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Introduciion )
Predictive  smooth-pursuit eyc movements rely on both short-tertn and  long-t
mechanisms. Shor-icrm mechanisms compute dertvatives of target position or use somé.'
similar scheme to determine a target's futuere path (Deno ef al., 1990). Long-term mechanismy,
could drive the eyes bascd on a memoty of the previous path of a target, or by coding i
temporal characteristics of the majectory, much as an “internal clock” would, as Robin
(1968) has speculated. So fur, a neurophysiological substrate for predictive eye move
generation has been lacking., This repant describes a neuronal candidate for a long-tems
predictive mechanizm. The data presented here were recorded frota nieurons in the dorsomedialy
frontal cortex (DMFC), an arca previously implicated in saccade generation. Neurons hareondn-;s’ﬂ
for saccade metrics (Schlag & Schiag-Rey, 1987), as well as higher-order aspects of saccade
generation such as molor "set” (Schall, 1991). General funetions of the DMFC are extrenmicly;
intcresting, as they are rlated more to planning than to executing movements, leading some;
to mefer to it as 4 "supramotor region.” Cerebral blood flow increascs have been seen here
during mendal rehearsal of complex sequences of motor movements (Roland er al, 19§
sequences of learned saccades, or alternating self-paced saccades (Petit et al, 1993
Preparatory or tor sél activity of DMPFC neurons also occurs during am movemcnt tasky
(Matsuzaka et of., 1992). The neurons recorded in the current study scem to be coding
timing of intervals during smooth-tracking trials, and this activity could he used in predicti
smooth-pursyit generation,

Methods -

‘two Macaca fascicularis monkeys were used,  Animals were trained 10 smovthly track
small (25 deg) spot of light that ramped out from the center of the screen al a conglan
velocity. Newrons were recorded during this task, or during pursuit of periedic target motioi:
(standard frequencics 0.3-0.5 Hz), Eyc position was recorded with the search coil (Fuchs &
Rohinson, 1966). Single newrons {n=15%) were recorded with tungsten microelectrodes lowered,
into the DMEC using stereotaxic coordinates, The spike density function was used to
determine the time of peak discharge of a neuron,

Resnlis .
Most nearons recorded in the DMFC (60 %) responded during smooth pursuit of the sinal

spot, and most of those (92%) also responded when the spot was moved while the monkey
fixatcd, Some of this activity probably reflects input from neurons in the middlc sujierior
temporal sulcus (MST), where cells also respond during pursnit and visual motion (Kﬂmalsu:
& Wurtz, 1988; Newsome ef al., 1988). However, many DMFC cells had a novel compoaent.:
to their response. During petiodic tracking, these cells responded for usually one, but.
sometimes both, directions of target motion with a ramp-like profile (Fig. 1), ‘

The response usually peaked belore the target reversed direction (mean lead = 151 mseq);
The timing and waveform of the Tesponsc raised the possibility that these cells were involved
in gencrating  predictive eye movements and not just coding simple metrics or dynamics, of
smooth pursuit {e.g., position and velocity), Figure 1 shows the responses of a DMFC newto
and the eye while the monkey tracked 0.3 Hz sinnsoidal or riangle-like motion,

In neither casc can the cell's response be described stricily in terms of eye positio

veloeily, sinee the response is 50 nonlincar. Rather, the predominant characteristic is a buildup
of activity as the target moves from left to right. OF 35 cells tested, 17 showed such behavior,

Figure I, Cycle averages of a neuron A
recorded in the DMFPC during two irialy of
petiodic racking, In both cases, the top

wrace ghows cyc and® target poaition : ]&
superimpoged vertically and the bottom /'h\/\/
trace represents neuronal activity as a spike .

density funcdon (¢ = 50 mx), Two W

Idcntical cycles are shown.  A) Target : M =1
motion is  siousoldal (0.3Hz). Note ' l
ramp-like  activity that rises to a peak M

(dottcd line) 70 ms before target divection
reverses (and before the eye reverses). B

Short-torm mechanisms can ald prediction

1 sacidhiakon

In this situation. B) Target motion iz
triangle-like (0.3Hz). The cell seems 1 he
Incorrectly signaling target reversal heve,
and the animal's predicion is poorer as

well, The peak however still leads eye ' léﬁ'fs
reversal,  Only long-termy mechanisms can : .
be used to predict In this case, 1 sac/idiviaion

Tuning was tvident in 6/7 units that were izolated long enough to assess dircctionality in more
detail, and neuronal firing for the preferred direction averaged %7% over thay, Tor the opposilc
direetion,

Some neurons (n=20) had a similar activity profile during ramp wecking, as their activity
peaked jost before the end of the ramp motion, Whee the (rajectoty length was changed in a
new block of trials, the peak shifted gradually over trials to a new position near the end of that
trajectory, indicating that the responsc profile of the nenron could be modificd.

