Early Coding of Reaching in the Parietooccipital Cortex
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Battaglia-Mayer, Alexandra, Stefano Ferraina, Takashi Mitsuda, nisms, regarded as a late stage in the information procesping
Barbara Marconi, Aldo Genovesio, Paolo Onorati, Francesco flow leading from vision to movement (for reviews see Cam-
Lacquaniti, and Roberto Caminiti. Early coding of reaching in the initi et al. 1996, 1998; Georgopoulos 1996; Wise et al. 199[);

parietooccipital cortex.J. Neurophysiol.83: 2374-2391, 2000. - -
Neural activity was recorded in the parietooccipital cortex whilg®me have been devoted to the operations of parietal coftex

monkeys performed different tasks aimed at investigating visugonsidered as an intermediate node responsible for holstic
motor interactions of retinal, eye, and arm-related signals on neufg@presentations of movement (for reviews see Caminiti et|al.
activity. The tasks were arm reachidyto foveated target2) to 1996, 1998; Mountcastle 1995; Wise et al. 1997). No stydy
extrafoveal targets, with constant eye positi@;within an in- exists in the literature on the early cortical mechanisms
structed-delayed paradigm, under both light and darkn@ssac- reaching.

cadic eye movements toward, and static eye holding on pe”pheralPsychophysical studies (e.g., McIntyre et al. 1997, 1998) in

targets; and) visual fixation and stimulation. The activity of many . . .
cells was modulated during arm reaction (68%) and moveme te that coding of reaching could be achieved through the chi

time (58%), and during static holding of the arm in space (64%&1at|on of different information, such as those concerning target
when eye position was kept constant. Eye position influenced ti@gation, gaze direction, arm position, and movement directipg.
activity of many cells during hand reaction (45%) and movemeiNothing is known about how and wheri the cortex, this
time (51%) and holding of hand static position (69%). Many cellsombination of information first occurs. Knowledge of sign
(56%) were also modulated during preparation for hand movemegtqcessing at the early nodes of the parietofrontal network cq
in the delayed reach task. Modulation was present also in the dgik ¢ \itical importance, because it could reveal “motor” infl
in 59% of cells during this epoch, 51% during reaction an o

movement time, and 48% during eye/hand holding on the targ&CeS on the composition of motor commands and, at the §
Cells (50%) displaying light-dark differences of activity werdime, could shed some light on the nature of the visual-to-mqt
considered as related to the sight and monitoring of hand motitiansformation underlying reaching.

and/or position in the visual field. Saccadic eye movements mod-Potential candidate for such study are those superior par
ulated a smaller percentage (25%) of cells than eye position (68%}eas that receive substantial visual inputs from peristri
Visual receptive fields were mapped in 44% of the cells studie ortex and are linked to frontal premotor areas, and/or

They were generally large and extended to the periphery of t . . . .
tested (30°) visual field. Sixty-six percent of cells were motio ftermediate parietal areas that in turn are linked to fron

sensitive. Therefore the activity of many neurons in this are&zPrtex (for arecent review see Caminiti et al. 1998). Lesions
reflects the combined influence of visual, eye, and arm movemerif€se areas in humans result in optic, or visuomotor atg
related signals. For most neurons, the orientation of the preferr@ialint 1909; Rondot et al. 1977; for critical reviews sq
directions computed across different epochs and tasks, therefgigttaglia-Mayer et al. 1998; Caminiti et al. 1996; Harvey a
expression of all different eye- and hand-related activity typegginer 1995), i.e., in a severe and persistent deficit in

clustered within a limited sector of space, fied of global tuning. execution of arm movements under visual guidance, offen
These spatial fields might be an ideal frame to combine eye an

hand signals, thanks to the congruence of their tuning propertiig,‘at~§soc"r"ted to disturbances of certain hand _postu_res,. sugh as
The relationships between cell activity and oculomotor and visué10S€ necessary to match hand to target orientation in spacg
manual behavior were task dependent. During saccades, most cgferenin and Vighetto 1988).
were recruited when the eye moved to a spatial location that wasOur study of the “early” mechanisms of reaching was
also target for hand movement, whereas during hand movemepfdressed at the parietooccipital cortex (PO) (Colby et|al.
most cells fired depending.on Whether.or not the animal had prigggg; Gattas et al. 1985). Single-cell activity was recorded
knowledge about the location of the visual targets. in the dorsal part of PO of monkeys while these performied
different behavioral tasks aimed at dissociating retingl,
gaze, and saccadic signals from arm position and movenpent
direction information. This part of PO has recently been

