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SUMMARY !
I

This article reviews the current state of knowledge of (h4 primate smooth-pursuit gystemn, The rnphasis is on
the neuronal mechanisms and pathways that control pursuft eye movemenis in the monkey. The review covers
the neuronal siructures believed to be involved in pursuit generation from striate cortex to the final pre-
motoneuron structures in the brainstem. Information gnl ered from physiological and anatomical work is
stressed,
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INTRODUCTION ‘

Smooth-pursuit eye movemenis have recently become an area of intense interest in
systems and integrative neuroscience as a modql for sensorimotor integration. In the past
5 years considerable progress has been made in |the effort to clarify the neuronal pathways
and mechanisms responsible for this specialized form of motor behavior. Two reviews
that cover much of the behavioral and clinical material and some of the neural mecha-
nisms exist 26! The purpose of this review will be to focus on the more recent work done
in this field in order to describe the functionhl importance of different regions of the
brain in the generation of smooth pursuit and how sensory information is transformed
into motor commands for the control of these|eye movements. Space limitations require
that we focus on neurophysiological and anatomical results in the monkey and largely
ignore the parallel results being found in many excellent clinical studies in humans.
Nevertheless, we assume that the results of the work in monkey have direct applicability
1o understanding the generation of pursuit eye|movements in man.

Before we begin our summary of the na:ral results, it is useful to make several

comments on the overall organization of the pursuit system, as well as to define several
concepts that will be used extensively throughout the text. Pursuit eye movements are
unusual because they are voluntary movemcmslthat require the presence of a concomitant
sensory stimulus, in this case a moving visupl stimulus that creates motion on some
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portion of the retina. There are exceptions to thig rule under some special conditions (e.g..
anticipatory pursuit and the pursuit of afterimages ), but there remains a clear dif-
ference between the ease with which voluntary s ccades or limb movements are generated
i the dark without any form of visual or other sensory stimulation and the general
inability to make any smooth pursuit under similar conditions. This fact has led to the
realization that the generation of pursuit eye rriovamems is very tightly and inexorably
linked to visual motion processing. Thus, it shopld come as no surprise that most of the
work that we shall review here involves both tl‘F study of visual motion processing and
pursuil eye movements. ,

Pursuit movements are also unusual because (Te predominant direction of cortical-gen-
erated pursuit is ipsilateral in contrast to the control over contralateral function usually
associated with the cerebral cortex. This same preponderance of ipsilateral control over
pursuit is also present in the pontine nuclei and) thus, it is unlikely to be due¢ completely
to cortical mechanisms,

There has been a general assumption that lthe smooth-pursuit system is organized
hierarchically so that cells at input (upper) levels should possess signals related to visual
motion processing while signals related 10 pursuit motor behavior are developed in
subsequent neural structures. Finally it is posi:td that lower levels of the system should
gradually carry signals related to the motor behavior. As we shall discuss below in our
review, recent single-unit recording studies havd partially supported this assumption, but
surprisingly some structures that are commonly placed at a low level close to the final
motor outflow {€.g.. the cerebellum and the vestibular nuclei) still have many cells that
catry both visual motion and eye movement si als. [t is also clear that some extrasiniale
cortical areas which have been considered to ibe purely visual areas (e.g., the middle
superior temporal visual area) reflect a possibl% motor signal related to pursuit. Thus it
may be, as is so often the case, that we find|that the brain confounds our simplistic
expectations for schemes which attempt to spe.ciky the design of the system on the basis of
distinctly separate functional blocks. Only rccer*tly have researchers realized that separat-
ing the components of this complicated linkag of the motion processing system and the
pursuil generation sysiem requires extremely (sophisticated experimental design. Thus
much of the sarly work which did not rigorously attempt to separate these two classes of
signals can only provide suggestive inference about how and where the conversion from
visual motion signals to motor command signals occurs.

Attemnpts to study the neural signals underlying pursuit generation have been aided by
a type of stimulus pattern called the step/ramp paradigm % n this paradigm the monkey
fixates a stationary target which is suddenly extinguished following the appearance of a
new target at an eccentric retinal location (the step} which simultaneously begins to move
at a constant velocity (the ramp) * (Fig. 1). In response, the pursuit system initiates {after
a latent period of about 80-100 ms) an eye leration in the same direction as target
motion, This period (phase II) of rapid eye acceleration closely matches aye velocity to
target velocity within about 200-300 ms. During this same phase the eye generally makes
a saccadic eye movement which incorporates target velocity predictions that eliminate the
remaining retinal position error *°. This perigd of the response is called “pursuit ini-
tiation’ or the ‘open-loop period’, since the initial eye acceleration and the size of the
saccade are based on retinal events that occurted in the previous time interval (phase D
before the eyes began 1o move due to visual processing delays. The step/ramp paradigm
can also be used to vary the size and direction of the initial step and, hence, the retinal
location of the initial motion stimulus (inset in!Fig. 1), After the initiation period the eve
continues to track the target in both positioL'l and velocity for the remainder of the
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Fig. 1. Typical smooth-pursuit response in monkey to 4 step/ramp target motion of a small target spot in an

otherwise dark room. Time is shown with respect to the onset
before this epoch. the target (T) steps to a new position in the

lof the eye tracking response (rime 0). Shortdy
visual field and beging to move at a constant

speed (). The paradigm consists of three phases: a pure visual p

ase (1) where retinal position is devermined by

the step and retinal slip by the target ramp speed. since the eyer
¢[1} during which the eye accelerates smoothly to approximately match target speed and saccades 10 place the
[aven close to the moving position of the target; and a mainienance phase (11I) with ¢ves closely tracking the
target in speed and position but with interposed episodes of posit

ive (upward arrow) and negative (downward
arrow) retinal slip, The high velocity portion of the saccade is removed from the eye velocity record (E). Inset at
the lower right of the

figure shows the events of phase [ on a spa ial map of the visual field, Target steps {dashed
ling) 1o a retinal position (RPF) and staris moving with a constant velosity vector (solid line) while the cye
remains at the fixation posiion (FP).

constant velogity portion of the target motion (pthe IID). During this period. which is
called ‘pursuit maintenance’ of ‘closed-loop operation’, the target remains near the fovea
and eye velocity and target velocity are closely matched. During maintenance. periods of
tracking with eye speeds lower and even higher than target speed are observed. Neverthe-
less. retinal slip velocities during this phase remain/low.

Two current classes of models exist which attempt to explain pursuit generation (Fig.
2). Efforts to apply either of these models to facilitate the interpretation of physiological
data on the pursuit system illustrate the difficultied inherent in a functional analysis that
attempts to place purported system neurons within|a hierarchical structural scheme. Both
classes of models receive their input from cells that solve the motion analysis problem of
detccting a single moving target as distinet from th background and encoding its velocity

are stifl stavionacy: a pursuit initiation phase

in retinal coordinates (visual processing, in Fig. 2
models diverge in their development at successive

In one class of models, shown at the top of Figu
to the outgoing pursuit command is fed back to
system and combined with the processed retinal «
represents larget motion in space ***'%. The ad
maintain pursuit in the face of momentary loss of
by the presence of a leaky velocity storage elem
positive feedback pathway. This model pravides hl

). After this common input level. the
evels of pursuit organization.

e 2, a corollary discharge proportional
upper, visual processing levels of the

notion signal to recreate a signal that
jvaniage of this model is that it can
retinal slip input. This is accomplished

ent (an integrator) placed inside the

igh system gain (eye speed can closely
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Fig. 2. Schernatic diagrams of the two major classes of jpursuit models. The upper diagram lustrates the
corollary discharge feedback type of model and the lower shows the visual feed-forward type of model. The

circled numerals on each indicate positions where the variops types of ncural signals discussed in the text would

be cxpected to exist for these modet systems. For the upper] model: (D visual retinal slip velocity: @ a mixture

of exvaretinal {from the corollary discharge of eye velocity) and visual slip signals; (3} target velocity of warget

seleeted for pursuit (pursuit selection switch);. (@) desired eye velocity command; (%) eye position command 10

the motoneurons. For the lower model: () visual retinal jglip velocity: (2 mixture of highly processed visual

signals including retinal slip and slip acceleration: (3)| desired cye velocity command; (@ cye position
command to the motoneurons.

match and even exceed target speed) and it bvercomes the stability problem (growing
oscillations) that is created by the long visual processing delay present on the sensory side
of the system, One disadvantage of this m 1 is that it requires that the extraretinal
signal (corollary discharge in Fig. 2) be an v ealistically accurate representation of eye
velocity, if this model is to recreate actual tar;;t velocity. Actual eye velocity signals have
yet to be recorded, at least at the cortical level.

