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Abstract. The neural signals that hold eye position origi- 
nate in a brainstem structure called the neural integrator, 
so-called because it is thought to compute these position 
signals using a process equivalent to mathematical inte- 
gration. Most previous experiments have assumed that 
the neural integrator reacts to damage like a single math- 
ematical integrator: the eye is expected to drift towards a 
unique resting point at a simple exponential rate depen- 
dent on current eye position. Physiologically, this would 
require a neural network with uniformly distributed in- 
ternal connections. However, Cannon et al. (1983) pro- 
posed a more robust modular internal configuration, with 
dense local connections and sparse remote connections, 
computationally equivalent to a parallel array of inde- 
pendent sub-integrators. Damage to some sub-integra- 
tors would not affect function in the others, so that part 
of the position signal would remain intact, and a more 
complex pattern of drift would result. We evaluated this 
parallel integrator hypothesis by recording three-dimen- 
sional eye positions in the light and dark from five alert 
monkeys with partial neural integrator failure. Our previ- 
ous study showed that injection of the inhibitory 7 
aminobutyric acid agonist muscimol into the mesen- 
cephalic interstitial nucleus of Cajal (INC) causes almost 
complete failure of the integrators for vertical and tor- 
sional eye position after --~ 30 rain. This study examines 
the more modest initial effects. Several aspects of the ini- 
tial vertical drift could not be accounted for by the single 
integrator scheme. First, the eye did not initially drift 
towards a single resting position; rapid but brief drift was 
observed towards multiple resting positions. With time 
after the muscimol injection, this range of stable eye posi- 
tions progressively narrowed until it eventually approxi- 
mated a single point. Second, the drift had multiple time 
constants. Third, multiple regression analysis revealed a 
significant correlation between drift rate and magnitude 
of the previous saccade, in addition to a correlation be- 

* Present address: Montreal Neurological Institute, 3801 University 
Street, Montreal, Quebec, Canada H3A 2B4 
Correspondence to: T. Vilis 

tween drift rate and position. This saccade dependence 
enabled animals to stabilize gaze by making a series of 
saccades to the same target, each with less post-saccadic 
drift than its predecessor. These observations were pre- 
dicted and explained by a model in which each of several 
parallel integrators generated a fraction of the eye-posi- 
tion command. Drift was simulated by setting the inter- 
nal gain of some integrators at one (perfect integration), 
others at slightly less than one (imperfect integration), 
and the remainder at zero (no integration), as expected 
during partial damage to an anatomically modular net- 
work. These results support the previous suggestion that 
internal connections within the neural integrator net- 
work are restricted to local modules. The advantages of 
this modular configuration are a relative immunity to 
random local computational errors and partial conserva- 
tion of function after damage. Similar computational ad- 
vantages may be an important consequence of the modu- 
lar patterns of connectivity observed throughout the 
brain. 
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Introduction 

In the last few years much attention has been focused on 
the principle of parallel distributed processing in the 
brain, mainly with reference to connectionist models 
(Crick 1989; Arnold and Robinson 1991). These models 
emphasize the importance of lateral connections between 
parallel channels. Modular connectivity, e.g. the columns 
of sensory cortex (Mountcastle 1957; Hubel and Weisel 
1959), is one basic pattern that has been observed 
throughout the brain without any clear rationale for its 
significance (Purves et al. 1992). This pattern is not as 
obvious in some motor systems, but has been theoretical- 
ly proposed for a simple and well-defined motor opera- 
tor, the oculomotor integrator (Cannon et al. 1983). The 



444 

purpose of the present study was to test this hypothesis 
experimentally and explore its implications. 

David A. Robinson was the first to suggest the exis- 
tence of a neural integrator in the oculomotor system. He 
noted that the primary commands for eye movement re- 
semble eye velocity signals and so proposed that the neu- 
ral eye-position signal is derived from the former signals 
by a process equivalent to mathematical integration 
(Robinson 1968). The positional drift that results from 
damage to such an integrator would account for the com- 
monly observed clinical disorder called gaze-evoked nys- 
tagmus (Leigh and Zee 1991). The experimental search 
for this neural integrator amassed favourable evidence. 
Stimulation of the paramedian pontine reticular forma- 
tion induced constant-velocity horizontal eye move- 
ments that held their final position, suggesting that the 
induced activity had been integrated (Cohen and Komat- 
suzaki 1972), while lesions of the cerebellum gave rise to 
eye position drift consistent with imperfect integration 
(Carpenter 1972, Robinson 1974). This search culminated 
in the discovery of a small area in the nucleus prepositus 
hypoglossi and medial vestibular nucleus that is essential 
for maintenance of horizontal position of both eyes dur- 
ing all conjugate movements, i.e. the horizontal integra- 
tor (Cannon and Robinson 1987; Cheron and Godaux 
1987). 

Where then are the integrators for the other two di- 
mensions of eye position? The mesencephalic interstitial 
nucleus of Cajal (INC) appears to possess circuits essen- 
tial for the vertical eye position integrator. The role of the 
INC in producing the vertical eye position signal is sug- 
gested by: (1) a correlation between neural activity in the 
INC and vertical eye position (King et al. 1981; Fukushi- 
ma et al 1990), (2) a reduction of gain of the vestibulo-oc- 
ular reflex after inactivating the INC (Anderson et al. 
1979); (3) failure in holding vertical eye positions during 
INC inactivation (King and Leigh 1982; Fukushima 
1987; Crawford et al. 1991). 

The third dimension of eye rotation is torsion, which 
we define as rotation of the eye about a head-fixed axis 
approximately orthogonal to the face. Clockwise and 
counterclockwise rotations are described from the sub- 
ject's point of view. Injection of inhibitory 7-aminobu- 
tyric acid (GABA) agonist muscimol into the INC pro- 
duced a profound deficit not only in vertical eye position 
holding, but also in holding torsion (Crawford et al. 
1991). Stimulation of the right INC produced clockwise 
constant-velocity eye rotations that held, while left INC 
stimulations produced similar counterclockwise rota- 
tions. This, in combination with single unit recordings 
(Fukushima et al. 1990), suggests that the INC is orga- 
nized with clockwise-up and clockwise-down eye rota- 
tions represented on the right side, and counterclock- 
wise-up and counterclockwise-down on the left (Craw- 
ford et al. 1991). Thus, the INC appears to be the princi- 
ple centre for both the vertical and torsional oculomotor 
integrators. 

Neural integration is an important concept in oculo- 
motor physiology with possible implications for general 
postural control, and has therefore inspired a number of 
theoretical examinations (Rosen 1972; Kamath and 

Keller 1976; Cannon et al..1983; Galiana and Outer- 
bridge 1984; Tweed and Vilis 1987; Arnold and 
Robinson 1991). At the core of most integrator models is 
a simple positive feedback loop that retains a constant 
level of neural activity when input is zero. Damage to 
such an integrator would produce a simple position-de- 
pendent exponential drift of the eye towards a unique 
resting position, with a time constant that is inversely 
proportional to the amount of damage. Cannon et al. 
(1983) pointed out that in these models, integrator func- 
tion is very sensitive to minute errors in feedback gain 
that result from random computational errors or tissue 
damage. For example, reduction of excitatory feedback 
gain by only 0.4% would decrease the time constant of 
integrator leak from a behaviourally determined normal 
value of 20-25 s to 1.2 s, i.e. the position signal would 
decrease by 63% in this time. Such an arrangement is 
clearly not robust. 

