig. 4B).

In Fig, 4A the saccades directed into the center of the
cell’s movement field (N = 132; defined in METHODS) are
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FG. 3. A-D: ‘tuning curves of cell
er4603 as a function of saccade direction
for each of the 4 eye position sectors. Data
points are at 10° direction intervals, A data
l point of a given direction bin, Py, i8 com-

puted from the average firing rates, Fayn.

100 200 300 for -all saccades with amplitudes between
AR € [10, 25] deg (see Pigs. 1C and 2),

and directions in the A®y, € [Py, — 20,

| “l

— &y, + 20] deg interval. Note that direction
bins thus overlap. Upward directed lines
correspond to 1 standard deviation around
the mean (in spikes/s). Note the systemati-
cally higher peaks of the tuning curves in
the lower half of the oculomotor range (C
and D), when compared with the 2 upper
quadrants (A and B).
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plotted as straight lines between saccade onset ( +) and offset
(O) in a coordinate system relative to the computed center
of the oculomotor range (see Fig. 1C).

Subsequently, the oculomotor range was divided in a4 X
4 matrix (each sector 20° wide, and 25% overlap with neigh-
boring sectors), and mean firing rate of the cell was com-
puted for each of these 16 eye position bins. Figure 4B
provides a mesh plot of these peak firing rates, in which a
clear and gradual gradient of the cell’s activity with eye
position can be discerned. The activity is substantially higher
for downward eye positions, when compared with upward
initial positions, Multiple regression of the measured mean
firing rates for the population of 132 optimal saccade vectors
of Fig. 4A (Eg. 1) indeed resulted in an optimal plane with
a gradient in the downward direction: (fu, /) = (—1.2,
—4.1) spikes/s/deg (f, = 160 spikes/s).

To show that the selected saccade vectors are homoge-
neously distributed dlong the gain field gradient direction, we
have computed the two-dimensional Kolmogorov-Smirnov
statistic (see METHODS ) for two eye position sectors equally
spaced along ( fi1, fv ), by applying Eg. 5 to these data. Figure
4C shows the distribution of the saccade vectors [plotted
relative to the estimated center of the movement field, (R,
®) = (16.5, 60) deg], for each of these two halves (open
circles; upward eye positions, N' = 73; asterisks: saccades
belonging to the downward sector of eye position, N = 59),

100 300 500

SACCADE DIRECTION [deg)

The probability of the d-statistic is found to be 0.33, which
indicates that it is highly likely that the two saccade vector
populations have been drawn from the same probability dis-
tribution. The average firing rates in these two sectors is,
however, significantly different (Student’s f-test = —2.5;
P(r) < 0.01). Similar results are obtained when eye posi-
tions are divided over three equal sectors along the fitted
gradient direction (not shown).

To check whether perhaps the observed influence of eye
position on the cell’s firing rate could be attributed to a
systematic change in saccade kinematics, mean eye velocity
of saccades within a narrow amplitude bin (i.e., within 10%
of the estimated optimum amplitude, which in the case of
cell cr4603 was 16.5°, see below) was plotted as a function
of saccade direction in the same format as Fig. 3 and in-
spected for systematic trends. In all four eye position quad-
rants, the mean eye velocity of the saccades within the ® =
60 + 20° bin had similar values (414 + 16°/s averaged over
the 4 quadrants; not shown). Thus we did not obtain marked
differences in the velocities of centripetal versus centrifugal
saccades into the movement field. Also, main sequence fits
between amplitude and mean eye velocity were determined
for each quadrant (according to Eq. 4) for saccades belong-
ing to the center of the movement field (see Fig. 44) and
checked for significant differences. Figure 5 shows the result
of this latter analysis for the data of cell ¢r4603. Different
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FIG. 5. Main sequence characteristics of the saccades in the optimal
mefrics bins of Fig. 4A. Mean eye velocity is plotted as a function of
saccade amplitude. Bach eye position $ector is identified by a different
symbol (see inset). Robust regression for the 4 quadrants according o Eg.
4 yields the following. R + U: & = 199.3%/s; 8 = 12.1 sr =064 L+
U.a=18L0°s; B=1515"".r=078. R+ D:ia = 146.1%/s: f = 158
5 r =076 L+ D:a=160.1"s 3 = 16.1s5"; 7 = 0.86. Apart from
the R + U quadrant, these regression lines arestatistically indistinguishable:
Thus no systematic dependence on eye position is apparent.

symbols refer to the different eye position quadrants (see
inset). Note that amplitudes appear to be roughly homoge-
neously distributed over the 10.0-25.0° range for most sec-
tors (see also below). Although a somewhat larger scatter
for mean velocities and smaller correlation coefficient in
the top-right quadrant (R + U) was obtained, the robust
regressions for the other three sectors were statistically indis-
tinguishable (see legend of Fig. 5, for details).

To further quantify the effect of eye position on the aetiv-
ity of this unit, we subjecied the complete set of 2,735 sac-
cadie eye movements to the two model descriptions of Egs.

