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Quaia, Christian, Philippe Lefevre, and Lance M. Optican. Model ~ anatomy of functional connections, and the effects of lesions
of the control of saccades by superior colliculus and cerebellum.and electrical stimulation in several brain areas involved in
Neurophysiol 82: 999-1018, 1999. Experimental evidence indicatggntrolling saccades. The availability of such a large database
that the superior colliculus (SC) is important but neither necessary ngtq the relative simplicity of the mechanical system to be

sufficient to produce accurate saccadic eye movements. Further .
both clinical and experimental evidence points to the cerebellum as a(%ﬁtrolled (the eye plant), has prompted models of the saccadic

indispensable component of the saccadic system. Accordingly, fystem to sprir_lg up "k? mush_rooms ona damp forest. floor.
have devised a new model of the saccadic system in which thelM 1975, a milestone in the history of saccadic modeling, the

characteristics of saccades are determined by the cooperation of @pPinson model, was published (Robinson 1975; Zee et al.
pathways, one through the SC and the other through the cerebelld876). The central idea of that model, inherited by almost all
Both pathways are influenced by feedback information: the feedbasitbsequent models of the saccadic system, was that saccades
determines the decay of activity for collicular neurons and the timir@re controlled by a local feedback loop, which in Robinson’s

of the activation for cerebellar neurons. We have modeled three typagdel was used to compare the desired position of the eyes
of cells (burst, buildup,.and fi>.<ation neurons) found in the intermeqk,ith an internal estimate of their actual position, thus produc-
ate layers of the superior colliculus. We propose that, from the poipfy 4y estimate of the instantaneous (or dynamic) motor error.
of view of motor execution, the burst neurons and the buildup neuropgic model, as well as others derived from it, was mainly

are not functionally distinct with both providing a directional drive to tual d f its buildina block tcl I
the brain stem circuitry. The fixation neurons determine the onset gfnceptual, and many of IS bullding bIOCKS were not closely

the saccade by disfaciiitating the omnipause neurons in the brain st&gsociated with anatomic structures. However, the growth of

Excluding noise-related variations, the ratio of the horizontal to tr@hatomic and physiological knowledge, due to the large num-

vertical components of the collicular drive is fixed throughout ther of experiments carried out after 1975 (largely prompted by

saccade (i.e., its direction is fixed); the duration of the drive is suthe many predictions of Robinson’s model), impelled modelers

that it always would produce hypermetric movements. The cerebelldy identify the different parts of their models with specific

plays three roles: first, it provides an additional directional driveegions of the brain.

which improves the acceleration of the eyes; second, it keeps track o?

the progress of the saccade toward the target; and third, it ends the

saccade by choking off the collicular drive. The drive provided by thé&/hy a new model of the saccadic system?

cerebellum can be adjusted in direction to exert a directional control

over the saccadic trajectory. We propose here a control mechanisnAlthough the concept that several brain structures cooperate

that incorporates a spatial displacement integrator in the cerebellutmproduce fast and accurate saccadic eye movements has long

under such conditions, we show that a partial directional control arigggen widely accepted, models necessarily concentrate on a

automatically. Our scheme preserves the advantages of several pigyricted subset of these structures. Initially models included

e o e o o Sty he brain sem crcuity but soon th great amount of data

efference copy feedback to control the saccade), without incurri Jailable about the superior colliculus (SC) mad_e it essential to

many of their drawbacks, and it accounts for a large amount d a role for this midbrain structure._Accordlneg, models

experimental data. ocu;ed on thg (ole playgq by the SC in control_lmg saccades
and in determining the firing pattern observed in brain stem
neurons. However, during the last 10 years, new experimental

INTRODUCTION evidence has induced modelers to attribute an increasing im-

ortance to the SC. This trend has lead to the development of

The saccadic system (i.e., the neural system that controls E{‘F’airly large family of models that impute to the SC a domi-
rapid eye movements called saccades) has attracted the ailghy role in determining saccade metrics, and that thus could be
tion of many investigators during the last 40 years. Thanks ¥onhed “colliculocentric” (Arai et al. 1994; Droulez and

the combined efforts of so many researchers, a great dealg@lihoz 1988: Lefere and Galiana 1992 Optican 1994; Van
data are now available about the pattern of neural activity, t@g)sial and Képpen 1993: Waitzman et ’al. 1991). '
The costs of publication of this article were defrayed in part by the payme tOne of the major problems with colliculocentric models is