The solution to this problem clearly involves increas- 
ing the number of neurons in the network. However, 
while it is obvious that integration is not achieved by a 
single neuron, it may not be as obvious that a multi-neu- 
ron network can be computationally equivalent to a sin- 
gle-neuron model. A network with uniformly distributed 
connections suffers from a similar lack of robustness 
(Arnold and Robinson 1991) because damage to any 
synapse affects overall gain in the distributed feedback 
loop. Cannon et al. (1983) addressed this problem in an 
integrator network model that used parallel units that 
indirectly excited themselves though mutually inhibitory 
lateral connections (Cannon et al. 1983). The key point 
for this discussion is that the lateral connections were 
organized so that connections were dense between neigh- 
bouring units, but sparse between distant units. Taken to 
an extreme, such a pattern would result in a network of 
parallel and independent sub-integrators. This model 
was much more robust. During simulations of localized 
damage to the network the resultant drift was initially 
rapid, then stabilized within a second, essentially holding 
at a slightly less eccentric position that was maintained 
by the remaining intact integrator circuits (Cannon et al. 
1983). These intact circuits could eventually be recali- 
brated to compensate for those that were damaged. How- 
ever, experimental investigations have continued to as- 
sign single time constants and resting positions to post- 
saccadic drift, as if it were produced by a single leaky 
integrator (Cannon and Robinson 1987; Cheron and Go- 
daux 1987; Fukushima 1987; Crawford et al. 1991; 
Straube et al. 1991). 

The purpose of the present investigation was no t  to 
develop a new model of the oculomotor integrator, but 
rather to test the important principle outlined above. The 
question is whether the oculomotor velocity-to-position 
transformation utilizes a uniform distribution of lateral 
connections (Arnold and Robinson 1991), equivalent to a 
single integrator, or a modular pattern (Cannon et al. 
1983), equivalent to multiple parallel independent inte- 
grators. Whereas our previous study emphasized com- 
plete failure of the torsional and vertical oculomotor in- 
tegrators ~ 30 min after injection of muscimol into the 
INC (Crawford et al. 1991), the present study reports the 
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more  modes t  init ial  effects and  the t ime course of their 
progression.  The observed ocular  drift is then compared  
in the Discuss ion section to drift s imulated by two simple 
models  of the saccade generator.  These used either a sin- 
gle in tegra tor  to s imulate  a fully dis t r ibuted ne twork  or 
an array of parallel  in tegrators  to s imulate  a compar t -  
mental ized network.  

In  brief, s imulated damage  to a single in tegra tor  gives 
three predict ions:  (1) eye posi t ion  will settle towards a 
un ique  resting po in t ;  (2) the rate of eye posi t ion  drift is a 
direct funct ion  of current  eye posi t ion;  (3) this pos i t ion  
dependence  gives the drift a simple exponent ia l  t ime 
course that  can be described by a single t ime constant .  In  
contrast ,  with parallel  i ndependen t  integrators,  some 
sub- in tegra tors  could be completely inact ivated while 
others would  remain  intact,  and  the other modules  would  
have in termedia te  deficits. Therefore, three different pre- 
dict ions result:  (1) eye posi t ion  could settle at mul t iple  
resting posi t ions re ta ined by pos i t ion  signals from the 
in tact  sub- in tegra tors ;  (2) since a cons tan t  fraction (pro- 
por t iona te  to the fraction of damaged  sub-integrators)  of 
the neura l  m o v e m e n t  c o m m a n d  will no t  be correctly in- 
tegrated, large saccades will produce  more  post-saccadic 
drift than  small saccades, i.e. the drift should be saccade 
dependent ;  (3) since activity in differentially damaged  
sub- integrators  will leak to zero at different rates, the 
resul tant  drift will have mult iple  t ime constants .  The da ta  
exhibited all of the latter three characteristics, s t rongly 
suggesting that  a m o d u l a r  form of parallel  processing is 
utilized in the mechan i sm of neura l  integrat ion.  

Materials and methods 

Measurement of three-dimensional (3D)  eye positions 

Five Macaca fascicularis (coded MAR, BAR, LAR, CAS, ART) 
were prepared for chronic behavioural experiments, each monkey 
undergoing surgery under aseptic conditions and pentobarbital 
anaesthesia. During surgery a skull cap composed of dental acrylic 
was fastened to the animal's head, and two enamelled copper search 
coils of 5 mm diameter were implanted in one eye for measurement 
of 3D eye position. Both coils were positioned nasally, one inferior 
and one superior. The method used did not require that the coils be 
aligned orthogonally to each other (Tweed et al. 1990). The leads 
were extended temporally beneath the conjunctiva and then subcu- 
taneously to sockets secured on the cap. In two of the animals (CAS 
and ART), coils were implanted in both eyes. During experiments, 
the head of the alert monkey was immobilized by fixing the skull 
cap near the centre of three orthogonal magnetic fields. These fields 
were in phase, but operated at different frequencies (62.5, 125, and 
250 kHz). The resultant coil signals were digitized by a computer at 
a sampling frequency of 100 Hz. 

In all animals, coil signals were recorded while the animals 
spontaneously made saccades between visual targets in the light, 
placed so as to reveal the animal's full range of attainable eye 
positions. In two animals (BAR and LAR), data were also recorded 
while animals spontaneously made saccades in the dark. Control 
data were collected at the beginning of each experiment for com- 
parison. 

Since the INC is thought to control both vertical and torsional 
eye movements, a 3D representation of eye position was required. 
Therefore, the computer was used to convert coil signals into eye 
position quaternions, both on-line and off, using a method de- 
scribed previously (Tweed et al. 1990). Quaternions are composed of 

a scalar part qo, and a vector part q. It is the vector part that is used 
for representation of data. The vector part has three components 
along torsional, horizontal and vertical axes fixed relative to the 
head. To be more precise, the direction of vector q gives the axis of 
the rotation that would take the eye from a reference position to the 
current position, and the length of q is proportional to the magni- 
tude of this rotation. The quaternion vector is related to the axis 
and magnitude of such a rotation as follows 

q=n  sin(~/2) (1) 

The angle ct is the magnitude of the rotation and n is a 3-dimen- 
sional unit vector parallel to the axis of rotation (Tweed and Vilis 
1987). At reference position ~ =zero and thus q =zero. This refer- 
ence position was recorded while the monkey looked in the direc- 
tion of the forward-pointing magnetic field. Detailed discussions of 
eye position quaternion recording and mathematics are available 
elsewhere (Westheimer 1957; Tweed and Vilis 1987; Tweed et al. 
1990; Crawford and Vilis 1991). In this paper the vector compo- 
nents of quaternions will simply be referred to as the torsional, 
vertical, and horizontal components of position. 

With the head upright and still, eye positions normally conform 
to Listing's law (Helmholtz 1925). This law states that any arbitrar- 
ily chosen reference eye position is associated with a particular 
head-fixed plane, such that the eye only assumes positions that can 
be reached from this reference position about an axis in that plane. 
Furthermore, there is one special reference position, primary posi- 
tion, for which the gaze direction is orthogonal to its associated 
plane. This is called Listing's plane. By defining ocular torsion as 
rotation about the head-fixed axis orthogonal to Listing's plane, 
one can restate Listing's law very simply: the eye only assumes 
positions with a zero torsional component (Westheimer 1957). 

Quaternions vectors computed from raw coil signals were origi- 
nally, by default, in a coordinate system defined by the magnetic 
field directions. All data were then rotated into Listing's coordi- 
nates (Tweed et al. 1990). By this we mean that the vertical and 
horizontal coordinates were aligned in Listing's plane, and the tor- 
sional coordinate was parallel with the primary gaze direction. This 
primary gaze direction, as originally defined by Helmholtz (1925), 
varies with respect to anatomical landmarks (Tweed et al. 1990; 
Crawford and Vilis 1991). Thus, primary gaze is not necessarily 
equivalent to a central or straight ahead direction, contrary to pop- 
ular usage of the term. The advantage of representing quaternion 
vectors in Listing's coordinates is that it gives an unambiguous and 
physiologically meaningful depiction of vertical/horizontal move- 
ment within Listing's plane of normal saccadic eye positions and 
torsional movement orthogonal to this plane (Crawford and Vilis 
1991, 1992). 