FG. 4. At saccades are selected in the estimated optimal amplitude/
direction bin: [AR] = [L0, 25]. and [A®] = [60 + 20] deg (N = [32).
Saccade vectors are plotted relative to the center of the oculomotor range
as straight lines between onset position ( +) and saccade offset position
(©). Data from recording of er4603. B: qualitative mesh plot of the cell's
gain field based on tiling the oculomotor range by a regular 4 X 4 matrix
of 20 X 20° in witich neighbering sectors overlap by 25%. Height of each
point in the mesh plot 1§ the mean firing rate of saccades belonging to the
given eye posifion sector. Gray code symbolizes intensity of firing. Note
that highest firing rates are ‘obtained for initial eye positions in the lower
oculomotor range and that there is a gradual decrease in activity for increas-
ing elevations. Muiltiple regression (Eg. 1) on the data of A yield: f; = 161
spikes/s, fy = —1.2 spikes/s/deg, and fy = —4.1 spikes/s/deg [r = 0.36,
P(r) < 107%]. C: saccade vectors relative to the estimated optimal saccade
(R, @) = (16.5, 60) deg (indicated by center of the eross ), for 2 populations
of saccades belonging to 2 equally large nonoverlapping sectors along the
fitted gradient of the gain field. /. Thus open citcles indicate saccades of
the top half the oculomotor range (N = 73 ), whereas asterisks eorrespond
to saccades of the bottom half (N = 59). The 2-dimensional Kolmogorov-
Smirnoy statistic for these 2 populations, 4 = (.33, is insignificant. indicat-
ing that both saccade populations are statistically indistinguishable
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FIG. 6. Result of the gain field fit (Eq.
2) for neuron cr4603. The 4 panels corre=
spond to directional tuning curves in the 4
quadrants of the monkey's oculomotor
range and are plotted in the same format
and scaling as Fig. 3. Saccade amplitudes
have been selected around the fitted optimal
amplitude (R = 14.6°), such as to yield at
least 75% of the predicted peak firing rate
. of the cell for saccades in the optimal direc-
tion, (® = 65.5°), made from H = V = (°.

Thus R € [9, 23] deg. Asterisks correspond
to the measured mean firing rate of the cell
within the selected amplitude and direction

bin. Open circles indicate the prediction of
the-cell’s firing rate for the same population
of saccade vectors, based on the fitted pa-
rameters of Eg: 2 (see Table 1). Standard
deviations around the predicted mean firing
rates are nonzero because of the range of
selected amplitudes (14°) and directions
(%20°) within each bin (typically ~20 re-
sponses/bin). The optimal direction of the
cell and the direction of the gradient vector
of the fitted planar gain field (¥ = 267°),
are approximately in the opposite direction.
See text and Tahle 1 for further details.

SACCADE DIRECTION [deg]

2 and 3. Figure 6 shows the result of fitting the gain field
model (Eq. 2) to all saccades of Fig. 1, A and B. The data
are displayed in the same format as Fig. 3, so that only the
result of the fit for saccades within a restricted amplitude
range, defined by 75% of the predicted peak firing rate for
saccades from [H, V] = (0, 0), is shown (R € [9, 23]
deg). The open symbols correspond to the predicted average
firing rate, whereas upward directed lines are the predicted
standard deviations. It is important to note that these standard
deviations are now entirely due to the scatter of the saccade
vectors within each [AR, A®] bin. Asterisks are the mea-
sured mean firing rates for the same saccade vectors, as they
are also shown in Fig. 3. Note the good corresponderice
between fit and data in all four eye position sectors. The
linear correlation coefficient between predicted and mea-
sured firing rate was highly significant (rgg = 0.75; P <
107%). The optimal saccade vector obtained by the fit was
estimated as (R, ®) = (14.6, 65.3) deg, which agrees well
with the qualitative observations made above. The optimal
motor error tuning width in the collicular motor map is 0.73
mm, and the peak firing rate from the center of the oculomo-
tor range F, = 199 spikes/s. These values are close to those
typically reported in earlier studies (Stanford and Sparks
1994; Ottes et al. 1986; Van Opstal et al. 1990). However,
the most important distinguishing feature of the model is the
gain field modulation vector, @, which was determined as
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(a, b) = (—0.4, —3.8) spikes/s/deg. The direction of this
eye position gradient vector equals ¥ = 267.0° and is almost
opposite to the cell’s optimal direction (AP = 202°). Note
that this direction corresponds well to the gradient that was
obtained by linear regression on optimal saccades only (Fig.
4B). Thus also the gain field model of Eq. 2, applied to the
entire data set of 2,735 saccades, predicts that cell cr4603
has an anti-linear gain field and that its strength is 3.8 spikes/
s/deg.

The result of fitting the data to the classical movement
field function of Eg. 3 is shown in Fig. 7. Despite the high
correlation between predicted and measured firing rate
(rep = 0.72; P < 107%), this model appears to deviate in a
systematic way from the measured values. In the upper eye
position sectors the fit overestimates the measuored firing
rates, whereas for the lower sectors the data are underesti-
mated. The difference between the two correlation coeffi-
cients was found to be highly significant [ P(diff) < 107°].