Most neurophysiological studies of reaching have been d@jabeled as area V6A (Galletti et al. 1996). Relationsh|ps
voted to the analysis of motor and premotor cortical mechgatween neural activity and arm movement in this area hfive
been described in preliminary reports (Battaglia-Mayer |et

The costs of publication of this article were defrayed in part by the payme, . s . - .
of page charges. The article must therefore be hereby marked “advertisement” 1998; Caminiti et al. 1998, 1999; Galletti et al. 199);

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~Johnson et al. 1997).
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METHODS influence of the visual feedback about hand movement and st

Animals, apparatus, and tasks and in the dark.

Two rhesus monkeys (Macaca mulattaody weights 3.7 and 3.3 REACH TASK. This task (Fig. 1) was used to assess the relationsh

kg_)rxverr:]e L:]Sl‘(ed n tht's r?tudyr.im te chair with head fixed. and th between cell activity and coordinated eye/arm movement. A
€ Monkeys sat on a primate chair w ea ed, a € Exehter light was first presented, and the animal fixated and touch
17 cm in front of a 21-in. touch-sensitive (MicroTouch System

Wilminat MA i it d 1o disolay the task ith the hand (a) for a variable control time (CT, 1-1.5 s). Then, 0
limington, MA) computer monitor used to display the tasks ang yq gt red peripheral targets was b, (in a randomized block
control the animals’ hand position.

ST . design. Within given reaction and movement times (RT, 0.5 s, up|
Monkeys performed six different tasks, in separate blocks. Fof it MT, 1 s upper limit), the animal moved the eyes (b) and then {

arm-reaching tasks were performed with the hand contralateral to d (d) to the target and was required to keep them there (Fix)
hemisphere where recordings were made. Arm movements origina lda variable target holding time (THT, 1-1.5 s), before receiving

from a central position and were made toward eight peripheral tr96ER it reward. In this and in all reaching tasks, RT and MT are defin
(subtending 1.5° in visual angle) located on a circle of 7.5 cm radlp \ative to thé hand behavior ’

(23.8° visual angle).
To dissociate hand from eye signals, reaches were performed bREACH-FIXATION TASK. This task (Fig. 1) was used to dissociaf

in the presence and absence of eye movements. To evaluate ey position, which remained constant, from arm position and mo
Reach
= @
O &
CT RTMT THT « % .
CTA . wp e FIG. 1 Temporal and spatlal structur_e 0
PTA - (@) d behavioral tasks. Schematic representation
H b c the temporal sequence of the behavioral e
E a ochs of the different tasks (left). CTA, centrd

target; PTA, peripheral target; H, hand; B
eye; FP, fixation point; K, key; ST, stimulug
presentation; CT, control time; STs, statior

Reach-FiM ary presentation of the visual stimulus; ST

CT RTMT THT @ @ stimulus motion inward to the fovea (in) o

CTA Q Q n ey out (out) from the fovea to the periphery o
PTA I f&% * the visual field. In eachnset (right), white

H I > e circles represent target position, small arrow

EP w c d indicate the direction of movement of thd

—— b hand or of the eye in the Reach tasks, of t

a eye in the Saccade task, and of the visu

stimulus, in the Visual Fixation tasks. Smal

Saccade O @ vertical bars in Reach-Fixation, Saccade, aj

CT RTMT THT Q A Visual Fixation tasks indicate the fixation

FP Val point. RT, reaction time; MT, movement

PTA " - d time; THT, target holding time. RT and MT

E * c are defined relative to the hand behavior |

K b the reaching tasks, relative to the eye behd

a ior, in the Saccade task. In the Reach tag

THT refers to combined eye-hand position o
the target (e), in the Reach-Fixation task, t
hand position on the target (d), in the Sacca