of page charges. The article must therefore be hereby marewtiisemerit ~ that they have difficulties in explaining why lesions of the SC
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ do not result in large and enduring deficits. In particular, it is
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well known (Schiller et al. 1980) that collicular ablationdeedback loop) that normally compensates (at least partially)
impair the ability to make saccades only for a brief timdor the variability is itself impaired. Previous models did not
Furthermore even in the acute phase of a collicular lesion, timelude the cerebellum in the feedback path and thus could not
trajectory and speed of saccades can be affected withouacaount for the increased variability.
striking loss of accuracy (Aizawa and Wurtz 1998; Quaia et al. We will show here how the presence of two separate path-
1998a). Conversely, it has been shown that cerebellar lesiaveys, one through the superior colliculus and the other through
(e.g., Optican and Robinson 1980) induce permanent deficitsg cerebellum, can account for many of the properties of the
affecting dramatically the accuracy and consistency of sazaccadic system and for a great deal of anatomic and physio-
cades. Thus we feel that a model is needed that gives lésgical data as well as for the effects of lesions and electrical
import to the SC and gives more relevance to the role of tiséimulation. In another paper (Lefee et al. 1998), we pre-
cerebellum in controlling saccades. sented a distributed implementation of the model described
here. In that paper, we used simulations to demonstrate that this
What is the role of the cerebellum in controlling saccades?™Model 1) produces normal saccades that lie on the so-called
main sequence (Babhill et al. 197%), guarantees the accuracy
For decades, the role attributed to the cerebellum by the f@lvsaccades regardless of their spe®deplicates the patterns
models of the saccadic system that considered it (e.g., Deamfactivation observed in collicular burst, buildup, and fixation
al. 1994; Grossberg and Kuperstein 1989; Optican 1986; Qmeurons as well as in fastigial oculomotor region (FOR) neu-
tican and Miles 1985) has been to compensate for alterationsaifis,4) exerts a partial trajectory control, aBjireplicates the
the oculomotor plant due to age or injury and to adjust tredfects of sustained electrical stimulation of the SC (i.e., it
saccadic command as a function of the orbital position, comenerates staircases of saccades). The decision to present the
pensating for plant nonlinearities. Such an approach was jastributed implementation of the model as a separate paper
tified on the basis that cerebellar lesions impair the ability @fas motivated by our desire to focus here on the neurophysi-
the system to compensate for changes in the oculomotor plaldgical basis of the model in a paper of reasonable length.
(Optican and Robinson 1980) and induce saccadic dysmetdanetheless, we will present here some additional simulations
(e.g., Optican and Robinson 1980; Ritchie 1976; Robinsonat that model, mainly to show how it can account for the
al. 1993; Sato and Noda 1992b; Takagi et al. 1998), often asféects of collicular and cerebellar lesions. We also will discuss
function of orbital position. In all those schemes, the assumiite implications and the advantages that this organization has
tion was made (implicitly or explicitly) that the extracerebellafor controlling eye movements, as well as its limits and pos-
pathway generates, using a feedback loop controller, a cosible extensions. Finally particular care will be devoted to
mand that is a fixed function of the desired displacement of tikistrating the predictions of the model and describing exper-
eyes; that command then is supplemented by a fixed (bworental tests that could corroborate or refute it.
adaptable over the long term) command produced by the cerEarlier accounts of this model appeared in abstract form
ebellum. Thus in those schemes the extracerebellar pathviagfevre et al. 1996; Optican et al. 1996; Quaia et al. 1996).
guarantees the consistency of saccades, whereas the cerebel-
lum is re§pon5|ble for their accuracy. The major failure of _th_I§A CKGROUND
scheme is that it does not account for one of the most striking
effects of cerebellar lesions: the increased variability of sac-To justify our choices in attributing roles to the large number
cades. In fact, after cerebellar impairment, saccades not onfycell types and anatomic interconnections that we are mod-
loose their characteristic accuracy, becoming dysmetric (hghng, we now briefly describe a subset of the relevant litera-
permetric or hypometric depending on the cerebellar areiage, pointing out inconsistencies in the data, some of the
affected by the lesion), but they also become subject topgevious modeling studies, and alternative interpretations. Be-
conspicuous trial-to-trial variability, affecting both amplitudecause this analysis is not a complete review of the pertinent
and direction (e.g., Robinson 1995; Robinson et al. 1998grature, we will refer to existing reviews for all the topics on
Takagi et al. 1998). which there is general agreement, concentrating our efforts on
This last observation, which has been reported after bdtte most controversial or least explored subjects.
permanent and temporary lesions, clearly is inconsistent with
the qerebell_ar output being simply an adap_tive function of theiermediate layers of the SC
starting orbital position and the desired displacement of the
eyes. Accordingly, we propose that the cerebellar contributionSince the early 1970s, single-unit recordings (Schiller and
is carefully tailored during each saccade to compensate fatryker 1972; Wurtz and Goldberg 1971, 1972) and electrical
both the characteristics of the oculomotor plant and the vastimulation experiments (Robinson 1972; Schiller and Stryker
ability present in the rest of the saccadic system during th872) indicated that the intermediate layers of the SC must
preparation and execution of the movement. In our model th&ay an important role in producing saccades. Cells in the SC
cerebellar output is tailored in flight, because it is part of @rom now on we always refer implicitly to the intermediate
feedback loop, functionally similar to that proposed by Robayers of the SC) are characterized by fairly large movement
inson as the core component of the saccadic system. Thudiéhds (i.e., the range of movements associated with activation
our scheme the cerebellum is responsible for both the accurafya neuron) (Sparks et al. 1976), which are organized topo-
and the consistency of saccades. The increased variabigtaphically (i.e., cells close together have similar movement
observed after cerebellar lesions is simply due to the unmasields). Neurons that discharge in correspondence with small
ing of variability inherently present in the rest of the saccadgaccades are located rostrally, whereas large movements are
system. Unmasking occurs because the mechanism (i.e., éheoded in more caudal sites. Accordingly, electrical stimula-
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tion at rostral sites results in small saccades, whereas at m@hiaitzman et al. 1991) in which the burst neurons encode
caudal sites larger saccades are evoked. These results indicaitor error with their temporal discharge. In this case, as well
that the saccadic (or target) vector is spatially, and not tempas in similar models (Arai et al. 1994; Van Opstal and Kappen
rally, encoded on the SC; movements toward targets in the 12893), the SC becomes part of the local feedback loop. One of
visual hemifield are encoded in the right SC and vice-versa (fittre major advantages of these schemes is that they do not
a review, see Guitton 1991; Sparks and Hartwich-Young 198@quire an STT because the information that is encoded spa-
Wurtz 1996). tially on the SC (i.e., the desired displacement) is never con-
Recently saccade-related neurons in the SC have beenwdirted into a temporal code and the dynamic motor error is
vided into three classes according to their pattern of activigncoded temporally in the brain stem as well as in the SC. The
and location: burst, buildup, and fixation neurons (Munoz andck of an STT, which is a feature of several other models as
Wurtz 1992, 1993a, 1995a; Wurtz and Optican 1994). Theell as the model presented here (see following text), is very
burst neurons, as classified by Munoz and Wurtz (1995a), amgportant, because it simplifies considerably the connectivity
characterized by a brisk discharge synchronized with saccddem the SC to the brain stem (Quaia and Optican 1997).
onset, have a closed movement field (i.e., they discharge onlyunfortunately there are some major problems with the
for saccades around an optimal vector), and are probably 8eheme proposed by Waitzman and colleagues: first of all,
same cells described by Sparks and colleagues as saccaéeause it posits that only the level of collicular activation, but
related burst neurons (SRBNs) (Sparks 1978; Sparks and Maygs its spatial distribution, is under feedback control, it cannot
1980). Fixation neurons, located in the rostral pole of the S@&¢count for the purposeful curvature of saccades [which is such
behave in an opposite manner, i.e., they discharge during actilrat when the eyes are not headed in the correct direction they
fixation and pause during saccades in any direction (excepe brought back toward the target (Becker andjdns 1990;
sometimes they do not pause, or even burst, for small, conteakelens and Sloot 1995; Erkelens and Vogels 1995). This
versive saccades). These cells pause immediately before libbavior is particularly prominent after collicular reversible
onset of a saccade and resume firing at the time of saccauctivation (Aizawa and Wurtz 1998)]. Another problem with
termination (Munoz and Wurtz 1993a). The third class of celthis scheme is that it does not explain why sustained electrical
is represented by the so-called buildup neurons (located amatighulation of the colliculus produces movements the ampli-
and just below the burst neurons), which are characterized tige of which is a function of the rostrocaudal position of the
a small buildup of activity preceding saccades (hence thelectrode on the SC map (Pagé al. 1994; Robinson 1972;
name) and have an open movement field (i.e., they dischar§é&nford et al. 1996).
albeit with different intensities, for all saccades in one direction Because of these problems, we think it is unlikely that the
larger than a certain amplitude). Some, but not all, buildugllicular burst neurons are part of a feedback loop used to
cells are characterized by a burst occurring at saccade onsightly control saccade amplitude. Nonetheless we think that
similar to that of the burst cells. In the majority of buildughe correlation between burst neuron discharge and dynamic
cells, this burst component has a closed movement field, simetor error is not just an epiphenomenon. In fact, when sac-
ilar to that of the burst neurons (see Munoz and Wurtz 1995zdes are interrupted in midflight by electrical stimulation of
their Figs. B and 8). One striking characteristic of the builduggthe region containing omnipause neurons (OPNs), the burst
neurons is that some of the activity (but not the burst comppeurons’ activity goes temporarily to zero (supposedly because
nent) in the buildup layer seems to spread rostrally across thfeantidromic stimulation of collicular fixation neurons) and
SC during a saccade (Munoz and Wurtz 1995b). This obséinen resumes a level of activity that is again compatible with
vation, based on the analysis of the time course of celldie encoding of dynamic motor error (Keller and Edelman
discharge during saccades of different amplitude, is reminis994). This last finding makes the hypothesis that the burst
cent of the finding that in the cat the locus of colliculaneurons’ discharge simply is preprogrammed very unlikely.
activation appears to move rostrally during a saccade (MunoZThe peculiar characteristics of the buildup neurons’ dis-
et al. 1991a), possibly encoding instantaneous gaze error sgaarge, and particularly the rostral spread of activity during a
tially (Guitton et al. 1993; Munoz et al. 1991b). saccade, makes it tempting to ascribe to this class of neurons a
distinct function (e.g., Wurtz and Optican 1994). In particular,
Role of the SC in current models of the saccadic system It has been proposed (Optican 1994) that the displacement of
the center of activity on the buildup layer could represent an
The function classically attributed to the SC is to provide thiaternal estimate of the progress of the saccade toward the
desired displacement signal to the brain stem circuitry (e.target (i.e., functionally represent the output of a displacement
Grossberg and Kuperstein 1989; Scudder 1988; Tweed antkgrator). This role for the spread of activity is similar to the
Vilis 1990). Thus in these schemes, the SC is outside the locale attributed to the SC by models based on cat data (Droulez
feedback loop that has been postulated to control saccadesand Berthoz 1988; Lefee and Galiana 1992).
many of these models, the collicular output is processed by dJnfortunately, a close inspection of the pattern of activity of
spatial-to-temporal transformation (STT, a process or mechmenkey buildup neurons reveals that an interpretation of the
nism used to transform information from a spatial encoding &pread of activity as functionally important in controlling the
a temporal encoding), which converts the location of the acthovement is problematic. For example, to have a significant
vated locus on the collicular map into a temporal signal eeffect, the change of spatial distribution of activity during a
coding the desired displacement of the eyes. saccade should be quite dramatic. However, the activity that
Recently the finding that there is a fairly good correlatiogpreads across the buildup layer during a saccade is only a
between the level of activity of some collicular neurons and tteeall fraction of the activity that is produced at the site
residual motor error prompted the development of a modabrresponding to the target (often characterized by a burst, see
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preceding text). Thus the center of gravity of the activated artee direction associated with the early burst) is ipsilateral for
in the buildup layer does not change much during the movkalf the cells and contralateral for the other half.

ment (Anderson et al. 1998). One could argue that the spreadn turn the oculomotor vermis projects to an ellipsoidal
of activity over the SC map could have an effect by inducingggion in the caudal fastigial nucleus (Yamada and Noda
a timely reactivation of the fixation neurons, contributing td987), the so-called FOR. These projections are strictly ipsi-
stopping the movement. However, under this hypothesis, lateral and topographically organized (Carpenter and Batton
sions of the rostral pole of the colliculus are expected to indué&82; Courville and Diakiw 1976; Noda et al. 1990). Because
dysmetria (in particular hypermetria), whereas such lesions m? vermis does_not project dlrectly_outS|de the cerebellum, the
not seem to affect saccade amplitude (Munoz and wuggnals present in the FOR determine the effect of the cerebel-

o : ; r vermis on saccades. Consequently any model that is con-
1993b). Thus even though it is certainly possible that tH@erned with the control of saccades by the cerebellum has to

reactivation of the fixation zone plays a role in stabilizing the . .
: o : .. give strong import to the saccade-related discharge of the FOR
system, we think that it is unwarranted to attribute to it F%eurons. Fortunately there is general agreement on the pattern

dominant role in the determination of saccade amplitude. gf discharge of these neurons (Fuchs et al. 1993; Helmchen et

nally it should be noted that this spread of activity begins Well "1994: Ohtsuka and Noda 1990 1991). They produce an
before saccade onset (e.g., during a 50° saccade the 3° buil HAy burst of activity for movements in one direction (pre-

cell gets activa}ted betyveen 10.0 arjd 50 ms before saccade ORSred direction) and a late burst, time-locked with the end of

gzge{eatli/?l?r?ogsanmdam?:zaig\é%?)mlgio rr;s tfﬁg%reosggfvﬁ%he movement, for saccades in the opposite direction. The
) ( : » 9. )- ferred direction always has a contralateral horizontal com-

makes the hypothesis that the spread is controlled by feedb Kent

information tightly related to the movement pretty unlikel '

even though it does not rule out less tight feedback schemes.

One final problem common to all colliculocentric models i&fodel

that they cannot easily account for some recent findings thaxn this section. we describe our model in detail. We first

suggest a dissociation between saccade metrics and the Ggkine the structure of the model to provide a general idea of

licular locus activated. For example, it has been shown that e, e that the various areas play in the overall picture. To

C‘I)III'C”|%r rgovement f|elds_ar:e dn‘fergnt when com;t))anndg VISWy0id any misunderstanding, we stress that all the connections

ally guided movements with saccades to remembered arggly naiterns of activit desc,ribed hereafter refer to our model

(Stanford and Sparks 1994). Analogous results have b p y '

btained usina th X d K (Edel 4K we will indicate, by means of citations to the relevant
obtained using the averaging saccade task (Edelman and Kgflgf 4t re, when they are supported by experimental findings.

1998), after adaptation induced with the double step paradig\;(nn”arI ; ;
s y, when we make assertions relative to the role played
(Frens and Van Opstal 1997; Goldberg et al. 1993), and wh brain areas in controlling saccades, we refer to our model of

saccades to moving targets are considergd (Keller etal. 19 saccadic system not to the saccadic system itself, even
In all these cases, the collicular locus activated appears to t\'/?/r?en this is not explicitly stated '

function of the location of the target and not of the movement
evoked. As will become clear later, these results, which chal-
lenge the various colliculocentric models, are perfectly corf?verall structure of the model
patible with our model; in fact, in our scheme the actual
displacement of the eyes is determined by the cerebellu
which decides when to stop the movement.