It is important to note that the predicted peak value of the
classical model fit for measured saccades in each eye posi-
tion sector reaches the same value of ~163 spikes/s. This
is even true for the saccades in the top-right quadrant. As
we have argued in METHODS, this indicates once more that
the eye position dependence, observed by qualitative inspec-
tion of Figs. 3 and 4, cannot be explained by systematically
different distributions of saccade vectors in the four eye
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position quadrants. Note that the optimal values of the pa-
rameters [uy, Vo, Fa, 0,] are in good agreement for both
models (see legends to Figs. 6 and 7 and Tables 1 and 2).
This strongly suggests that the significant improvement of
fitting the data by Eg. 2 is obtained by including the parame-
ters (a, b) in the model’s description.

To further assess the statistical significance of the fitted
values of gain field vector &, a bootstrap simulation was run
on the neuron (see METHODS ). Figure 8 shows the resulting
parameter distributions of a and b for four identified gain
field neorons. In all four cases, either one or both gain field
parameters differ significantly from zero by at least two
standard deviations (see legend and Table 1).

On the basis of the fitted gain field vector a2 = (a, b) of
Eq. 2, we considered an additional check on the eye position
effect. A planar gain field modulation indicates that one
should expect a significant and maximal increase in the cell’s
mean firing rate for initial eye position components parallel
to the fitted eye position gradient vector, To investigate this
prediction quantitatively, the following procedure was fol-
lowed. First, all saccades belonging to the bin around the
optimal vector (for cell CR4603: R € [9, 23], ® € [65 =
20] deg) were selected (N = 141). Then, for each saccade,
i, the component of initial eye position parallel to the nor-
malized gradient vector a, = (a,. b,) = alNa® + b*, was
computed according to

SACCADE DIRECTION [deg]

El=H,-a, + Vb, (5

Figure 9A shows the mean firing rate for the individual sac-
cades as a function of E!. The correlation coefficient between
E' and Fy, is significant [» = 0.30; P(r) < 10™*]. The inser
displays the direction of the fitted gain field gradient vector,
a (%) and the direction of the optimal saccade vector (O).
Linear regression vields a line with a slope of 3.6 spikes/s/
deg, which is quite comparable with the value of 4.1 spikes/
s/deg found by the multiple regression analysis presented. in
Fig. 4, and the value of 3.8 spikes/s/deg found by fitting the
entire data set of 2,735 saccades ( see Fig. 6). Note that mean
eye velocity of the selected saccades as a function of E' has
only a very weak correlation [~ = 0.12; P(r) = 0.04; bottom
of Fig. 9A]. In line with the observations made above, this
indicates once again that the increase in firing rate along the
gradient of the fitted gain field vector cannot be attributed to
systematic changes of saccade velocity.

In Fig. 9B, the individual spike trains corresponding to
the selected saccades have been ranked as a function of the
corresponding E! component. The right-hand side of this
panel shows the histogram of mean firing rate during the
saccade as a function of E!. Although not immediately obvi-
ous from the spike trains, a systematic decrease of mean
firing rate with decreasing E| can nevertheless be observed.
The cumulative histogram at the botton of this panel shows
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TABLE 1. Gain field fit results

Unit a b F;, R @ T N r  Type
2506 —0.06 234 207 398 1049 1.11 2,050 071 C

cr3002 —1423 -542 866 10.0 1043 048 1426 087 O+
crd403  -224 343 268 195 746 048 2991 076 C

4404 —026 608 659 277 727 088 L1633 000 C©

ord405 264 952 668 454 640 1.12 3920 076 C

erd500  —035 890 314 222 776 048 2042 059 C

er4502 032 913 733 258 627 066 1332 090 C

crdS04 429 559 559 298 540 075 2,745 085 ©

crd60l  —1.05 446 268 142 862 037 952 078 C

crd603 0,38 —-379 199 146 653 0.73 2735 075 A

crd902 3.64  2.80 135 328 1712 0.87 1,642 049 A

cr5002 053 292 141 362 963 075 2812 049 C

crs3o0l 6.66 214 738 94 846 054 4534 078 O—
er5302 859 077 731 103 B850 056 4303 084 0O—
5404 6.62 —3.28 443 41 1034 (.75 5878 0.67 A

6001 —121 451 764 192 1251 086 3,670 092 C

yul302 142 021 138 292 685 145 2892 0.78 O-
yul503 =591 -919 683 36 754 045 3.199 083 A

yul60F  —0.21 —1.24 146 160 668 123 2,136 053 C

cal804 —1.82 042 232 86 1113 0385 1335 085 C

cal901 1.37 002 152 174 887 066 431 0.79 O-—
¢a0902 1.83 074 163 165 744 077 756 0.68 C

cal502 968 [.27 284 140 2102 045 2,069 0.65 A

cal803 —0.19 200 142 3L7 1050 095 1446 074 C

ca8905 =391 =120 273 119 2242 077 745 078 C

cu8909 7.01 -2.14 587 2.5 1983 040 838 088 A

ca%002 123 103 201 &4 679 097 1373 079 C

ce310] 261 7.2 321 80 S6.8 097 1588 072 C

ce3102 —1.50 533 270 93 502 085 660 064 C

ceSI10] 697 —3.28 326 46 505 062 961 077 O—

Parameters of fitting the model of £yg. 2 to the complete data set for each
cell, which had a significant gain field (¥ = 30).

the presaccadic burst associated with the saccades into the
movement field.