CT D,D, D, RTMT THT task to eye position on the target (d). Th

CTA [ 1] [ Delayed Reach task was performed both u
PTA — der light () and dark (d) conditionsyhite

H and gray circles indicate red and green ta|
E gets, respectively. D D,, indicate eye reac
‘ DT ! tion (b) and movement (c) times,;Ds that

part of the instructed delay time (IDT) wherj
the eyes are already on the target and the hg
prepares to move (d); RT (e) and MT)efer

CT . STm Visual Fixation to the reaction and movement time of th
FP —m(:ni_ §> Q§' = hand; THT refers to combined eye-hand stat|
ST R M S position on the target (g). In the Visual Fix-
E : 5 il d ation tasks, visual stimuli were moved in 14
: c directions while the animal maintained con|

K : a b stant fixation. Small rectangles in eaitset

indicate the visual stimulus, during stationar
presentation (Visual Fixation-S, b), moving

Visual Fixation-S (arrow) toward the fovea and from the fove
CT STs inSTZ‘ut ’___I_—L—QS'L—_ to the periphery of the visual field. The 90

P . % x I > rotation of the fixation point at the end of thdg

o *; .-h_ " LS * trial in both visual tasks is also shown.

E : = . d °

K b .

holding in the visual field, reaches were performed both in the light
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ment direction. The monkey fixated the fixation point (consisting of @2solution) and sampled at 100 Hz (Remmel Labs, Ashland, M

yellow vertical bars of 0.4° side, divided by a narrow black gapfixation accuracy was controlled through circular windows (75°
located at the center of the screen and touched a red center light faliaan) around the targets. Eye velocity was calculated in off-lihe

variable CT (a).Then one of the eight red peripheral targets was l@nalysis. The onset time of the saccade was defined as the time
and the center light extinguished, whereas the fixation point remainege velocity exceeded 50 and 180°/s, respectively, in the two adja

on (b).The animal had to maintain the central fixation, move the harid-ms intervals beginning at the onset time of change of eye velogity.
(c) to the target, and keep it there for a variable THT (d), until a 90Phe end of the saccade was defined as the time when eye velocity fell

rotation of the fixation point occurred (e). Behavioral epochs had saielow 50°/s.
duration as in the Reach task.

SACCADE TASK. This task (Fig. 1) was used to assess the relatiodeural recording

ships of cell activity with saccadic eye movement and with eye . .

position in the orbit. Monkeys made saccades from a common origin' "€ activity of single neurons was recorded extracellularly.
to eight targets of the same locations as those used in the arm reacfiisg@nnel multielectrode recording system (System-Echkorn, Tho
tasks. A fixation point (SEREACH-FIXATION TASK) was presented at the Recording, Marburg, Germany) was used. Electrodes were gl
center of the workspace (a). During CT (1-1.5a3, the animal qoated tungsten-platinum fibers (1-ZNmpedence at 1 kHz), some

pressed a key (key-down) and kept central fixation. Then one of eidlif® “labeled” with the fluorescent carbocyanines Dil or Dil-G

peripheral targets was presented (b), in a randomized block desigolecular Probes, Eugene, OR), to facilitate reconstruction of
and the fixation point extinguished. Within given eye RT (0.5 s, upp@plcroglectrode penetrations on the hlstologlcal material. The eye-
limit) and MT (0.5-1 si), the animals made a saccade to the targéqcordlng chamber and head-holder were implanted aseptically u

and were required to keep their eyes immobile there (d) for a varia§igneral anesthesia (pentobarbital sodium, 25 mg/kg iv). The recor

eye THT (1-1.5 s). The target was then extinguished, and the anirRBgmber was placed on the midline, at stereotaxic coordinates A 14.

had to release the key (key-up), to receive a liquid reward. The key
was used to control hand position throughout the task. Data analysis