Invasive neurophysiological procedures 

Before initiating experiments, a stainless steel recording chamber 
was mounted stereotaxically over a trephine hole in the skull cen- 
tred at 8 mm anterior and 0 mm lateral, directly over the oculomo- 
tor nucleus (Shantha et al. 1968). During experiments a hydraulic 
microdrive attached to the recording chamber was used to advance 
electrodes and cannulas into the midbrain. After the midbrain ocn- 
lomotor region had been located, one electrode penetration was 
generally made per day. The regions of oculomotor activity along 
this penetration were examined by means of single unit recording, 
microstimulation, and pharmacological inactivation techniques. In 
this fashion each animal's midbrain oculomotor region was system- 
atically explored with an orderly grid of electrode penetrations over 
a period of several months. 

Monopolar tungsten electrodes (Frederick Haer, 4 Mfl) were 
used to record from units and to stimulate. The electrode was in- 
serted in an insulated guide cannula which was manually advanced 
into the brain stem to within 5 mm of the selected oculomotor 
region. Subsequently the electrode was hydraulically advanced by 
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up to 10 mm from the guide cannula. Units were identified by com- 
paring their discharge patterns with eye movements and positions. 
Afterwards the same electrode was used to microstimulate the re- 
gion at vertical intervals of 0.5 mm by means of monophasic catho- 
dal square pulses delivered at 20 gA and 200 Hz for durations of 
300 to 600 ms. 

Finally, the electrode was pulled out of its guide tube without 
otherwise disturbing the tube or the microdrive, and a 30-gauge 
cannula was then inserted into the guide tube and lowered to a 
depth determined during the unit recording and stimulation phases, 
usually just above the selected oculomotor region. A Hamilton 
syringe was used to deliver 0.3 pl of a 0.05% muscimol solution. 
Muscimol has a powerful inhibitory effect on neurons that posses 
GABA receptors. Thus, museimol should inhibit action potential 
generation in local cell bodies without disrupting fibres of passage. 
For comparison, 0.3 gl of a 2% GABA solution was also injected 
into two animals. Eye-movement recordings commenced immedi- 
ately after the injection and continued for 30 rain or more. After- 
wards the animal was allowed a 48-h recovery period, and then 
experiments were repeated at an adjacent brain site displaced later- 
al-medial or rostral-caudal by 1 mm. 

When the midbrain oculomotor region had been thoroughly 
explored, the animals were deeply anaes-thetized with pentobarbi- 
tal, and then electrolytic lesions (1.5 mA DC anodal current for 15 
s) were made at a reference microdrive coordinate. Immediately 
afterwards animals were given a lethal dose of anaesthetic and per- 
fused with an intra-aortic injection of formalin. The brains were 
removed, sliced into 100-~tm sections and stained with thionin. The 
resulting slides were compared to a stereotaxic atlas of the monkey 
brain (Shantha et al. 1968) to confirm the anatomical locations of 
the recording sites. 

Identification of the INC region 

Single unit recordings identified a region in the midbrain with neu- 
ral activity correlated to vertical eye position that corresponded to 
the expected stereotaxic location of the INC. Neurons that in- 
creased their activity either during upward or downward eye posi- 
tions were intermingled on each side of the brain, and most of these 
also showed a burst of activity during saccades in these directions, 
as previously described for the INC region (King et al. 1981; 
Fukushima et al. 1990). The anterior-laterally adjacent saccade-re- 
lated burst region, which was completely inactive during fixation, 
corresponded to the rostral interstitial nucleus of the medial longi- 
tudinal fasciculus (riMLF) (King and Fuchs 1979; Crawford and 
Vilis 1992) There was less distinction between these putative INC 
neurons and a posterior-medially adjacent group of putative 3rd 
cranial nucleus motoneurons. However, electrical stimulation of the 
putative INC neurons elicited conjugate torsional eye movements 
which held their final position (Crawford et al. 1991), whereas stim- 
ulation of the more posterior putative motoneurons produced dis- 
conjugate eye rotations in various directions that did not hold their 
final positions (Crawford and Vilis 1992). The initial effect of mus- 
cimol injection into the anterior burst region was a conjugate deficit 
in saccade velocities (Crawford and Vilis 1992). The initial effect of 
injection into the posterior putative motoneurons was a disconju- 
gate restriction in the position range and saccade velocities. The 
initial effect of injection into the intervening region, believed to be 
the INC, was the distinctive conjugate post-saccadic drift described 
below in the Results. This functional identification of the mesen- 
cephalic oculomotor structures was consistent with the known 
anatomy of the region, as confirmed by our histological procedures. 

Muscimol was injected unilaterally into the INC 14, 8, 3, 3, and 
10 times in animals BAR, CAS, MAR, LAR, and ART, respective- 
ly. Of these experiments, 6 in BAR and 1 in LAR were performed in 
the dark as well as light�9 This was in addition to 1, 1, and 2 bilateral 
injections in animals BAR, CAS and ART respectively. In every 
case, injection resulted in a deficit in maintaining vertical and tor- 
sional position of both eyes that ranged fi'om mild to extreme, with 

little horizontal drift (Crawford et al. 1991). Injection of muscimol 
directly into the INC region produced immediate oculomotor 
deficits, whereas it took approximately 30 rain for a prominent 
oculomotor deficit to appear after an injection 1 mm lateral to the 
INC region. This suggested that during this period muscimol inacti- 
vated oculomotor units within a sphere with a radius of slightly 
more than 1 mm. Injection of GABA directly into the INC pro- 
duced the same initial effects as muscimol, but recovery was ob- 
served within 10 rain. The oculomotor effects of muscimol took at 
least 30 rain to peak, and judging by other observed deficits (e.g. 
contralateral tilting of the head), recovery required several hours. 

Results 

Progressive decrement in the range of stable eye 
positions 

During integrator failure, the direction of position drift 
should depend on initial post-saccadic position (a func- 
tion of the saccade generator) and also on the position 
where the eye comes to rest (a function of neural integra- 
tor output). Figure 1 gives a torsional versus vertical plot 
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Fig. 1A-H. Time course of torsional and vertical eye position hold- 
ing and drift after injection of muscimol directly into the left inter- 
stitial nucleus of Cajal. A-D Eye positions during which eye speed 
was less than 2.5~ A before injection, (B) 0-2 min, (C) 14 rain, and 
(D) 23 rain after injection. E - H  The first 100 ms of eye positions are 
shown after each of several hundred randomly directed saccades, 
computed from the same data as A-D. Larger data points demar- 
cate the last position of each lOOms sequence. Torsional position is 
plotted as a function of vertical position in Listing's coordinates, i.e. 
the vertical axis is embedded in Listing's plane�9 The origin is the 
primary position as defined by Listing's law and is usually located 
high in the oculomotor range of Macacafascicularis (Crawford and 
Vilis 1991, 1992). Animal: ART 
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Fig. 2A-L. Time course of torsional and vertical 
eye position holding and drift after injection of 
muscimol adjacent to the anterior-lateral pole of 
the right interstitial nucleus of Cajal. A-F Eye posi- 
tions during which eye speed was less than 2.5~ A 
before injection, and (B) 9 rain, (C) 19 rain, (D) 21 
rain, (E) 30 min, and (F) 38 rain after injection. G-- 
L The first 100 ms of positions are shown after 
each of several hundred randomly directed sac- 
cades, computed from the same data as A-F. 
Larger data points demarcate the last position of 
each 100-ms sequence. Animal: BAR 

of eye position during an experiment in which muscimol 
was injected directly into the left INC. The vertical axis 
plots vertical eye position, whereas the horizontal axis 
plots clockwise (CW) and counterclockwise (CCW) rota- 
tion of the eye relative to pr imary position. The origin is 
the pr imary position defined by Listing's law, which in 
this animal is near the top of the position range. The 
upper row (A-D) shows the range of stable eye positions, 
i.e. positions for which velocity of torsional and vertical 
drift had dropped below a threshold of 2.5~ Before 
muscimol injection (A), almost all positions between sac- 
cades were stable, spread across a large ( ~  70 ~ vertical 
range and a narrow ( ~ 3  ~ torsional range. Thus, these 
positions formed a plane (Listing's plane) that is viewed 
edge on. In the first 100 s after muscimol injection (Fig. 1 
B) the eye began to settle at positions shifted clockwise 
from Listing's plane (one can visualize this as rotat ion of 
the tops of the monkey 's  eyes towards its right shoulder 
and the bot toms of its eyes towards its left shoulder). 
Simultaneously, the range of stable vertical positions be- 
gan to diminish. For example, after 14 rain (Fig. 1C) the 
vertical range was clearly restricted, particularly for 
downward gaze directions. At this time the torsional 
range was shifted by 10-15 ~ CW, i.e. the eyes were rotated 
clockwise at all gaze directions. The final range of stable 
eye positions after 23 min (Fig. 1 D) was further reduced 
in the vertical direction. 