The type of responses seen in both of these racking conditions could provide inforimation
about how far the target had moved in a given direction, or alternatively, about the amount of
time that the (arget had been moving. Data from another class of DMEC neutgng suggust that
cells here are in fact involved in the latter, £.e., timing the stimulug trajectory. These cells build
up activity during the fixation interval preceding pursuit trials. Here, eye position is maintained
around the stationary target, and the cell still shows the ramp-Hke discharge patiern. Such a
signal could be used to anticipate npeoming target motion.

Conclusinns

DMFC neurons that respond during smooth pursuit do not simply cocode oculomotor
metrics or dynamics. Rather, they seem to he involved in timing "periodic” intervals of target
mation. These cells ¢ould function as elements in a dynamic network that imegrates the outpul
of a clock untl a threshold is reached, This threshold would shift closer (o the time of an
ahrupt target trajectoty change by swmpling the time that the retinal-skip error signal conveyed
from the visual system was maximal during the provious cycle/trial of tracking. Tn this scheme,
the activity profile of 1he cell evolves systematically so that the peak approximates the time of
abtupt tarpel trajectory changes, The oculomotor system coutd wse such a signal 1o predict
trajectory changes.

The anatomy supports this hypothesis in that the DMFC both receives visual metion
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projections from MST (Huerta & Kang, 1990), aod sends appropriate connections back to the
ocutomotor system, The predictive signal could be ¢oupled with eye velocity and accelemtion
signals presemt in the nueleus reticularis/pontine nuclei complex (Suzuki ef al, 1991) that
directly drive the eyes, since the DMPFC projects to this brainstem area (Hueria & Kaas, 1990).
Alternatively, this signal could go (o the frontal eye Relds (FEF), since the FEF is weeiprocally
connceted to the DMEC (Huena & Kaas, 1990), contains cyc velocity cells (MacAvoy et al,,
1991} and projects to the nucleus reticularis/pontine nuclel complex (Stanton er al, 1988},

Previgus work hag implicated the DMEC in cognilive events, Motor set or preparatory
activily has been documentad for hoth saccade (Schall, 1991) and arm movement {Matsuzaka
et al, 1992) tasks. Onc study found cells with a similar boildup of activity before arn
movements (Matsuzaka er al, 1992) a5 seen before \arget mation change in the present study.
Again, this could be an internal timing mechanism controlling predictable movement initiation,

(ne of the most interesting characteristics of neurons in the DMFC is a ramp-like wmporal
profile of activity during periodic or ramp-tracking trials, This activity can he dissociated from
the dynamics of the eye movement, and could be used to initiatc or finc-tune predictive
oculomotor behavior.

References 3
Deng, DC, Crandall, WF, Sherman, K, and Keller, EL (1990) Characterization of prediction
in the primate visual smooth pursnit system. Invest. Ophthalmol. Vis. Sci. (suppl.) 31, 532,
Fuchs, AF, and Robinson, DA (1966) A mcthod for measuring borzontal and vertical eye
movement chronically in the monkey, J, Appl. Physiol. 21, 1068-1070. k-
Huerta, MF, and Kaas, JH (1990) Supplementary cye field as defined by intracortical 3
micro-stimulation: comeetions in macagques. I, Comp. Neuwrol, 293, 299-3H). -
Komatsu, H, and Wurtz, RH {1988) Relation of conical areas MT and MST to pursuit eye
movements I, Lovalization and visual properties of neurons, J. Newrophysiol. 60, 580-603.
MacAvoy, MG, Goulieh, TP, and Bruce, CI (19%1) Smooth pursnit eye movement
representation in the primate frontal eyt ficld. Cersbral Cortex 1, 95-102,
Matsuzaka, Y, Atzawa, H, and Tamji, J (1992) A motor acea rostral to the supplementary motor 3
arca (presupplementary motor area) in the monkey: neuronal activity during a learned motor *3
wask, J. Neurophysiol. 68, 653-652.
Mewsome, WT, Wurtz, RH, and Komatsu, H (1988) Relauon of cortical MT and MST (o
putsuil eye movements T, PAfferentiation of retinal from extrarefingl inputs.  J, .3
Meurophysiol. 60, 604-620.
Petit, L, Orssaud, C, Tzourio, N, Salamon, G, Maroyer, B, and Berthoz, A (1993) PET smd
of voluntary saccadic cyc movements in hurmmans: basal ganglia-Thalamocortical system and
cingulate cortex involvement, J, Neurophysiol, 69, 1009-1017.