In designing this model, we gave primary significance to the
H?altterns of saccade-related activity recorded from single cells
in the SC, in the cerebellum (especially the fastigial nuclei,
which contain the cerebellar neurons that project to the brain
Cerebellum stem saccadic circuitry), and in the brain stem. Using many of
the known anatomic connections between these different areas,
A great deal of evidence points toward lobuli Vic and VIl ofwe have created a model in which the metric and dynamic
the cerebellar vermis as being involved in the control of sacharacteristics of saccades are determined by the cooperation
cadic eye movements. First of all, only very small currents acé two parallel pathways (Fig. 1). The first pathway (collicular
needed to evoke saccades from this region (Noda and Fujikgathway) involves the cerebral cortex (which provides the
1987), whereas much higher currents are needed to evoimet location in retinotopic coordinates), the SC, the premotor
saccades from nearby lobuli (Keller et al. 1983; Ron andedium-lead burst neurons (MLBNS) [which are divided into
Robinson 1973). Second, ablations of this area result in dscitatory (EBN) and inhibitory (IBN) burst neurons] and the
metric movements (Ritchie 1976; Takagi et al. 1998). Finallypotoneurons (MNs) that innervate the extraocular muscles.
neurons in this area present saccade-related activity (HelmcHdr core structure of this pathway is the SC, which plays two
and Buttner 1995; Ohtsuka and Noda 1995; Sato and Nodes: first, it determines the onset of the saccade, by releasing
1992a), whereas activity in neurons belonging to other vernthke excitation provided to the OPNSs, which tonically inhibit
lobuli is not modulated during saccades (Sato and No@gate the MLBNSs in between saccades. Second, it drives the
1992a). Unfortunately, there is not much agreement regardieges toward the target. Thus this pathway providgs signal
the pattern of saccade-related activity of these neuromsd what we call alirectional drive.
Whereas Ohtsuka and Noda (1995) reported that neurons in th&he second pathway (cerebellar pathway) involves the ce-
oculomotor vermis produce an early burst for ipsilateral saebral cortex, the SC (which just relays the target information),
cades and a late burst for contralateral movements, Helmchikea cerebellum (vermis lobuli Vic and VIl and FOR), MLBNSs,
and Biitner (1995) reported that the preferred direction (i.eand MNs. The cerebellum, which is the central structure of this
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CORTEX been published (e.g., Buer-Ennever and Btner 1988; Fuchs
et al. 1985; Hepp et al. 1989; Moschovakis et al. 1991).
Target The basic structure of the horizontal channel of the brain

stem circuitry implemented in our model is represented in Fig.
2. The muscles innervated to move the eyes in the horizontal

SC y y CEREBELLUM  plane (i.e., to rotate the eye ball around the vertical axis) are the
> lateral recti (LR), which rotate the left eye to the left and the

Drive i Go Choke  Drive i DI right eye to the right (i.e., they rotate the eyes temporally), and
D — the medial recti (MR), which exert opposite effects (i.e., they

A rotate the eyes nasally). When a conjugate movement of the

T
: eyes is produced, the LR of one eye and the MR of the other

! eye act as agonists (i.e., their tension is increased), whereas the
: other two muscles act as antagonists (i.e., their tension is
I decreased). The innervation to the lateral recti is provided by

! motoneurons (MN) located in the ipsilateral abducens (VI)

k : nucleus; intermixed with these motoneurons are interneurons

\ i (IN), which presumably receive the same inputs and project to

| I the motoneurons of the contralateral MR, located in the con-

l ; ; £ tralateral oculomotor (lll) nucleus. We modeled the eye plant

as a second-order system, with time constants of 0.15 and
0.005 s (Keller and Robinson 1972; Robinson 1973), and

MLBNs| Total Drive

Left Right
Eye Eye

A A A A
MNs LR MR MR LR

Fic. 1. Overview of model structure. There are 2 major pathways, one
through the superior colliculus (SC) and the other through the cerebellum. SC MN MN
performs 2 functions: it determines the onset of the saccade (Go) by causing I I
the omnipause neurons (OPNSs) to release their inhibitory action (Gate) on the
medium lead burst neurons (MLBNs). SC also provides an excitatory input
(Drive) to the MLBNs. Cerebellum performs 3 functions: it provides an
additional drive to the MLBNSs, it monitors the progress of the saccade by
acting as a displacement integrator (DI), and it chokes off the drive to the
MLBNs, ending the movement. Sum of the 2 drives (unless modulated by ta
choke) is passed on to the motoneurons (MNs) and determines the velocity oMN IN IN MN
the eyes. —, excitatory signals; - - -, inhibitory signals. Vi VI VI VI

A A

second pathway, plays three rolé¥it provides an additional
directional drive,2) it monitors the progress of the saccade
toward the target (acting as a displacement integrator, DI),
adjusting its output to compensate for directional errors, and,
when the eyes approach the target, &ydt chokes off the
drive provided by these two pathways to the motoneurons,
ending the saccade. Thus this pathway also provides tyo
signals to the brain stem circuitry: @irectional driveand a
chokesignal. ]
As will become clear further on, there is a fundamental I
difference in our model between the collicular and the cere- |
bellar drives: whereas the first cannot change direction during ,
a saccade (i.e., the ratio between the horizontal and vertical |
components of the collicular drive is fixed throughout the *=—=—=—=—=-=--- » OPN «—--—-—-—-—-—--
movement), the second is adjustable in direction.

FIG. 2. Brain stem circuitry for the generation of horizontal saccades.

. . . OPNs tonically inhibit excitatory (EBN) and inhibitory (IBN) burst neurons
Brain stem circulitry between saccades. In turn, EBNs inhibit OPNs (through an inhibitory inter-
neuron, not shown), keeping them off during saccades. EBNs excite directly
The brain stem network that we use in our model is sufhe MNs of the ipsilateral lateral rectus (LR) muscle and, indirectly through

ported by a great deal Of expenmental ev|dence and |S ess'@]&q&meurons (lN), the MNs of the contralateral medial rectus (MR) muscle.

- : : : nversely the IBNs inhibit directly the MNs of the contralateral LR and,
tially identical to that used in several other models. Thus hel?n%irectly through INs, the MNs of the ipsilateral MR. Drive to each population

we just briefly describe its fundamental aspects. Several gmns is determined by the difference between the activity of EBNs of one
views describing the evidence for the connections we use haige and IBNs on the other side of the brain stem.
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because the tension exerted by a pair of muscles is a linear A Cortical
function of the difference in innervation between the agonist
and the antagonist (Haustein 1989), we lumped the two mus-
cles into one equivalent muscle.

Each side of the brain stem contains two populations of
MLBNSs, one (EBNSs) that excites the ipsilateral MNs and INg B
and another (IBNs) that inhibits contralateral MNs and INs
These populations of MLBNs are inhibited by OPNs (located
across the midline), which fire tonically during periods of Start  End
fixation and pause during saccades, thus acting as a gate.| In
turn, MLBNSs inhibit the OPNs, helping to keep them inactive
during saccades. Because no direct projections from the IBNis

Saccadic
Command

Fixation C Feedback
Command Inhibition

to the OPNs have been found {wer-Ennever and Btner +
1988), we assume that the EBNs inhibit the OPNs through gn = swrt End \ / Start End
interneuron. - -

The difference between the signal carried by the ipsilateral
EBNs and that carried by the contralateral IBNs determines the
velocity of the horizontal component of the movement. This
velocity signal then is integrated by neurons located in the nucleus
prepositus hypoglossi and in the vestibular nuclei (for clarity this
pathway has been omitted in Fig. 2); the output of this neural -
integrator, which is fed to the motoneurons, is used to hold the D C(iilflcrls':ar
eyes in an eccentric position at the end of the saccade.

The scheme for the vertical channel is organized similarly
(e.g., Crawford and Vilis 1992), even though two pairs of
muscles for each eye (vertical recti and obliques) are activated
during vertical movements. For the sake of simplicity and
because we consider only movements in Listing’s plane, we

modeled the vertical channel in the same way as the horizontal Start End
channel (which is reasonable under the hypothesis described in
Quaia and Optican 1998). FIG. 3. Schematic of the temporal characteristics of the inputs to model

collicular burst neuronsA: cortical saccadic command is a phasic excitatory

input that starts firing before saccade onset and outlasts the movenent.

; ; fixation command is a tonic inhibitory input that is switched off at the
Superior colliculus beginning of the movement and is reactivated after the saccade is@uver.

INPUTS TO BURST NEURONS. We have modeled four inputs tofeedback inhibition input approximately encodes the progress of the saccade
the collicular burst neurons: the first input comes from tht@ward the targetD: output of collicular purst neurons is det_ermined by the
frontal eve fields (FEE). and it encodes the location of tsum ofthe_35|gna|s described above. It is a burst that starts just before saccade
ron Y . ( ] )’ ’ . . ’ rH?lset and is almost over by saccade end.
target for the impending saccade in retinotopic coordinates
(saccadic commandy providing a topographically organizedprovided by the collicular fixation neurons, which provide inhi-
excitatory input to the SC. Each input fiber discharges madition until just before saccade onset, when they turn off, allowing
mally for one saccade vector; its discharge decreases followihg burst neurons to start discharging (Fi§).3These neurons
a Gaussian function as the direction of the movement deviathen are reactivated around the end of the saccade. This is com-
from the preferred vector and following a log-Gaussian fun@atible with recordings in the rostral pole of the SC (Everling et al.
tion as the amplitude of the movement deviates from tHg©98; Munoz and Wurtz 1993a). The relative weight of these first
preferred vector. This is in agreement with recordings frotwo inputs determines, in our model, the onset of burst neurons’
movement cells in FEF (Bruce and Goldberg 1985). The widthischarge, and thus the latency of the movement.
of the FEF movement fields is larger than that of collicular The third input to the burst neurons encodes, in a relatively
burst neurons, and we assume that they are narrowed sbyppy way, the magnitude of the displacement since the be-
intracollicular on-center-off-surround connections (Grossbeginning of the saccade. This signal, which we dakdback
1973, 1988), which determine the size of the burst neurorishibition, inhibits the burst neurons, thus determining the
movement fields. observed decay of activity as a function of dynamic motor error
Similarly, we modeled the temporal characteristics of thigig. 3C); as we will explain at length later, it does not need to
signal as being less brisk than those of the collicular buisé particularly accurate. Such an extracollicular signal is nec-
neurons; in particular, the FEF activity rises earlier comparedsary in our model to reproduce the results of Keller and
with saccade onset, the activation outlasts the saccadic mokzdelman (1994) and Waitzman et al. (1991), as also pointed
ment, and the activity does not decay much during the saccane by Keller and colleagues (Anderson et al. 1998), but there
(Fig. 3A). Such characteristics are compatible with recordings no direct experimental evidence for (or against) the existence
from cortico-tectal neurons in FEF (Segraves and Park 1998j,a feedback inhibition signal.
which probably are the movement cells studied by Bruce andThe fourth and final input to the collicular burst neurons also
Goldberg (1985). comes from the cortex, but, because it is weak and has minimal
The second input to the burst neurofigation commandis effect on burst neurons’ discharge, we will describe it later. For
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now it suffices to say that this fourth input is, in our model, the SACCADIC PLAN

source of the early activity observed in buildup cells. It will be

made clear later why we propose that the burst neurons receive Cortical Time Effect on
this input as well. Output (Re: Saccade onset) Collicular Activity
ACTIVITY OF SC BURST NEURONS. We modeled the output of Fovea Target Fovea Target
the burst neurons as a burst of activity that starts just before the l l 1 l
beginning of the saccade and is almost over by the end of the

saccade (Fig.3). Thus in our model, the burst neurons are - 100 ms

only partially clipped, i.e., the neurons are still active at the end
of the movement, even though at a fairly low level20% of

maximum activation). The choice of keeping this residuaf
activity at the end of the movement is due to the experimental

finding that, even though some burst cells are clipped (i.e., the - 30 ms

activity is over by saccade end), most burst cells (probably as

many as 70%) are only partially clipped (Munoz and Wurtz=——] el
1995a; Waitzman et al. 1991). The presence of unclipped

activity is not a problem because, as stated above, in our model 0ms

it will become clear that the presence of unclipped activity is an
indispensable feature of the model.