How does initial post-saccadic eye position influence 
rate and direction of drift ? The lower row of Fig. 1 (E-H) 
shows the first 100 ms of drift for various initial post-sac- 
cadic positions. The last position of each lOOms se- 
quence is given a larger symbol to indicate the direction 
of drift. As the vertical range of stable positions dimin- 

ished (A-D), the magnitude of vertical drift (i.e. length of 
the 100-ms sequences) increased (E-H). This post-sac- 
cadic drift often exhibited a curved trajectory (e.g. Fig. 1 
G), reflecting the fact that time constants of torsional drift 
tended to be slightly smaller than those of vertical drift 
(Crawford et al. 1991). The direction of vertical drift was 
upward or downward, depending on whether the saccade 
terminated below or above the range of stability. Since 
the final range of stable positions was in the upper part  of 
oculomotor  range (C-D), upward drift dominated (G-H).  
Similarly, the direction of torsional drift in Fig. 1 was 
clockwise (F), bidirectional (G), or counterclockwise (H), 
depending on the torsional end point of the saccades I 

1 Immediately after injection of muscimol into the left INC (e.g. 
Fig. 1 F) the saccades that followed each sequence of drift returned 
the eye towards the normal Listing's plane of zero torsion. Since it 
progressed towards a clockwise resting point, the direction of drift 
was always clockwise. However, later in the deficit (Fig. i G, H), 
saccades drove the torsional eye position progressively further 
clockwise away from Listing's plane towards and even beyond the 
range of stable torsional positions. Since the eye still drifted towards 
the same range, the direction of drift was then reversed (counter- 
clockwise). Typically after injection of muscimol into either side of 
the INC, ocular drift was the first observed effect, and then after 
0-30 rain anti-corrective torsional saccades appeared. Similar tor- 
sional saccades have been observed after injections of muscimol 
1-3 mm anterior to the INC, in the region of the riMLF saccadic 
burst neurons (Crawford and Vilis 1992). Injections of muscimol 
into the posterior riMLF produced this saccade deficit immediately 
and then afterwards produced positional drift similar to that seen in 
Fig. 1 H, perhaps due to spread of muscimol to the INC. Similarly, 
the appearance of anti-corrective torsional saccades, e.g. in Fig. 1 
(G-H) was probably due to spread of muscimol from the INC to the 
riMLF on the same side. Injections placed between the INC and 
riMLF produced simultaneous drift and saccade deficits. 
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A second example (Fig. 2) shows the effects of injec- 
tion on the right side of the brain. In this case, muscimol 
was injected just outside the anterior-lateral pole of the 
right INC,  which resulted in a more gradual  progression 
of the deficit. As with left I N C  injections, a thin range of 
stable torsional positions appeared, but now on the 
counterclockwise (CCW) side of Listing's plane, in this 
case stabilizing within 19 rain (C). The range of vertically 
stable positions began to decrease with the first signs of 
positional drift (B), and then decreased progressively (B-  
F), presumably as muscimol diffused through the INC,  
until it finally approximated  a point (F). 

Figure 3 summarizes the final ranges of stable eye po- 
sitions (e.g. Figs. 1 D, 2 F) from all experiments that pro- 
duced severe post-saccadic drift. Part  A gives the mean 
torsional and vertical value and standard deviations of 
positions within the final range of stability of one repre- 
sentative left and right INC inactivation from each ani- 
mal. The torsional component  of this range was shifted, 
but its s tandard deviation remained relatively small, i.e. 
the eyes were rotated torsionally from the normal  zero 
value by about  the same amount  for all gaze directions. 
Although the vertical range was greatly reduced com- 
pared to normal  ( ~  70~ it typically retained a finite val- 
ue of ~ 7~ ~ The mean values of the ranges of stability 
(e.g. those in Fig. 3 A) from all experiments with severe 
drift were further averaged across each animal to pro- 
duce Fig. 3 B. The torsional range of stability was consis- 
tently shifted clockwise from the normal  Listing's plane 

of zero torsion after left I N C  inactivation (O,  A ,  x ,  o, 
D)  and counterclockwise after right inactivation (A,  I ,  
O). The average vertical component  of this range was 
variable, but tended to cluster between an arbitrarily de- 
fined straight ahead position and the pr imary position 
defined by Listing's law (the origin of Fig. 3), which was 
rotated ~ 25 ~ upward from straight ahead in these ani- 
mals. 

Why did this drift stabilize over such a relatively large 
range of vertical positions? As mentioned in the Intro-  
duction, the parallel integrator scheme predicts retention 
of a finite range of position stability during partial dam- 
age, whereas a single integrator scheme predicts a unique 
resting position (if an infinitely small velocity threshold 
were used). With a vertical velocity threshold of l~ as a 
practical lower limit, exponential leak of a single integra- 
tor predicts a very narrow null range (2 x threshold x 
time constant) ~ (Cannon and Robinson 1987). With a 
single integrator leaking with a time constant of 0.5 s, the 
above equation predicts that eye velocity will fall below 
l~ only within a range of less than one 1 ~ This velocity 
threshold (l~ was applied to data from five experiments 
(one from each animal) where time constants of simple 
exponential curves fit to the drift were less than 0.5 s 
(Crawford et al. 1991). The actual ranges of positions 
(farthest upward extent-farthest  downward) that held at 
this threshold varied between 7.4 ~ and 27.0 ~ . The next 
section examines the factors that contribute to these rela- 
tively large ranges of eye stability. 
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Fig. 3A,B. Summary of the torsional-vertical ranges of stable eye 
positions observed during unilateral inactivation of the interstitial 
nucleus of Cajal (INC) in all animals. Torsional position is plotted 
as a function of vertical position in Listing's coordinates, i.e. the 
vertical axis is embedded in Listing's plane and the origin is primary 
position. Eye position holding is defined as periods during which 
eye speed was less than 2.5~ as in Figs. 2-3. A Means and stan- 
dard deviations for the range of torsional and vertical eye positions 
that held following representative INC inactivations from each ani- 
mal. Data from the last file recorded were used. Key with animal 
code and N values (no. eye positions that held) for left INC inactiva- 
tion: (O: CAS, 331 G: ART 270 x: LAR, 258 o: MAR, 152 D: 

15 ~ 
i i t 

CW 

+ 
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BAR, 33) and for right INC inactivation: (A: ART, 233 � 9  BAR, 
148 O: CAS, 42). B Averages and standard deviations (between 
experiments) of ,'stability range" means, as illustrated above, calcu- 
lated from all unilateral experiments that resulted in severe posi- 
tional drift. Means of ranges of stable vertical positions that re- 
tained a value greater than 50% of the normal position range were 
deemed imprecise and therefore not included (20% of the experi- 
ments). Key with animal code and N values (no. experiments) for left 
INC inactivation: (O: CAS, 2 A: ART, 4 x: LAR, 3 o: MAR, 3 K]: 
BAR, 5) and for right INC inactivation: ( , :  ART, 5 �9 : BAR, 6 O: 
CAS, 4) 



Determinants of vertical drift rate 

If the neural network for velocity-to-position integration 
is equivalent to a single integrator circuit, then damage to 
this structure should result in a simple exponential drift 
that is proportional  to eccentricity of eye position. Dur- 
ing mild deficits, drift with a long time constant is expect- 
ed, which would appear to be almost linear (Straube et al. 
1991). However, the drift observed here did not follow 
this simple pattern. This is illustrated in Fig. 4, which 
shows a number of post-saccadic intervals starting at 
various vertical positions. The initial post-saccadic posi- 
tions are aligned to the left. In the normal pre-injection 
state (As) the eye held steady at all levels of vertical posi- 
tion. Immediately after injection (A2) vertical drift ap- 
peared, but there was no clear-cut relationship between 
eye position and the magnitude of the drift. At any one 
vertical level there was a mixture of positions that held 
and others that exhibited post-saccadic drift. After 9 min 
(A3) a centripetal drift was more prominent at extreme 
vertical positions However, for intermediate vertical po- 
sitions, different rates and directions of drift were ob- 
served at any one position. Furthermore, examination o f  
individual sequences of drift did not reveal the almost 
linear segments that should be observed for small seg- 
ments of drift with a long time constant. Instead, most of 
these sequences had a rapid initial rate of drift that often 
settled within 0.5 s. 