As an important check for the existence of a planar gain
field, no significant relation should emerge if mean firing
rate is plotted as a function of the component of eye position
perpendicular to the gain field gradient, i.e.

= —H b+ Vi-a, (6)

The result of this analysis, in the same format as Fig. 94,
is shown in Fig. 9C. In this case the cortelation coefficient
is indeed insignificant [r = —0.09; P(r) = 0.38; slope of
the linear regression line is —0.9 spikes/s/deg]. Also the
spike trains, when ranked as a function of EL, no longer
display the systematic dependence of eye position as in Fig.
9B (not shown), Mean velucuy now tends to decrease with
E* [r = —042; P(r) < 4.107°; bottom figure] but cannot
be related to the behavior of the cell’s firing rate as a function
of this parameter. 7

In summary, we considered a cell to display a significant
planar gain field when its behavior obeyed all of the criteria
outlined above.

1) A significantly better correlation coefficient for the fit
of Eg. 2 than for Eq. 3 (Figs. 6 and 7). In addition, the
highest correlation coefficient should exceed r = 0.70. Thus
at least 50% (r*®) of the variability in the data should be
explained by the model description.

2) No “*false’” gain field when the prediction of the firing
rates is made according to Eg. 3 (Fig. 7).
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3) A significant relation for the analysis according to Eq.
5, but no significant relation for Eg. 6 (Fig. 9).

4) Statistically significant components of a according to
the bootstrap simulation (Fig. 8), in the sense that at least
one of the components should differ from zero by at least
two standard deviations.

5) No systematic differences for saccade velocities into
the center of the movement field, elicited from the different
eye position sectors (Figs. 5 and 9).

6) Sufficient numbers of saccades within the selected am-
plitude range, equally distributed over the various eye posi-
tion quadrants (Figs. 1C and 2);

7) Consistent alignment for the eye posmon modulation
vectors found by the model-free method, f = ( fig, fi/) of Eq.
1, and by the model description of the collicular motor map,
a = (a, b)of Eq. 2 (Figs. 4B and 6).

In all cases, the significance level for rejection was taken
at P > 0.05. Table | provides the tesults of the gain field
fits (Eq. 2) for our complete sample of identified gain field
neurons, Table 2 shows the results of the fit of Eg. 3 for the
same population of neurons.

A total number of 22 of 37 cells (39%) meet all of these
criteria. If no restrictions are imposed on the strength of the
correlation coefficient for the gain field model, even 30 cells
(59%) appeated to meet our criteria (see Table 1). In Fig,
10 an attempt is made to characterize the entire population
of 22 gain field neurons. Figure 10A displays the distribution
of the mean horizontal and vertical gain field gradient com-

TABLE 2.  Classical movement field fit results

Unit Fi R o T r Plran > rer)
er2506 173 371 [06.5 1,14 0.70 0.014
¢r3002 779 9.9 103.6 0.50 0.84 *
crdd03 254 19.1 739 0:48 0.74 *
crd404 584 25.9 71.9 0.88 0.88 T
cr440s 484 38.9 61.7 l.14 0.73 *
cr4501 257 21.5 78.0 0.46 0.53 #
crd502 701 26.1 63.6 0.65 0.88 T
cr4504 454 279 548 0.76 0.83 Ly
cr4601 250 13.8 86.3 037 0.76 0.008
cr4603 218 15.2 654 0.74 0.72 =
crd4902 224 36.7 173.8 0.79 047 0.017
cra002 93 313 97.6 0.77 0.45 *
cr5301 770 9.3 83.8 0.52 0:76 .
cr3302 748 10.3 83.7 055 081 #
cr5404 77 34 99.1 0.89 0.62 *
cr6001 726 18.5 123.5 0.86 0.92 0.005
yui3z02 137 28.9 73.6 1.44 0.76 T
Y1303 637 3.3 75.0 0.46 0.81 *
yul603 133 17.9 66.2 1.23 (.52 0.04
ca0804 243 85 1110 0.83 (.84 0,004
ca0901 149 18.2 88.3 0.67 0.76 0.018
ca0902 154 15.9 76.2 0.75 0.65 0.005
cals02 289 144 2119 .50 0.60 *
cal803 112 28.7 105.0 0.96 0.73 0.004
ca8905 246 11.0 225.2 0.78 0.75 T
ca8909 608 2.5 2012 0:40 0.86 E
£a9002 196 8.1 67.0 0.97 0.78 0.033
ce3l01 333 7.2 58.1 0.93 0.67 ke
ce3102 283 8.7 48.6 0.85 061 0.025
ce5101 350 4.5 45.8 0.61 0.74 i

Parameters of filting the model of Eg. 3 to the complete data set for all
cells of Table 1. Significance of difference in correlation coefficients: *P <
107 4P < 1074
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In Fig. 10B the gradient vectors are plotted relative to the
fitted optimal motor error direction of the cell, by determin-
ing their difference angle, A® = y — @. In this plot the
solid lines correspond to the length of each gain field vector
(lall = vya* + b*). The four diagonal sectors may roughly
characterize the gain field gradients as colinear vectors (C),
antilinear vectors (A), or orthogonal vectors (O+, O-),
respectively. In our sample of neurons, the majority (13/22)
falls within the colinear (11/13)/antilinear (2/13) cones,
whereas 9/22 neurons have orthogonal gain field directions.
The correlation between gain field direction, ¢, and optimal
motor error direction, ®, is not significant (7, = 0.32;
P > 0.05). The relative proportions of these gain field types
do not appear to be very sensitive to the set of criteria im-
posed above. For example, when we alleviate the demand
ren = 0.70, these relative numbers are for C type: 17/30; A
type: 4/30; and O type: 9/30, respectively.