The other class of model also starts with a|retinal image slip input but then contains
several parallel sensory processing pathway including different branches related to
position errors or the acceleration of image slip 5561 These pathways have essential
non-linearities which together produce a combined signal that generates realistic initial
pursuit waveforms as well ensuring stability di.xring steady state. This model also accom-
plishes pursuit maintenance with the use of 2| lower-level neural velocity integrator that
must have a long time constant. The parallel pature and the variety of predicted signals
are the strong points of this model, but it fails to account for the corollary discharges that
have been observed even at cortical levels ok the system (e.g., in the middle superior
temporal area). :

Thus neither class of model can account satisfactorily for all of the neural signals that
have been seen in areas relatad to pursuit. ther model has appeared that atlempts 1o
reconcile differences in the two classes of models while retaining the positive features of
each . Regardless of their individual shortpomings, these models are very useful in
conceptualizing the organization of the variet i of signals necessary for pursuit in terms of
both their temporal characteristics and the leyel at which they are manifested. Therefore
these models will be used to provide an organizational framework in the following review,

There has been considerable development ifi our understanding of the signals necessary
to generate smooth-pursuit eye movements since neurons called *pursuit celis’ were first
reported to exist in the inferior parietal lobl*lc in monkey “"%!_ Although these authors
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classified any neurons that responded as the monkey tracked a small target against a
lighted background as pursuit cells, the responses thalj they studied may have been caused

by the visual motion of the background on the reti

a (retinal slip} and not the pursuit

movement itsell. This possibility has since been confi‘h'med for cells located on the dorsal
convexity of inferior parietal lobule (area 7a) . wl}ere the previous suthors had con-

centrated their studies,

A better condition to test whether a cell's rmpon&e is actually related to pursuit and
not background slip is to record its discharge during}pursuil of a small target moving in

total darkness, Using this type of paradigm, Sakata

d collabarators found cells located

in area 7a and in the depths of the closely adjacent uperior temporal sulcus (STS) that
responded during pursuit in the dark W0 However| even this test is not sufficient to

completely establish that a cell's response is related

anly to the act of pursuit because, as

shown in Figure 1, pursuit eye movements do not exaCtly match eye speed to target speed,
i & there remains some retinal slip even during optimal pursuit 1 Unless one has studied
the visual motion sensitivity of the cell for speeds down to this range of slip and shown
that the cell is not sensitive 1o retinal slip with the eyes fixed, then the response of a cell
during pursuit in the dark may actually be 2 visual résponse. Nevertheless, we will follow

ihe established nomenclature in this review, i.e. we

11 cail cells that respond well during

small spot tracking in the dark ‘pursuit cells’ withodt necessarily meaning to imply that
the response has been properly checked for other cofitaminations.

An additional problem concerns the exireme increase in visual sensitivity that accom-
panies dark adaptation. In most studies the animal ik&pt in a totally dark environment

during neural testing for pursuit responses for peri
entire peripheral retina to become totally dark-adapt

ds of several hours. This allows the
because the only visual inputs—the

small pursuit targets—are kept very close to the fgvea by the pursuit behavior. Under
these conditions the peripheral retina becomes maximally sensitive, and scattered light
(from the tracking target) or extremely dim and unfocused background illumination could

activate visual cells during pursuit movements.

Newsome and collaborators have established se¢veral further refinements in testing

paradigms that clarify the nature of the response

of cells that respond during pursuit

movements *. In all of these paradigms a background light is turned on during each

intertrial interval to prevent increased sensitivity
determine whether the response occurring during

visual stimulation of the retina by the pursuit target

remove the visual motion stimulus transiently duri

from dark adaptation. In order to
pursuit in the dark originated from
or from a real pursuit response, they
g pursuit either by blanking off the

visual target briefly or by electronically stabilizing the target on the retina, thus prevent-

ing any further slip. If the pursuit response contin
manipulations, the cell is said to contain an extrare

of terms is judicious, since it indicates that the cell

visual motion signals (which are completely absent
does not prejudice the determination of the actual

es without interruption during these
nal component or signal. This choice
's response cannot be due entirely 1o
during blanking or stabilization). but
relationship of the cell to the pursuit

movement, a step which requires further analysis in¢luding characterization of the latency

of the response and its sensitivity to eve velocity,

HIERARCHICAL ORGANIZATION FOR PURSUIT EYE M

Striare cortex

The geniculostriate pathways seem to be nece

OVEMENTS

ssary for the normal production of

pursuit eye movements. Monkeys with unilateral lekions of striate cortex cannot generate
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pursuit when the moving target is maintained #‘ the contralateral visual field and never
regain this ability . However, bilateral lesions which include this same cortex and
initially result in the total loss of pursuit are followed by substantial recovery after 2
period of 8 weeks 13¥ ‘Phese apparently conflicting results could be explained if a
rudimentary subcortical motion processing cap bility exists in the primate that can show
substantial improvement when released from its normal dependence on remaining visual
cortex. This raises the possibility that subcortical pursuit pathways may exist in the
primate. {ndeed. cells with pursuit-related discharge have been recorded in nuclei associ-
ated with the accessory optic system in the monkey **. Nevertheless, these units are
relatively rare and the role they play in normal pre-lesion) pursuit is unclear at this time.
Therefore. this review will focus only on pursiit pathways that originate in the striate
cortex. |

1
Visual motion and pursuit areas in the region of !rhe superior temporal sulcus

There are two distinct visual areas locatedl in the caudal portion of the superior
temporal sulcus (STS). The middle temporal ar¢a (MT) and the middle superior temporal
area (MST) are normally distinguished on the bpsis of visual receptive field properties and
anatomic connectivity, but in terms of function within the pursuit system it is now clear
that a different division exists. Cells located i dorsal MT have visual ficlds which are
eccentric and do not include the fovea; however, at its lateral edge, these fields become
very small (< 2° in diameter) and often do incjude the fovea. Based on this physiological
distinction this part of MT has been called MTf **, When the response of MT neurons
with eccentric visual fields are rigorously tested in the alert, behaving monkey, it has been
shown that their properties may be explained ps purely visual in origin *, Cells in MTT.
on the other hand, often have a response related to the pursuit movement as well as a
visual response. A similar extraretinal response is carried by cells in the lateral portion of
MST which also represents the fovea as well a3 the periphery. We will discuss dorsal MT
first and then turn to a consideration of MTt/MST.

The middle temporal area (MT) of extrastriate cortex, which lies on the posterior bank
of the STS and receives a direct, heavily myelinated projection from area 17, is extensively
involved in visual motion processing. A substaftial percentage of its cells are directionally
selective, i.e. they respond preferentially to th?motion of small spots of light moving in a

Middie termporal area '}

single direction . These cells are also relatively insensitive to stimulus form or color =31,

Neurons in MT respond well to the motion|of the stimulus spot while the eye remains
stationary at the fixation point. They have reti otopically organized receptive fields which
are refatively small in comparison to those repprted in MST and area 7a (see below). The
center of the visual fields of MT neurons are in the contralateral visual field and they do
not include the fovea %113, The dircctional funing is broad with the average cell having
2 half-maximum, full-width bandwidth of about 80° ie., there is a 50% reduction in the
amplitude of the unit response to retinal image motion for stimuli moving in a direction
40° away from that yielding the best response '7'. Examples of the directional motion
response of a typical MT unit and the average tuning response for a population of MT
cells is shown in Figure 3. It is apparent from|this figure that the slope of the population
directional tuning curve is greater near the peak response, which suggests that neurons in
"MT have their greatest sensitivitics to differences in stimulus direction near their best
direction. All directions of motion preferenge, including both the ipsilateral and con-
wralateral, are found in each MT although there were some departures from a uniform
distribution **7!,
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Fig. 3. Motion tuning directional responses in arca MT. (A) D
displayed as a polar plot of the average firing rate of the unit £g
indicate standard error of the mean for each point. (B) Average dif
tuning curve for each unit was first translated to bring the peak t
and Van Essen ™,

Neurons in MT are also tuned with respect t
width was two octaves above and below the best sp
to 256° /s with a mean value near 32° /s, As was fotmd for directional tuning, MT cells
are maximally sensitive for differences in stimulus speed near their best speed, Three-
dimensional plots of neural response as a function ofispeed and direction showed a rather
sharp peak at the conjoint best speed and direction and fell off in response for deviations
in either the speed or direction from this point i Siingle MT cells thus code the retinal
velocity of a target in an ambiguous manner because la decrease in response could signal a
change in either the speed or direction of the stimulus. However, the population of MT
neurons could code velocity without this unccrtaintﬁ,.

