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Neurons in the Primate Superior Colliculus Coding for Arm
Movements in Gaze-Related Coordinates

VEIT STUPHORN, ERHARD BAUSWEIN, AND KLAUS-PETER HOFFMANN
Allgemeine Zoologie und Neurobiologie, Ruhr-Univéisigad 780 Bochum, Germany

Stuphorn, Veit, Erhard Bauswein, and Klaus-Peter Hoffmann. motor acts include gaze shifts with eyes, head, and body as
Neurons in the primate superior colliculus coding for arm movemenjge|| as reaching with the arm. To do this, the incoming visyal
in gaze-related coordinates.Neurophysiolg3: 1283-1299, 2000. In jnformation has to be transformed from a retinocentric into fan

the intermediate and deep layers of the superior colliculus (SC), ector-related coordinate system. Both the skeletomotor fpnd

well-established oculomotor structure, a substantial population’—&I S - . L
cells is involved in the control of arm movements. To examine tH&€ oculomotor networks get their visual input via specific

reference frame of these neurons, we recorded in two rhesus monk@gthways connecting certain parietal and frontal cortical arpas
(Macaca mulatty the discharges of 331 neurons in the SC and tlgubserving the control of the eye (Tian and Lynch 1996), grm
underlying mesencephalic reticular formation (MRF) while monkey&Caminiti et al. 1996) and hand (Murata et al. 1997; Sakata et
reached to the same target location during different gaze orientatiogg. 1995). Each type of effector poses different computatiopgl

For 65 reach-related cells with sufficient data and for simultaneouiy ; ; -
recorded electromyograms (EMGs) of 11 arm muscles, we calcula eaoblems and differently assorted types of sensory informafich

an ANOVA (factors: target position, gaze angle) and a gaze-depé’H—e “?ede,d to control the movement. During eye movem @?
dency (GD) index. EMGs and the activity of many (60%) of thdhe direction of the movement vector and the torque of {i@
reach-related neurons were not influenced by the target representa@iggball coincide. This relieves the brain from an additionag
on the retina or eye position. We refer to these as “gaze-independecdmputational step from a kinematic (desired movement) tp=a
reach neurons. For 40%, however, the GD fell outside the range of éignamic (forces needed to perform the desired movemegis)
muscle modulation, and the ANOVA showed a significant influenc€ymmand. In the case of arm movements, the brain cannot @it
of gaze. These “gaze-related” reach neurons discharge only whendpep, 5 step because in this system the relationship betye&m

monkey reaches for targets having specific coordinates in relation, . s o
the gaze axis, i.e., for targets in a gaze-related “reach movement fie nematics and dynamics is nontrivial (Hollerbach and Fl S§

(RMF). Neuronal activity was not modulated by the specific path 82). Another d|fference |s.the origin of the reference franjes
the arm movement, the muscle pattern that is necessary for its rdgl- the signals controlling either the oculomotor or the sk E
ization or the arm that was used for the reach. In each SC we foudpmotor system. Naturally both are aligned to their respecfiee
gaze-related neurons with RMFs both in the contralateral and in tBffectors. Consequently the oculomotor system refers to |t

ipsilateral hemifield. The topographical organization of the gazgaze axis, whereas the skeletomotor system refers to the jifts
related reach neurons in the SC could not be matched with tb€the arm. g

well-known visual and oculomotor maps. Gaze-related neurons wereNevertheless it is of great importance to align the gaze &
more modulated in their strength of.activity with different directiongnd the point in space at which the arm is aiming. The grpat
oflatrnzjmovek?wents than were gazz"%defe”derét. reagh rt‘ﬁ”rfogsdfﬁfﬁﬁber of psychophysical studies showing eye-hand intefat-
related reach neurons were recorded at a median geptn of <. s is in accordance with this need to integrate the activity &

below SC surface in the intermediate layers, where they overlap w, in effect int isi tt Bekkeri i
saccade-related burst neurons (median depth: 1.55 mm). Most of g main efrectors into a synergistic pattern (Bekkering e

gaze-independent reach cells were found in a median depth of 4¥395; Biguer et al. 1982; Blouin et al. 1996; Goodale et pl.
mm below the SC surface in the deep layers and in the underlyi®§86; Jeannerod 1988; Prablanc and Martin 1992). For that

MRF. The gaze-related reach neurons operating in a gaze-centd@@son, one should expect to find nodal points in the brgin
coordinate system could signal either the desired target position witthere the oculomotor and skeletomotor networks interact.
respect to gaze direction or the motor error between gaze axis and’he superior colliculus (SC) is known to be a crucial part jof
reach target. The gaze-independent reach neurons, possibly operatieg oculomotor system (Schiller et al. 1987; Sparks gnd
in a shoulder- or arm-centered reference frame, might carry signglartwich-Young 1989; Wurtz and Goldberg 1971) and alsd is
C'O.zer to TOtor %“tp“ttthg?;h?rtﬁhegectW‘? typlesé’f retf]Ch neurons ?ﬁﬁ%lved in the control of head movements (Cowie and Rqb-
evidence to our hypothesis that the St 1S INVolved In Ihe SenSoNmMoRk 1y 1994; Freedman and Sparks 1997; Freedman et al. 1096
transformation for eye-hand coordination in primates. Guitton 1992; Pdret al. 1994). Besides this gaze-controlling
system, the SC contains a population of cells involved in the
control of goal-directed arm movements (Werner 1993;
INTRODUCTION Werner et al. 1997a,b). Because the SC contains gaze-|and
-movement-related signals, it might constitute another|re-
n in the brain in addition to parietal and frontal cortical
reas where the control signals for eye and arm movementq can

The costs of publication of this article were defrayed in part by the paymenP coordinated (Wise et al. 1997). If this coordination hypoth-

of page charges. The article must therefore be hereby maskheftisement  €SIS IS correct, the system cont_rolling one of the effectors (g.9.,
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ the arm) should be no longer independent of the state of|the

Primates interact with objects in the external space by usift
their arms on an every-day basis. These spatially orientg

0022-3077/00 $5.00 Copyright © 2000 The American Physiological Society 1283
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other (e.g., the gaze). Instead one might expect to find a [ )
relationship between the spatial orientation of gaze and the
discharge of arm-movement-related cells in the SC.

To test the influence of gaze direction on arm-movement-
related activity in the SC, we trained two monkeys to reach to Fix-Off
a set of eight targets in two gaze conditions. First, the monkey
looked at the target while he reached to it, and second, he
fixated a light-emitting diode (LED) away from the target he
reached to. With these tasks, we separated gaze and reach asqd
thus were able to show that reach neurons in the SC were
related to target location with respect to gaze axis. Preliminary
reports of the work have been made previously (Bauswein et
al. 1997; Stuphorn et al. 1995)

METHODS GO

The experiments were conducted on two male rhesus monkeys
(Macaca mulatta8 and 9 kg). The animals were seated comfortably
in a primate chair with their heads restrained, facing a tangent screen.
The distance between the eyes and the screen was 29 cm for the larger
and 28 cm for the smaller monkey. The animals were trained to
perform a delayed saccade task and two delayed reach tasks toward
light spots of 0.8° diam appearing on the screen. A plastic cylinder
around the upper and lower arm loosely restrained the nonworki
arm in the reach tasks. All procedures were approved by a local ethical

fixation light | |

committee and followed the European Communities Council Direc— | target light __| '
tive of 24 November 1986 (S6 609 EEC) and National Institutes of 1 'go’ - signal N
Health guidelines for care and use of animals for experimental pro-

/T eyeposition
../ amposition S

cedures.

