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Two- Rather Than Three-Dimensional Representation
of Saccades in Monkey Superior Colliculus

A. JoHN vAN OpsTAL,* KrLAus HEpP, BERNHARD J. M. HEss,
DOMINIK STRAUMANN, VOLKER HENN

Saccades are controlled by neurons in the brainstem reticular formation that receive
input from the superior colliculus and cortex. Recently two quantitative models have
been proposed for the role of the colliculus in the generation of three-dimensional eye
movements. In order to test these models, three-dimensional eye movements were
measured in the alert monkey to investigate whether the saccadic motor map of the
superior colliculus is two-dimensional, representing retinal target vectors, or three-
dimensional, representing three-dimensional motor error for the rotation of the eye.
Electrical stimulation of the superior colliculus produced two-dimensional, not
three-dimensional, eye movements. It is therefore concluded that the collicular motor

map is two-dimensional.

HE MONKEY SUPERIOR COLLICULUS

(SC) is a brainstem structure that is

important in the generation of sac-
cadic eye movements (1). Electrical stimula-
tion of the SC produces saccades with short
latencies at low stimulation thresholds. Sac-
cade amplitude and direction depend pre-
dominantly on the site of stimulation (2, 3).
Cells in the deeper layers of the SC burst
vigorously for saccades that are directed into
their movement field (the range of saccade
vectors for which a particular SC cell is
activated), and the neural activity related to
movement is tightly coupled to saccade on-
set (1, 4). Furthermore, the SC provides an
important input to the reticular formation,
where the burst generator for all rapid eye
movements is situated (5, 6). Whereas abla-
tion of the SC (7, 8) causes only minor
permanent deficits in saccadic performance,
small local injections of either muscimol or
lidocaine (9), which inhibit neural activity,
cause profound deficits for saccades directed
into the affected movement field. Parallel
pathways, presumably incorporating the
frontal eye field (FEF), may be able to
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compensate for most of the deficits after
ablation of the SC (7).

So far, researchers have investigated the
function of the SC by measuring eye move-
ments in two dimensions (horizontal and
vertical). Recently, however, theoretical
studies have shown that a complete descrip-
tion of the rotational kinematics of eye
movements must be in three dimensions,
that is, it must include torsion (10, 11).
There are two ways of describing the kine-
matics of saccades. One description is a
trajectory; eye position is described by a

position (primary position). Experimental
evidence shows that all virtual rotation axes
describing eye positions lie in a single plane
[Listing’s law (12)], which is defined as
Listing’s plane (Fig. 1) if the head is upright
and stationary. The other description uses
the rotation of the eye from the starting
position of the saccade to the instantaneous
position. It has been shown experimentally
that in this description saccades have fixed
angular velocity axes that are not confined to
a plane (13) and therefore require a three-
dimensional (3-D) parameter space. These
two descriptions are equivalent and are a
consequence of the noncommutativity of
rotations in 3-D space (10, 11).

We have investigated the neural imple-
mentation of Listing’s law. Listing’s law
may be implemented upstream from the
motor SC [the quaternion model (11)]. The
axis, when the eye moves from initial posi-
tion r 4 to final position rg, both in Listing’s
plane (Fig. 1), is thought to be coded in the
motor colliculus as the rotation vector (10,
14, 15):

rAg =Ig —rp +ra Xrp 1)

where X denotes the vector outer product
(10, 11). In this model, the collicular vector
rag, the direction of which is the angular
velocity axis of an eye rotation, will, in
general, be tilted out of Listing’s plane
because its torsional component, rxg = (ra
X rg)¥, is nonzero whenever r, and rg are
nonparallel rotation vectors (13).

A corollary of Eq. 1 is that electrical
stimulation will, in general, yield saccades
that bring the eye out of Listing’s plane (17)
in a specific way: the torsional component of
the eye, achieved after stimulation, is deter-
mined by

virtual rotation from a head-fixed reference s = |lkap| - r* (2)
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Fig. 1. Listing’s law for eye position of visually evoked eye movements. Eye positions (15) were sampled
at regular intervals during and between saccades in the light (1575 data points) with the head pitched
downward by 15°. All eye positions lie in a well-defined plane with zero torsion. Typical standard
deviation in the torsional direction was less than 1°. The plane is perpendicular to the torsional
direction, thus defining the direction of primary position (cross mark). Data from monkey Ca. (A)
Frontal (horizontal-vertical) view of Listing’s plane. The center of the oculomotor range is, for this
monkey, downward from primary position. (B) Side view of Listing’s plane along the interaural line.
(C) Top view of Listing’s plane along the vertical axis. Units for both figures are the following: a
rotation vector component of 0.1 corresponds approximately to p = 10° according to the formula r =
tan(p/2) * n (14, 15).
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where r,p is given by Eq. 1 and r* is the
component of the onset position vector, r,,,
that is orthogonal to the rotation axis r,5 (16).