In terms of the visual signal sent by MT to downstream regions responsible for

c;ﬂ:eed, The half-maximum response
™, Preferred speeds ranged from 2

generating the command to the pursuit system, it i

population of MT neurons active for any given m

pursuit velocity, Not enough information on en
calculate the MT population response for velocity,
determined as a function of retinal slip speed 7',

probably the summed activity of a
ving stimulus that encodes desired
ugh cells has been collected ® to

But the population response has been

s response is shown in Figure 4

iy

compared to the population response for dorsolater pontine nucleus neurons (a brain-

stemn pursuit area to be discussed below) and the ayerage initial eys acceleration during
pursuit initiation. This figure shows that MT neurons could, as a population, provide a
visual signal which codes an increase in slip speed onotonically from about 0.5-16° /s.

Since eye acceleration continues to increase over

processing is required to explain the generation of b
The latency of the typical MT neuron's respor
stimulus is about 94 ms **. However, some cells in

40-60 ms 7%, Since the pursuit response of monkey
is about 100 ms 2. the response of most MT neurq
by a few milliseconds which does not allow much a
subcortical processing of the sensory outflow from

wider range of slip speeds, {urther
igher eye acceleration responses.
se to the onset of a moving visual
this area have latencies as short as
to the sudden onset of target motion
ns only precedes the motor response
ditional time for further cortical and

L esion studies in MT support the notion that thef signal supplied to the pursuit system
from this area is a visual one *, An ibotenic acid lgsion placed in a region of MT where

cells had receptive (ields centered at 15° into the
deficit in the initiation of pursuit in all directions

niralateral visual field led to a severe
when the moving stimulus appeared
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average of 5 monkeys (Kelley, unpublished data).

anywhere within this region. However, to compensate for this deficit, lesioned animals
made a saccadic eye movement towards the moving target. At the completion of this
saccade the retinotopic location of the target’s image was no fonger within the lesioned

area and the eyes then showed a rapid acceleration in the direction of target motion and
tracked the target with normal performance aracteristics duting pursuit maintcnance.
The initia] saccade was also shown to be dysmetric and did not include the normal
predictive component based on extrapolations from motion processing. In intact monkeys
this initial ‘catch-up” saccade in the combinatién pursuit/ saccadic response to a moving
target is very accurate and incorporates velocity prediction based on motion processing,
as already discussed. Thus the inaccuracy of s cades to moving target in the MT-lesioned
animals when the motion appears within the \affected region of the visual field is also
consistent with the notion that MT neurons; do not supply motor commands to the
pursuit system, but instead provide the senspry signals specifying the velocity of the
moving target. This loss of the ability to procss motion in a specified visual field locus
following punctate ibotenic acid lesions in MT has been called a ‘retinotopic deficit’ ®.
The retinotopic deficits produced by these fi MT lesions recover rapidly and basically
disappear after several days, The neurophysiological basis for this rapid recovery is stll
under investigation '%°.

MT projects to a number of additional cortical areas, but undoubtedly the densest of
these projections is to MST which is located on the anterior bank of the STS immediately
adjacent to MT 721, Other cortical projectjons of MT that might be significant for
pursuit go to the fundus and deeper portion of the lateral bank of the interparietal suicus
{area VIP), to a visual area on the anterior |bank of the parietal-occipital sulcus (area
PO) * and possibly directly to the frontal ey¢ fields (FEF) 1,

i
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Medial superior temporal area / foveal MT i

Physiological studies have shown that MST actually consists of at least two regions
with different functional characteristics 53, Pursuit cells (as defined above) were found in
both areas but.the visual properties of their responses differed. Those in MSTd (a
dorsal-medial area in MST) preferred large moving st‘lmuli like fields of random dots. In
MSTI (2 lateral-anterior area of MST) a mixture of résponse types was found, some like
those in MSTd and others like those in MTf which preferred small moving spots. Visual
ficlds in MST] were very large and frequently included the fovea and a portion of the
ipsilateral visual field * Many cells in MST and l\iﬂ"f continued to discharge during
target blanks and stabilization indicating that they reTvc an extraretinal input related to

the pursuit eye movement ™, Therefore it has been ypothesized that MST/MT( repre-
sents a downward transition in the pathway generafing pursuit. since no cells in MT
contained this signal. i

Attempts have been made to relate this extrarﬂinn‘h signal more directly to the pursuit
command: however this neural discharge began after the onset of the pursuit eye
movement in a vasi majority of, and perhaps all, MS’[T/ MTf neurons. Thus the activity of
this class of cells cannot be responsible for the jinitiation of pursmt. [t has been
hvpothesized that. instead, the discharge of these cdlls represents a corollary discharge
fram the pursuit command generated elsewhere. Such|a signal is responsible for maintain-
ing pursuit in the feedback model for pursuit generation R (see upper portion of Fig. 2).
This hypothesis places MST in the feedback loop maintaining pursuit.

Electrical microstimulation experiments done in MTf or MST partially support this
notion *2. Short pulse trains of stimulation delivered when the eye was already pursuing a
movitg visual stimulus produced an eye acceleration towards the ipsilateral side after a
latency of about 20 ms (Fig. 5). When the stimu:Luion was left on, the acceleration
gradually fefl to zero and the new eye spced was| approximately maintained for the
duration of the stimulation period. Similar results were obtained when the target was
stabilized on the retina at the time of stimulation, thus minimizing any possible effect
from the visual slip evoked by the increased eye| speed. When the stimulation was
delivered with the eye fixing a stationary target, vﬁry little eye acceleration occurred.
Komatsu and Wurtz claimed that this constellation of effects could be explained by
supposing that the electrical stimulation *substituted' ifor the normal visual signal and that
it acted on the pursuit system at a point where the pursuit target had not yet been selected
(prior to the selection switch in Fig. 2) 2 ‘The mixed distribution of cells with visual
motion and pursuit signals recorded in MST is ¢ nsistent with this result; however,
computer stimulatons of either model in Figure|2 (unpublished results) show that
stimulations placed at any of the locations prior to the integrator lead to a maintained eye
acceleration as long as the electrical stimulation is present.

The results of ibotenic acid lesions in MTf and MST support the idea that eve
movement signals are first developed at this level lof the system M5 Por ipsilaterally
(towards the side of the lesion) moving targets, lesioned animals were unable to generate
an eye speed that matched target speed even when Jthe target was on Or near the fovea,
This deficit was present for a target siep to any paint in the visual ficld as long as the
target motion was toward the lesioned side, ie. a |directional deficit. When the target
stepped into the field contralateral to the lesion ithe animals showed. in addition. a
retinotopic deficit for the initiation of pursuit. Baccade.s to moving targets in the
ipsilateral field were normal for target motion in either direction. but saccades to moving
targets in the contralateral field were dysmetric for both directions of target motion. This
combination of pursuit and saccadic deficits sug,gists the impairment of a directional
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Fig. 5. Effect of electrical stimulation in three different regions of the brain, In each section the upper trace
(%tim.) shows the onset {downward arrow) and the offset of electrical stimulation, if it goes off before the end of

the trial. fn the upper section stimulation is applied in the left MST with the eyc already pursuing a target
moving at 15° /5 to the left (light harizontal linel. Stimulatidn produces. after an extromely short latency, an eye:
acceleration to a specd of about 18°/5 and thig new speed s approximately maintained for the duration of the
stimulation, Stimulation was 100 pA at 500 imp/s 3t in the middic section stimulation was in the left DLPM
with the eyes already purtuing a target moving at 20° /5. After a latency of about 18 ms the eyes accclerate to a
new speed of 25° /5, but do not maintain this speed in the fface of the oppositely directed retinal slip produced
by the stimulation. Stimulation was 50 pA at 300 imp/s. I;n the lower saction stimulation was in the lefi FEF
with the eyes fixating a stationary target. After a somewhat llonger latency (40 ms) the eyes accelerale 1o 2 speed
of 20°/5 and maintain this speed for the duration of the! srimulation. Stimolation was 40 gA at 300 imp/s.
Leftward direction is dojn in all scetions.