DISCUSSION
General summary

A substantial portion of our total sample of neurons (22/
57) could be described by planar gain fields, which suggests

the presence of an eye position signal at the level of the
collicular motor map. It appeared that the tuning of the cells
does not change as a function of eye position, because in all
cases the peak activity occurred for saccades having similar
vectors all over the oculomotor range. However, the height
of this peak activity was found to be modulated by eye
position in a similar way as has been described for neurons
in monkey posterior parietal cortex (Andersen et al. 1985,
1990). Often, however, the shape of this modulation could
be quite complex, both in parietal cells, as well as for a
number of collicular cells in our sample. In this study we
have provided a first-order approximation of this phenome-
non by the planar gain field description.

We believe that the observed effects are not caused by
the nse of vestibular stimulation. First of all, as is. shown
for the neuron depicted in Figs. 3-8, the gain field persisis
when only eye movement data are taken that were generated
without a vestibular stimulus. In fact, the cell’s gain field
parameters did not change for either experimental mode.
Second, in an earlier paper we have shown that vestibular
stimulation with a prominent torsional component does not
have a significant influence on the firing of collicular neurons
(Hepp et al. 1993). Indeed, that study indicated that the
collicular code could best be described by a desired eye
displacement vector, d, within Listing’s plane. This conclu-
sion was corroborated by electrical microstimulation that
always yielded saccadic displacements within this plane



GAIN FIELDS IN THE SUPERIOR COLLICULUS

1605

800 . i & = .
|/ ] v
00| 25 7004
oo —" | oo g 2 i & o
o
z § 18 -, B g
& s00) @ @ g 5001 o
E o o g fof e a 9%
Z 400 % & 5| = 4w e °
o o . o o
2 P ° F4 9 e a
£ 1 ’ | £ :
E300] oo © ¢ 08 5 E a0l o o dm %9 W o5 o
E % a sl a po % a4 % ag
9 8 o 5 E 2 .8 "% e g o
=200 § . = 500 2 o v 5 BT,
A6, m
L3 o o & % 7o
a @ Totn o w8
100 <5 100 & %40 gqg & pgs
a ‘ o TRETE & '{S%ageg a%n e
40 50 40 -150 100 50 50 100 0 180 300 40 30 20 10 0 16 20 30" 40
Wsan Rate (Hz]
= ; 2504 - - g gw -
Em, 200 I B0l
E1s0f - E
400 z a0
i =100} a
> >
szom &% I‘|_| sm
= . . s e ] . . L ) "
40 @ 20 0 ] 10 20 T} w0 A0 o &0 [ 5 10 150 40 = 20 0 ] 20 30 ]
EYE POSITION // GAIN FIELD [dea] TIME rs, SACCADE ONSET sl EVE POSITION |_GAIN FIELD {deg]

HG. 9. Firing rate of saccades into center of the movement field. A : saccades are selected in the optimal [ AR. A®] bia,
resulting from Eg. 2'(N = 141). Top panel; mean fring rate for individual saceades as a function of their initial eye position
component along the fitted gain field gradient vector, E' (see Eg. 5). Despite the high variability in the cell’s activity, which
is due io both the scatter in saccade metrics and intrinsie variability of the cell, high firing rates tend to coincide with high
values of E'. The correlation between these 2 variables is highly significant [» = 0,30, P(#) < 10~%]. The regression line
has an intercept at F = 162 spikes/s and a slope of 3.6 spikes/ s/deg. Note that these values agree well with the optimal fit
values of Eg. 2 (see Table 1), which were based on the complete data set of 2,735 saccades. Bottom panel: mean eye
velocity of the same saccades 4s a function of EV. The correlation coefficient, r = 0,12, is significant [P(7) = 0.04]. However,
the slope of the regression line is very modest. Thus changes in saccadic eye velocity cannot explain the tendency of an
increase in mean firing rate with E'. B: individval spike trains, from 150 s before to 150 ms after movement onset, for
each saccade of A have been ranked according to £/, The right-hand side of this pangl shows the cumulative histogram of
mean firing rate as a function of £'. Note steady decrease of the mean firing rate as E' decreases, The bottom paiel shows
the cumulative spike histogram associated with the saccade. Note that the burst reaches its peak value slightly before saccade
onset. C, fop panel: activity for same: saccades as in A, now plotted as a funetion of E- ( Eq. 6). In this ease, no significant
relation of mean firing rate with E* is obtained: r = 0.04 [P(r) = 0.58]. Regression line: intercept at F = 170.0 spikes/s;
slope —0.4 spikes/s/deg. Bottom panel: mean eye velocity.. A significant negative correlation is obtained [ 7 = —0.30: P(r) =

4.107°]. Note that this behavior cannot be related to the cell's activity.

(Hepp et al. 1993; Van Opstal et al. 1991}, irrespective of
stimulation site or initial eye position.