Behavioral paradigms .
'saccade-reach’ task fixation-reach' task

. ka? dlffferenltl arm m(r)]vement tasks vr\]/erfg usefdhto probe lihe' relf}me. 1. Sequence of events in the reaching takkft saccade-reach task
tions Iporace to reach movements. The first of the two tasks in th’xﬁght fixation-reach task. Temporal succession of the signals in both task
study is identical to the delayed reach task used by Werner et @own below. For details, segTHoDS.

(1997a) to identify reach-related neurons in the SC. Here we name it

“saccade-reach” (SR) task in contrast to the second task, the “fixatipsition with the activity while the target was at the fovea to calculgté

reach” (FR) task. The general outline of the two tasks is shown in Fighe gaze dependency index (see following text). In both tasks,
1. Both the SR and the FR task begin in the same way. The monkeagnkey received a liquid reward after correctly finishing the trial. T
has to touch a metal bar and to fixate a fixation light appearing on thenkey’s eye position was recorded and controlled throughout
screen. After a randomized interval (1-1.4 s), a target light was turnegk. During the fixation periods, the monkey had to maintain its g
on. From here on the two tasks differed. In the SR task, the fixatigyithin a window of+2.5° surrounding the light. If the monkey did no
LED was extinguished after a randomized delay (0.5-0.9 s). fulfill these criteria, the task was aborted and a new trial was star
response the monkey made a saccade to the illuminated target @hd touch and release of the touchbar and reach targets caus
fixated it (Fig. 1left). After a second randomized delay (0.5-1.4 s), digital pulse that was used as a behavioral trigger event. These e
tone came on that instructed the monkey to reach toward the fixatedre used for the on-line control of the animal’s behavior as well
target. In the fixation reach task, the starting cue for the arm mowstoered on computer disk.

ment (the acoustico signal) was given after a randomized delay In addition to these two reach tasks, we also used a simple delg
(1-1.4 s) while the fixation light on the screen remained on. Thgaccade task as an initial test of whether a newly isolated neuron
monkey had to maintain fixation while he reached to the periphemlrelationship to eye movements.

target (Fig. 1right). After touching the target for-1 s, the monkey  During recording days, the monkeys only received liquid (water
returned its arm to the initial starting position at hip level and receivegpple juice) in the experiments and worked until satiated. After
a liquid reward. The delayed saccade task and the two reach taskperiments, the monkeys were returned to their home cage w

were all performed in alternating blocks of at least five trials. they could socialize with other monkeys kept in the same group. T

The targets for the arm movements were an array of eight met@tight and overall health of the monkeys were monitored carefu

knobs, each containing an LED. For the first monkeyikey @, the and on days without recording, free access to water was allowed.

eight targets were arranged on a circle with a radius of 15° centered

on the fixation point at the monkey’s eye level. For the se(:orgurgery
monkey (onkey § the fixation light could appear at three sites, i.e.,
either centrally (F1 like irfmonkey ¢ or 19° lateral from the body  After training in the reaching task, the monkey was anestheti
midline (F2) or 19° below eye level (F3). Here the eight targets wewgith ketamine hydrochloride (10 mg/kg im) followed by pentoba
arranged at a distance of 15° on the four corners of three squab@sl sodium (25 mg/kg iv). Atropine (1 mg) and supplementa
around the fixation points. The knobs located between fixation pointeses of pentobarbital sodium were administered intravenou
provided a reach target during fixation of either (see Figs. 4 andBnder aseptic conditions, a stainless steel head holder was
scheme in théoottom right corne). Both arrays allowed to compare planted on the animal’s skull, and a recording cylinder was plag

neuronal activity while the stimulus was at the preferred extrafoveah the midline over the occipital pole, tilted backward 45° from the
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vertical. Search coils were implanted under the conjunctiva arou(i@emmel). Separate horizontal and vertical eye position signals were
each eye (Fuchs and Robinson 1966; Judge et al. 1980). Elecgampled with a frequency of 500 Hz. These eye-position signals
cardiogram, body temperature, blood pressure, and ,SR€e were used to ensure a stable fixation during the tasks. Figu
monitored during the surgery. Analgesics and antibiotics wefgdicates that this was indeed the case. It gives an example of the ey

delivered postoperatively for 1 wk. position recordings during both tasks from the second monkey. The
data are not corrected for inhomogeneities in the magnetic figld.
Recording Figure 2A shows the saccades in the SR task from a central pgint

) ) ) toward the eight targets, whereas in the FR task, the gaze cldarly|
Extracellular recordings of single neurons were made with glasgmains on the three fixation points (FigB)2
insulated tungsten electrodes (2—3 The electrodes were lowered Electromyographic (EMG) activity during the tasks was recorded

by a microdrive (Narishige) within a guide tube through the dura. Theierentially with intramuscular wire electrodes (0.05 mm dia
microdrive was mounted on the chamber whereby the electro

penetrated the SC layers approximately perpendicular due to their

flon coated) that were inserted transcutaneously with hypodermic
f d | inal it 'disch d usi .ﬂ%edles (27 gauge) under topical application of a local anesthetic
;r:nwfil{u dgnv%ir?dc)svlvngise(_:lrjimtina:tsocr :rr]%essavmvegg ds\f/ﬁﬁr?fns ltjifr!r:agr:sgl X ylocain). The EMGs were band-pass filtered and rectified befpre
b P torage. The following muscles were recorded simultaneously With

tion. The collicular surface, which could be identified reliably b - L - :
. ; : P the neurons: M. biceps brachii (Bic), M. deltoideus anterior (ADI), M.
vigorous neuronal responses to visual stimuli presented at Speﬁgtoideus medialis (MDI), M. deltoideus posterior (PDI), M. infrasl

locations in the contralateral visual field, provided the reference po A ; .
for the coordinates of the penetration. The depth of the hydraulic drip@tus (Inf), M. latissimus dorsi (Lat), M. pectoralis (Pec), M. rhorp-
and the coordinates of the visual receptive field were noted. Then fideus (Rho), M. sternocleidomastoideus (Ster), M. supraspingtus,
electrode was advanced further through the midbrain while the md¥- teres major (TMj), M. trapezius (Trap), M. triceps (Tri).
key performed arm movements. We tested each well-isolated uniAll the recorded data (behavioral events, eye position, neurgn
with the SR and FR task whether its discharge was related to a@iigcharge, EMG) were fed into an interface (CED 14QCambridge
movements. Electronic Design), converted into digital data, and stored on a ¢
Eye position was measured with a magnetic search coil systguter disc.
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Data analysis position of the neurons on a reduced SC map. We used the equ

discharge of reach-related cells was analyzed fronsth&ue to target in the FR task, we divided these elements into a fixed number of

contact (over the combined reaction and movement time). All readihvat remained the same in each trial. The FR task was divided into five
related discharges in the SC occurred in this time window. To quantgyccessive behavioral elements. First, the “waiting phase” (50 bjns)
the neuronal activity, we first counted the action potentials during tHessted from fixation onset until target onset. Second, the “delay phase

time period and then calculated the firing frequency by dividing th&0 bins) lasted from target onset until the acousticsignal was
count by the appropriate time interval in each trial. We did the sangéven. Third, the “reaction time” (20 bins) lasted from thesignal to

trial-by-trial analysis for a time window of 500 ms preceding 8w onset of the arm movement. Fourth, the “movement phase” (10 b|ns)
signal. To qualify as a reach-related neuron, the mean firing frequernagted from onset of the movement until the hand made contact With
in the period after theo cue until the end of the arm movement hadhe target. Fifth, the “target hold phase” (35 bins) finally lasted frgm
to be significantly higher than the mean firing frequency in theontact with the target until its release at the beginning of the retfurn
preceding time period (Whitney-Mani, < 0.01). We also deter- movement. The number of bins for each phase was chosen in sych &

mined the mean rectified EMG during this period as a measure way that one bin accounted on average f#0 ms. The actual time

muscular activity. represented by such a bin could vary with the duration of the respgec-