!
pursuit motor mechanism and an additional gttneral visual motion processing deficit for
 the contralateral figld. The monkeys recovered rapidly from MST and MT{ lesions just as
they did for MT lesions so that pursuit and sa?cadcs to moving targets in all fields were
normal within 1 week following small focal lsions in these cortical areas. Even large
lesions that included most of MST and MT produced effects that were mostly ameliorated
. about 3 months ', Although MT and MST may be in the normal pathway that
produces pursuit eye movements, they are not gssential for the production of this type of
motor behavior. :
ALTERNATIVE PATHWAY j

There is mounting evidence that at le.ast‘ one and possibly several other pursuit
pathways exist within the cortex. Cells which réspond during smoeoth tracking movements
have been found in the frontal eye fields (FEF) 1338 and stimulation of this area can
evoke smooth eye movements 3 Posterior parietal cortex (arca 7a) also contains cells
which respond during smooth pursuit 4678196400 The anatomic results suggest that
pursuit information could bypass MT,/MST! and reach the FEF by several different
routes. Although not firmly established, there|is some evidence that a direct V2 to FEF
pathway exists °. Well-defined pathways are resent, however. which could bring visual
motion information to the FEF from V2 through the LIP/VIP complex ***. This
information could also be relayed to arca 7a on its way to the FEF?®, The FEF in turn
sends projections to the DMPN, the DLPN, aFd the NRTP %%, This notion of alternative
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pursuit pathways is supported by the lesion data in jludies of MT and MST which have
already been mentioned **'°. Interestingly, lesions qutside the STS to pontine pathways
which destroy the FEF produce only a shight saccadic,deficit, but scverely degrade smooth
tracking movements % Thus it scems highly likel)i that pursuit information may fiow
through the parietal lobe and various interconnectedifrontal cortical areas to the pontine
nuciei and NRTP, constituting a separate parallel path to the superior temporal
sulcus,/DLEN pathway. This section will discuss the neural processing related to smooth
pursuit which occurs in these other areas outside of the classic pursuit pathway.

Posterior parietal cortex

The parietal lobe has been extensively studied Wwith respect to the role it plays in
cognitive functions. Probably the most notable disorder seen in patients with parietal lobe
damage is the phenomenon of unilateral neglect. an inability 10 perceive objects in the
contralateral hemifield. Human and animal studi:s\.iave focused on the neural substrate

of this and other related behaviors such as visual atfention and spatial perception. Since
eye movements are usually involved in attentional and spatial 1asks, some early studies
did attempt to describe neural signals correlated th oculomotor function, but unfor-
tunately, not many studies have focused on the representation of smooth pursuit. Our
knowledge of the specifics of how these eye movements are represented is further clouded
by a lack of anatomical detail concerning the location of cells recorded with a pursuit
component, as well as confusion about the differen subregions of the parietal lobe. The
majority of experiments which studied smooth pursuit were done in posterior parietal
cortex (area 7a), but in many cases overlapped othet more recently described anatomical
areas including the lateral and ventral intraparietal ulci (LIP and VIP respectively), and
areas in the superior temporal sulcus including M and MST. Although lesion experi-
ments in parietal cortex have rarely looked at smo*oth pursuit degradation, evidence of
such a deficit has been documenied in one study *.

Two studies which directly investigated the naturg of pursuit-related signals in area 7a
have been done *%, In both studies, neurons with directional preferences were found,
with most neurons responding better for ipsilateraj tracking. This is the first structure
reported with such an unequal distribution of directional preferences. Kawano and
collaborators also showed that, for a small sample of pursuit cells, there was evidence of
speed tuning “. These units displayed maximal gensitivity for tracking speeds up to
10° /s, and seemed to saturate at 20°/s. Area 7a pursuit neurons in these studies also
showed evidence of extraretinal signals. 4

$akata and collaborators compared neural dischfrge during periods of visual tracking
10 brief periods of tracking where the target was blanked off 1 They found that most
cells maintained their activity during the blanking interval, evidence that these cells did
have an exiraretinal component to their activity. However, the large majority of neurons
responding during pursuit were activated by small slits of light during a fixation task,
indicating the presence of a strong visual signal in addition to the motor-related signal.
Tracking in the light almost always produced a gLronger response from c¢ells, and the
largest response was obtained when the animal tratked in the preferred direction of the
neuron. thereby inducing oppositely directed back ound motion,

Kawano and collaborators, using an entirely different methodology, also found evi-
dence of a motor response on area 7a pursuit cells, but it is not easy to conclude that this
response is related to pursuit per se 4 After determining that a cell responded during
visual tracking. these investigators rotated the animal under several conditions to invoke
the vestibulo-ocular reflex (VOR). Synchronous tafget and chair rotation (YOR. suppres-
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sion) produced activity similar to that found duri1|13 tracking in the same direction, while
chair rotation during fixation of an earth-fixed tTlrgct resulted in activity similar to that
found during oppositely directed tracking. About half of these cells did not respond
during chair rotation in the dark, implying that néeural signals during oppositely directed
eye and head movements were canceled. These; results suggest that signals related ta
motor activity are carried on these ceils. Howsver, much of this activily is probably
vestibular in nature. while some of it may represélnl a motor command for pursuit which
is present during combined eye and head (gaze) movements.

As previously mentioned. details concerning t}u‘: exact anatomical location of pursuit
cells within parietal cortex are scant in this literature. although most of these studies
targeted area 7a, and 1t is probably safe to sPy that this region does contain ceils
responding during smooth pursuit. However. penetrations in several of these studies *7*!%
extended into the intraparietal sulcus. and may have encountered areas LIP and VIP. and
a few studies had penetrations which probably isolated cells in MT and MST*'" This
general area in the human has also been shown tb have increased regional cerebral blood
flow during smooth-pursuit tasks which was dot as great during saccades 1 Taken
together, all of this work suggests that these areds may play a role in pursuit generation.
which seems reasonable based on the anatomichl conuections of these parietal regions
with other pursuit areas. '

|
Frontal lobe |

Most of the work regarding oculomotor function in the frontal lobe has targeted the
neural processing for saccades. By far the most extensively studied area in this respectis a
small region within the fundus and the anterior bank of the arcuate sulcus roughly
corresponding to Brodmann’s area 8. which is dommonly referred to as the ‘frontal eye
field (FEF). Quite surprisingly, however, lesigLns in this area do not affect saccade
generation markedly, but have a drastic effect on smooth pursuit *°, Lesion studies
provide, at the moment, the best insight to{ neural processing for smooth pursuit
generation in the FEF since single-unit and stimulation work in this area related to
tracking eye movements is limited. |

Several researchers have made discrete lesions in FEF and have shown a decrease in
the gain of smooth eéye movements using sinusoidal and constant velocity (ramp) target
motion. Lynch studied both the initial effects and recovery of pursuit following large.
bilateral lesions in the FEF which extended deep into the arcuate sulcus 8 He found that
pursuit gain was initially less than one-half cf;f control values, and was stll slightly
depressed after 6 weeks of recovery. An interesting finding emerged in a later study which
looked at the character of pursuit deficits prbduced by FEF lesions in more detail.
Apparently, although pursuit gain is markedly reduced after such lesions, combined
saccadic and smooth eye movements manage ku keep the eyes on the position of the
moving target *. This is not the case with MT lesions, implying that MT is necessary for
calculation of target velocities, while the FEF miay be more involved in the generation of
the smooth movement. !

The FEF may have yet another function regarding smooth pursuit generation. Experi-
ments have shown that ablation of the FEF abolishes predictive smooth eye movements,
i.e. tracking movements made which anticipau;e target motion. If animals are asked to
track a target moving with a repetitive trajectory, they will make smooth eye movements
which lead the target motion. Lesions to thd FEF have been shown to remove this
predictive capability ***%. i

Despite this evidence of FEF ‘participation ih smooth pursuit, only recently have cells

i
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been found in this area which respond during these e)lxe movements. These cells are tuned
for pursuit direction. and begin firing 60-90 ms after target movernent onsel & Moving
visual stimuli during fixation also excite these neuroni. and the response obtained in this
condition is as strong as that during pursuit alone, dI spite the evidence that the pursuit
movement drastically reduces the amount of retinalj slip of the stimulus. Even though
these cells were not tested explicitly during pursuit wiilh retinally stabilized stimuli or with
periods of target blanking, this finding suggests that|signals on these cells may have an
extraretinal component. Other research relating activity in the FEF to ongoing pursuit
showv.ie increased regional blood flow during tracking in a frontal area in¢luding the
FEF . !