One possibility was that a visual mechanism was in- 
termittently stabilizing the drift. For example, Straube et~ 
al. (1991) have observed an increase in the range of stable 
horizontal positions in the light compared to the dark 
during muscimol inactivation of the horizontal integra- 
tor. However, the drift characteristics described above 
did not appear to depend on vision. Figure 4 B illustrates 
an example with similar pre-injection (B1) and post-injec- 
tion (B2) data during spontaneous saccades in the dark. 
Again, the rate of drift did not correlate well with posi- 
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tion, and the drift appeared to settle towards multiple 
resting points. 

Eye-position drift began to approximate a simple po- 
sition dependent exponent only after a considerable post- 
injection interval, e.g. 38 min in Fig. 4 C, at least from a 
superficial examination. In these cases there was a rapid 
centripetal (towards centre) vertical drift with a rate that 
appeared to be determined by eccentricity of eye posi- 
tion. 

Contrary to the predictions of a single integrator 
model, post-saccadic drift often appeared to have more 
than one time constant. Multiple time constants were 
difficult to quantify in the absence of a single, unique 
resting position. However, this effect can be demonstrat- 
ed qualitatively (Fig. 5). Figure 5 A shows several exam- 
ples of downward saccades towards a position that was 
still above the central range of stability. In these cases, 
there was an initial segment of rapid post-saccadic drift 
in the direction opposite to the previous saccade, which 
then reversed direction and drifted more slowly towards 
centre. Figure 5 B shows two downward saccades away 
from the centre. Ideal exponential curves with one time 
constant ( ' )  have been fitted to the initial component of 
the upward post-saccadic drift. The real drift initially 
aligned with the ideal exponent, but then diverged and 
followed an almost linear path. In both A and B the 
initial segments of fast drift are in the direction opposite 
to that of the preceding saccade, while the final direction 
of slow drift was towards centre. Thus, there were at least 
two time constants of drift present. Furthermore, the 
shorter one appeared to be linked to the previous sac- 
cade, and the longer one appeared to be linked to current 
eye position. 

Recall that a single integrator model predicts drift that 
is a simple function of current eye position and that this 
simple relationship was not observed in the data (Fig. 4) 
The observed irregularities appeared to be caused by an 
additional saccade dependence in the drift, as described 
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Fig. 4A-C. Vertical eye position (plotted as a func- 
tion of time) after injection of muscimol into the in- 
terstitial nucleus of Cajal. Inter-saccadic intervals at 
various vertical levels are shown, aligned by left 
justification. A Typical injection effects in the light, 
showing position (1) before, (2) immediately after, 
and (3) 9 rain after injection. Animal: CAS. B Posi- 
tional drift during spontaneous saccades in the 
dark, (1) before, and (2) 3 rain after injection. Ani- 
mal: BAR. C 38 rain after muscimol injection in 
BAR, in the light 



A 

450 

250 ms 

5 

5~ 
Fig. 5A,B. Multiple time constants in post-injection vertical posi- 
tion drift. A Five downward saccades starting near the upward edge 
of the position range and ending still above the central range of 
stable positions. Each saccade is preceded by downward drift, and 
is immediately followed by a brief but rapid drift that then reverses 
direction and slowly drifts downward towards the range of stable 
resting positions. B Two downward saccades, plotted on the same 
position scale, which started below the centre of the range of stabil- 
ity. A simulated segment of drift with a single 100-ms time constant 
( )  has been fit to the initial portion of the post-saccadic drift. 
Animal: ART 

above. Figure 6 A - D  illustrates drift recorded in the dark 
as a function of the previous saccade. Vertical eye posi- 
tion is plotted against time for saccades converging on 
four different vertical levels. At any one of these levels, the 
size of the post-saccadic vertical drift appeared to be c o r -  
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related to the vertical component  of the previous saccade. 
For example, at 2 ~ above primary position (A) the magni- 
tude of downward post-saccadic drift increased with the 
magnitude of the previous upward saccade. At intermedi- 
ate vertical levels (B), the direction of post saccadic drift 
reversed, depending on the direction of the previous sac- 
cade. In these respects, and in the rapid settling of the 
post saccadic drift, this resembled the phenomena known 
as pulse-step mismatch, a mismatch between the gains of 
oculomotor  commands for movement and position hold- 
ing. 

In another respect the drift did not resemble a pulse- 
step mismatch. The drift was also dependent on eye posi- 
tion. Going downward in the position range from Fig. 6 
A-D,  there is a change in weighting from downward to 
upward drift. This is better illustrated by saccades with 
similar vertical magnitudes that terminated at different 
vertical positions (Fig. 6 E). The gradual transition from 
the lowest to highest saccade was accompanied by a tran- 
sition from upward to downward drift. 

If the magnitude and final resting position of post-sac- 
cadic drift is in part dependent on magnitude of the previ- 
ous saccade, then steady fixation should be achieved by a 
succession of progressively smaller saccades to one 
target. Such was the case during mild initial post-injec- 
tion effects. In Fig. 7 A, the animal made a series of down- 
ward saccades with similar end-points. The magnitude of 
post-saccadic drift decreased after each of the progres- 
sively smaller saccades. However, such stabilization did 
not occur beyond the progressively decreasing ranges il- 
lustrated in Figs. 1-3. For example, when the deficit 
shown in Fig. 7 had progressed further (B), there is no 
sign of stabilization after the nine downward saccades 
illustrated, nor indeed over the next 10 s of similar sac- 
cades (not illustrated). Thus, this inability to hold any eye 
position beyond an ever-narrowing central region, ulti- 
mately limited the range of stable eye positions. 

Figure 8 quantifies the relations between vertical sac- 

0.5s 

Fig. 6A-E. Dependence of vertical drift both on 
vertical eye position and vertical magnitude of 
the previous saccade. Data were recorded while 
the animal spontaneously made saccades in the 
dark. Vertical eye position is plotted against 
time. A-D Saccades with different magnitudes 
and directions, but with the same end point (-), 
at four vertical levels. E Saccades with similar 
magnitudes, but different final positions. The 
choice of alignment is for conservation of space. 
Animal: BAR 
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Fig. 7A,B. Eye-position drift following a series of saccades to the 
same eccentric vertical position. A Vertical position as a function of 
time during the initial effects of muscimol injection. B After further 
progression of the deficit. Animal: ART 

cade magnitude, initial post-saccadic vertical eye posi- 
tion, and vertical drift. Drift magnitude was quantified as 
the vertical position change in the first 100 ms of post- 
saccadic drift. Figure 8 A plots drift magnitude (D) from 
one experiment as a function of initial post-saccadic posi- 
tion (P) on the left side, and as a function of previous 
saccade magnitude (S) on the right side. Standard statisti- 
cal analysis (between two variables at a time) showed the 
expected correlation between drift magnitude and both 
position (e.g. r =-0.971 in the illustrated case) and sac- 
cade magnitude (e.g. r =-0.842). However, this is clearly 
a three-way problem in the abstract three-dimensional 
space defined by drift (D), position (P), and saccade mag- 
nitude (S). In particular, P and S were always correlated 
(e.g. r = 0.765, in the illustrated case), which could influ- 
ence the two-dimensional results. Therefore a multiple- 
regression analysis was performed (Bevington 1969), 
which utilized the above correlation coefficients and a 
plane fit to the data points in the three-dimensional space 
of D, P, and S. This revealed that the data fell within a 
planar distribution. In Fig. 8 B, the data and axes from A 
have been rotated so that this plane is viewed edge-on, 
revealing the narrow orthogonal variance from this per- 
spective. The multiple correlation coefficient (R) fit to this 
data was 0.983. This R, and all others computed from 
experiments in the light and dark, was significant far be- 
low the 1% level of error. This indicates that both inde- 
pendent variables P (position) and S (saccade magnitude) 
were required to explain the distribution of the depen- 
dent variable D (drift magnitude) (Bevington 1969). 