We computed both a two-way ANOVAP(< 0.01) and a gaze- tive phase in the trials. Therefore the activity in a certain bin does hot
dependency index (GD) to quantify the extent to which a given cekpresent the mean activity in real time relative to a trigger point put
operates in a gaze-centered or in a gaze-independent reference fraatlker the mean activity at a certain fraction of the respective behav-
The basic rationale of the comparison was the same for both measui@sl element. For example the first bin of the MP shows the average

We compared two arm movements starting from and ending at idefischarge during the first 10% of the arm movement. Therefore

tical positions in external space. What differed in the two cases wealled the resulting histograms “relative time histogram” (RTH).

the direction of gaze with respect to the target. In one case (measured

during the FR task), the gaze was directed away from the reach target,

whereas in the other case (measured in the SR task), the gaze WESYLTS

aligned on the target. Because the two compared arm movements e

identical, any systematic change in reach-related cell activity shou Jgssmcatlon of neurons

e & el of e iference beeen gt and gz 2 171 W two morikeys, we recorded 331 nerons in the SC and
y Y gny underlying mesencephalic reticular formation (MRF) over

different target displays. The display fononkey Cused only one
fixation point and thus did not provide us with comparable mappin§€Pth from 1 to 6.5 mm below the SC surface. These neur
from different fixation positions as imonkey SNevertheless for both Were classified with respect to the relationship of their d

@A‘ﬁoém&@‘u[ WO0J}) PapPeO|uN

UJ

displays, we had data recorded during identical reach movemefiiarge to the visual cues and the eye and arm movemen
while the monkey’s gaze axis was aligned with the reach target (3sual (V), saccade-related (S), fixation (F) and reach-rela

task) as well as while it was directed away from the reach target (fR) neuron (see Table 1). S
task). . ~ Sixty-five neurons with reach-related activity provided sy &
_ The ANOVA was computed to test if there was a systematfcient data for quantitative analysis. Four examples of thef
influence of gaze across the different arm movements. The datafor e shown in Figs. 3 and 4. All of them showed a burst (g_
e SveTage Lo G fecenc o e gelviy at the time of the arm movement. However, the g
the ANOVA were the craniocentric target position (which is related t n_d epd of t.h's burst varied in |nd|V|duaI.ceIIs. It began at so n‘é
the arm reaching movement toward a certain position in the worRoIntin the Ir!terval between theo cue'(Flg. 3) and the onset S
space) and gaze direction (either pointing to the target or to the cenfhithe reaching movement (e.g., FigAj The burst ended| g
fixation light). . .
The GD was computed to quantify the amount of modulation of thetBLE 1. Number and proportion of recorded neuron types in twp

neuronal discharge during the reach caused by the gaze shift. GD wamnkeys
calculated in the following way. First, we determined the target with
the maximal reach activity (the mean of the firing frequency from the Monkey C Monkey S Total
Go cue to the end of the arm movement over the individual trials) of
the neuron in the FR task condition. We took this target location to fecorded cells 232 99 331
the preferred gaze-target vector (GJVSecond, we determined the Visual cells (V) 18 (7.76) 6 (6.06) 24 (7.25)
neuron’s discharge while the monkey reached to the identical targéiccade-related

e e . ; cells (S) 48 (20.69) 7 (7.07) 55 (16.62
on the screen, but this time in the SR task, in which the monkqe,(xation cells (F) 6 (2.59) 6(1.8)
fixated the target before and during the reach. This gaze orientati9B,ch-related cells
resulted in a gaze-target vector that was zero (§TWe compared (R cells) 95 (40.95) 52 (52.53) 147 (44.41
the two situations by calculating the GD index R cells tested in FR

+ SR task 32 33 65
6D — GTV, - GTV, (1) gaze—_reéated Iz ce;ll; 20 5 25
T ATV 4TV aze-indepenaden
CTV, + GTV, colls ¥ 12 28 40
Others 65 (28.02) 34 (34.34) 99 (29.91))

The same analyses also were performed with the muscle activity.

To reconstruct the spatial relationship of the reach neurons amonghe number and proportion (expressed as percentages) in parenthepes

each other, WE.USE‘d the visual receptive fiQ|q, measured in Fhe Saiien for all identifiable neurons that were recordedrionkeys GindS. FR
penetration during the passage of the superficial layers, to estimatedhe SR, fixation and saccade reach, respectively.

o
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Fic. 3. Neuronal activity and eye position recording of 2 gaze-independent reach neurons in the saccade reach (SR) and the
fixation reach (FR) task. For each of the cells, the data otethsiderepresent trials in which the monkey reached to a target during
the SR task. Data on thight siderepresent trials in which the monkey reached to the same target during the FR task. For all cases,
the discharge of the neuron in each trial is given in a raster plot; each dot is the occurrence of an action potential. Averaged activity
is presented in the histograms (20-ms bins). Horizontal eye position traces in each trial ardshmwvthe neuronal activity. Data
are aligned on the onset of the arm movement (vertical line=a®). Short vertical lines to thieftin the raster and the eye position
show the times of the appearance of gwesignal for the arm movement and to thight of first target contact. Trials are ordered
according to increasing movement duration. Neurons display no saccade-related activity and both show the same reach-related
activity during both tasks.

either while the movement was still ongoing (Fig\)2r, more in Fig. 3 that show no or only slight differences in the
often, when the monkey had grasped the target handle (Figscharge during the actual arm movement in the two tas
4B). Some neurons displayed also an additional modulationBecause the arm movement was the same in the two cg
the delay interval preceding the arm movement. This del#lyis finding was not unexpected. On the other hand,
modulation was often more pronounced in the FR task afmund also cells like the ones shown in Fig. 4 the discha
could be either an inhibition (FigsA3and 4A) or a ramp-like of which was dramatically different depending on whig
increase (Fig. B) of the discharge. task the monkey performed. Because the arm movemg

The great majority of the reach-related cells (86.1%) showeckre identical, this difference had to be related to
no modulation related to saccades. This is in accordance wdifference in gaze angle.

earlier findings by Werner et al. (1997b). To determine quantitatively this effect of the gaze-related