It is important to point out that in our model the spatial char- 30 ms
acteristics of the first three inputs described in the preceding teg/
(which essentially determine the activity of burst neurons, because
the fourth input is very weak) are not under feedback control and,

except for noise-related variations, dot change during a sac- /

60 ms

cade. Consequently, in our scheme the activity in the burst laye
maintains its spatial distribution throughout the saccade, and it7s—
modulated only in intensity by feedback signals. Accordingly, ric. 4. Schematic outlining the effect of a cortical predictive remapping of
only the magnitude of the output of the burst cells changes durithg saccadic plan input. If the cortical activity is remapped from the locus
the saccade, and thus in our model, the purposeful curvatureefesponding to the position of the target to the foveal zone, startB@ms

: A : : ore saccade onset, the effect on collicular buildup neurons is a pattern of
saccades (WhICh reflects a feedback-driven directional Contrg)ﬁivation that resembles a spread of activity toward the rostral pole of the SC.

cannot be due to this collicular output. Note that this figure does not account for the other inputs to collicular neurons,
OUTPUTS OF BURST NEURONS. In our model, the burst cells Which were shown in Fig. 3.

excite the contralateral MLBNs (both EBNs and IBNSs) (se . . . . .
Chimoto et al. 1996), with weights that are a function of thgffhgtgé %gg'?é?;alfg%tﬁllsgrﬁiz’(?tngl el%(gg;: al stimulation

position of the cell on the collicular map (caudal sites have In the model, the burst neurons also provide a topographicall
stronger projections than rostral sites), as originally proposed X P pograp y

by Edwards and Henkel (1978). Cells in the lateral and med3j9a"1zed input to the nucleus reticularis tegmenti pontis (NRTP)
p)ellrt of the SC project( prefe)rentially to vertical MLBNs and to the pontine nuclei (see Thielert and Thier 1993), which in

whereas cells along the central meridian project preferentiaT n project heawily to the cerebellum. As we will describe later,

to horizontal MLBNs (see Grantyn et al. 1997). However, th ;gégﬁﬁrieimgﬁrmigﬁnglogrﬁathfﬁftgq;ﬁgzgﬁéit?ggﬁnto ttﬁ:
input provided by the SC to the MLBNS is a directional drivé atial code and thus avcg)]idin ?he neeg for an ST"I' Finall , the
signal and no spatial-to-temporal transformation (Beé¢e of P 9 : Y,

the SC in current models of the saccadic sy3tisrperformed. :)urst nﬁ‘gons ":L"b't the gxatlon neurons, thus helping to keep
Thus the input provided to the MLBNs by the SC can be thgem Oft during the saccade.
same even if two different collicular loci are activated atPUTS TO BUILDUP NEURONS. In our model, the second cor-
different levels (e.g., a 20° locus weakly activated compardidal input to the SC, which we call trsaccadic plarinput and
with a 10° locus strongly activated). In contrast, by definitiobriefly introduced in the previous section, is the source of the
the output of an STT always must be different when differetarly activation and of the rostral spread of activity in buildup
loci are activated regardless of the level of activity. neurons. We call this signal the saccadic plan because it
Thus in our scheme, the SC burst cells provide a signal thadlicates the presence and location of an area of interest in the
only drives the eyes approximately in the right direction. Thésual scene. Any such location is a potential target for a
direction of the movement is determined by the lateromedisd&iccade, but a saccade to it is not necessarily generated. In our
location of the collicular site activated, whereas its speeadodel, this signal starts exciting buildup neurons soon after the
depends on (but is not strictly encoded by) the level of activtarget has been designated and is characterized by a perisac-
tion of the burst neurons and the rostrocaudal location of thadic spread (i.e., a particular input fiber is activated later for
active site. This last aspect is in agreement with results frdarger saccades in one direction). Recordings from lateral in-
single unit recordings (Berthoz et al. 1986), collicular lesiortsaparietal cortex (LIP) neurons projecting to the SC {Rare
(Aizawa and Wurtz 1998; Hikosaka and Wurtz 1985, 198&Vurtz 1997) revealed the presence of a signal that could be

the collicular output does not encode dynamic motor error, \/\
which has to be zero at the end of the saccade. In fact, Iater.on/'\[\ —]
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Burst Fixation & Buildup ACTIVITY OF THE BUILDUP NEURONS. In Fig. 5 we show how,
Neurons Time Neurons in our scheme, the spatial distribution of neuronal activity
rove Targe (Re: Saceade onset) roven Targer across the SC changes before and during the movement. Here
l l l l the case of a horizontal saccade having a duratior@® ms
is illustrated. As already pointed out, only the burst neurons

around the optimal vector are activated during a saccade (Fig.

100 ms 5, left). The activation starts just before, and it peaks around,
saccade onset (see also Fid)3no change in the spatial
distribution of the activity occurs. The fixation neurons (Fig. 5,
Rostral Caudal Rostral cwdal right, rostral neurons) are inactive during the saccade and are

otherwise firing tonically (see also FigBR Buildup neurons

are instead characterized by the superposition of the burst and
\/\ of the input described in Fig. 4, which produces a pattern of

activation that resembles a rostrally directed spread of activity.
It is important to note that because, in our model, feedback
0 ms information controls the strength of the burst input but not the
spread (or remapping) of activity toward the rostral pole, the
buildup neurons cannot contribute to the goal-directed curva-
ture of saccades (i.e., even if there is a change in spatial
distribution, it does not depend on the trajectory of the eyes and
thus is not part of a trajectory control mechanism).

=50 ms

30 ms

OUTPUTS OF THE BUILDUP NEURONS. In our scheme, the
buildup neurons project to the same recipients as the burst
60 ms neurons. Thus they provide an excitatory input to MLBNs
(directional drive), an inhibitory input to the collicular fixation

/\ neurons, and topographically organized inputs to NRTP and

Fic. 5. Pattern of activation of collicular neurons (schematic). Spatial di ontine nuclei. Thus we propose that, as far as movement
tributioﬁ of activity in collicular burst neurongeft) is shown at differénftimes ?(ecutlon is concerned, buildup neurons are not functionally
before and during a horizontal saccade (saccade engetns, duration= 60  different from burst neurons.

ms). Only the activity in the row of neurons corresponding to horizont - -
saccades/targets is showRight activity of fixation (around the vertical line ?:l.IXATION NEURONS. In our model, the fixation neurons receive

indicating the rostral pole of the SC) and buildup neurons during the safi¥€ inp_UtS: an eXCitatorY visual input from targets on the fovea,
period is illustrated. an excitatory input that is related to the desire to keep the eyes

steady (active fixation), an excitatory input from the caudal
compatible with these requirements. Actually, because of tfestigial nucleus, an inhibitory input from the ipsilateral caudal
breadth of the cortical movement fields, there is no need for tB€ (burst and buildup neurons), and an excitatory input from
input to spread: all that is needed is a step-like remappingtbe contralateral rostral pole of the SC. Several investigators
the target from its initial eccentric position to a foveal positiohave provided experimental evidence that supports this scheme
(Fig. 4, left). (e.g., May et al. 1990; Munoz and Istvan 1998; Munoz and

In Fig. 4 ight), we show the effect of such a remapping of th#Vurtz 1993a).

saccadic plan input on collicular buildup neurons (this must not be The role of the fixation neurons is to providgyasignal for
confused with the actual pattern of activation of buildup neurori§i¢ saccade. They carry out this role by turning off just before
shown in Fig. 5, which also is determined by other inputs). Orlg€ beginning of each saccade, thus reducing the excitatory
characteristic of this spread/remapping is that to start before situt of the OPNs and allowing the MLBNS to turn on and start
cade onset (segackGrouND), it must be predictive and cannotth€ saccade. In our model, the role of this gate circuitry is

; ; ; ; ofold: first, it stabilizes the circuit during periods of fixation,
depend on feedback information regarding an ongoing moyeméa}lg/{tbiding the onset of oscillations (Robinson 1975; Van Gis-

N Lo bergen et al. 1981). Second, the presence of a gating mecha-
predictive target remapping in LIP by Goldberg and coIIeagu%.Sr% allows the co)llicular signal tg rise to its ma?ximugm just

(Duhamel et al. 1992; Goldberg and Bruce 1990; Goldberg et Bltore saccade onset, thus providing the MLBNs with the
1990; Quaia et al. 1998b). The onset of such remapping (80 Gj%)ngest possible drive, which in turn results in the maximum
before saccade onset) is consistent with the timing of the spread o jeration of the eyes (Scudder 1988).
observed in the SC. It also should be noted that such remappingrthermore in our scheme, the fixation neurons are reacti-
has been reported in FEFs only in visual neurons (Umeno aggted after the end of the saccade to help maintain fixation. We
Goldberg 1997) and not in movement neurons, which in o{gye shown elsewhere (Lefe et al. 1998) that the diminished
model carry the saccadic command input to the SC (and thatsivation of the burst neurons and the increased overall acti-
cannot show remapping). vation of the FOR at the end of the saccade is sufficient to
Besides the saccadic plan input, in our model the buildugpduce a timely reactivation of the fixation neurons.
neurons receive three other inputs, described in a previousn our model, the fixation neurons project to both the OPNs
section: the saccadic command, the fixation command, and #rel to the collicular burst/buildup neurons; both these connec-
feedback inhibition (Fig. 3). tions are supported by experimental evidencé&tfiBar-Ennever