Although the present study suggests that collicular activity
may be better characterized by a four-parameter description,
given by the eye position sensitivity (or gradient) vector
a= (a, b), and the desired eye displacement vector, M =
(R, ®), both optimal vectors are still confined to Listing’s
plane. This latter point was supported by the static roll exper-
iments in monkeys Cr and Yu (5ee METHODS ), during ‘which
a static counterroll of the eyes up to |r,| = 5° was obtained,
Nevertheless, the cell’s behavior was always characterized
best by a displacement vector in Listing’s plane,

Notice that even the cells with a strong orthogonal gain
field (e.g., ¢r3002 and ¢r5302; see Table 1), showed no
significant relation between the mean firing rate of the cell
and the torsional component of the saccadic eye displace-
ment vector. This result therefore supports our earlier single-
unit findings (Hepp et al. 1993), which indicated that List-
ing’s law is not implemented at the level of single units in
the motor SC. Thus the presence of orthogonal gain fields
is not in conflict with this view (see also below).

As has been briefly outlined in the INTRODUCTION, several
lines of earlier experimental evidence have suggested that
the colliculus may have access (o an eye position signal. To
our knowledge, the present study provides a first systematic
attempt to quantify the influence of variation in eye position
on the activity of neurons in the monkey colliculus.

Comparison with other studies

Our quantitative analysis indicates that the absolute
strength of the gain fields can be quite high: in 13 of 22 gain
field neurons, the eye position sensiti vity vector exceeded a
value of 5 spikes/s/deg. This sensitivity appears to be even
higher than the values reported for posterior parietal cortex
where the modulation by eye position may be seen to be
roughly between 1 and 3 spikes/s/deg (see Andersen et al.
1990). Therefore one must wonder why it was not observed
before. Several factors may have contributed to this apparent
discrepancy.

First, the activity of collicular neurons is endowed with
a substantial amount of noise: the firing rate of a given
neuron may vary by tens of percents of the peak firing rate,
even for identical saccades into the center of the movement
field. Therefore. in order to observe the second-order effect
of an eye position modulation, one must measure a large
sample of saccadic eye movements, homogeneously coy-
ering the full oculomotor range. Indeed, simulations with
the gain field model of Eg. 2 indicate that multiplicative
noise in the firing rates of 40% of the peak (which is a
reasonable estimate for the amount of noise in a typical
collicular neuron ) will hide an eye position sensitivity of 3
spikes/s/deg for homogeneously drawn sample sizes below
500 saccades.

Second, the absolute activity of cells in the colliculus can
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reach intensities up to ~900 spikes/s (see Table 1). In this
respect, the relative effect of eye position is rather modest:
if one takes the quotient g = ||al|/Fy, which measures the
relative contribution of each degree variation in eye position
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to a cell’s firing rate, it appears that ¢ =~ 1.7%/deg. This is
in remarkable agreement with the values for LIP neurons
reported by Andersen et al. (1990). indicating a modulation
depth of 40% of the peak firing rate for eye position varia-
tions over a 30° range (cf. their Table 3). The difference in
absolute value with our collicular neurons may be due to
the Jower firing rates of the cortical cells.

In summary, in order to observe a collicular gain field,
one needs a large range of eye positions along the gain field
sensitivity vector (yielding an optimal eye position effect in
the order of tens of percents of the peak firing rate) and
large numbers of saccades (for filtering' out the random
noise, which is of the same order).

The first two points are the main reason that casual inspec-
tion of the spike trains (see, e.g., Fig. 9B8) does not readily
show the influence of eye position for each saccade.

In most collicular recording studies, the monkey is re-
quired to fixate a visnal target in an otherwise darkened
environment, before the saccade is triggered by a peripheral
visual stimulus. In our paradigm, the monkey is encouraged
to look around ‘‘spomntaneously’” in the well-lit laboratory
room. The saccades are therefore self-generated and not con-
tingent upon reward. It should be noted that the saccades
generated by our monkeys had normal main sequence prop-
erties and also that the velocity profiles of the saccades and
their variability were within normal limits. One potentially
important factor that is different for the two paradigms is
the involvement of the rostral fixation zone (Munoz and
Waurtz 1993). It has been suggested that cells in this zone
exett an inhibitory influence on the saccade-related burst
neurons during fixation. However, when the monkey is not
engaged in active fixation, as is the case in the spontaneous
visuomotor paradigm, the rostral fixation cells are practically
silent (Munoz and Wurtz 1993). Thus the excitability of
cells in the motor SC may be substantially different for
the two experimental paradigms, and it is possible that the
inhibitory fixation mechanism may further mask the second-
order influence of the eye position signal.

Althoungh the significance of the gain field in three cells
vanished when the activity was guantified in the fixed time
window around saccade onset (N, ), almost identical gain
field results were obtained in the far majority of cells. The
result of this analysis is shown in Fig. 11, where the gain
field parameters a and & are compared for the fit on Fyy,
versus Fy,. Thus it appears that the manner of spikes count-
ing is not a prominent factor in the emergence of these gain
fields.