A second consequence of this model is
that collicular movement fields are 3-D even
for visually evoked saccades. One should
therefore find that the majority of cells have
their movement field center outside Listing’s

" plane. Such cells will fire optimally for sac-
cades having a rotational axis with a specific
torsional component, and their firing rate
should thus depend in a systematic way on
saccade onset position.

On the other hand, the SC may be con-
ceived as a two-dimensional (2-D) oculo-
centric motor map (2) that elicits horizontal
and vertical components of saccades corre-
sponding to the desired eye displacement
(10), dag, from Listing position r, to rg:
dg = ry — r4 (the vector model). Thus, the
torsional component of the angular velocity
vector, if needed by the eye-muscle system,
is determined downstream of the SC, for
example, in an eye position—dependent feed-
back loop (10). In this model, the centers of
collicular movement fields are all in Listing’s
plane (17), and no deviation of Listing’s law
is expected after saccades elicited by electri-
cal stimulation: rg = dap + rg,.

We have tested the predictions of these
two models by measuring eye position in
three dimensions in three alert rhesus mon-
keys with an implanted dual scleral search
coil (18, 19). We electrically stimulated the

deeper layers of the SC (110 sites in six
colliculi; current strengths between 10 and
100 pA) at locations where neural activity
related to movement had been recorded
carlier, while letting the monkey look
around; we thereby obtained a large range
of initial eye positions in Listing’s plane.

Microstimulation at a typical site of the
right SC of monkey Ca yielded saccade
trajectories in the horizontal-vertical and
horizontal-torsional plane (Fig. 2, A and B).
We examined the amount of eye torsion
after electrically evoked saccades as a func-
don of t* (Eq. 2) (Fig. 2C). A least squares
regression fit for the data points (slope,
—0.0037 £ 0.001) is much closer to the
prediction (slope, 0.0) of the vector model
than that of the quaternion model. The
results for all stimulation sites are presented
in Fig. 2D. If the quaternion model applied
to our data, the values would be scattered
around the line with slope 1.0 (line Q).
Instead, the data are much closer to the
horizontal axis, although a weak relation
emerges, especially for large-amplitude sites.
The results obtained for monkeys Br and Ce
are similar to those for monkey Ca. The
slight slopes that we found might partly be
due to nonlinearities of the eyeball-eye mus-
cle system when the eye reaches the limits of
its motor range.

We conclude that Listing’s law is imple-
mented downstream of the SC on the basis of
experimental data with electrical microstimula-

Fig. 2. Results of electrical 04
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monkey Ca. (A) Saccade tra-
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330 Hz). Starting positions 04

S
1
T

0.2

Horizontal component
=2
o

04

Horizontal component
° o
(=] o8

&
S [
T —T

of the eye were scattered 0z 00
widely within the oculomo-
tor range. Saccades were di-

0.2 04 06 04 02 0.0 0.2 0.4
Vertical component

Torsional component

0.1 c

0.05[

rected leftward and down-
‘ward. Mean amplitude
equals 29.3°. (B) Same data
as in (A) in side view. Sac-
cades remain in Listing’s
plane. (C) Quantitative test
of the prediction of the
quaternion model (Eq. 2)
and the vector model for
collicular coding of sac-

Tor.slonal component

00f = Lot

0.2

e
=

=4
o

Measured slope

.
o
-

cades. Data from (A) and 11 0z
Orthogonal component

(B). The continuous line
(Q) represents the predic-
tion of the quaternion model (slope [rag| =

0.0 0.2 04 00 0.1 0.2 03

Predicted slope

0.261), whcrcas the dotted line is the fitted regression line

through the data points (rs* = —0.0113-0.0037 - r; SD of fitted slope: o, = 0.001; n = 47). Note
the differences in scale for ordinate and abscissa. (D) Result of analysis, as in (C) for all stimulation sites
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tion. Our interpretation is further supported by
the results of single unit analysis in the SC (17).
Because a parallel pathway that bypasses the SC
is known to exist, by which the FEF can send
its signals directly to the reticular formation (7),
Listing’s law may be implemented upstream
from the SC. As Listing’s law is preserved after
collicular stimulation (Fig. 2), this possibility
would require the bypass pathway to provide
on-line torsional error. Since local inactivation
of the SC reduces the dynamics of saccades into
the affected movement field (9), which suggests
that this parallel pathway may in fact be nor-
mally ineffective, the possibility of such fast and
accurate on-line error feedback of eye torsion is
unlikely. Also, a bilateral chemical inactivation
of neuron populations in the SC, which was
large enough to drastically reduce the frequen-

-cy and amplitude of visually elicited saccades,

did not lead to a deterioration of Listing’s plane
for the remaining spontaneous eye movements
and did not abolish rapid phases of the vestib-
ulo-ocular reflex in three dimensions (20).