Figure 8 C summarizes the statistical analysis from all 
animals. Bars give average statistical values for the initial 
effects of muscimol injection into the INC (hatched bars), 
and the last-recorded effects (solid bars). Standard two- 
way correlation coefficients (r) are shown for the relation- 
ship between eye position and drift magnitude (r[pd]), 
between saccade and drift magnitudes (r[sd]), and be- 
tween the two independent variables, position and sac- 
cade magnitude (r[ps]). The three-way multiple regression 
analysis gave the slopes (m) of drift versus position for a 
constant saccade size (m[pd]), and drift versus saccade 
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Statistical analysis of the relationship between drift, po- 
sition, and saccades. A Magnitude of post-saccadic vertical eye po- 
sition drift (D) in 100 ms plotted as a function of the initial post-sac- 
cadic vertical eye position (P) and of the vertical magnitude of the 
previous saccade (S). The data are viewed orthogonally to the coor- 
dinate axes from two views. N = 230. Animal: BAR. B The same 
data and coordinate axes have been rotated so that the planar 
distribution of data is viewed edge on. C Summary of a multiple 
regression analysis between D, P, and S in all animals. Initial and 
finally recorded data were analysed for a typical experiment from 
each animal. Bars illustrate the averages across all animals. Plotted 
are the average correlation coefficients between position and drift 
(r[pd]), average correlations between saccade magnitude and drift 
(r[sd]), average correlations between position and saccade magni- 
tude (r[ps]), the average "slopes" of the former two relationships 
(m[pd] and m[sd]), and the average multiple correlation coefficients 
(R[psd]). Negative correlation coefficients have been reversed to 
conserve space, and error bars indicate the standard deviations of 
the values between animals 

size for a constant position (m[sd]). Not surprisingly, 
these slopes became steeper between the initial and final 
measured effects, as drift magnitude increased. Finally, 
the average multiple correlation coefficients (R[psd]) were 
0.610 for the initial effects (when slopes m[pd] and m[sd] 
were changing rapidly) and 0.941 for the final, more sta- 
ble effects. The latter was clearly higher, suggesting al- 
most all variability had been accounted for. However, all 
individual R values were significant (P < 0.01), even for 
drift which superficially appeared to show a simple posi- 
tion-dependence (e.g. Fig. 4 C). This quantitative analysis 
confirms that not only current eye position, but also pre- 
vious saccadic history are necessary to account for the 
observed post-saccadic drift. 
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Discussion 

Simulation of the data using single and parallel 
integrator models 

As stated in the In t roduc t ion ,  the purpose  of this investi- 
ga t ion  was not  to develop  a new mode l  of the ocu lomo-  
tor  in tegra tor ,  bu t  ra ther  to test one fundamen ta l  princi-  
ple i nco rpo ra t ed  into two previously  described ne twork  
models .  Does  the in tegra to r  react  to d a m a g e  like a net-  
work  with uni formly  dis t r ibuted connect ions  (Arnold 
and  R o b i n s o n  1991) or  like a ne twork  tha t  utilizes a 
m o d u l a r  pa t t e rn  of lateral  connect ions  (Cannon  et al. 
1983)? Our  a im was to c o m p a r e  the da ta  to two simple 
equivalent  models  tha t  would  i l lustrate the key features 
of  these two configurat ions.  Therefore ,  we developed a 
simple one-d imens iona l  mode l  of  the b ra ins t em saccade 
genera to r  2 tha t  i nco rpo ra t ed  either a single in tegra to r  
(Fig. 9 A), equivalent  to the uni formly  dis t r ibuted net- 
work ,  or  one in which in tegra t ion  was dis t r ibuted across  
a paral lel  a r r ay  of in tegra tors  (Fig. 9 B), equivalent  to the 
m o d u l a r  ne twork .  The  lat ter  mode l  utilized a n u m b e r  (n) 
of  s imple integrators ,  each receiving a copy  of the burs t  
ne u ron  velocity signal and  cont r ibu t ing  1/n of the posi-  
t ion signal to m o t o n e u r o n s .  Ten paral lel  in tegra tors  were 
used in the s imulat ions  i l lustrated below. This  concept  is 
the same as tha t  used by Abel  et al. (1978), who  used two 
paral lel  in tegra tors  to s imulate  par t ia l  in tegra to r  failure. 
Progressive d i s rup t ion  to a single neural  in tegra to r  was 
s imula ted  by  causing an  in tegra to r  (Fig. 9 A) to leak with 
progress ively  lower  t ime constants .  The  effect of  mus-  
cimol  spreading  th rough  paral lel  neural  in tegra tors  in 
the I N C  was s imula ted  by inact ivat ing an increasing 
n u m b e r  of  local in tegra tors  (Fig. 9 B) and  in t roducing  
leak in an increasing n u m b e r  of  adjacent  integrators .  

F igure  10 i l lustrates the essential  differences be tween  
s imula ted  d a m a g e  to the two in tegra to r  models .  W h e n  
the eye pos i t ion  signal was genera ted  by a single leaky 
in tegra to r  (Fig. 10 A), pos i t ion  a lways drifted towards  a 
unique resting pos i t ion  ( - - ~ ,  at a rate de te rmined  
uniquely  by  current  eye posi t ion.  Fini te  segments  of  slow- 
er drift appea red  to be a lmos t  linear. However ,  the drift 

2 When simulating neural integrator failure, it is important to know 
how this will affect saccade generation. Saccade metrics could be 
affected for two reasons. First, the integrator could lie within a 
neural feedback loop that guides and terminates saccades. If the 
integrator is in the feedback loop proposed by Robinson (1975), 
then integrator failure should cause saccade overshoot. However, 
saccades undershot slightly during inactivation of the horizontal 
integrator (Kaneko and Fuchs 1991) or the vertical integrator 
(Crawford et al. 1988) in trained monkeys. Therefore, the integrator 
appears to be downstream from the feedback loop that guides sac- 
cades (Jfirgens et al. 1981), as in our model. Second, most neurons 
in the integrator region carry a saccade-related burst signal as well 
as a position signal and such a burst could contribute to saccade 
generation if it reaches the motoneurons. However, a recent study 
suggests that only the position-related cells without the burst are 
the true output neurons of the integrator (Escudero et al. 1992). 
Furthermore, the slight saccadic undershoots observed during inte- 
grator failure were simulated by our model simply by reducing the 
position signal, without affecting the eye-velocity command. Thus, 
the use of a pure position signal in our model's integrator pathway 
appears to be justified for the purpose of this study. 
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Fig. 9. Models of the brainstem saccade generator incorporating a 
single velocity-to-position integrator (A), and multiple parallel inte- 
grators (B). A Main elements of the saccade generator. Asterisks 
denote internal kinematic representations. Current motor error 
(%.) was converted to a velocity command (V*) by a saturating gain 
element, the burst neurons (BN). l/* was then sent directly to the 
motoneurons (MN) and to a positive feedback integrator that pro- 
vided the position signal (P*). The sum of V" and P* were input to 
a standard 1-D plant model (not shown), with viscosity constant (r) 
and elasticity constant (k) set at 1 and 5, respectively, giving an 
intrinsic plant time constant of 200 ms (Robinson 1970, 1975). era. 
is the difference between desired displacement (desired - current 
position) and displacement feedback that is derived upstream from 
the main integrator (Jiirgens et al. 1981). B Parallel array of n inte- 
grators used to replace the single integrator in A. Each integrator 
contributes 1/n of the position signal to the motoneurons. Integra- 
tion was performed during each simulated 1 ms iteration in the 
program as follows: P'new =(l- leak)x (P*old + A t x V* ), where 
P'new and P*old are the position signals generated by the integra- 
tor at the current and previous moments, and A t is the time 
interval between these moments. The term "leak" is a variable that 
was varied between zero (perfect integration) and one (complete 
inactivation) 

was exponent ia l  with a single t ime constant .  This  was 
p r imar i ly  de te rmined  by the t ime cons tan t  of  the leaky 
integrator ,  until this became  small  c o m p a r e d  to the t ime 
cons tan t  of the o c u l o m o t o r  plant,  which set the lower  
limit. 