Possible neurophysiological interpretations

DYNAMIC INTERPRETATION. A majority of gain fields in our
sample of neurons (50%) appeared to have the gradient
vector roughly aligned with the direction of the optimal
saccade displacement vector. The possible function of such
colinear gain fields could be related to a dynamic interpreta-
tion. Suppose that, for eccentric eye positions, stronger
elastic forces need to be overcome than for more central
eye positions, because of an increase in the spring constant
of the extraocular muscles. Then, if an equally fast and
accurate saccadic eye movement is made from a peripheral
fixation position toward an even further eccentric eye posi-
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tion, more innervation of the plant is needed than from
central fixation points. Such a need for dynamic compensa-
tion might be reflected in collicular neurons as a colinear
gain field modulation, provided these neurons are part of
the control signal that specify saccade kinematics. Indeed,
as is summarized in the INTRODUCTION, recent evidence
suggests such a role for the colliculus (Berthoz et al. 1986:
Lee et al. 1988; Van Opstal and Van Gisbergen 1990; Wait-
zmann et al. 1991). However, the presence of gain fields
orthogonal to the cell’s optimal direction (41%), or even
oppositely directed (antilinear) gain fields (9%), like the
example neuron cr4603, cannot be readily accounted for
by this dynamic hypothesis.

INCOMPLETE GAZE COMMAND. The miotor SC has been im-
plicated in the coordination of both eye and head movements,
by sending a common gaze-displacement signal to these mo-
tor systems (gaze = eye-in-space). Indeed, electrical stimu-
lation in the SC of the head-free cat yields coordinated eye-
head saccades (e.g., Roucoux et al. 1980), whereas the gaze
perturbations evoked by SC stimulation in the dark are fully
compensated by the first subsequent eye-head saccade
(Pelisson et al. 1989). Because in our experimental setup
the monkey’s head is restrained, it should be considered
whether the observed gain fields could be due to an incom-
plete expression of the collicular gaze command. There are
at least three reasons that are inconsistent with such an expla-
nation. First, one would expect a systematic bias in the distri-
bution of saccade vectors as a function of initial eye position,
because, in certain parts of the oculomotor range, the unre-
strained monkey would tend to generate a head movement
more likely than in other parts. This would result in an eye
position dependence of saccade amplitude that, however,

was not observed over a large part of the oculomotor range

(e.g., Figs. 4A and 5). Second, because eye and head make

Fyn V8. Ny Note the high correldtion between the results of the 2 measures, indicating the: robustness. of the gain field

well-coordinated movements during gaze shifts, gain fields
should all be approximately colinear. As is explained above,
gain field directions were rather homogeneously distributed
with respect to the optimal motor error vector. Third, one
would expect that the strength of the gain field would be
proportional to the gaze amplitude vector, because head
movements predominantly occur for large-amplitude gaze
displacements (Roucoux et al. 1980). We found, however,
that the correlation between |a|| and the amplitude of the
optimal motor error vector was insignificant (r = —0.16;
P > 0.1; see also Table 1).

GRADUAL TRANSFORMATION. Following the visuomotor
pathway for saccade generation, one moves from purely vi-
sual areas to exclusively premotor and motor nuclei. How-
ever, along this pathway, several regions have now been
implicated to carry a mixed code, in which visual receptive
fields appear to be modulated by oculomotor input. Gain
fields have now been described for posterior parietal cortex
(areas 7a, and LIP) (Andersen et al. 1990) and visual area
V3a (Galletti and Battaglini 1989), and even receptive fields
of cells in the LGN (Lal and Friedlander 1990) and primary
visual area V] (Weyand and Malpeli 1993) have recently
been reported to be influenced by eye position in much the
same way as has been found in parietal cortex.

It is conceivable that the SC reflects its position between
the visual and the motor areas of this pathway, by carrying
an increasing amount of motor-related signals, mixed with
a purely sensory code. The presence of these eye position
signals may thus not constitute any specific functional role,

TARGET REPRESENTATION. Although there appears to be a
predominance of colinear gain fields in our sample of gain
field neurons, a substantial portion of the cells display gain
fields in quite different directions (see Fig. 10B). If one
supposes that the underlying distribution of eye position sen-
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sitivity vectors with respect to a neuron’s oN direction con-
tains at least two independent directions, it is interesting to
consider a different hypothesis on the possible functional
role of collicular gain fields (Van Opstal and Hepp 1995).

The recorded population of 57 neurons consists of roughly
two equal classes of cells: cells with and cells without a
significant gain field. In our hypothesis, the entire population
of cells, with and without a gain field, is proposed to embody
a collicular output code that reflects both an oculocentric
motor error signal, as well as a desired position of the eyes
in a craniocentric code.

The craniocentric signal, which is directly sent to the brain
stem saccade burst generator, was already proposed almost
two decades ago by Robinson ( 1975), but so far no evidence
for a head-centered target representation feeding directly into
the brain stem has been provided. In fact, studies of the
collicular role in saccade generation had rather suggested
the fixed-vector nature of its output code, which has led
to several revisions of the original Robinson scheme (e.g.,
Jirgens et al. 1981; Scudder 1988; Waitzman et al. 1991).
In these revised schemes, the colliculus transmits a desired
eye displacement signal.

However, there are several reasons why relying only on
displacement signals relative to the fovea may not be an
optimal solution for the class of problems with which the
saccadic system is faced.