Evidence of a predictive response has also beery found on FEF neurons. In tasks
involving pursuit of familiar sinuscidal motion, ctlls began firing before the target
reversed to their preferred direction, and behaved ini the same fashion even if the target
was extinguished before this turnaround *. These negrons also exhibited firing related to
anticipation of the continuation of predictable constant velocity ramp motion. In these
trials. cell activity persisied for about 500 ms after stimulus motion terminated.

Electrical microstimulation of the FEF has been !.shown to evoke smooth movements
even during fixation of a stationary visual target '* inf contrast to results in MT, MST and
DLPN (see Fig. 5). It has been hypothesized that isince stimulation in MT and M5T
during normal pursuit produces similar velocity changes to stimulation during periods
when retinal slip is removed, the current affects thje_visual input to the system before
extrarctinal input is added * (see Fig. 2). The fact!that no eyc movements are evoked
with MT/MST stimulation during fixation supports this view that eye-velocity-related
information enters the system after these areas. Kgmatsu and Wurtz also suggest that
FEF lics beyond the purely visual input circuitry since stimulation in these areas can
initiate smooth eye movements even with the animal fixating a non-moving visual
target *, :

The other frontal areas which have been shown to be involved in saceadie processes
have not been studied in detail for pursuit-related tesponses. However, the existence of
smooth-pursuit-related responses as well as responsds to moving visual stimuli have been
described aneidotally in a study of saccadic activity in the dorsomedial frontal cortex
(DMFC), or the ‘supplementary frontal eye fields ‘P‘. This area is richly interconnected
with other frontal regions including the FEF, and has its own inputs from MST, area 7a
and LIP/VIP of the parietal lobe ***. Regional Elﬂod flow has also been shown to
increase during pursuit in frontal areas including the DMFC in humans % Preliminary
work done in our laboratory in the DMFC has found cells which seem to respond during
smooth pursuit as weil, but in which the response reflects a complex interaction between
the eye movement and visual backgrounds and/or small spot slip (Heinen and Keller,
unpublished data). Work still needs to be done this area to sort out the relative
contributions of visnal and extraretinal information 1o the signals carried on these cells.

Since other prefrontal cortical areas have been found to be involved in saccadic and
visual processes ¥, and anatomical connections between these other regions and FEF
are strong **°, recording from these areas for purstﬂlit substrates still needs to be done to
further characterize the role that the frontal lobes play in smooth-pursuit generation.

SUBCORTICAL PATHWAYS i

Pontine nuclei ‘

The descending control limb for pursuit eye movements from either of the cortical
pathways discussed above appeats 0 go mainly through the pontine nuclei (PN), This
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Fig, 6. Schematic division of the pontine nucléi of the rmonkey (modified from May and Andersen ™). The figure

shows 3 coronal saction of the brainstem at a rostral level of the nuclei. DLPN = dorsolateral pontine nucleus;

LPM = lateral ponting nucleus: VPN = ventral pontine nufleus; PPN = peduncular pontine nucieus; MPN =

median pontine nucleus: DPN = dorsal pontine pucleus:| DMEN = dorsomedial pontine nucleus; NRTP =

nucleus reticulasis egmenti pontis. The boundary between (the NRTP and the DMPN at this and more rostral
lavels is unclear and therefore is left out.

anatomically diffuse mass of neurons has expanded enormously in the evolution of the
primate in parallel with the enlargement of the cortical mantel so that it occupies fully
one-third of the brainsterm at midpontine levels. Throughout this large region small
clusters of cells are interspersed with descending and crossing fiber tracks so that it is
difficult to clearly delimit any distinct nucle'ar subregions, Nevertheless, the pontine
nuclei have been divided into several zones mainly on the basis of anatomic locations and
some cytoarchitectonic features *'. Figure 6 shows a schematic view of this somewhat
arbitrary division of PN. The nomenclature of Nyby and Jansen "1 has been followed in
this figure except for the rostral dorsomedial | area of the nucleus which may form an
important separate functional region 47 This area, which has been labelled as part of the
dorsal nucleus or the rostral extension of the rducleus reticularis tegmenti pontis (NRTF)
will be called the ‘dorsomedial pontine pucleud’ (DMPN) in this review.

Glickstein and his colleagues, using retrograde anatomical tracing techmques (HRP),
first established the detailed pattern of descending cortical connections 10 PN in the
primate . Their results indicate that the major components of this projection from
visual structures of the cortex originate from a number of areas: MT, MST, area 7a of
posterior parietal cortex, VIP and LIP. the rostral bank of the parietal-occipital sulcus
(PO}, the frontal eye fields (FEF), the supplementary cye fields, and the cingulate cortex.
In addition, a smail projection from VI and |VII may exist, but only from those areas
representing the most peripheral region of the visual field. More recent anterograde
tracing studies from several of these cortical areas have confirmed these results and have
shown that the projections go to a crescent-shaped region of the pontine grey that
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includes the lateral. dorsolateral, dorsal and dorsomedial pontine nuclei as well as the
NRTP 10.29.39,56.59. 7272103117 i

These studies indicate that all of these cortical projections form small. locally dense,
patches of terminations that are elongated along the rostral-caudal axis of the PN. No
evidence of retinotopy has been reported in any of triesc projections. Almost all of the
connections are ipsilateral: however, the projections {0 DMPN are an exception with
bilateral terminations. It is difficult to rank these projections quantitatively because of the
different techniques used in the various studies, but thpse 10 the DLPN and LPN appear
most consistently. Projections from the FEF and the supplementary eye fields appear
unique in projecting to DMPN and the NRTP as well!as the DLPN.

The dorsolateral pontine nuclei o

A number of single-unit recording studies have betn made in the DLPN *HORIGIR,
The cells recorded in here most closely resembled those reported in MT, MST, MSTH,
area 7a and the FEE. Based on pursuit tracking trials ;in the dark, target blanking during
such trials and on visual tests with small moving targets while the animal fixates, three
major categories of cells have been reporied in these studies.

One class responded to the motion of small punctate targets with most cells having
receptive fields that include the fovea, although some are similar to MT neurons with
localized, eccentric receptive fields ''°. These cells were directionally tuned with quantita-
tively similar properties to those in MT and MST (directional tuning bandwidths
averaged 1077 ). Approximately equal numbers of cel}s with ipsilateral and contralateral
directions of preferred motion were found in DLPN just as in MT and MST. Their visual
responses led the onset of pursuit by about 20 ms. \Yrisual neurons in DLPN were aiso
speed tuned with preferred speeds ranging from 20 to 80°/s. The DLPN relationship
perween population response and retinal slip speed showed a linear increase in response
up to about 40° /s and was very similar 10 the population response of MT neurons and to
the actual initial eye acceleration produced at least for lower values of retinal slip (see
Fig. 4). ‘

There was one major difference in the organizationiof the visual fields for those DLPN
visual cells which had large receptive fields that included the fovea when compared to
foveal MST visual motion cells. The response to visnal motion of the small test spot was
not uniform over the receptive field but instead se!cmed to emphasize the fovea and
parafoveal region. As a result of this effect, the discharge for motion in the preferred
direction became greater as the target neared the fovea. although there was a directionally
sensitive discharge for target motion anywhere in! the cell’s receptive field. Such a
response type could be manufactured from weighted inputs from MTF cells (with small
receptive fields centered on the fovea) and MST nejirons with larger uniform receptive
fields. Furthermore, these DLPN neurons with nonthomogeneous receptive fields have
the most sensitive speed tuning for the foveal component while the surround response is
rather insensitive to changes in speed. Behaviorally, initial eye acceleration and retinal
slip speed show this same type of field asymmetry o