P P>
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Cortical
CS:;::::: ::d Feedback
Inhibition
Fixation
Command FIc. 6. Classification of collicular neu-
rons. In our scheme, burst and buildup neu-
rons are extremes of a continuum of neurons.
The stronger the connections with the sac-
cadic command input (e.g., from cortical
a frontal eye fields), the stronger the burst; the
'3 COLLICULAR stronger the connections with the saccadic
= NEURONS plan input (e.g., from parietal cortex), the
2 stronger the early activation and the spread
of activity. For this scheme to work, the
inhibitory inputs should act at the dendritic
level to shunt the saccadic command input.
Cortical
Saccadic
Plan

and Horn 1994; Gandhi and Keller 1997; Munoz and Istvachronized with the saccade. Such connections have not been
1998; Parend Guitton 1994). It must be noted that because tishown experimentally, but under these conditions, it should be
activity of the fixation neurons is determined by the activity gbossible to find a frequency of stimulation in the fixation zone that
burst and buildup neurons, the onset time of the saccade is would prevent the occurrence of the burst but not the early activity
under direct voluntary control (even though it is possible tia the buildup cells. Lower frequencies would not be sufficient to
voluntarily prevent the execution of a saccade). prevent the occurrence of the burst, and higher frequencies also
might inhibit the early activity if a fraction of the inhibition acts at

DIFFERENCE BETWEEN BURST AND BUILDUP NEURONS. Physio- L
Y me level of the soma. In fact, such a finding has been reported

logical recordings indicate that the early activity observed
collicular neurons can vary, in the same cell, from a significah‘:‘:(_:l_ehmly (Munoz arjg Istvan ig?g)'f he i licul .
level to essentially zero activity, depending on the experime{J- .ehs.g‘.”.‘e c?]n5| eration ho s for the mft_rall((j:o f'cﬁ ar e|>|<_C|ta-
tal conditions, such as likelihood of appearance of a target J§"-'nhibition that narrows the movement field of the collicu-
the response field or initial eye position (Basso and Wur?r bu_rst, in oursch_em_e these connections act at the level of the
1997; Dorris et al. 1997; Paend Munoz 1996). Thus if, as we urst input, ptherW|se it would not be possible to havg a narrow
propc;se here, this sarﬁe low level component conférs to ggvement field for the burst and a large movement field for the

: : . : C ildup. Finally for the same reasons, in our scheme the
buildup neurons their open-movement field characteristics, | g dback inhibition also acts at the dendritic level (Fig. 6).

same neuron could be classified as burst or buildup depend ﬁgn alternative scheme (Grossberg et al. 1997; Optican 1994)

on the conditions under which it is observed. X ; . .
To account for these observations. in our model burst aRgS'tS that only the buildup neurons receive the saccadic plan
! ut and that the burst neurons generate the burst from the

buildup neurons share the same inputs and constitute a si fdup activity using a winner-take-all network. The burst

class of neurons. Neurons that receive a strong cortical s . ,
en is imposed on the buildup neurons by the burst neurons,

cadic command\E show a strong burst of activity, wherea '
neurons that receive a weak®E input produce a smaller burst2nd there is resonant feedback between the two layers. In these
é:hemes, inhibition from the fixation neurons is provided only

or no burst at all. Similarly the stronger the cortical saccad% the burst neurons and can be applied directly to the soma.

plan input, the larger the buildup (Fig. 6). The characteristics . . . ; X

individual neurons, which form a continuum, are then just t urrently no experimental evidence conclusively differentiates

result of the different relative contribution of the four input etween the;e two schemes. Nonethelgss bqth sche_mes are

shown in Fig. 6. comp_atlble with the rest of our mode! and in pa_rucular with the
function exerted by the cerebellum in controlling saccades.

INHIBITORY CONNECTIONS IN OUR MODEL OF THE SC. It must be

noted (see Fig. 6) that in our scheme the inhibition from ﬂﬁ

fixation neurons acts on the saccadic command input at 8rebel|um

dendritic level, shunting that signal, and not (or only weakly) ompuTs. To keep track of how far the eyes have turned since

the soma of the burst/buildup neurons. This arrangement allotie beginning of the saccade, the cerebellum needs accurate

our buildup neurons to be active long before the saccade (wheformation about eye movements. In our model, the cerebel-

the fixation neurons are active) and to have a burst closely syjumm obtains this information by monitoring the output of the
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MLBNSs (i.e., velocity efference copy). In support of this hy- SC NRTP
pothesis, bilateral projections from regions containing MLBNs

to the cerebellum have been reported (Noda et al. 1990; Thie-
lert and Thier 1993; Yamada and Noda 1987), and MLBN-like .
activity has been recorded in mossy fibers (Kase et al. 1980;
Ohtsuka and Noda 1992). However, in one study no direct
projections from the MLBNs to the cerebellum have been

reported (Strassman et al. 1986a,b), thus an alternative would

>@

be to extract the velocity signal from the burst-tonic signal CEREBELLUM
provided (presumably by the nucleus prepositus hypoglossi) to DI |«

the cerebellum, which also has been documented (Kase et al.

1980). AR

The signals just described enable the cerebellum to act as a
displacement integrator (DI, Fig. 1); however, to generate the
choke signal at the appropriate time, the cerebellum also needs |
to know the desired amplitude of the movement. In our
scheme, this information is provided by the NRTP [where the !
desired displacement is spatially coded (Crandall and KellgqI.BNs | T l
1985)], which we propose sends topographically organized I AN J S
projections to the cerebellum. In support of this hypothesis, EBN IBN :
recordings in mossy fibers (Kase et al. 1980; Ohtsuka and
Noda 1992) revealed the presence of signals similar to those °
reported by Crandall and Keller in NRTP. Alternatively such
signals could be provided by the pontine nuclei [in particular ~ *77mmmTEeeees R
the dorsomedial pontine nuclei (DMPN), which receive strong l—
projections from the FEF and project heavily to the cerebellum '

(Noda et al. 1990)]. : MN
1

As we will describe in detail below, we propose that the )
cerebellum uses these two signals (eye velocity and desired Contra 1 Ipsi
displacement) to keep track of the residual motor error, en+ic. 7. Contributions to the saccadic drive. At the beginning of the move-

abling it to issue the choke signal at the appropriate time. ment, on the side contralateral to the movement (e.g., left for a rightward
] o o saccade), both the SC and the cerebellum excite the EBNs that contact the MNs
AcTIVITY. The discharge characteristics of fastigial neurorgsoth ipsilateral to the movement) of the agonist muscle. During the saccade,

have played a significant role in guiding our modeling effort. |i1e cerebellum integrates (DI) the efference copy of the drive signal, and when
b&% eyes approach the target, the ipsilateral fastigial neurons produce a choke

our mOdel’_ each fa_St'gl"_il neuror] produces an early bu_rst @ nal through the contralateral IBNs that inhibits the MNs of the agonist
saccades in one direction (having a contralateral horizongalscle.

component) and a late burst for saccades in the opposite
direction. The early burst occurring in the contralateral FORodel by activating the IBNs contralateral to the movement
provides, through crossing connections from the FOR to tkleig. 7).
MLBNSs, an additional directional drive. Thus the sum of the An important novel aspect of our scheme is that the early
FOR and the collicular inputs to MLBNs determines the initighnd late bursts are not two distinct bursts, but a single burst that
direction and speed of the saccade (Fig. 7). However, becagpeeads from the contralateral to the ipsilateral FOR during
of the relatively mild effects on initial acceleration of muscihorizontal saccades and within each FOR during vertical
mol injections in the FOR (Robinson et al. 1993), we posit thajovements. The major consequence of this spreading mecha-
at the very beginning of the saccade, the cerebellar contributioism is that if the speed of the spread (which in our model is
to the overall directional drive is not very intensed0-30% controlled by the vermis) is an appropriate function of the
of the total drive). Accordingly, in our model the collicularvelocity of the movement, the FOR acts as a spatial displace-
pathway is stronger than the cerebellar pathway. ment integrator that keeps track of the residual motor error.
In contrast to the early burst observed for saccades in thee integration of the velocity signal is carried out by the
preferred direction, a late burst is produced in correspondereaebellum in the spatial as opposed to temporal, domain. To
with saccades in the opposite direction. This burst occurs lafsrform a spatial integration of the velocity signal, some sort of
and later for larger and larger saccades (see Fuchs et al. 198Bpgraphic organization has to exist (Optican 1995); accord-
Helmchen et al. 1994; Ohtsuka and Noda 1990, 1991); it hayly in our model, the FOR is organized topographically.
been proposed that such a signal contributes to the deceleratimder this assumption, there are regions of the FOR that
of the eyes at the end of the movement (Fuchs et al. 1998pject preferentially to vertical bursters and others that project
Noda 1991; Robinson 1995). In our model, this signal exertav@re heavily to horizontal bursters; furthermore the preferred
more fundamental role: we propose that this late burst dérections of neurons spans the whole contralateral hemifield.
generated by the cerebellum to actually end the saccade wheffiact, recordings in the FOR appear to be compatible with
the eyes are approaching the target, similar to the proposaltbis scheme (Fuchs et al. 1993; Ohtsuka and Noda 1991).
Sparks and Barton (1993); this function is performed in our Furthermore thanks to this topographical organization of the
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FOR EYE FOR
Activity Position Activity
Straight Curved
D
E T
R L - .

Fic. 8. Directional control by the fastigial oculomotor re-
gion (FOR). Here the 2 fastigial nuclei are represented as a
U single map. Neurons in the left half of the map drive the eyes
toward the right (R), neurons in the top half of the map drive the
eyes downward (D), etc. Pattern of activation of the fastigial
nuclei during 2 saccades to the same target is represented
schematicallyMiddle column trajectory of the eyes is plotted
for a straight (blue) and for a curved (red) saccade. E, initial eye
position; T, target positionLeft FOR activity during the
straight saccad&ight FOR activity during the curved saccade.

Initially the activity is the same in the 2 cases (as it depends
£ | . only on the desired displacement of the eyes), but as the saccade

B s B 77777 progresses, the pattern of activation reflects the movement of
the eyes so that when the eyes deviate upward the locus of

activity spreads upward, increasing the downward component
of the FOR output and reducing the upward component.