As expected,  the paral lel  in tegra to r  mode l  p roduced  
m o r e  complex  effects. This mode l  gave an effect equiva-  
lent to a pulse-step mi sma tch  when some in tegra tors  
were intact  and  others  were comple te ly  inactive (Fig. 10 
B). For  example ,  if 30% of the in tegra tors  were comple te -  
ly inac t iva ted  each saccade was fol lowed by a reversing 
drift with the t ime cons tan t  of  the plant,  t owards  a posi-  
t ion 30% of the way  back  to the start.  This  final resting 
pos i t ion  ( -  - - )  then held indefinitely. Thus,  there was no 
longer  a unique resting posi t ion,  but  ra ther  brief, rapid  
drift towards  mult iple  resting posit ions.  As long as the 
eye was al lowed to settle be tween saccades, pos t -saccadic  
drift was  de te rmined  uniquely by  the magn i tude  and  di- 
rect ion of the previous  saccade,  ra ther  than  eye posi t ion.  
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Fig. 10. Theoretical relationships between saccade magnitude, eye 
position, and drift using the single integrator model (A) and the 
multiple integrator model (B-D). Simulated vertical eye position is 
plotted (at 2 ms intervals) as a function of time. In each case the eye 
is initialized at the zero position and then makes three saccades 
towards targets 15 ~ then 30 ~ then 45 ~ down at intervals of 1 s. 
( - - - ) :  The current resting position that position settles towards. 
A Position signal generated by a single integrator that leaks with a 
time constant of 2 s. B Position signal generated by ten parallel 
integrators, of which 30% were completely inactivated. C 50% of 
the parallel integrators leaking with a time constant of 2 s. D A 
combination of B + C, i.e. 30% of the integrators were inactivated, 
50% leaked with a 2-s time constant, and 20% remained intact 

The parallel integrator model did not produce a sim- 
ple pulse-step mismatch when the time constant of inte- 
grator  leak was long compared to the inter-saccadic in- 
terval. Figure 10 C illustrates this with 50% of the inte- 
grators leaking with a 2 s time constant, the same as that 
used in 10 A. At the second saccade, the leaky integrators 
still maintain some neural activity from the first saccade, 
and similarly they maintain activity from the previous 
two saccades at the third saccade. However, unlike the 
case of the leaky single integrator, when saccades sudden- 
ly ceased, eye position did not settle to a unique resting 
position, but rather to a value determined by activity in 
the intact integrators (-  -). 

Finally, if some integrators leak rapidly, others slowly, 
and others not at all, (Fig. 10 D), one observes a combi- 
nation of the position-related and saccade-related effects 
illustrated in B and C. The drift still had multiple resting 
positions. Moreover,  this drift had more than one time 
constant, with the rapid drift correlated more to the sac- 
cade (for reasons discussed above) and the slow drift cor- 
related more to current position. Thus, this model simu- 
lates three features of the experimentally observed drift 
that could not be accounted for by a single leaky integra- 
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tor: multiple resting positions (Figs. 1-7), multiple time 
constants (Fig. 5), and dependence of drift rate on the 
previous saccadic history as well as current eye position 
(Figs. 6-8). These three observations show that the single 
time constants and resting positions used previously to 
quantify integrator failure do not adequately describe the 
deficit (Cannon and Robinson 1987; Cheron and Go-  
daux 1987; Fukushima 1987; Crawford et al. 1991; 
Straube et al. 1992) 3 

Rebound nystagmus, integrator saturation, and the range 
of stable resting positions 

Rebound nystagmus is a condition characterized by a 
progressive decrement in drift towards Centre during a 
series of eccentric saccades (Fig. 7 A), and then a drift 
away from centre after the subsequent saccade towards 
centre (Fig. 5 A) (Leigh and Zee 1991). Rebound nystag- 
mus has been reported during recovery from damage to 
the integrator for horizontal eye position (Cannon and 
Robinson 1987) and in cerebellum-damaged patients 
(Bondar et al. 1984), as well as in the present investiga- 
tion. 

This deficit results from an imbalance between the 
gains of the movement  command  and the position com- 
mand  (pulse-step mismatch). Inactivation of a fraction of 
parallel sub-integrators is one possible substrate for this 
imbalance. Whereas a single leaky integrator cannot  sim- 
ulate rebound nystagmus after a saccade towards centre 
(Fig. 11 A), this is an inherent prediction of the parallel 
integrator model (Fig. 11 B). The parallel model also sim- 
ulates the subsequent reversal of drift direction towards 
centre observed in Fig. 5 A. Drift is dominated first by the 
faster, more  saccade-dependent drift, and then by the 
slower, seemingly position-dependent drift. This model 
suggests that at least one mechanism for rebound nystag- 
mus depends on the function of intact parts of the inte- 
grator, as suggested previously (Cannon and Robinson 
1987; Leigh and Zee 1991). 

3 Manipulations of the single integrator model can simulate some of 
our results, but this model still fails for fundamental reasons. Post- 
saccadic drift can be simulated by two means with a single integra- 
tor: (1) reducing the gain of saccade velocity input to the integrator 
produces a pulse-step mismatch with saccade-related drift and (2) 
reducing the gain of the positive feedback loop that maintains inte- 
grator activity produces a leaky integrator and position-dependent 
drift. In the illustrated simulations, both gains were equally reduced 
to simulate post-synaptic inhibition, but the integrating positive 
feedback loop was so much more sensitive that the position-depen- 
dent drift completely dominated. By adding a much greater pulse- 
step mismatch (decreasing input gain to the integrator by 1000 
times the decrease in feedback gain), the model was able to simulate 
a combined position-dependent and saccade-dependent drift like 
the data. However, this model still failed to maintain eye positions 
at multiple resting positions, because the single integrator will al- 
ways leak to zero activity. In order to simulate the multiple, sac- 
cade-related resting positions observed in the data, there must be a 
different DC bias in the integrator pathway after each saccade. Such 
a saccade-dependent bias implies that there is a functional integra- 
tor that receives saccadic input in parallel to the non-functional 
integrator. This is exactly what occurs in our parallel integrator 
model. 
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Fig. 11. Simulations of rebound nystagmus and reversal of drift 
direction. Eye position is plotted (at 4-ms intervals) as a function of 
time. A Position signal generated by a single integrator leaking with 
a 2-s time constant. B Position signal generated by 10 parallel 
integrators of which 30% were completely inactivated, 40% leaked 
with a 1-s time constant, and 30% were intact. In each case the 
model was programmed first to produce a saccade upwards from 
zero towards 50 ~ up, and then after 600 ms a saecade downwards 
towards a position 10 ~ up from zero 

The presence of intact integrators is particularly im- 
portant for stabilization of gaze after a series of saccades 
to the same target. With a single leaky integrator model 
there is no opportunity to stabilize gaze, for example at 
20 ~ or 40 ~ down (Fig. 12 A). With 20% of the parallel 
integrators completely inactivated and 30% leaking with 
various time constants (100, 200, and 500 ms), simulated 
eye position stabilized within ~ 3 s (Fig. 12 B). This stabi- 
lization occurred because the intact integrators "charged 
up", while the damaged integrators stabilized towards 
zero activity. 