In contrast to these visual cells other classes of DLPN neurons exist which contain
both an extraretinal component of discharge related to pursuit eye movements and a
visual signal, or just a motor-related component. Cells of these two latter classes form a
distinct majority of the recorded cells in some studies of the DLPN *''% These cells are
similar to MT. visual MST and DLPN cells in that t eir responses have broad directional
tuning for the pursuit movement (average half-maxithum bandwidth was 1297) 43 These
two studies have concluded that most DLPN motor-related neurons show little variation
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Fig. 7. The rclationship belween pursuit el discharge iy the DLPN and 1argel speed, Since the data on
discharge rate were obtained during pursuit tracking thdt closcly matched target speed. the abscissa ulso
approximately squals cye speed. The solid fine shows the *m:mge population response for 22 cells (combined
data [rom Thier et al '™: Mustari e al. "% Keller, unpublished data). All these cells continue to discharge
during target blanks and. thus, this relationship most likely jllusirates the bebavior of an extraretinal component
in the cell's discharge. The dashed curves show examples of two units from this population with opposite types
of behavior. The unit illustrated with open circles shows no 'avidence of coding eye specd., at least over the range
of specds studicd (5-60°/s), The unit shown with squares has a clear monotonic increase over this same rangs
of spacdi&.
|
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in discharge rate with respect to the speed of tl'Le pursuit movement although exceptional
units exist 5%, We have also found examples of tuned and untuned types of behavior in
motor-related DLPN cells (see Fig. 7). Mevertheless, for a sample of this type of DLPN
neuron taken from all three studies, the population response plotied as a function of
target speed during pursuit shows clear coding #t‘ eye speed up to a value of about 45° /5.
Mustari et al. 8 have shown that the response of this type of DLPN cell begins after the
onset of pursuit in step/ramp (racking trials, indicating that these cells cannot be
responsible for pursuit initiation. Finally, the distribution of preferred directions of this
class of DLPN unit includes all directions of pursuit or visual motion Bne,

The results of clectrical stimulation in the DLPN were somewhat similar w those
already discussed for cortical arca MST 7°. When the stimulation was delivered with the
monkey fixating a stationary target. no eye movement was evoked, but stimulation
delivered during ongoing pursuit produced a short-latency eye acceleration which was
usually in the ipsilateral direction (Fig. 5). These results imply that DLPN is, like MST,
upstream of the pursuit selection switch (see Fig. 2). However, unlike the situation in
MST, the evoked increase in eye speed was not sustained for the duration of DLPN
stimulation, When the stimulus was stabilized cﬁn the retina, a steady eye acceleration was
produced for the duration of the stimulation [May and Keller, unpublished data). This
result suggests that DLPM is located at a vistal motion processing lavel of the pursuit
system, a conclusion which is consistent with the existence of the visual single-units
discussed above. '

Probably the most compelling evidence that the pontine nuclei are involved in the
generation of pursuil eye movements comes from studies in which focal chemical lasions
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have been made in these nuclei 7. Lesions in the DLPN resulted in decrements in
pursuit performance of more than 50% when measured as the initial eye acceleration in
response to step/ramp larget motion. The deficit in initial pursuit acceleration was on
average about 6 times larger in the ipsilateral direction than in the contralateral direction,
although there was often a significant deficit in the contralateral direction as well.
Steady-state pursuit performance was also lowered; The deficit during pursuit initiation
was about the same when motion occurred in the ipsfilateral or contralateral visual field or
in the region of the fovea: therefore, the deficit carnot be considered a retinotopic one.
The consistently larger effect of DLPN lesions onithe ipsilateral direction of pursuit is
difficult to explain on the basis of the rather uniform distribution of preferred directions
of units found in the area. These lesions produced the same direction of asymmetry found
following cortical lesions in MST and MSTI 243 |1t was hypothesized on the basis of
these cortical studies that the asymmetry might be produced by an unequal projection of
cortical units with different preferred directions td the pons. Since the vast majority of
corticopontine projections are ipsilateral, this hypou;hesis implies that only STS units with
ipsilateral preferred directions project to the pons Bnd units with contralateral preferred
dirsctions project elsewhere, perhaps to the opposite cortex. The fact that the DLPN
contained a uniform distribution of preferred direc jons makes this explanation unlikely,
as do the asymmetric direction of the pontine deficits following lesions there. It now
seams more likely that the asymmetry comes abm}l due to unequal projections of units
with different preferred directions to the cerehellum or to asymmetric processing within
the cerebellar cortex itself. 1

Animals with ibotenic acid lesions in the DLPN regain almost normal values of initial
pursuit acceleration within 2-12 days following th# injection of the toxin. In an attempt
to determine if this recovery in function was accomiplished by the remaining DLPN. both
one-stage and two-stage bilateral lesions were made with ibotenic acid ™. In both cases
animals regained most of their pursuit performance, aithough the time course of recovery
was lengthened to more then 2 weeks. ;

In summary, although there is evidence of cone{iderable convergence of visual motion
processing and pursuit-related inputs onto DLPN from a variety of cortical areas. the
effects of lesions of this nucleus on pursuit performance are no larger and longer lasting
than those placed in either frontal or parietal sources of corticopontine input. The fact
that inputs from each cortical motion processing or pursuit area project in a very patchy
manner to several pontine nuciei suggests that these corticopontine pathways may
comprise a highly parallel system for the processing of pursuit-related information "',
This idea is supported by the results of an iboteni¢ acid lesion study in one animal which
affected several subdivisions of this nucleus ™. In this experiment the injection of
ibotenate. which was aimed at the DLPN. actually was centered in the LPN and only
impinged on a very tiny portion of DLEN. This lesion created a transient pursuit deficit
as large as that seen with DLPN lesions. !
t
DMEN and NRTF

In a single-unit recording study Keller and Crandall 47 found that a majority of the
cells in a small region in the rostral dorsomedial pontine nucleus (DMPN) and the closely
adjacent part of the nucleus reticulanis tegmenti piumis (NRTP) responded to the motion
of large-field moving stimull. The responses of these neurons were directionally selective
and somewhat selective for speed over a narrow: range (0.5-10° /5) of target speeds. A
minority of these cells were also pursuit cells (37%). These cells were located in a region in
the rostral pons that appears to receive a distinet projection from the FEF and from the

1
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supplementary eye fields ***'%%, Very recently it has been confirmed that DMPN/NRTP
contains visual motion cells that respond to smail moving targets in a similar fashion 1o
those in DLPN and that chemical lesions in this fegion cause a smooth-pursuit deficit i
Thus it may be that this area, which inciudes p yris of two nuclei, forms the descending
link from the frontal cortex in the alternative smooth-pursuit pathway.

To definitely demonstrate that two major paﬁhways for the generation of pursuit eye
movements exist through the pontine nuclei, it i§ important to know what the next links
in both pathways are. Older anatomic studies! utilizing degeneration techniques have
shown that most. if not all, of the outgoing projection of the pontine nuclel goes
exclusively to the cerebellum where the projeciing fibers terminate as mossy [fibers ",
More recent studies have made HRP injections in various subdivisions of the cerebellum
and have traced the origins of the pontocerebellar connections by retrograde technigues.
A number of clear projections have been identified with this technique. Lobules VI and
VII of the vermis receive a very prominent pn}ojmtiou from both the DLPN and the
DMPN . These vermal projections appear to otiginate from exactly those regions of the
PN where visual motion and pursuit neurons are found in DLPN and DMPN *''*, The
uvular lobule of the vermis (lobule IX) receives afn equally heavy pontine projection, most
prominently from the DLPN, but also from a smiall region of the DMPN % The flocculus
receives a weak projection from a number of areas of the PN, but consistent input is seen
from the lateral pontine nucleus and the NRTP 13238 and occasionally from the DLPN
and the DMPN *. The flocculus receives a weak projection from a number of areas of the
PN, but input is consistently seen from the lateral pontine nucleus and the NRTP 1%, Tt
is well 1o point out that the rostral most portion (folia 6-10} of the monkey flocculus is
more correctly considered to be part of the ventral paraflocculus on the basis of the origin
of its climbing fiber and mossy fiber inputs 2 This fact presents us with a difficult
problem in this review because most of the litérature on the flocculus, both anatorhical
and physiological, has not made \his distinétion. Therefore, we will use the term
*flocculus’ to refer to the entire 10 folia of the !structure as is commonly now done. The
reader is cautioned that this choice will not then distinguish between anatomical locations
within the flocculus. A study in the cat uti]izing anterograde tracing techniques following
massive injections in the PN 97 forms a valuablé supplement to the work using retrograde
(racers in the monkey, although the pontine nuclet in this animal are known to be
organized differently than in the primate 3, In this study large medial or dorsolateral
injections of anterograde tracers produced heaTry projections to the uvula and to vermal
lobule VII. The.most consistent projection, hmncver. went to the parafiocculus, a pathway
not emphasized in the monkey. However, work in the monkey cited above * also shows
that the extent of labelling in the pontine nuclei, and especially in the DLPN, was more
intense from those floccular-targeted injection# in the cerebellum which also included a
portion of the paraflocculus.

|
Cerebellum i

The cerebellum has been demonstrated to He extensively involved in, if not necessary
for. the generation of pursuit eye movements. It is likely that all pursuit signals pass
through the cerebcllum before they form the final pre-oculomotor command to move the
eyes. since total cerebellectomy abolishes smooth pursuit '™, In spite of this finding,
probably more emphasis has been placed on s‘rtudying cerebellar involvement in saccadic
gye movements than in pursuit, but recent stui ies have begun to expand our knowledge
of neural processing for pursuit in this structure. Most research has looked at the role that
the flocculus plays in this processing, but the! paraflocculus, vermal lobules VI and Vil
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(the oculomotor vermis) and IX (the uvula), have al‘po been shown to contain neural
correlates of smooth tracking in single-unit recording studies.