Besides many similarities, a comparison of the discharggrget coordinates on the reach activity, we computed a
modulation in the SR and the FR tasks also revealed a cléadex. This index equalst1 if the activity occurred only
difference between two different types of reach-relatedliring one of the two compared arm movements and there

cells. On the one hand, there were cells like the ones shodepended maximally on the direction of gaze. If, on the other
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21 7 . T o i e FiG. 4. Neuronal activity of 2 gaze-related
2 A 0 1sec 2 A 0 Tsec  reach neurons and eye position recording dyr-
ing the SR and FR tasks. Figure is arranged
I ! ! the same way as Fig. 3. Neurons display n
B I I | saccade-related activity just as the cells sho
| | in Fig. 3, A and B. Note, however, that the
X ! P neurons displayed here are only active durir]
! ; ! the FR task in contrast to those in Fig. 3.
| i | '
160 1 Implsec 180 ~impisec
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+ | |
- I i
; t I I —
@ } I L | | —
a | I &1 \ T
e g T T T | 2 T T T ]
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hand, the index equals 0, the activity is not modulated by gaamplitude and shape during identical reach movements \j
angle and therefore seems independent of it. In addition to thiifferent gaze angles.
index we computed also a two-factor ANOVA (craniocentric In Fig. 6 the GD distributions of the muscles and the neurg
target position, gaze directioR, < 0.01). are shown for comparison. FiguréA&ives the mean GD

The monkeys might perform the arm movements in \aalues of the 13 muscles. The unimodal distribution clearly
slightly different manner in the SR and the FR task. This couttkntered on zero, and values do not excee@l3. In the
result in different activity patterns of the musculature in thANOVA none of the muscles showed an effect of the g4
two movements compared. To estimate the amount of diffexngle during reaching. FigureB&shows the GD values of the
ence, we also computed the GD values of the rectified a6l reach neurons. The units for which the ANOVRA< 0.01)
averaged EMGs from representative shoulder and arm musabswed a significant influence of gaze angle are shown
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made simultaneously with the neuron recordings. The Gidack. In 27 cells the GD falls outside the range of the musgle

distribution of these muscles gives an estimate of the amountobdulation and exceeds0.3, corresponding to twice thg
change that the gaze shift produced in the skeletomotor systeawtivity in case of preferred as compared with nonprefer
A comparison of muscle activity from the deltoideus anteriqgaze-related target coordinates. All of these cells with {
(Adl) during arm movements toward targets at identical locaxception of two near to the 0.3 level are influenced sign

tions with respect to the body but with different coordinatesantly by gaze angle. We called the 25 (38.5%) cells that fulfill

with respect to gaze direction (e.g., toward target 5 whileoth criteria (ANOVAP < 0.01; GD> =*0.3) “gaze-related

ed
he
fi-

looking at fixation point F1, F2, and F3, respectively) is showreach neurons.” The GD values of the rest of the reach-relgted

in Fig. 5. Clearly, the EMG patterns display almost the sanmeurons f = 40, 62.5%) fall into the same range as the GD Jof
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100 1 100 2 100 2 100 3
50 50 50 50
0 0 0 0

-1 0 1 F1 -1 ] 1 -1 0 1 F2 -1 1] 1

+ + FIG. 5. Activity of a shoulder muscle, the M.
deltoideus anterior in the fixation reach tash

=)

10 1 sec 10 1 10 1 sec 10 1 and reached to the 4 targets surrounding ea
fixation point. Eight reach targets are arranged
a frontal screen in 3 squares, each with a fixatig
point in its center. The targets 2, 4, and 5 were

L%

1 0 1 F3 1 0 1 4 around the 3 fixation points. Each histogram
+ 4 5 6 constructed on the basis of 10 trials temporal

100 - % Activity 7 100 8 F3 aligned to arm movement onset.
50 50
7T——— 8
0 0

—_—

10 degree

the muscles, indicating that their reach activity is independetiischarge is different for the three different orbital positions
of retinocentric or eye-position variables. Although some dhe eyes during the reach. This eye-position effect occu
them showed a significant gaze influence in the ANOVA, wacross the tested oculomotor range for all gaze-related r4g
excluded them from the group of the gaze-related reach neells. We did not perform a quantitative description of the
rons because they did not fulfill the second criteria (GD gain fields because we felt that three different gaze positi
+0.3). We called this second type of cells “gaze-independetitl not allow such a treatment of the data.
reach neurons.” All these experiments demonstrate that the reach-relg
activity of this neuron is locked to a gaze-related coordin

Characteristics of the gaze-related reach neurons system and cannot be described in an allocentric or bods:

: - centered reference frame. Nevertheless, its activity is in cl
The typical activity pattern of a gaze-related reach NeUr98mporal relationship to the arm movement, preceding

both in the SR and FR task is shown in Figs. 7 and 8. In Fignset of movement by-200 ms. We called the area of targs

7 the discharge of this sample neuron is presented in relation iy qinates in a gaze-related frame of reference that is aco
onset of arm movements in the FR task while the monkey u ied by neuronal activity the “reach movement fiel
either the ipsilateral or the contralateral arm. The 12 hist MF). It is important to note that both the specific path of t
grams on theight were compiled in sets of four according 05, movement and the muscle pattern that is necessary fc
the arrangement of four reach targets around each of the thfgg; ation are of no consequence for the neuron’s dischal
fixation points ). All movements were made with the con—ry, neurons of the 25 gaze-related neurons also produ
tralateral (here the right) arm. They started with the hand,cc4qe related bursts, but we found no relationship betw

approximately at waist level and were directed to one of hfege components and particular characteristics of the re
eight targets (1-8), positioned on a frontal screen as outlineqfj;ieq activity.

the sketch in the lower right corner of Fig. 7. Activation was

observed only when the arm was directed to a target at the.. . ) : :

lower right with respect to the fixation point. This occurreé‘%ﬂv&y of the gaze re!ated reach neurons during reaching
) i e contra- or ipsilateral arm

with targets 5, 6 and 8. However, if the same arm movement

(e.g., to target 5) was performed with eye positions that shift To see whether the reach neurons show a preference fo

the target location with respect to the gaze axis, i.e., to thee of the arm contra- or ipsilateral to the recorded SC neu

upper right or lower left the neuron displayed no reach-relatece let the monkey perform the FR task with either arm

activity. The neuron was also not active during reaching whé&ecause of workspace constraints, we could compare only
the same eight targets were fixated in the SR task, as illustratedvements that were in a medial position with respect to
in Fig. 8. body axis while the monkey fixated the fixation points F1 a

Even for the same target location with respect to the gaE8. The fixation point F2 was on a more lateral position a
direction (see Fig. 7, targets 5 (F1), 6 (F2), and 8 (F3)) the céelcluded movement targets that could not be reached with

100 - % Activity ¢ 100 5 100 ¢ % Activity g 100 .
Monkey reached from 1 starting position to
s 50 0 50 targets (see scheme in tlh®ttom right corney
during 3 different gaze directions. Monkey fixate
a light spot (+) straight ahead (F1), at 19° to the
0 0 0 0 right (F2), or 19° down (F3) from straight aheal
100 4 100 5 f : r € 3
identical spatial locations but had different pos|-
1 2 tions relative to the fixation points. Electromyo
50 5 F1 F2 graphs (EMGs) during the resulting 12 combing-
+ + tions of gaze direction and reach target locatig
0 0 are presented in 12 histograms compiled in sets
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8 8 ; , A ing a goal-directed reach largely independent of the muscle or
| l arm involved in the reach.
6 - . '
8 | | RMFs
[
2 g ] | We found that the RMFs of gaze-related reach neurgpns
* i | | differed with respect to their peripheral borders. In six neurops,
: : the RMFs were mapped partially by presenting reach targets
| | further and further away from the preferred retinal target go-
0 — 11 T 1 T T T T 1 sition. Figure 10 shows two examples of these cells. Neurgnal
-1.0 -08 -06 -04 02 00 02 04 06 08 10 discharge of the cells is shown while the monkey fixated a
Gaze-dependency Index (GD) certain position on the screen (the cross) and reached fo 8
- number of targets (indicated by position of the histograms).