First, in displacement models, the target must be contino-
ously updated after each saccade in order to maintain spatial
accuracy (Goldberg and Bruce 1990). If, on the other hand,
the target would be stored in a head-centered reference
frame, a target remapping needs to be done only once (from
a retinal representation into a craniocentric code). After this
remapping stage, every eye movement automatically yields
the coordinates of the next motor error vector of the target,
independent of the number of intervening eye movements.
If the remapping process is endowed with noise, the overall
accuracy of a goal-directed saccade after several intervening
saccades would not deteriorate in the latter model (apart
from inaccuracy imposed by a ‘*leaky’’ memory over longer
time scales ), whereas displacement models would yield rap-
idly increasing errors.

Second, saccades can also be directed quite accurately
toward auditory and somatosensory defined stimuli. This
requirement makes a retinocentric update mechanism a
rather cumbersome one.

Parietal neurons have been hypothesized to play a role in
the neural transformation of target position from a retino-
topic to a craniocentric code (Zipser and Andersen 1988).
In area LIP, a considerable proportion of the neurons has
been reported to possess a gain field, whereas motor error
encoding has also been found in this region. These neurons
are known to project to the SC. Because infinitely many
combinations of motor error and eye position signals can
give rise to the same desired eye position signal in the head,
the laiter cannot be reconstructed from gain fields when there
would only be colinearity. One would need at least two
independent directions of eye position modulation to be able
to reconstruct the desired eye position vector. Thus, in princi-
ple, all possible eye position modulation vectors re to the
optimal displacement vector would be expected in such a
scheme. For any given desired eye displacement code, and
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given eye position, a specific weighting of the gain field
population activity may signal the correct target vector to
downstream circuits, In this way, the same output population
of neurons may in fact send simultaneously two different
signals to the pulse generator (an oculocentric and a cranio-
centric code) and both may be operative during saccades.
In Fig. 12, a conceptual diagram of the proposed model is
presented.

Recently, the properties of a quantitative neural network
model that incorporates these concepts have been studied
(Van Opstal and Hepp 1995). Our resulis indicate that a
population of gain field neurons, with randomly distributed
eye position sensitivity vectors and with modulation
strengths comparable with the ones found in this study, is
indeed capable of encoding both an accurate representation
of desired motor error, as well as a desired eye position in
head-centered coordinates. Indeed, we have also shown that,
in principle, such a scheme may effectively encode the de-
sired rotation axis of the eye in three dimensions.

APPENDIX: FIT PROCEDURE OF MOVEMENT
FIELDS

We have applied the afferent mapping function as described by
Ottes et al. (1986) and Van Opstal et al. { 1990) in order to relate
the saccade vector (x, y) = [R cos (@), R sin (®)] (in deg) to
anatomic coordinates (u, ») (in mm). In this latter coordinate
system, the activity distribution in the motor map may be described
by a rotation-symmetrical Gaussian in good approximation. How-
ever, a problem with this simple description arises when movement
fields of saccade-related burst neurons are close to the vertical
meridian representation, because in that case, the activity is divided
aver two, anatomically separated, colliculi. To overcome this prob-
lem, we have applied the following procedure.

1) On the basis of our qualitative plot of the direction-dependent
tuning curves:of the cell under study (see, e.g., Fig. 3), the optimal
direction of the cell’s movement field, @, was estimated as the
mean of the direction bins for each eye position sector where mean
firing rate reached its peak value,

2) We then performed a clockwise rotation on the saccade vee-
tors over @, deg, so that in this rotated system, the estimated
optimal direction coincided with @ = 0° (i.e., rightward)

(AT)
(A2)

x' = cos @y - x + sin By
Y = —sin Dy x + cos By

3) Subsequently, the collicular coordinates, (u', v’), for the
rotated saccade components, (x', y"), were computed by applying
the complex logarithmic afferent mapping function of the motor
SC

V(x| + 4)7 4y

"= £B,-In
“ A

(A3)

r

i (A4)

v = B, arctan ————
! |x"| + A

where 4" < 0 for x" < 0 (leftward saccades). B, and B, are
collicular magnification factors and were taken. from the literature:
B, = 14 mm, and B, = 1.8 mm/rad, respectively. A is a scaling
constant, A = 3.0° (see Oties et al. 1986, for details).

4) Because the saccades for which the cell fires are now all
distributed around the v = 0, u > 0 representation, the disconnected
nature of the collictlus no longer comes into piay.

5) Then Egs. A2 and A3 were applied to the data and, after the
iteration procedure had found the minimum 2 solution, the inverse
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mapping formulas of Egs. 2 and 3 were used fo relate w) and
vj to eye movement coordinates x4 and yj, respectively (see also
Ottes et al. 1986)

a'

e (U—ﬂ) = I’

o ( L‘é)
sin | — |
with xy << 0 for u} < 0.
6) Finally, these parameters were rotated anticlockwise over
@, deg in order to get the optimal saccade components, (Xo, ¥o),
in the original coordinate system

x5 = *=A-|exp (AS)

ug

(AB)

yo = A exp

"

xg = co8 Dy x§ — sin By i

(A7)
(AS)

Yo = sin Byper x5 + cos Byt Vh
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