The stereotypic cytoarchitecture of the cerebellum rhakes it an attraclive structure for
study since measures of neural activity at both its inppt and output can be made. which
allows the formation of hypotheses about its internal signal processing. Most cellular
recordings are made from the Purkinje cells (P-cells), the only output ¢lements of the
cerebellum, which are physiologically easy to identify from their characteristic discharge.
However, some researchers have also recorded from eiﬁher maossy fibers or climbing fibers
(accessory oplic system) inputs to gain insight about the nature of the processing which
occurs in this structure. (For a complete summary of the functional architecture of the
cerebelium see [to *2) r
Floceulus |

Bilateral ablation of the flocculus (and portions of the paraflocculus) result in major
deficits in smooth pursuit control 124 Following these lesions, smooth pursuit gain was
reduced to about 0.64, and only partially recovered tb a value of 0.78 after 6-12 weeks.
This severe and lasting deficit suggests a major vole|for the flocculus in the control of
smooth tracking eye movements. Electnical stimulatior in this area has also been shown to
elicit smooth eye movements, providing further evidlence for such involvement 8 The
evoked slow eye movements, like those seen foliowing| FEF stimulation and in contrast to
the situation in MST or DLPN, occurred even if the animal was attempting to fixate a
stationary target. These resuits suggest that the floccylus lies beyond the gate for pursuit
selection. '

The focculus, as just discussed, has access 1o visual information via the LPN and
DMPN /NRTP, and probably the DLPN 1135 Oeujomotor information could also be
conveyed through these pontine structures **''* or from the NPH/VN '*%, to the
flocculus. Anatomical projections have been demonst ated from the flocculus back to the
vestibular nuclei (VN) as well **7. This rich set of interconnections establishes the
anatomical basis for the notion that the flocculus is i center for smooth-pursuit control.

Single-unit studies have attempted to define the pre‘bise nature of the oculomotor-related
neural processing in the flocculus. One of the earlier studies along these lines documented
this structure as carrying signals which primarily donveyed retinal slip information ",
Other studies have found activation of floccular P-cells by patterned visual stimuli which
were moved sinusoidally during fixation ™ or during periods of eye velocity reversals
during tracking of triangle waves *, These latter hers attributed these discharges
either to eye acceleration at stimulus turnaround or to increased visual slip when the
target changed directions, but did not perform the ctitical experiment to differentiate
between these alternative hypotheses. |

However. current thinking about the role of the/flocculus in smooth pursuit centers
more on its involvement in coding gaze velocity, 1& ¢ye velocity in the head plus head
velocity in space. The gaze velocity signal from ch;eular P-cells could be used in a
positive feedback loop with a brainstem structure generating eye velocity commands to
form the velocity integrator ® shown in either miodel in Figure 2. The eye velocity
components of this signel presumably originate in the brainstem premotor circuits *° or
even the periabducens region*® as an efference copy signal. The purpose of this loop
would be to sustain neural-activity and thus eye vc_iocity during steady-state tracking or
stabilization with no further input of retinal slip *'. |

Evidence that the flocculus generates a gaze velogity signal comes from tests involving
various combinations of eye and head rotations. Floccular P-cells recorded during both

i
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sinusoidal and step-ramp tracking show dischairge which is related to eye position, but
which is also strongly relaled to eye velocity 1661808890104 Moer of these cells respond

best for pursuit directed towards the side being lmcorded from (ipsilateral) or vertically in.

the down-direction. Pursuit opposite to the preferred direction usually produces inhibi-
tory activity on the cell. When tested during héad rotation with the eyes fixating a spot
which moves with the head (VOR suppression), the cell shows a similar modulation of
firing rate as that seen during pursuit in the same direction ***, This implies that both
head and eye velocity are represented in a sin‘u“ilar fashion on the neuron, and could be
added together to obtain 2 neural correlate of gaze velocity.

Lisberger and Fuchs performed the critical | experiment which showed this to be the
case, and also described the nature of the summation 3 These researchers monitored
P-cell activity while monkeys tracked sinusaiqal targets which moved at speeds which
were different from and in and out of phase with head velocity. They found that the
discharge of floccular P-cells in these conditiohs could be predicted reliably by a linear
vector summation of cell activity which occurr during head or eye rotation alone. These
results predicted that rotation in the dark. which produced almost equal and opposite
head and eye rotations (the VOR), should resu{lt in a cancellaiion of these signals at the
P-cell level. In confirmation, very little mogtulation of these cells occurred in this
condition. '

For these tests to exclusively define a signal felated to gaze velocity, it is important that
the signal be uncontaminated by visual informiation. Unfortunately. transient activations
are seen on floccular P-cells during pursuit in}tiation to step-ramp targets, as well as at
target reversal points during triangle-wave tracking. These are intervals associated with
considerable eye acceleration as well as rctinrl slip. Stone and Lisberger attempted to
determine which of these inputs (eye acceleration or visual slip) dominated this transient
response '%. To achieve this, they rotated the head in the dark in a trapezoidal fashion,
thereby creating eye accelerations (through tHe VOR) which were comparable to those
seen during their step-ramp smooth pursuit trials. These accelerations failed to yield a
iransient response on floccular P-cells, implying that the responses related to onset of
smooth tracking were visual. However, it is pssible that these cells respond to both eye
and head acceleration, and these signals are celed in 2 like fashion to the eye and head
velocity signals during VOR. These authors plso tested for visual responses on P-cells
during steady-state tracking by elccuonicalljr stabilizing the target for brief intervals,
thereby eliminating retinal slip. Little or no change in the response was s¢en during these
periods. These results suggest that floccular P-cells carry information about retinal slip
only during pursuit initiation. These cells pmrably utilize largely non-visual inputs from
the brainstem after the eye has reached sieady-state pursuit tracking, and are therefore
carrying a signal related to eye velocity under; these conditions. It is clear that this signal
cannot directly drive motoneurons because they have a signal more nearly in phase with
eye position during steady-state tracking %
Paraflocculus {

Since the floccular lesions which affected smooth-pursuit gain included portions of the
paraflocculus ', this area may be suspected of participating in pursuit peneration as well.
This suspicion is strengthened since, as discussed in the section on the pontine nuclei, the
paraflocculus receives a stronger input from visual pontine nuclei than does the flocculus,
Only one study has been done which investiﬁgated smooth pursuit and visual signals on
parafloccular P-cells in the primate 87 Thesa rescarchers found some evidence of neural
modulation during visual motion, but a greater proportion. of cells responded during
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tracking of a sinusoidal target. Cellular activity showed a similar phase relationship and
sensitivity to pursuit velocity as that seen on floccular P-cells. No tests were performed to
determine a head velocity component on the parafloccular neurons: however, the similari-
ties of these cells to floccular neurons in other respects suggest thal these two areas may
perform the same functions in pursuit generation. i
Vermis '

Lesions of the flocculus (and portions of the parnﬂd:cculus) can only partially account
for the total loss of smooth pursuit following complete cerebetlectomy. Therefore it is
reasonable to suspect that other cerebellar regions may be involved in the generation of
pursuit eye movements as well. One area that had been jextcnsively studied with respect to
saccadic control, but which has only recently been targeted for smooth tracking corre-
lates. encompasses vermal lobules VI and VII (hereafter called the *vermis’). Although
anecdotal reports from early studies involving discrete vermal lesions to this area
suggested that smooth pursuit looked normal ®2 a more recent study reported a gain
reduction of 60—70% in vermal-lesioned animals '®®. The magnitude of this reduction is
similar to that found after flocculectomy '**, suggesting that the vermis may play a role in
pursuit generation at least as strong as that of the flogculus. In addition to its extensive
visnal pontine input, the vermis also receives projectigns from visual and pursuit relatad
areas of the NRTP ', The vestibular nuclei also project to this structure, although
connections from VN are not as strong to the vermis| as to the flocculus 4%, Vermal
p.cells send their axons to the mediocaudal aspect of the fastigial nucleus "9 which in
turn projects largely back to NRTP and DLPN e

The question, then, that single-unit studies in the ivermis have set out to address, is
whether or not the floceulus and the vermis form parallel paths for the processing of
smooth-pursuit signals, or whether their functions are somehow complementary. The
earliest studies which explored the vermis for non-sbocadic activity did find one very
different property on P-cells there in comparison to those in the flocculus. Vermal cells
seemed to respond much better to the slip of visual stimuli on the retina *4!'! These cells
were tested both with sinusoidal small spot and textured background motion while the
animals fixated. It was found that vermal neurons encoded retinal slip velogity for small
spot motion quite well. but only yielded directiona! information (no speed sensitivity) for
the textured background.