B The amplitude of reach activity increased when the monkey

14 1 was reaching to more peripheral targets in the cell presentgd in
. Fig. 10. This suggests that its RMF occupies a large area offthe
5 10 visual field and may possibly have no clear peripheral bordey at
E 8 - all. Such patterns of neuronal activation were seen in four of
ES

GD value more than-0.3 (Fig. 8). This GD index resulted| 2
from a strong activation of the neurons in the SR task coup|e
with a weak discharge during reaching to targets falling outsjde
Sareiependancy Index(@0) the fovea. An example of these cells is shown in Fig. 11. In i@

Fie. 6. Gaze-dependency (GD) index and significance of gaze influentdA, the neuronal activity during reaching to the four targgts
(ANOVA) of neurons in the superior colliculus as well as of arm and Sho““%’urrounding the F1 fixation point in the FR task is displayed |I&

muscles. For computation of the GD index, s&erHops. In short, activity - . .
amplitudes were compared between arm movements aimed at identical tarb:ég;' 11B, we see the neuronal dlscharge while the mon

located either at a preferred or a nonpreferred position with respect to the gE\Q@C_hed to the same targets duri_ng the SR task. Obviously
axis. A: GD distribution of the electromyograms from 13 representative mugell is much more and always activated when the target fall
cles recorded simultaneously with the neurons is shown as a reference forgfhe gaze axis. Another observation is the identical amplitud

GD values of the neurons. GD values of the muscles are centered around 0 ; ; o ;
did not exceed-0.3. B: GD distribution of 65 reach-related cells. One groupﬂﬂg discharge for all Spatlﬁ.l pos't'or.‘s Irr: the SR tESk' Becapige
of cells (1 = 40) had GD values in the same range as the EMGs of the muscitd€ arm movements are the same in the two tasks, once

0 -
-1.0 -08 -06 -04 -02 00 02 04 06 08 1.0

6 | I | the six neurons tested. The other two cells allowed no clear

4 - | | I conclusion due to the limited number of tested locations.|In

5 : - i addition to these cells, we also recorded three neurons with=a
_l.'.l_.|—lll T T T T

[

e

%.

this indicates reach-related activity at least as independent of gaze directiofift@ difference in response must be due to the gaze-rel tsﬁc
the muscles or showed no significant gaze influence by the ANOWA ( target position. These neurons seem to have RMFs that| g€
A”Oth.e:qgm”p_gf ”e“m”m(;f%) W'”;] GD Va'“es>i9-r3] and a?'glr"f'ca?m positioned on the fovea and peripheral borders of which |i@
gaze influences) were tuned for reaches to targets with a certain location |§ ; i
relation to the gaze axis. Three neurons of this group showed activati RmeWhereo between the fovea and the targets with an eccgn
predominantly during arm reaching to targets located on the gaze axis{GDIricCity of 15°. 5]
~0.3). -
S
: o Distribution of RMF orientation on the SC )
left arm. In Fig. A, the activity of the same cell that was §
(o)

discussed in the preceding text in the case of reaching with the=or the 25 gaze-related neurons (ANOWA< 0.01; GD>
contralateral (right) arm is shown also during use of the ipsi-0.3), the direction and spatial selectivity of the RMFs whs
lateral (left) arm. A comparison of the neuronal dischargessessed quantitatively by constructing the vector sum of|the]
histograms reveals that the neuron displays the same patternaimnalized neuronal activity during reaching to each of the
activity with an identical spatial tuning and almost the sanfeur targets. The orientation of the resulting vector poin%d
amount of spikes irrespective of which arm is used althougbward the RMF of the cell. Vectors pointing into the co
anatomically different muscles execute the reach movemerntalateral hemisphere were indicated by a rightward orierfta-
A further demonstration of the similarity of the activity levekion. The length of the vector increases with a sharper sp4tial
during reaches into the RMFs with the ipsilateral or contralagelectivity of the cell.
eral arm is shown for eight neurons in Fig. 9. Each dot showsTo test whether there is a map-like arrangement of the RMIFs
the mean neuronal activity for one of the eight neurons whitef gaze-related neurons parallel to the collicular surface, jwe
the monkey reached to the “preferred” targets surrounding thktted these vectors on the simplified visual map of the BC
fixation points F1 and F3 (see Fig. 7). The plot basicallsee Fig. 12). To construct this map, we used the equationf of
confirms the points taken from the example shown in Fig. Qttes et al. (1986) to plot the anterior-posterior and mediolat-
Only in one of the eight neurons was the difference betweeral position of a reach neuron in the SC according to the
the activity during the reach with the contra- or ipsilateral armoordinates of the visual receptive field measured in the sgme
significant (triangle pointing dowrt;test Bonferroni corrected: penetration during the passage of the superficial layers. [The)
P < 0.05). Otherwise there are just as many values on eithreach cell’s location according to this visual map serves as|the
side of the unity slope line. All in all, a population of gazeeorigin of the respective RMF vector. The RMFs of the gaZe-
related reach neurons in the colliculus becomes activated digtated reach neurons could be directed either into the ipsit or
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A 80 1 80 - 2 B 80 1 80 2 80 :J 80 3
40 40 - 40 40 - 40 40
0 Lt 0 —F_V‘_V—J 0T '“ L 0 L 0
a1 0 F1 a0 1 10 1 F1 1 0 1 1 0 F2 a1 0
+ + +
80 - imp/sec 4 80 5 80 - imp/sec 4 80 5 80 - imp/sec 80 6
40 - 40 40 40 40 10
0 M °- e o R o
1 0 sec 1 8 1 1 0 1 sec 1 0 1 1 0 sec 10
80 4 80 5 80 4 4 80 s
) ' 1 1 2 3
10 | 40 40 40 F1 F2
T T T T o o —v—v—x‘v* ‘ + +
1 0 F3 1 0 1 1 0 1 F3 1 0 1
+ + 4 5 6
80 -1 imp/sec 7 80 8 80 - imp/sec 7 80 - 8 F3
i ] | — +
40 40 40 - 40
) ) I“ﬂ ] i ‘ 7—8
L o- ST T 0- —_—
-1 0 sec -1 0 1 -1 0 1 sec -1 0 )
10 degree

ipsilateral arm

contralateral arm

FIG. 7. Activity of a gaze-related reach neuron in the fixation reach task. Cell was recorded 1.96 mm below the surface of the
left colliculus. Histograms to théeft (A) show the neuronal activity while the monkey used his arm ipsilateral to the recorded
colliculus, whereas the ones on ttight (B) show the neuronal activity while the monkey used his contralateral arm. Activity
pattern was the same irrespective of which arm was being used. Figure has exactly the same arrangement as Fig. 5, showing the
activity of a shoulder muscle. Histograms are aligned on arm movement 6rs8)(Neuron was always active if the reach aimed
toward a target down and to the right from the direction of gaze (target 5 with F1, target 6 with F2, and target 8 with F3); however,
the cell was completely inactive during arm movements toward the identical targets in space when gaze shifts produced an altered
relation between reach target and gaze axis (e.g., target 5 with F2 and F3). Therefore the cell operates in a coordinate system
centered on the gaze axis.

the contralateral hemifield, i.e., the preferred reach target o=

cation could be in the entire visual field and was not restrict¢d®] 801 &0
to the contralateral hemifield; this is in sharp contrast to thé°] AN o of
organization of the visual map and saccadic movement fields. | 497 4
In addition, gaze-related reach cells recorded in a single p A 201 .