-

_’@._l

FOR, a directional control over the saccade automaticabaccade can terminate at different times as occasionally ob-
arises. When a horizontal saccade starts, the activated area geitved (Bahill and Stark 1977; Becker aridgkns 1990; King

the contralateral FOR at a location proportional to the ampkt al. 1986). Note that the spread of activity in the FOR is very
tude of the movement (Fig. 8&p), and thus its contribution is different from the spread of activity in the buildup layer of the
collinear with the collicular drive. As the saccade progressesc, which in our model begins before the saccade and is not
the activity spreads across the map; if the eyes are movifgder feedback control.

straight toward the target (Fig. 8yiddle,blue arrow), the FOR o ] ) ) )

activity spreads into an area having the same amount of pRITPUTS. As indicated in the previous section, in our model
jections to the upward and downward MLBNs (Fig. I&ft). the FOR projects to the contralateral MLBNs, stronger to the
However, if the saccade is bending away from a Straigl‘BNS than to the EBNs. Experimental evidence supports this
trajectory, going for example upward (Fig. &iddle, red hypothesis (Gonzalo-Ruiz et al. 1988; Noda et al. 1990).
arrow), the activity spreads toward an area that projects moreAt the beginning of horizontal saccades, the FOR contralat-
heavily to the downward MLBNs (Fig. 8ight), compensating eral to the direction of the saccade produces a burst, exciting
for the directional error. Thus in our model the FOR exertstae MLBNSs ipsilateral to the saccade and thus supplying an
directional control over the saccade, redirecting the eyes tmditional drive. In contrast, toward the end of the movement
ward the target, and even though the output of the colliculdre FOR ipsilateral to the direction of the saccade bursts, thus
pathway is unidimensional, saccades can be curved purposesiting the MLBNs contralateral to the saccade. The activity
fully. As the eyes approach the target, the activity reaches timneluced in the contralateral EBNs is canceled out, at the level
other side of the FOR, and the choke signal is applied to tbéthe MNs, by the activity still present in the ipsilateral IBNs
brain stem circuitry (Fig. 7). Because the collicular drive to theecause of the collicular drive. At the same time the ipsilateral
EBNs is choked off by the cerebellar input acting on thEOR also excites the contralateral IBNs, with stronger weights
contralateral IBNs, and not on OPNSs, the two components ofas supported by anatomic studies, see preceding text); this late
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activity in the contralateral IBNs cancels out, at the level of the Eye
MNSss, the activity present in the ipsilateral EBNs because of the vermis ¢ Position
collicular pathway and of the contralateral FOR, thus stopping AR

A

the saccade. In other words, the late excitation of the contralgt=
eral IBNs is used to choke off the activity still present in the
ipsilateral EBNs. We call this a choke and not a brake because
the saccade is terminated by removing the pulse component iof
the drive to the agonist muscle, and not by activating thg
antagonist. Thus no cocontraction of the agonist-antagonist
pair of muscles is produced. The same line of reasoning can be ,
applied to vertical and oblique saccades; however, in those ™ thst NRTP
cases, the concepts of ipsilateral and contralateral are lost, and
it is useful to visualize the two FORs as a single map. O C) O
It now becomes clear why we said earlier that the presence
of unclipped activity in the SC is an indispensable feature in
our model: if the collicular drive was over at, or before, the endric. 9. Hypothetical mechanism for producing a spread of activity in the
O e e e g e o e e mts o For ara e o Sy S
pathway to choke off. Furthermor_e th_e lack of aCt“_”ty In t_h e FOR. Inhibition is released initially in the contralateral FOR (solid annu-
QaUdal SC WOUld_ cause the reactivation of the collicular fix@rs), whereas at the end of the movement the other FOR gets activated (dashed
tion neurons, which in turn would reactivate the OPNSs, opeananulus). Location of the solid annulus is a function of the desired displace-
ing the gate and making the positive drive produced by tientAE and eye position, whereas the speed of the spread is a function of
contralateral FOR useless. When this happens, the accuracyFiFly feedbackg) and eye position.
the saccade cannot be controlled by the cerebellum. Thus het\ th locity of th t Twhich is a functi ¢
collicular pathway always must supply a drive that woul ewe?n t ef\;ﬁ 0(':\;'{93\] € rgc:\éemetr)l_t [\IN Ic 't'IS a H}f lon o
produce hypermetric saccades so that the cerebellum can I(ID'U pliggs € d th S an d € grd.' al posi |?nho € e;&esl
them into normometric movements by choking off the collicu otlins )] and the speed and direction of the spread. It

lar drive at the appropriate time. After the saccade has b(;%lio should be noted that because in our model the SC encodes
B

FOR

stopped in this way, the OPNSs reactivate, stabilizing the s patially) the location of the target and not the desired dis-
cadic circuit. Nevertheless in our model, neither the removal cement, eye position information also could be used by the

excitatory input to the ipsilateral EBNs nor the reactivation Oﬁzgedbeeélltllc:nco';\c\)/eIr;naptlg:ni?rocfzgoanIrS(;jrﬁTec{i[gz)totr?cnzgoor:Efilt;?[gs
the OPNs is necessary to stop the movement. 9 P

into the displacement of the eyes required to foveate it (Klier

) ) and Crawford 1998).
Action of the vermis

As we already pointed out, in our scheme the desired dislmulations

placement signal is delivered to the cerebellum by connectionsag pointed out in thentropbucTioN, in another paper (Léfe
from the NRTP, which is characterized by a retinotopic orggre et al. 1998) we presented a distributed implementation of
nization (i.e., cells have retinotopic response fields) (Crandglle model described here. Now we briefly indicate how sensi-
and Keller 1985). So, the earliest burst on the FOR is imposgge the model is to changes in its various parameters, and we
by topographic inputs from NRTP (or from DMPN). Howeverpresent some additional simulations, showing how it can ac-
in our scheme, the connections from NRTP (or from DMPN) tgount for the effects of collicular and cerebellar lesions. The
the FOR need to be bilateral; this aspect, which is supported §ihulations reported here were performed using MATLAB/
experimental evidence (Noda et al. 1990), is extremely impasiMULINK (The Mathworks, Natick, MA) running on a Chal-
tant. In fact during small saccades, thert_e is no time for th@qge_L computer (Silicon Graphics, Mountain View, CA). All
ipsilateral burst to be generated by making the contralatefgk details of the implementation are presented elsewhere
burst spread across the FOR under the effect of velocity feqflefavre et al. 1998); unless the contrary is stated explicitly,
back. Thus in these conditions, the ipsilateral FOR, which {Re simulations in both papers have been obtained using the

our model provides the choke, should start discharging befefgme values for the various parameters of the model.
the onset of the saccade (this is in agreement with experimental

findings) (see Fuchs et al. 1993, their Fig. 1). Sensitivity of the model to changes in its parameters

Another reason for having bilateral projections from the
NRTP to the FOR is related to the fact that the vermis, which As expected, our model is very sensitive to the relationship
in our model controls the spread, can only disinhibit the FOBetween the MLBNS’ activity, which determines the speed of
neurons. So it is conceivable that the burst of the FOR neurdhs eyes, and the speed of the spread of activity in the FOR. If
is determined by a widespread excitatory input from the NRTEhis relationship is not precise, saccades will not be accurate. A
controlled by a selective inhibition of FOR cells by the vermisecond important factor is the mapping from NRTP/DMPN to
(Fig. 9). At the beginning of the movement, the activity ishe cerebellum. This mapping determines the area of the FOR
localized in the contralateral FOR (Fig. 9, solid annulus)hat bursts at the beginning of the movement; the location of
whereas by the end of the movement the activity has spreadtis area is also very important to ensure the accuracy of the
the other FOR (Fig. 9, dashed annulus). The only relationshippvement.
to be learned to produce accurate saccades is the relationshipn the other hand, the model’s saccade accuracy turned out
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Fic. 10. Simulation of the effects of FOR lesions on a 20° rightward saceededB: eye position and velocity before (- - -)
and after (—) a bilateral FOR lesion. In agreement with what has been observed experimentally, after the lesion saccades are slower
and larger than normaC andD: effects of a lesion of the right FOR. Saccades ipsilateral to the lesion are bigger and faster than
normal, as reported experimentallyandF: effects of a lesion of the left FOR. Only the decrease in speed, but not the hypometria,
observed experimentally is replicated by our model (see text for comments). All results obtained by reducing the output of the FOR
by 60% (see text).

to be fairly insensitive to changes in the speed of the movementt has been shown (Robinson et al. 1993) that when the
and thus to the weight of the connections between the SC dastigial nuclei are lesioned bilaterally saccades become hyper-
the MLBNs; furthermore altering the feedback inhibition sigmetric regardless of their direction. Furthermore their speed is
nal to the SC has little effect on the metric of saccadegwer than expected for saccades of their size and even lower
Similarly the weight of the connections between the FOR ariflan the speed of normal (i.e., prelesion) saccades to the same
the MLBNSs is not very important as long as the input to thgyrget. To simulate these conditions with our model, we have
IBNs (the choke) is strong enough to overcome the colliculgssymed that the effect of a lesion of the FOR is to attenuate its
input to the EBNs (otherwise the movement would not Stc?p%utput (because some of the FOR possibly is spared). For
Finally the OPNs deserve a special note: we have noticggly hje when we impose an attenuation of 60%, we obtain
that even though under normal circumstances they play essglizcaes that are hypermetric (FigAl@nd slower (Fig. 1B)
tially no role in determining the characteristics of saccadegy, .\ ormal just as reported in the literature. Effects on latency
they can become very important when abnormal conditions %re actual lesions seem to be very inconsistent; in our simula-
f ;

considered. For example, they can have important effects a
ions, we observe a very small latency decrease due to a

lesions or during electrical stimulation. Thus we suggest that . . . i
would be interesting to study their behavior under these Codlgcrease in the excitatory drive provided by the FOR to the

ditions or, for example, to study how a lesion of the opNeollicular fixation neurons. . .
effects electrically evoked saccades. With unilateral lesions of the FOR, it is possible to eyoke a
much larger range of effects (Ohtsuka et al. 1994; Robinson et
- al. 1993). First of all, ipsilateral saccades become hypermetric,
Effects of cerebellar lesions while their velocity (at least for 20° saccades) slightly in-
Lesions of the oculomotor cerebellum have a large impamteases. Our simulations (performed by attenuating by 60% the
on the characteristics of saccades. Because in our implemeutput of the right FOR for a 20° rightward movement) are in
tation we have focused on the role of the FOR and we have @aireement with such findings (Fig. 10,andD). Conversely
directly addressed the issue of how the cerebellar cortex carrdier contralateral lesions, saccades become hypometric and
out its function, we will describe here simulations of lesions aflower. However, when we simulate this condition with our
the FOR. All the simulations we show refer to the effects ahodel (using the same attenuation as before), we can repro-
FOR lesions on a saccade to a target located 20° to the rightiate the slowing down,but not the hypometria (Fig. E@&nd
the center. In all figures the prelesion (control) saccades & This is due to the fact that we are assuming that altering the
indicated with a dashed line, whereas the postlesion saccadetvity in the contralateral FOR (the one that is active at the
are indicated with a solid line. beginning of the movement) does not affect in any way
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25 additional mechanism (perhaps related to the removal of the
tonic level of activity that is normally present in fastigial
neurons, which we have not modeled here). Nonetheless it
20 should be noted that the effect of unilateral FOR lesions on
vertical saccades, which is reproduced very well by our model,
would be very difficult to explain with a theory that posits a
role for the FOR in specifying the target.