In the experimental data, animals could not use this 
strategy to stabilize gaze beyond some progressively de- 
creasing range of stable eye positions (Fig. 7 B). The mod- 

el used in Fig. 12 B failed to show this behaviour because 
its intact integrators, unlike real neurons, were allowed to 
charge up indefinitely. Figure 12 C shows the effect of 
adding a more realistic saturation. The simulated inte- 
grator neurons were limited to fire within a 500 Hz range, 
corresponding to an eye-position range of _+ 50 ~ With 
such a saturation, the intact neurons (50% of the total) 
could only maintain a maximal total position signal of 
+_ 25 ~ Therefore, the series of saccades towards 20 ~ down 
are unaffected by this saturation, but eye position can no 
longer be stabilized at 40 ~ down, no matter how many 
saccades occur. Figure 12 D uses the same saturating 
model, but now only 20% of the integrators are intact, 
increasing the magnitude of drift and further limiting the 
maximal range of eye stabilization to i 10 ~ Thus, both 
the percentage of intact integrator units and their satura- 
tion limit ultimately determine the range of stable resting 
positions. 

If we assume that integrators normally saturate near 
the boundary of the oculomotor range, as simulated 
above, then the fraction of intact integrator units could 
be estimated by taking the ratio between the range of 
stable resting eye positions in the affected subject, and the 
same range in the normal subject (range of stable posi- 
tions/normal oculomotor range). The assumption that 
integrator activity saturates at the oculomotor range is 
supported by our observation that the range of stable 
positions began to decrease with the first signs of ocular 
drift. It is also supported by the rapid increase in drift 
velocity observed near the oculomotor limits of normal 
humans (end point nystagmus), particularly under fatigu- 
ing conditions that might reduce the saturation point 
(Eizenman et al. 1990). Such boundary saturation would 
confer a useful safety feature to the oculomotor system: 
eccentric eye movements, such as an uninterrupted VOR 
slow phase, would be prevented from over-charging the 
integrator to represent positions beyond the plant's me- 

- o  ~ A 

10 

 /77777 / 
1 Sec. 
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. . . . . . . . . . . . . . .  25 ~ 

Fig. 12. Vertical nystagmus patterns using the single (A) and multi- 
pie integrator model (B-D). Simulated eye positions are initialized 
to zero and then plotted during 3 s of saecades occurring at inter- 
vals of 300 ms. In each case a series of saccades directed towards 20 ~ 
down is superimposed over a second series towards 40 ~ down. A 
Position signal generated by a single integrator which leaks with a 
time constant  of 1 s. B Position signal generated by ten parallel 
integrators of which 50% were intact, 20% were completely inacti- 
vated, and the other three leaked with various time constants (100, 
200, 500 ms). C Same as previous simulation, except that  the inte- 

. . . . .  O . . . . . .  O 

grating tonic neurons were given a saturation at • 250 Hz (normal- 
ly corresponding to 50 ~ eccentricity using simulated neurons with a 
position sensitivity of five spikes/s per degree). In a network model 
in which neurons modulate their activity up and down about  a 
baseline, this saturation would correspond to a lower limit of zero 
and an upper limit of 500 spikes per second. 13 As in previous 
simulation, except that  three additional integrators have been inac- 
tivated. The horizontal lines (-  - -)  in C and D indicate the maximal 
eccentricity of eye position that  can be maintained by the intact 
integrators 
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chanical range. In general, such position signal satura- 
tion would be a useful safety feature for any motor  sys- 
tem. First, muscles could not be inefficiently and danger- 
ously driven against an unyielding mechanical limit in 
their range. Second, efference copies of body position 
(perhaps derived from neural integrators) are thought to 
be used for programming movements (Robinson 1975; 
Jfirgens et al. 1981); integrator saturation would prevent 
transmission of erroneous representations of positions 
that are beyond the system's mechanical range. 

Anatomical organization of the network 

The oculomotor  velocity-to-position transformation is 
thought to be distributed between several interdependent 
brainstem nuclei (King and Leigh 1982; Cannon and 
Robinson 1987; Cheron and Godaux 1987; Fukushima 
1987; Tweed and Vilis 1987). If our above discussion is 
correct (fraction of intact integrator units = range of sta- 
bili ty/oculomotor range), then our data suggest that 10- 
50% of the vertical integrators were unaffected by unilat- 
eral muscimol injections. These intact integrators may 
have resided in unaffected parts of the INC or in other 
nuclei. Torsional ranges of stability were consistently 
narrow (Fig. 3 A), and torsional drift was more rapid 
than vertical drift during INC inactivation (Crawford et 
al. 1991). This suggests that torsional integration is even 
more sensitive to INC damage than vertical integration. 

The observation that unilateral INC inactivation 
abolished both clockwise and counterclockwise position 
holding supports the view that the two sides of the inte- 
grator are interdependent (Cannon et al. 1983; Galiana 
and Outerbridge 1984: Cannon and Robinson 1987; 
Anastasio and Robinson 1991). Despite this interdepen- 
dence, their inputs appear to be symmetrically opposite, 
receiving inputs from the contralateral semicircular 
canals (Fukushima et al. 1990). In agreement with this, 
stimulation of the left nucleus prepositus hypoglossi pro- 
duces leftward eye movements, while stimulation of the 
right prepositus produces rightward eye movements 
(Cannon and Robinson 1987). Similarly, stimulation of 
the left INC produces CCW movements, whereas right 
INC stimulation produces CW eye rotations (Crawford 
et al. 1991). Moreover, Injection of muscimol into these 
same sites produces eye drift towards resting points shift- 
ed in the opposite directions: after unilateral injection 
into the nucleus prepositus hypoglossi the eyes drifted 
away from the side of the injection (Yokota et al. 1992), 
and in the present study, injection into the right and left 
INC produced drift towards CCW and CW resting 
points, respectively. Similar torsional shifts were reported 
after unilateral inactivation of the INC in normal and 
labyrinthectomized cats (Anderson 1981; Fukushima et 
al. 1992). These shifts and concomitant torsional drift 
were also reported in humans with unilateral damage to 
the INC region (Halmagyi et al. 1990, Halmagyi and 
Hoyt  1991). 

These results can be accounted for by the model of 
Cannon et al. (1983), who suggested a scheme with a 
bilateral, mutually inhibitory pair of neurons with oppo- 
site inputs (in this case with excitatory CCW inputs on 

the left and CW on the right). Inhibition of one side 
should disrupt both CW and CCW integration, and 
block transmission on that side. The remaining con- 
tralateral channel would allow background activity of 
integrator neurons and their inputs simply to pass 
through, and the unopposed net output  would produce 
the observed shifts in the range of stable torsional posi- 
tions (Anderson 1981; Fukushima et al. 1992). 

Concluding remarks 

The present investigation suggests that neural velocity- 
to-position integration is distributed across an array of 
parallel independent sub-integrators, which requires that 
lateral connections within the integrator network are re- 
stricted to a modular pattern. The advantages of this 
modularity for the oculomotor  integrator include a rela- 
tive immunity to microlesions and other random compu- 
tational errors, maintenance of some fraction of function 
after more extensive damage, and potential for recovery 
through local parametric adjustments (Cannon et al. 
1983). A similarly redundant mechanism would provide 
comparable advantages for many other neural computa- 
tions. For example, modular retinotopic maps in the 
brain may be viewed as parallel arrays of computational 
units, each performing similar operations on a restricted 
segment of information. Local damage produces a small 
scotoma, whereas local damage to a fully distributed rep- 
resentation would produce degradation of the entire vi- 
sual image. Such robustness may be one important  con- 
sequence of the modular patterns of neural connectivity 
(e.g. cortical columns) observed throughout  the brain 
(Mountcastle 1957; Hubel and Weisel 1959; Purves et al. 
1992). 
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