. . - 0- 0
etration next to each other repeatedly showed clearly differ nf 05 0 05 05 0 05 05 0 05
RMF positions. But a closer inspection of Fig. 12 might reveal
a weak organizing principle. The subpopulation that was rgso- 80+ 80
corded in the medial part of the colliculus corresponding to theo- / 60+ \ 60 \-
upper visual field consisted mostly (8/13) of cells with RMF§4o0- 404 40
also oriented upward. Correspondingly, the lateral part of theo- 20+ 20
SC was dominated by gaze-related reach neurons with downe- 0 0
ward oriented RMFs (8/12). All seven reach cells recordgd -05 0 05 035 005 0.5 0 05
within 5° eccentricity to the foveal representation had RMHs_
directed into the ipsilateral hemifield, whereas 13 of the 1&°]"™"** 80
reach cells recorded in penetrations with visual fields wAtf ig: / jg \
eccentricities had RMFs directed into the contralateral henis | 20
field. o o

05 0 05 sec 05 0 05

Gaze-independent neurons

The other group of units analyzed in detail consisted of 40ric. 8. Activity of a gaze-related reach neuron in the saccade reach
neurons that showed no or only a weak dependence of thh%;ﬁr‘ﬂ is the Samel_as tge one shown in Fig. 7. /3;5 {f/‘ the previous figUL&

H . . H istograms are aligned on arm movement onset@). Vectors pointing to the
discharge on the orientation of the gaze axis (A.NOVA> crosses indicate the direction and amplitude of the saccade with which
0.01 or GD< #0.3). An example of such a gaze-independe

neuron is given in Fig. 13. The pattern of discharge is the samne 8 reach targets were fixated during the arm movements.

Ii“onkey shifted his gaze to the reach target (cross). Cell was never activated if
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80 A the activity during this time probably reflects the expectatipn
and preparation to execute the planned movement in the pea

future. Examples of gaze-independent neurons with anticipa-
tory activity components can be seen in FigB.&hd 13. The
60 discharge dynamics in the case of maximal and minimal pc-
tivity are the same. The peak in the maximal activity gets abput

twice as high as the peak in the minimal activity.
The picture is very different for the gaze-related neurdgns
(Fig. 19B). First, the maximal discharge amplitude of the
) gaze-related cells is nearly twice as high as the one of [the
A A gaze-independent cells (153.5 vs. 81.9 imp/s). We found|no
gaze-related neurons with delay activity preceding the cgm-

mand to reach to the target. The rise of the discharge begins
20 only after thezo cue is given. At this point, the slope of the rige
is comparable with that in the gaze-independent neurons. With

v movement onset, the slope dramatically increases, which lgads
to a brisk burst of discharge, lasting until the arm makes
A : : : . contact with the target. In contrast to the course of the maxifnal
0 20 40 60 80 dlsc.harge, the minimal activity is nearly negligible over the
equivalent time span.

40

ipsilateral mean activity [Imp/s]

contralateral mean activity [Imp/s]

FIG. 9. Mean activity of gaze-related cells during use of the ipsi- and tl .
contralateral arm to reach to the same target in space in the FR task. In the ﬁﬁpth of gaze-related and -independent reach neurons be]
data from 8 neurons are displayed. Each data point represents the md@ surface of the colliculus
neuronal activity of 1 neuron while the monkey reached into the reach L
movement field of that neuro, neurons with similar activity irrespective of ~ The depth distribution of the two types of reach-relat

the arm being used, neuron with a significan® < 0.05) difference. Activity neurons is shown in Fig. 16. For comparison, the depth dig
e I e e s sl DL Of he saccade-related neurons s recorded in ol
:)fethgi;caze—relatedpneurons is largely independent of the arm used to pe);f&ﬁ{'_ments also is _shown._We CO_UId not reconStrUCt the posifi
the movement. of single neurons in the histological sections of the SC, beca
after 1.5 (nonkey ¢ and 1 yr (nonkey $of recording it was
in the fixation and saccade-reach task, although the neurmt possible anymore to identify single penetration trac
shows a modulation of its activity in relation to the four targdtiowever, inmonkey Gve made lesions at the position of tw
positions. gaze-independent reach neurons during the last week of
We computed the orientation of the RMF vectors in the sangerding. The depth below the surface of the SC of both lesi
way as for the gaze-related neurons and plotted them on thatched very well with the depth recorded by our microdriy
oculomotor map of the SC (Fig. 14). This reveals two point&urther histological verifications of reach cells in the SC &
First, the gaze-independent cells show an even less ordegéden in a previous publication (Werner et al. 1997b). V)
distribution across the SC compared with the other group fcorded the gaze-related reach neurons in the SC at dept
reach cells. Second, the tuning sharpness as visualized by@t#-3.6 mm with a median of 2.02 mm (Fig. B)6 They
vector length is much weaker than the corresponding valueswbstly overlap with saccade-related burst neurons record
the gaze-related neurons. the same penetrations over a range of 0.8—3.0 mm (plus 2 |
at 5 mm) with a median depth of 1.55 mm (Fig A)6Thus the
Discharge dynamics of gaze-related and -independent rea ze—r(_alated reach neurons seem to lie also in the interme:ﬂiatea
neurons ayers interspersed with saccade-related neurons. By contrast,
most of the gaze-independent reach neurons were found [in 3
To compare the discharge dynamics and directional modange of 1.3—-6.5 mm below the SC surface with a med|an
lation depth of the two reach-related populations, we compilegpth of 4.01 mm (Fig. 1®). If both cell types were found in
RTHSs of the activity of the reach neurons during the FR taskdividual penetrations, gaze-independent cells were mogtly
for the gaze-dependent and the -independent populations depnd below gaze-dependent cells.
arately. First we computed for each neuron a relative time
histogram of the averaged activity for all recorded arm movg s -y ssion
ments toward a certain target in the FR task. Then for each
neuron from its pool of histograms we chose the two associatedrhis study demonstrates that the reach-related neurons in the
with the maximal and minimal response. Next we calculatéslC and underlying MRF are composed of at least two fuc-
separate population histograms for the maximal and mininmt#nally separable populations. Gaze-related reach neurong ar¢
activities. located in the SC and overlap mainly with the depth distriQu-
The gaze-independent neurons (FigALshow on average a tion of the saccade-related neurons recorded in the same sjudy.
smooth increase of their discharge, starting in the delay periGadze-independent reach neurons could be found in the SC| buf
(after target on) before th&o cue is given. At this moment the a great number of them were located in the underlying MRF.
monkey has all the information that is needed to perform tHée median depth of this population (4.01 mm) is 2 mm deeper
arm movement and is merely waiting for the start signal. Thiisan the median depth of gaze-related reach cells (2.02 mm),
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50 50 50
il
0 1 0 1 1
+
50 - Impisec N=10 50 50
T 1 “ I T Ix L I T ]
1sec 1 1

ey

Fic. 10. Activity of a gaze-related reach neuron with a reach movement field without clear peripheral borders. Neuronal activity
while the monkey reaches toward the targets surrounding the fixation point indicated by the cross is shown by raster displays and
histograms. Discharge of the neuron in each trial is given by the raster where each dot represents the occurrence of an action
potential. Averaged activity is presented in the histograms (20 ms bins) arranged around the cross like the targets around the fixation
point. Data are aligned on the onset of the arm movement (vertical line: &). Short vertical lines to the left in the raster show
the times of the appearance of the signal for the arm movement and to the right of first target contact. Trials are ordered
according to increasing movement duration. Note that the cell's discharge increased with targets lying to the right of the fixation
point at more peripheral positions. There seems to be no border of the reach movement field (RMF) toward higher eccentricities.