Finally we previously pointed out that when the FOR is
lesioned the variability of saccades is considerably increased,
both in amplitude and in direction. As pointed out in the
preceding text, this increased variability is incompatible with
classic models of cerebellar contribution that use only long-
term adapted control signals. On the other hand, the increased
variability is compatible with our model, where the cerebellum
is the structure that accounts for both the accuracy and consis-
tency of saccades. Because noise sources have not been in-
cluded in this implementation of our model, we did not use
or simulations to demonstrate this property. However, because
without a cerebellum our model of the saccadic system would
simply be a feed-forward controller, the results are obvious.

Vertical Eye Position (deg)
=
T

1
5 0 -5 . .
Effects of collicular lesions

Horizontal Eye Position (deg)

Fic. 11.  Simulation of the effects of a lesion of the left FOR on the Even though the SCis not necessary to produce saccadic eye
trajectory of a 20° upward saccade. Late deviation from the normal trajectqyovements (Schiller et al. 1980), it is well known that its
and the hypermetria are in agreement with experimental resdlts. partial chemical inactivation causes, at least in the acute phase

- - of the lesion, changes in all saccadic parameters. Typical
the functioning of the spatial integrator. Thus even though .tl?-,\?fects of reversible partial deactivation of the SC are increased

saccade starts slower, the choking signal supplied by the iR§fancy. decreased peak velocity, and dysmetria of the move-
lateral FOR is delivered later and the eyes land on targelaonis (Aizawa and Wurtz 1998; Hikosaka and Wurtz 1985,
However, it should be noted that the FOR projects to the NRYRdgg: | ee et al. 1988; Quaia et al. 1998a). Furthermore it has
(Noda et al. 1990), which in turn projects to the vermigyeen reported recently that the trajectory (Aizawa and Wurtz
possibly disrupting the mechanism underlying the spatial int¢g9g8) and the initial velocity and direction (Quaia et al. 1998a)
gration of the velocity signal and inducing an early activatiogso can be affected systematically.
of the choke (in our simulations, we only attenuated the outputwe have simulated a collicular lesion by attenuating the
of the cells). To clarify this issue, a better understanding of theitput of a region of the SC. We have reduced the activity of
NRTP-vermis interaction is needed. one cell by 70%, of its 8 neighbors by 60%, and of the
Unilateral lesions of the FOR also affect vertical saccadesjccessive 12 neighbors by 50% (both buildup and burst neu-
which become slightly hypermetric and bend toward the side @fns were affected in the same way) with the central cell
the injection (Robinson et al. 1993). Because of a large edgerresponding to a 15° saccade at 45° of elevation. Then we
effect (due to the need to activate both collicular maps), tiave looked at the effect of this lesion on a 10° and a 20°
current implementation of our model is not very well suited teaccade, both at 45° of elevation. In another paper (Quaia et al.
simulate vertical saccades. However, because of our moddl®8a), we suggested that the effects of SC lesions on the
structure, the effects of a lesion of the left FOR on an upwaiitial direction of saccades can be accounted for if it is
saccade are equivalent to the effects of a lesion of the uppssumed that the lesion always causes a change in the hori-
half of the FOR (see Fig. 8) on a rightward saccade. Thimntal drive larger than what would be expected given the
allows a vertical saccade to be simulated by interchanginglotation of the lesion. To include this assumption in our sim-
horizontal and vertical in our model. The results of such @ations, we also have reduced the drive of the SC to the
simulation (Fig. 11) are very similar to what has been reportédrizontal MLBNs by 30%.
in the literature (see Robinson et al. 1993, their Fig. 2). In When, under the above mentioned conditions, a saccade to a
particular, note that the saccade starts in the correct direct@0r target is simulated (Fig. 12 and B), the eyes deviate
and then starts bending away from the target. Furthermore thgvard and then curve back toward the target. However, the
saccade is also slower (not shown), as reported by Robingmmpensation is only partial so that the saccade falls short of
and colleagues (1993). the target. The speed (both initial and peak) of the movement
Another study of unilateral injections of muscimol in theés considerably lower than in the control situation, even though
fastigial nuclei of the head-free cat (Goffart and Pelisson 199he amplitude of the movement is not much different. When a
showed that ipsilateral saccadic deficits were compatible witld° saccade is simulated (Fig. 12,andD), a similar pattern
a remapping of the target rather than with a generalized hyfcurvature is observed, and again both peak and initial speed
permetria. In contrast, contralateral saccades were hypometsi@ considerably affected. However, in this case the eyes fall
as expected. Our model, in its present form, does not predicnsiderably short of the target.
such results; this could be due to the disruption of someAll these characteristics are in agreement (at least qualita-



COLLICULAR AND CEREBELLAR SYNERGIES 1013

Vertical Eye Position (deg)

Fic. 12. Simulation of the effects of a collicular
1 : ! 1 L L lesion, centered at 15° of amplitude and 45° of

0 5 10 15 0 5 10 15 elevation, on trajectory and eye veloci#.and B:
. . effect on a 20° oblique saccade.andD: effect on
Horizontal Eye Position (deg) a 10° oblique saccade. In both cases, the results
(decreased initial and peak velocity, increased cur-
B D vature, dysmetria) are in qualitative agreement with

experimental data. See text for details about the
parameters used to simulate the lesion.
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tively) with the results presented by Aizawa and Wurtz (1998); Even though we have left out many other structures, both
however, our simulations clearly fail to show the large changertical and subcortical, which certainly are involved in control-

in latency which is a trademark of collicular lesions. Thi$ing saccadic eye movement, we think that the areas we have
failure is due principally to the fact that the cortical fixatiormodeled are sufficient to reproduce at least the simplest saccadic
input provided to the collicular fixation neurons (see precedidmghavior. In the next few sections, we will compare the model
text) is, in our current implementation, removed abruptly angtesented here with other models recently proposed; because in
not gradually. A more gradual removal of this input woulgrevious sections we already have described at length other mod-
make the timing of the saccade onset more sensitive to ths of the collicular involvement in saccadic control, we will now
balance between the activity of the burst/buildup neurons afatus on the role of the cerebellum. Finally we will indicate some
that of the fixation neurons, thus allowing a much larger spreasperiments that could be used to test our scheme and to shed
of latencies. further light on the saccadic system.

DISCUSSION Types of cerebellar models

We have presented a model in which saccades are generatédodels of cerebellar function can be divided into two
by the cooperation of two pathways, both influenced by feedroups: those that are inspired by theories of learning in neural
back information. In this sense, our model departs from timetworks and those that are inspired by principles of control
Robinsonian scheme that has dominated saccadic modelingtf@ory. Models of the first group stem from the early work by
the last 20 years, where the saccadic drive was generated aar (1969), Grossberg (1969), and Albus (1971); two of the
single feedback loop. The main concepts that characterize owwst influential theories in this group are those of Houk, Barto,
scheme are as followd) the saccade ends not because thand colleagues (Barto et al. 1998; Berthier et al. 1993; Houk
MNs run out of drive from the EBNs but because that drive 5989; Houk et al. 1996) and of Grossberg and colleagues
actively choked off;2) only one part of the drive can be(Contreras-Vidal et al. 1997; Grossherg and Kuperstein 1989).
controlled in direction3) the cerebellar contribution depend€On the other hand, cerebellar models inspired by principles of
on feedback information, and it is tailored carefully for eacbontrol theory propose that the cerebellum functions as a model
movement;4) no classical spatial-to-temporal transformatioof the controlled system and usually do not deal with adapta-
(which would produce a temporally coded dynamic motdion and learning in the cerebellum. Some of these models
error) is performed; and) the displacement integrator is(e.g., Jordan and Rumelhart 1992; Miall and Wolpert 1996;
implemented in the spatial domain in the cerebellum. Miall et al. 1993) suggest that the cerebellum computes an
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estimate of the effect that an outgoing motor signal will havef the eyes could be used instead, but no signal encoding the
on the controlled plant (direct, or forward, models), whereg®sition of the eyes during saccades has been found in the
others (e.g., Gomi and Kawato 1992; Kawato and Gomi 199&)ossy fibers [in our model (Fig. 9), the eye position signal is

estimate the motor outputs needed to generate a desired maxged only before the movement to determine the displacement
ment (inverse models). of the eyes required to foveate the target]. One could overcome

Even though we took special care in reproducing the pattetrese problems by postulating the presence of a displacement
of activation of FOR neurons, our model is clearly moretegrator in the brain stem, whose output then could be fed to
inspired by principles of control theory than by theories dhe cerebellum. However, to the best of our knowledge, such a
network learning. More precisely, we think that our schenmggnal has not been observed in the mossy fibers. Finally in its
could be regarded as a forward model because the spapidsent form, the scheme proposed by Houk predicts a pattern
integration process (which we hypothesize takes place in thiactivity for the FOR that mirrors the activity in the SC, i.e.,
cerebellum) is used to predict when the eyes are approachialgurst of activity only for saccades in one direction, that is not
the target, given the efference copy of the motor commantbmpatible with what is reported in the cerebellar literature.
However, this signal is not fed back to the main controller, arfebr these reasons, we think that even though Houk’s scheme is
thus it is different from classical control schemes. In this sengmnsistent with data on limb control, it is at odds with some
it is closer to models like the one proposed by Grossberg anicial data regarding the saccadic system.