Tests were also done in these studies to assess smooth-pursuit-related components of
these neurons. Tracking of sinusoidal target motion revealed responses very much like
those recorded in the flocculus, in that they were nearly in phase with target velocity, and
increased with target velocity. | '

These cells responded best for the same direction of pursuit as for retinal slip, which
suggests that they may represent target velocity with respect to head position. However.
according to the corollary discharge class of pursuit odels, it is important that the target
velocity be reconstructed with respect to the world 121 The neural reconstruction of such
a signal requires information about target slip with re#p:ct to the retina, eye velocity with
respect to the head and also head velocity with respect to the world.

A recent series of papers has demonstrated the existence of vermal P-cells which carry
a target-velocity signal %%’ These rescarchers first used standard sinusoidal tracking
and visual stimuli to verify the existence of retinalislip and eye movement signals on
vermal P-cells. As in previous studies. they found that both of these signals were related
1o velocity. and increased with greater slip or trackiné, speeds, They also tested some cells
during tracking across a textured background, and found that the response of these
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neurons could be predicied by algebraic summation of the activity occurring during
tracking in the dark and background motion during fixation. These cells were also tested
during VOR suppression to document a head-velpcity component in the response. Like
floccular cells. these vermal P-cells were modulated nearly in phase with head velocity
during this paradigm and increased their firing rehe in a linear fashion as head velocity
was increased. Again, as in the flocculus, it was fm;ind that an algebraic summation of this
head-velocity response and the eye velocity response predicted the neural modulation
obtained during combined head and eye movement out of phase and/or at different
velocities. An example of a unit that carries the thtee component signals of target velocity
is shown in Figure 8.

The vermis and flocculus therefore process infgrmation for smooth pursuit in a similar
fashion. but with some important differences. Most notable is the fact that while floccular
P-cells only code gaze velocity- during steady—st:me tracking, vermal cells also have a
retinal slip component which allows a reconstriction of target velocity in space. On
average. neurons in the vermis do not have as high a sensitivity to eye velocity (0.62
sp/s/deg/s) 106 4¢ those in the flocculus (0.92 spy/s/deg/s) 83 Taken together these two
facts suggest that the flocculus is more involved in the motor aspects of maintaining
ongoing pursuit, whereas the vermis may exert its influence on the pursuit system when
retinal slip is high, i.e. during rapid changes in target velocity.

Vrula 1

The uvula (lobule IX of the vermal cerebeilum) receives visual projections from the
pontine nuclei which are as strong as, if not stronger than, those going to the flocculus
and vermis ™. Output from the uvula either goes directly to the vestibular nuclei 3 or
courses through the fastigial nucleus to the VN ANPH premotor structures 193 Surpris-
ingly. the uvula has not been studied until very recently to determine its role in visual or
smooth-pursuit processing. Punctate chemical 1es€ions made in the uvula in two monkeys
yielded a marked asymmetry in smooth pursuit (Heinen and Keller, unpublished data). In
these animals gain was lower in steady-state pu#'suit directed contralateral to the lesion
than it was for ipsilateral pursuit. However, mcloft uvular P-cells were only activated by
long-duration optokinetic stimulation, and not by pursuit eye movements or small spot
motion. A small percentage (7%) of uvular cells did show evidence of a signal related to
tracking or retinal slip of the target during active pursuit **. Therefore, the uvula may
play a role in smooth pursuit, but a minor one compared to other cerebellar structures.
The importance of large-fieid moving stinuli in the response of uvular P-cells suggests
that this structure may be important in pursuit generation which requires that a distinc-
tion be made between target and background *'

Brainstem

In order to exert its profound influence in sxllnooth pursuit generation the cerebellum
must carry out this control function through its connections to brainstem pre-motor
cireuits. Most likely, cerebellar pursuit control i§1' mediated by connections to the vestibu-
{ar auclei (VN). Cells in the medial and superjor vestibular nuclei 30385078 3nd in the
y-group of the vestibular nucleus '® have been shown to discharge during pursuit eye
movements. The signal carried by these cells is iproportional (o eye velocity and there is
no evidence of any visual sensitivity to the motjon of small spots. although this was not
carefully checked in these studies. i

The nucleus prepositus hypoglossi (NPH), which is anatomically closely connected
with the vestibular nuciei, has also been shown to contain pursuit celis with properties
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very similar to those reported for VN neurons . Thus it is possible that these two nuclei
together make up the final pre-motor substrate for pursuit. It is possibly significant that

the FEF has been reported to project directly to the NPH. thus bypassing the pontocere-
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bellar pathways already discussed **'", as it might thereby form another parallel pursuit
pathway . . |

Most VN cells have a sensitivity to the visbal motion of large-field textured back-
grounds, but this response only develops very slowly and is probably related to the slow
build-up of optokinetic following eye movements, another function that VN neurons may
control **. Many VN cells also carry a variety of other signals in addition to an eye
velocity command including eye position. head velocity and saccadic eye movement
velacity, The construction of a proper pursuit c@mmand to the oculomotor neurons from
this diverse sroup of single-unit responses requires population arguments or additional
processing at the level of the motoneurons s, ;

Most of the studies at this level of the systern have been carried out with steady-state
sinusoidal responses. Thus, it is not possible to say anything about the time leads or lags
of these cells with respect to the eye velocity as could be done with the step/ramp
response. However, it is clear from quantitative studies of the discharge of oculomotor
neurons (see Ref. 46 for a review) that the sighal required to produce this discharge in
motoneurons should lead eye position and not eye velocity by about 30° at 0.5 Hz (a
typical frequency used in these studies). Consideration of these data from motoneurons
implies that one clear signal-processing step hasloccurred in the vestibular nuclei upon the
cerebellar pursuit signal. The cerebellar signal! as outlined above. i5 in phase with ¢ye
velocity during pursuit in the floceulus, paraflpcculus and the oculomotor vermis. This
post-cerebellar processing may be described in fcsystcms theoretic s¢nse as an integration
and is depicted in both types of systems models {Fig. 2) as final motor processing. On the
basis of chemical lesions made in the VN /NPH| complex there is good evidence that these
nuclei form the substrate for this processing ;". The results of these lesions are quite
different than those already discussed for other areas in the pursuit system, in that they
totally remove the necessary neural integration| needed for the generation of all types of
eye movements as well as for pursuit. The effects cannot be accounted for as a loss of

1.

i
Fig. 9. Pursuit pathways in the brain, Shown are main and alternative (heavy lines) cortical routes. corticopon-
tine projections (dotted lines). and cerebellar and pr:motbr outputs. Passible accessory oplic system pathways
have heen left owt (see text). Double lines between st@clurcs indicate reciprocal connections which have
possible functional significance for pursuit. FLOC = fMocculus: PARAF = parafloceulus; VERM = vermis;
UV = uvala; for other abbroviations. see text,
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either the visual slip signal or the pursuit eye velocity command. Instead. the deficits
following chemical lesions in the VN/NPH involve a loss in the ability to convert the
velocity command into an eye position signal as requih'ed by motoneurons.

The cerebellum might also mediate its pursuit control through its connections Lo the
brainstem reticular formation ™% A group of cells logated in the reticular formation near
the abducens nucleus were reported to discharge ini relation to horizontal pursuit eye
movements 7T, Like VN neurons these celis exhibited/a broad range of phase leads with
respect to eye position during pursuit eye movementd. However, ibotenic acid lesions of
farge extent in the reticular formation that included this region did not produce deficits in
pursuit movements *. Therefore it seems likely that the cerebellum controls pursuit

through its abundant connections to the VN, i

Figure 9 shows a summary of the pathways for the control of pursuit that we have
discussed in this review. On it we have tried to show the major flows of organization. We
are hopeful that it forms a useful representation of the extent of our knowledge of this

system at this time.
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