These anatomically differently located two populations diffareference frame. All of the 26 reach neurons they analyze

also in their frame of reference, their tuning strength, and titieeir study showed a weaker activity (sometimes a decreas

dynamic of their discharge modulation during the task. 180%) when the monkey used its ipsilateral arm.

another study, using only the SR task, arm-movement-related

neurons were reported to be distributed between 0.7 and 6 Fhction of the gaze-related reach neurons

below the SC surface with a median of 3.9 mm (Werner et al.

1997b), which is indistinguishable from our present result for The experimental setup we used in this study allowed

the gaze-independent reach cells. In Werner et al.’s studedy a very broad mapping of the RMF structure of the gaj

gaze-related neurons could not be identified because the aelated reach neurons. The distinction between neurons
mals were not trained to perform the FR task. Neither group olbosed or open RMFs therefore remains of a tentative nat
neurons shows a topographically ordered anatomic distributibievertheless the gaze-related SC cells have spatially sele

matching the well-known visual or oculomotor maps in the SBMFs. For a given gaze position, this population of neurd

(see Figs. 12 and 14). would reliably signal reach target positions relative to t

The gaze-related reach neurons seem to be organized ifoaea. The motor system of primates could use this informat
reference frame centered on the gaze axis. The discharge oftthder certain behavioral constraints, e.g., when a monk
gaze-independent neurons might conform to a shoulder dondking at a distant piece of food, at the same time is reach
arm-centered frame of reference. In this case, the strengthoat to climb up nearby branches or when one reaches fq
neuronal discharge would depend on the arm used to reachpémcil while reading a text. The main arguments against this

the target. In this study, we did not test the activity of theaterpretation result from the temporal pattern of activity of t

gaze-independent neurons while the monkey was using baze-related reach neurons. First, the activity of all these 1
ipsilateral arm. However, Werner et al. (1997a) present sugns begins to rise only with theo cue and shows anothe
data in their Fig. 8 in support of a shoulder- or arm-centeretharp burst-like rise shortly before the arm movement on
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movement (Batista et al. 1999; Bushnell et al. 1981; Rac
| 1 Waurtz 1997; Snyder et al. 1998). Second, the population
tivity of the gaze-independent reach neurons begins to
before that of the gaze-related neurons. This is not in ac

200 - 200

the hypothesis that the gaze-related reach discharge is re
to the time of actual movement execution.

Under natural reaching conditions, the gaze shift starts m
sooner than the arm because of the different inertia of the

—+ —slidglhlti ekl

200 - Implsec

1sec

et al. 1982; Goodale et al. 1986; Prablanc and Martin 1992

peak acceleration and the subjects just started the arm m

the new target position. Because of saccadic suppression
subjects were not aware of the perturbation. Nevertheless
""" ended at the new location. This compensation took place
a latency of 150 ms. With a similar task, Alstermark et
(1990) demonstrated for cats the same ability to switch on-|

200 - Impfsec

+90°

+60°

-

200 - Imp/sec 200

+30°

0°

-30°

s

lateral-medial {mm)

-60°

21

3F
Fic. 11. Activity of a gaze-related reach neuron with a reach movement
field located near to the fovea. As in Fig. 10, the activity of the neuron is

displayed as raster plots and histograms (bin size, 20Ans)euronal activity
while the monkey reaches toward the targets with eccentricities of 15° sur-
rounding the fixation point in the fixation reach taBkneuronal activity while ~ FIG. 12.  Orientation of the RMFs for the 25 gaze-related reach neur
the monkey reaches toward the same targets in the saccade reach task. Witis'espect to their location in the SC. Orientation of the RMF was calculaj
time the monkey always fixates the targets while he reaches toward them. Natethe vector sum of the discharge measured during arm movements ir
the great burst of discharge that has the same amplitude for all the dix@tion reach task to the 4 locations orthogonally arranged around the fixg
movements to fixated targets. point. Length of the vector indicates the directional selectivity determined
projecting the activity amplitudes of the 4 reaching movements on to

: e : culated preferred direction vector. Although recordings were made f
that lasts over the movement time. This is not in agreem h superior colliculi (SC), all calculated directions are plotted with respec

with the hypothesis that these neurons code the target locati@ieft Sc. Therefore vectors pointing to the right indicate preferred re
or the intention to move to the target because in that case thesgets in the visual hemifield contralateral to the recorded SC. Vec
signals should be generated from shortly after the target onB@_?ﬁng tIO thf] left i”déc?jtesgfezl"id reach targets if} thedVisual hemli_ffi

H H F H silateral to the recorde . the vectors were plotted on a simpli
untl.l the exeCUt!on of the movemem'. Neurona.ll activity in th culomotor map of the SC (Ottes et al. 1986). Vector origin was placed at
parietal cortex indeed shows a continuous discharge start

- - ' ( Hddrdinates of the visual receptive field measured in the same penetr
with target onset in an instructed delay phase precedingwiile passing through the superficial layers.

1 2 3
rostral-caudal (mm)

dance at least with a simple and straightforward interpretat
of gaze-related neurons carrying a spatial signal represen
an earlier level in the visuomotor transformation than t
gaze-independent neurons. Both facts argue rather in fava

(Biguer et al. 1982). Therefore the gaze axis already is orier
toward the reach target when the arm movement starts|
mismatch should be corrected quickly. There is good psyc
physical evidence for the existence of a fast correcting me
anism during goal-directed arm movements in humans (Big

during pointing, in some trials, the position of the target w
suddenly shifted while the saccade toward the target reachg

ment, they responded with a catch-up saccade directed toy

also changed their ongoing arm trajectory so that the arm ree&h
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from one target to another with a latency of 80-120 mare also situations requiring the dissociation of the targets|for
Transsection of the cortico- and rubro-spinal tract did not altattention, gaze, and arm movement. An example of suc
this ability. Interruption of the tecto-spinal and tecto-reticulosituation is the FR task used in our study. The premotor coitex
spinal tracts on the other hand lead to a prolongation of t{lgM) is discussed for its role in mediating arbitrary visuomotor
switch latency and an initial ataxia of the forelimb (Alstermarkransformations (Wise et al. 1997). To do this, PM and mgre
generally also other parts of the frontal cortex have to learn fthe
The SC might be the neural substrate involved in this autarbitrary mapping rules and execute them if needed. Buf in
matic on-line correction mechanism for reaching movemergsch a situation the cortex also would have to cancel the motor
also in primates. The activity of the gaze-related reach neuratntrol commands coming from other parts of the brain tiat
signals the amplitude and direction of the difference betweessult from the standard visuomotor mapping rules. Theref
the targets of the two control systems for gaze and reach. Thisa normal primate the cortex controls the SC and the resf of
measure of gaze-arm-orientation mismatch provides a mottre brain stem (Dias et al. 1995; Pierrot-Deseilligny et al. 1991;
error signal about the relative change in the arm movemedthlag-Rey et al. 1992; Segraves and Goldberg 1987). In
trajectory that is necessary to get to the fixated target. But theantext, it is interesting to note the results of the ablation|of

et al. 1987, 1990).