These results are different from those ob-
tained from neurons in the rostral interstitial
nucleus of the medial longitudinal fasciculus
(riMLF) in the midbrain, the structure that
directly controls the motoneurons that gener-
ate vertical and torsional rapid eye movement
components. A bilateral iMLF lesion leads to
the permanent loss of all rapid eye movements
with a vertical or torsional component; this
result functionally localizes the riMLF between
the SC and the extraocular motoneurons (6).
Analysis of unit activity in the riMLF reveals
that many neurons code torsional movement
components: unilateral inactivation leads to
torsional deficits (6), and electrical stimulation
always induces eye movements with a torsional
component (21).

We postulate that Listing’s law for visual-
ly evoked saccades is implemented down-
stream of the SC. Like the visual map in the
superficial layers, the motor map in the
deeper layers of the SC is organized in
oculocentric coordinates. This 2-D organi-
zation greatly simplifies multisensory coor-
dination, such as the generation of saccades
to auditory targets (22) or the coordination
of eye and head (23) or eye and arm (24).
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Neuronal Activity

in Narcolepsy: Identification of

Cataplexy-Related Cells in the Medial Medulla

JEROME M. S1EGEL,* ROBERT NIENHUIS, HEIDI M. FAHRINGER,
RicHARD PAUL, PRIYATTAM SHIROMANI, WILLIAM C. DEMENT,
EMMANUEL Mi1GNoOT, CHARLES CHIU

Narcolepsy is a heurological disorder characterized by sleepiness and episodes of
cataplexy. Cataplexy is an abrupt loss of muscle tone, most often triggered by sudden,
strong emotions. A subset of cells in the medial medulla of the narcoleptic dog
discharged at high rates only in cataplexy and rapid eye movement (REM) sleep. These
cells 'were noncholinergic and were localized to ventromedial and caudal portions of
the nuclevs magnocellularis. The localization and discharge pattern of these cells
indicate that cataplexy restilts from a triggering in waking of the neurons responsible
for the suppression of muscle tone in REM sleep. However, most medullary cells were
inactive during cataplexy but were active during REM sleep. These data demonstrate
that cataplexy is a distinct behavioral state, differing from other sleep and waking states
ini its pattern of brainstem neuronal activity.

HE NARCOLEPTIC DOG EXHIBITS
most of the symptoms of human
narcolepsy. It has episodes of cata-
plexy, the loss of antigravity muscle tone
triggered by emotional excitement. It also
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has periods of REM sleep just after sleep
onset and increased- sleepiness, as in the
human condition (7). Canine and human
cataplexy have similar pharmacological re-
sponses; both are exacerbated by «; norad-
renergic blockers (2) and improved by am-
phetamine, methylphenidate, and related

drugs and by antidepressants (3-5). Both
human and canine narcolepsy are genetically
determined (4, 6).

It has been hypothesized that narcolepsy
is a disease of REM sleep regulation (7).
Accordingly, the cataplexy and sleep paraly-
sis of narcolepsy représent a triggering dur-
ing waking of mechanisms that normally
suppress muscle tone during REM sleep.
Similarly, the hypnagogic hallucinations of
narcolepsy result from a release of the dream
imagery of REM sleep into waking, and the
REM sleep periods at sleep onset result from
a loss of mechanisms that normally delay this
state until after non-REM sleep. With the
narcoleptic dog, one can investigate this
hypothesis at the cellular level.

The suppression of muscle tone during
REM sleep requires the integrity of the
dorsolateral pons (8) and the medial medulla
(9). Chemical stimulation studies have iden-
tified two distinct medullary regions that
mediate muscle tone suppression: a rostro-
ventromedial region corresponding to the
ventral and caudal portions of the nucleus
magnocellularis (NMC) and a caudomedial
region corresponding to the nucleus para-
medianus (10). A cell type within the medial
medulla and dorsolateral pons has a high
discharge rate during REM sleep and a low
discharge rate during both active and quiet
waking (11-14). This cell type is absent in'
adjacent pontine and medullary regions that
are not required for atonia (15, 16). If
cataplexy represents an abnormal activation
of the atonia mechanism of REM sleep, then
there should be a population of cells that is
maximally active during both REM sleep
and cataplexy in these regions. To search for
these cells, we recorded the unit activity in
the medial medulla of the narcoleptic dog
during sleep-waking states and during cata-
plectic attacks.

Four narcoleptic dogs (Doberman-Labra-
dor crossbreeds) were implanted through
the interparietal bone with medified micro-
drives of the type that we have used in the
freely moving cat (16). Each drive propelled
two bundles of seven 32-um microwires,
and each animal had two microdrives. The
microdrives passed through the transverse
sinus, necessitating careful hemostasis dur-
ing surgery, and then through the cerebel-
lum and fourth ventricle, with the micro-
wires projecting into the medulla.

Table 1. Discharge rates (spikes per second) of medial medullary cells in sleep-wake states and

cataplexy.
Quiet Active Cata-

Cell type waking waking plexy REM Non-REM n
Cataplexy-off 8.8 20.8 54 17.9 6.9 52
Cataplexy-on 9.2 6.7 16.4 19.5 4.6 10
Other 13.1 15.8 13.9 23.3 12.4 24
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