Kuperstein (1989), where the cerebellum is embedded in a sidnother theory of cerebellar function is the one proposed by
loop. One important advantage of learning theory models @&ossberg and colleagues, both for saccadic (Grossberg and
that, especially in their most recent versions (Barto et al. 1998uperstein 1989) and limb control (Contreras-Vidal et al.
Contreras-Vidal et al. 1997), they make testable predictiod897). One of the major differences between Houk’s and
about the pattern of activities in Purkinje cells and interneuro@ossberg’s models is that Grossberg proposes an extracer-
(especially basket cells) in the cerebellar cortex. This is cegbellar loop to compute the residual motor error and to gener-
tainly a most desirable feature; unfortunately at this stage, ate a desired velocity signal, which then is fed to the cerebel-
model lacks this. However, we think that our model has certdinm. Thus the cerebellum is part of a side loop, and it works
advantages (which will be outlined next) over existing modeisith velocity (as opposed to position) signals. We believe that
that justify our decision to take another approach and to prodr model has two main advantages over the one proposed by
pose a different model. Grossberg and colleagues: first, it does not require a spatial-
to-temporal transformation, which is part of the extracerebellar
Comparison with other models of cerebellar involvement in!00P in Grossberg’s model. Second, our model can account
saccadic control more readily for the large increase in variability observed after
cerebellar lesions.

Recently some models that address the role of the cerebelRecently, Dean (1995) proposed a model of the saccadic
lum in the in-flight control of saccades have appeared; howystem that deals with the role played by the fastigial nuclei in
ever, in only one of those models (Houk et al. 1992, 1996) @-line control of saccades, taking particular care in reproduc-
the cerebellum part of the feedback loop. The theory proposed the pattern of FOR activation. There are several similarities
by Houk and colleagues posits that the Purkinje cells in theetween Dean’s models and ours, including the connectivity
cerebellar cortex are trained to recognize particular configutzetween the FOR and the MLBNs. The role attributed by Dean
tions of the proprioceptive inputs (carried by the mossy fiberdp the FOR is to ensure saccadic accuracy; because of the
and when these patterns occur, they fire to stop an ongoiimging of the FOR bursts, this is achieved by contributing to
movement. Thus one of the roles that we propose here for the acceleration of the eyes at the beginning of saccades and to
cerebellum is similar to the one proposed by Houk and cdheir deceleration at the end of the movement. This role, which
leagues (i.e., to terminate the saccade when the eyes appradsb has been proposed in other studies (Fuchs et al. 1993;
the target), even though the mechanism used by the cerebelldeimchen et al. 1994; Noda 1991; Robinson 1995; Sparks and
to achieve this goal is very different in the two models. ThBarton 1993), is similar to the one that we propose here, i.e., to
pattern-recognition mechanism proposed by Houk and cgkovide a directional drive and to choke off the collicular
leagues works well to control limb movement, where theutput at the end of the movement. However, in our model,
delays in the system are shorter than the duration of ttieere are not two distinct bursts, one in the ipsilateral and the
movement and proprioceptive feedback can be used to tratker in the contralateral FOR, but one single burst that spreads
(and even predict) the ongoing movement (Barto et al. 1998cross the fastigial nuclei. Accordingly the FOR does not play
However, we think there are some fundamental problems anrole only at the beginning and at the end of the saccade but
extending their model to the control of saccadic eye movaiso during the saccade, exerting a trajectory control. Further-
ments. First of all in Houk’s model, the movement is intemore the role played in our scheme by the late part of the burst
rupted when a given final position, and not displacement, i not just to slow the movement but to stop it when the eyes
attained. Thus the cerebellar cortex should work in head cooeach the target. Importantly in our scheme the cerebellum
dinates; however, it has been shown recently that saccadeatermines when the movement should end. In Dean’s model,
adaptation, which almost certainly is controlled by the cer¢he cerebellum only makes a preprogrammed contribution to a
bellum (Goldberg et al. 1993; Optican and Robinson 198®accade the end of which is controlled by the local feedback
occurs in oculocentric coordinates (Frens and van Opstabp in the brain stem.

1994). Furthermore it is known that proprioceptive feedback Another, fundamental, difference between Dean’s model and
plays no role in the in-flight control of saccades (Guthrie et aburs is that in his scheme the brain stem circuit (extracerebellar
1983); one could argue that an internal estimate of the positipathway) consists of a feedback loop with a gain lower than one.
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Consequently, Dean’s model does not predict the increased vadntralateral than for ipsilateral saccades, it has not been as-
ability in saccades observed after cerebellar lesions because @dgained whether the burst for contralateral movements is
the brain stem that guarantees the consistency of saccadeginte-locked with the end of the saccade (i.e., it lags saccade
contrast, in our model the loop is closed through the cerebelluamset more and more for larger and larger saccades). Thus
which is the structure that guarantees both the consistency afttiough further exploration is needed for a definitive answer,
accuracy of saccades. Nonetheless, the two schemes would bexjrerimental recordings in these regions support (or at least are
good agreement if the feedback loop proposed by Dean wasmpatible with) our interpretation.

affected by large and unpredictable changes in gain due to a\nother prediction of the model regards the effects of col-
unreliable feedback integrator. However, it is not clear whethlicular electrical stimulation combined with complete FOR
the presence of an unreliable integrator would affect the accurdegions: given the mechanism for the reactivation of the OPN
of the saccades produced by Dean’'s scheme even when tii@ we have implemented in our model, the removal of the

cerebellum is working properly. choke and the lack of a sizable decay of the collicular output
(because of the sustained stimulation) should suppress the
Predictions and experimental tests generation of staircases, and the eyes should keep turning as

. _long as the electrical stimulation is applied (up to the oculo-
FOR NEURONS' ACTIVITY. - We have conjectured that the FOR iy o0 limit). A final prediction of our model is that lesions of

organized topographically and that a spatial integration is gk cerebellum should cause the disruption of the directional

formed in the vermis and represented on the. fastigial map. &ntrol of saccades. Note that this does not mean that after
have shown that all the input/output connections needed arg.l}epe|jar lesions saccades should be straight but only that the
place; furthermore this hypothesis makes some testable predign ature should not indicate a systematic redirection of the
tions about the pattern of activity in FOR neurons. eyes toward the target. Unfortunately no systematic study on
First, the burst should occur later and later for larger anfls cyrvature of saccades after cerebellar lesions has been
larger ipsilateral saccades. Second, for contralateral saccal SHied out, but the data appears to be consistent with the lack

the timing of the burst should depend on both the saccadie, girectional control (for example, see Robinson et al. 1993,
vector and the location of the cell on the fastigial map. Thirgl,q;, Fig. 10; Vilis and Hore 1981, their Fig. 7)
e : , 7).

there should be cells that burst only for contralateral saccade
larger t_han. a given amplitude. Fourth, adaptive alteration @_fonclusions
saccadic size should alter the time of occurrence of the ipsi- .
lateral burst, which should remain time-locked to the end of theWe have presented a model that, using two parallel path-
movement. Finally, in analogy with what has been done in théays, preserves the advantages of many previous models (e.g.,
SC (Keller and Edelman 1994), it would be very interesting f&€ lack of a spatial-to-temporal transformation between the SC
observe how the activity of fastigial neurons changes durifgd the brain stem, and thus a much simplified connectivity)
interrupted saccades. Our model predicts that, under th@gghout incurring many of their drawbacks.
conditions, the contralateral burst would be prolonged and theln our model, the SC plays a lesser role than in many recent
ipsilateral burst would be delayed to preserve its timing relativeodels; we propose that the SC helps determine the target and
to the end of the movement. provides a directional drive that moves the eyes approximately
Because of the short-duration of saccades, to test thésdhe right direction. It is up to the cerebellum to guarantee
predictions, FOR cells’ activity should be observed duringhat the overall drive is appropriate to accurately foveate the
saccades of very different amplitude. Unfortunately the majoarget. Moreover, we propose that the burst and buildup neu-
ity of the studies on FOR activity dealt principally with sacfons are, as far as movement execution is concerned, function-
cades smaller that 20°; nonetheless some evidence in supgditindistinguishable [but it is possible that they exert different
of the first (e.g., Ohtsuka and Noda 1991), third (Fuchs et &ples for other aspects of eye movements, like target selection
1993), and fourth (Scudder 1998) predictions is already av&ifPptican 1994), learning of consistent maps for different mo-
able. dalities (Grossberg et al. 1997) and determination of reaction
: L time (Dorris et al. 1997)].
?Ac;_r?sN ?ai:i;gl;gme-rgfpglcst;?iﬁggserz;ggr%?r?g?kclgvgc):/ti(\)/];tgcp))iggj_' One of the most imp'ortant innovations of the model tha}t we
MLBNs during saccades. More specifically, the late burggpésentepl here is that in this scheme the cerebellum carries out
. 2 > . ; ' function that in previous models was ascribed to the dis-
present in the ipsilateral FOR should induce, toward the end g

a saccade, a discharge in the contralateral EBNs and IBNs cement integrator and feedback summing junction, ie.,
o g ; Bnitoring the dynamic motor error. Here the cerebellum plays
fact evidence for a late burst in at least some EBNs fQr

pivotal role in guaranteeing both the accuracy and the con-
contralateral movements has been reported (Keller 19 sdl'stency of saccades. This role is accomplished by choking off

iStra;Sftmsvn elt(alI). %?SGtai; Yr?ﬂnGijv?g]rge? ert %Ii' %igﬁllaTZis r?qﬁsé collicular drive at the appropriate time and by compensat-
S pretly weak, but that 1S € our prediction. we do nq g for directional errors by providing an appropriate direc-

expect these neurons to discharg200 spikes/s, and for no ional drive to the brain stem circuitr .
> L y. Thus the signal pro-
more than~20 ms [because of the reactivation of the OP ided by the cerebellum is subject not only to long-term

(Everling et al. 1998; Fuchs et al. 1991 Pared Guitton adaptation, as often suggested, but is adjusted during each

1998)]. Thus only three or four spikes are expected. sgccade to compensate for the instantaneous behavior of the
This late discharge is exhibited also by a sizable subsetrg t of the system

the IBNs (Scudder et al. 1988; Strassman et al. 1986b), an

appears to be stronger, as predicted by our r_nOdel- Unfortuwe thank Dr. Martin P&réor many clarifying discussions and for helpful
nately even though it is clear that IBNs are activated later fesmments about the manuscript. We also thank Drs. Paul Dean, David A.
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