1sec

1sec

1sec

1295

FiIG. 13. Activity of a gaze-independent reach neuro
Cell was recorded in the left colliculus ofionkey CAc-
tivity of the neuron is displayed as raster plots and hist
grams (bin size, 20 ms). Data are aligned on the onset of
arm movement (vertical line @t= 0). Conventions as in
Fig. 10. A: activity in the saccade reach task during[rl
different targets each at a distance of 15° from the cen
fixation point. Location of the histograms indicate the p
sition of the respective targeB: activity in the fixation
reach task while the monkey reaches to the same 4 tar
but keeps fixation of the central point. Note that respon
amplitudes and directional tuning of the neuron are identi
irrespective of whether tested in the SR or FR task.
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ment field is oriented in such a way have never been

3r described in three decades of extensive research in [this
+90° structure. It is unclear, however, whether a system respfpn-
ol sible for the shift of visual attention has to conform to the
+60° saccadic system or can be active in a broader rangq of
circumstances. We could imagine that in our FR task activ-
g Tr +30° ity of gaze-dependent reach cells could be used to shift
= - spatial attention to where the hand is going only with the
2 0 0° onset of the actual execution of the reach.
_§ Does the activity of gaze-dependent reach neurons represent
B -30° an efference copy? This possibility is difficult to be ruled ot
5 -1y at any level in the sensorimotor system. The SC neurons|arg
60° only active if there is a certain spatial relationship between

gaze axis and reach target. This fact argues against the inter
pretation as efference copy at least in its most simple vers|on.
A copy of the motor command should be present whenejer
there is a certain arm movement.

0 1 2 3 4
rostral-caudal (mm) Comparison with other studies

Fic. 14. Orientation of the RMFs for the 40 gaze-independent reach neu-
rons with respect to their location in the superior colliculus (SC). RMF Reach-related neurons that operate in a gaze-centered

orientation and the location of the vectors on the map were examined in @ ate system exist both in the parietal and frontal cort
same way as for Fig. 10. Vectors to the right indicate preferred reach targefs

in the hemifield contralateral to the SC, vectors pointing to the left indicatdccently an area in the posterior parietal cortex (PPC) o
preferred reach targets in the hemifield ipsilateral to the SC recorded. Note la@ping with areas V6A and medial intraparietal area has b
short length (weaker directional tuning) of the vectors in comparison to titeescribed to contain neurons specialized for the planning
vectors shown in Fig. 12. reach movements (Snyder et al. 1998). It has been found
e neurons in this area code in eye-centered coordin
atista et al. 1999). These cells show a remarkable similal
ith the gaze-related reach neurons presented in this s

B! By oaEba

PM, frontal eye field (FEF), and supplementary eye field (SE
in the rhesus monkey (Moll and Kuypers 1977). This lesi
leaves the ability for standard reaching intact but specifical cept for the timing of their neuronal discharge. Whereas
results in an inability to unlock the targets for the eyes and the

hand | fd hi hi Isi fth set of activity of most collicular cells is only with th¢<
and in a test of detour reaching. This compulsion of the aigaginning of motor execution, the parietal cells begin to di&

to reach straight to a fixated vis.ual target is exactly Wha? is E‘%arge shortly after the target presentation. This suggests 3
be expected if the proposed collicular servomechanism dictajfigerence in function. The posterior parietal cortex probably ig

the reach because the ablated cortical areas cannot exert theitl ad in early stages of motor planing and attentional p{&@

B

3]

inhibitory control on the SC any more. cesses related to target selection. It also might supply [t8e
superior colliculus with information about the position of theg
Visual attention reach target with respect to the gaze axis. Desmurget et &l

(1999) showed in humans that transcranial magnetic stim %
Primates are able to attend to peripheral objects whilien of the PPC disrupted path correction of pointing mo e
maintaining eye fixation, i.e., without an overt gaze shift tments in the dark to visual targets that had been moved dufimg

hypothesis very unlikely. Only a minority of gaze-relatedPMv described by Mushiake et al. (1997) show the mg@st
neurons (2/25) is active before and during saccades with@ampelling similarities to the gaze-dependent reach neurons in

target onset (see Fig. 15). Finally the RMF of nearly half af relation to the execution of reaching movements. Both
the gaze-related reach neurons is directed into the ipsilatepabterior parietal cortex and the mentioned frontal areas (PM,
visual hemifield. This activity could hardly be interpreted aSEF, FEF) project to the superior colliculus and the underlying
subliminal oculomotor activity in the SC because to ounesencephalic reticular formation (Fries 1984, 1985; Hugrta
knowledge saccade-related neurons whose saccadic moewed Kaas 1990). Therefore these cortical areas together ith
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the midbrain might form a closely integrated network devotedsual, auditory, and somatosensory cells in the SC, all of
to the coordination of eye and arm movements. ating also in a gaze-related reference frame (Jay and Sp

1984; Mays and Sparks 1980). The discharge of the seg
Conclusions population that is located deeper in the SC and in the ungd

Besides the well-known sensorimotor neurons that shift tl%ng MREF is related more directly to the actual movement

gaze toward a target (Munoz and Wurtz 1995), two new)era;]es n agaze-|rierend¢dnt refere_nce frt;ame.h
populations of neurons have been described in this paper thaftt the moment no direct evidence exists about the anato
are active before and during arm movements. The first pogt2nection of the two classes of reach cells. The majority

lation located exclusively in the SC operates in a gaze-relatd@scending tectofugal axons arise from collicular laminae that

coordinate system. These cells might carry signals representig/entral to the stratum opticum. Such descending axons
the goal for the arm movement in a gaze-centered referef@grouped into two major bundles or tracts, i.e., the ipsilatg

frame or they might represent a motor error signal used bytectopontine-tectobulbar tract and the crossed tectospinal frac

servosystem for steering of the hand toward the point in spde# the predorsal bundle). The ipsilateral pathway proje
the monkey is fixating. In either case, their reference systemgigiong other targets to the mesencephalic reticular forma
suited ideally to use the sensory information provided gnd the cuneiform nucleus (Harting 1977). The tectospi
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20 N=51; median=155mm A different body parts like reaching toward a point in exterr|al
space but not with the fine control of the hand and fingg¢rs
g 16 necessary for grasping and manipulating objects. The conpec;
5 tion between SC and spinal cord in primates is probably not via
Zz 12 direct projections to a &-C, propriospinal system (Maier et al
g 1998). Instead it might be an indirect connection via arm-
I g4 reaching related neurons further caudal in the brain stem
g (Ruffo and Buford 1997).
T 44 Another possible target for the reach-related neurons in|the
§ colliculus might be the cerebellum via the ipsilateral tectopgn-
#* 04 — . : tine projection. It recently has been shown that Purkinje cells
4 5 6 7 encode both destination and error (i.e., deviation of the fipal
arm position from the intended one) of arm movements
12 N=25; median=202mm (Kitazawa et al. 1998). This information that is represented in
" ' the discharge of collicular reach neurons could possibly bg of
5 great importance for the cerebellum to contribute to the lofg-
3 97 term improvement of movements (Gilbert and Thach 1977,
< Houk et al. 1996). In any case, our results further add to fhe
§ 6 hypothesis that neurons in the SC and the underlying MRF Jare
i integrated in the neuronal network controlling arm movemepts
3 in primates. o
3 34 !
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