Robinson, DA (1968} The oculomotor control systcm: a revicw. the proceedings of the TRE
56, 1032-1(49,

Roland, PE, Larscn, B, Lassen, NA, and Skinhof, E (1980) Supplementary motor area andothc
cortical areas in organization of voluntary movements in man. J. Neurophysiol, 43, 118-136

Schall, JI (1991) Neuronal activity related to visually guided saccadic eye movements in th
supplementary motor area of Rhesas monkeys. J. Neurophysiol. 66, 530-538. .

Schiag, J, and Schiag-Rey, M (1987) Evidence fura uupplcmcntary cye fickt. J. Neurophysial
57.179-200.

Stanton, GB, Goldberg, ME, and Bruce, CJ (1958) Frontal eye field efferents in thc maca
monkey TI, Topology of terminal fields in midbrain and pons, J, Comp, Neurol.
493-506.

Suruki, DA, Yamada, T, Betelak, KF, and Yee, RD (1921} Smooth-pursuit eye move
relaed activity in monkey nuclens reticulars tegmenti pontis. Soc. Neurosci, Abstr, 17,

411

Differential processing of eye movement induced retinal
image slip in monkey visual cortex

Peter Thier, Roger G. Erickson and Uwe J. Tig
Department of Neurology, University of Tiihingen, Germany

Tn afoveats verichrates, stability of the visuul world during voluntary movements is preserved
by synergistic vestibuler and optokinetic reflexes which attempt to stabilize the etina in
space. The evolution of # foves in primates, however, introduced an additional requirement
since slow, purswit cye movements override reflex attempts to stabilize cye position., Goal-di-
rected eye and head movements such as smooth-pursuit force the visual system to receive
and somehow discriminate those visnal motion signals which are caused entirely by the vol-
untary movernenl. Yet adequate spatial orientation is obviously maintained during pursuit,
and incidental retinal image motion is not consiously perceived (otherwise the visual world
would appear to move during pursuit), To address the question of where and how in the vis-
ual system this iz achieved, the responses of cells in 4 visuo- cortical arcas (V1, V4, MT, and
MST) of trained rhesus monkeys
were compared when comparable re-
tinal image motion was caused by ob-
ject motion as opposed 1© cgo mo-
tion.

Methods

Standard extracellular recording tech-
niques were used to examine the re-
spomses of 400 cells recorded from
cortical areas V1, V4, MT and MST
of four awake rhesus monkeys.
Generul methods for surgery, anes-
thesia, stimulus presentation  and
single unit extracellular recordings

Experimental Parligm, Ohbject mwtion: Retinal image slip hnv? been dfescnbed Pre'vmuﬂy
resuits from the movement of a behaviorally immelevant visual (Thier and Erickson, 1992). The
stimulus ($T) while the eyes maintain Raation of & suatonary Scleral search coil echnique (Robia-
laset target (FP). RF=receptive field. Ego motion: the same 50m, 1963) was used 10 monitor eye
retinal glip of the image of ST is a consequence of @ smouth  movements. While the monkey main-
]lsursuit eye mnovertent, guided by the lazer target (FP), while 8T tained fixation of a stationary target
15 statwmary on the screen in front of the monkey. In other {diameter: 0‘20)‘ the receptive field of
R e onSiion e 1 Mot 6 S st el was mopped nd s

o ’ preferences for the size, orientation

. and structure of the pattern, and the
direction and speed of movement werc established, Cells msponding to retinal image motion
of comparatively smatl velocity (i.c. <25%sce) were subjecied to a gquantitative comparison
of the responses to object and scif-induced retinal image slip. As depicted in figure I, object-
induced retinal i image slip was rcalized by moving a suitable behaviorally isrelevant visual

object motion

Fig.1