DELAYED REACH TASK. In this task (Fig. 1), the target presentatiolaNALYSIS OF CELL MODULATION.  The mean firing rates during thq
was separated in time from hand movement (MT), and execution different epochs of the task were calculated for each trial. So

eye movement (R D,) was separateo_l in time from execution of han@&pochs were adjusted to avoid that effects in one time interval in
movement (RT, MT). The animals fixated and touched a red centgiced another one. In all tasks, activity during the first 500 ms of

stimulus (a) for a variable control time (CT, 1-1.5 s). Then one efnd THT was removed from the analysis, to prevent potential effg

eight green targets was it (b), as instruction signal (IS) for the next previous eye and/or hand movement on cell activity. To av
intended arm movement. After a variable reaction timeg; () and carry-over effects of eye movements on neural activity during pr

movement time (B, c), the eye achieved the green targdf &nd aration for arm movement, neural activity during the first 100 ms aftes-

stayed there for the remainder £Dd) of the instructed-delay time the end of eye movements (D2) in the Delayed Reach tasks
(IDT, 1-2.5 s;b—e) and during the upcoming hand movement angkcluded from the analysis. The data were analyzed by using
static holding on the targee{g). During the entire IDT the animal repeated measures model provided by 5V program of the BM
was required to withhold the hand movement until the green IS wagtistical package (Statistical Software, Los Angeles, CA), to as{
turned red (e).This was the go-signal (GS) for the hand to reach) significant modulation (Walg? test) of cell activity during differ
toward the target. Within given RT (0.5 s, upper lineiandf) and MT  ent epochs (or combinations of them, i.e., RTMT = RMT) of the
(1 s, upper limit;f), the hand achieved the target and stayed there feame task, relative to the control tin); significant changes of cell
a variable THT (1-1.5 sg). The duration of D and D, was deter activity with movement direction and static position of eye and
mined in off-line analyses. The monkeys performed the task undeind;3) differences of cell activity during similar or different epoch
both normal light (I) conditions and in darkness (d; green target, 2t different tasks; and) the interaction term (task direction) of the
cd/n?; red target, 3 cd/R). repeated measure ANOVA was used to assess differences in

VISUAL FIXATION TASK. This task (Fig. 1) was used to determinedirectional properties of cells across task conditions. The significan%
visual responses and presence, position, and extent of the vidg¥g! for all statistical tests was set@t< 0.05. _ o
receptive field of individual cells. A fixation point (Se&AcH-FIxA- From the information available during the control time, the aninal

TION TAsK) was presented at the center of the workspace (a). Durikgew in advance which task had to be performed. Some cells sho

the control time (CT, 1-1.5 s) the monkeys fixated the fixation poigtdnificant changes of activity during the CT of different conditions

and kept the key-down (a). A visual stimulus was then moved in 1 fReach/Reach-Fixation, Delayed Reach Ii_ght/;_iidrksuch instances,
16 directions (22.5° angular intervals) from the periphery of the visu#le CT of each task was used as a covariate in the repeated meg
field inward (in) toward the foveabj and outward (out) from the analysis. o o

fovea to the periphery (c). At the end of the fixation time, the visual FOr each individual cell, a directional modulation ind@xJohnson
stimulus was extinguished, and the animal had to detect a 90° rotatf¥r8l- 1996) was computed to quantify differences in activity acr
of the fixation point (d), by releasing the telegraph key (key-up). [@irections. For each neuron and each epoch, the amount of
other instances (Visual Fixation-S), the visual stimulus was initiallirectional activityD,,; was computed as

presented in a stationary fashion (b) for a variable time (0.5-1 s) and
then moved in the visual field as described above. Stimuli consisted of
white solid bars (3.2 7.60°) or of bars of static or dynamic random\,\,herefnij is the mean firing frequency of ceti during epochi for
dots and were moved at constant speed (25°/s) during attentive fik@vement directior). Max, and min are the functions that take thg

Dy = max (fqy) — min (o)

tion. Visual stimuli were presented up to 30° eccentricity. maximum and the minimum over all directiopsrespectively. This
index is a measure of directional modulation but does not prov
Behavioral control information about the cell modulation relative to the control tim

Therefore a second modulation indé; associated to each celland
Hand position was monitored using the touch screen, with &28 epochi was computed as
0.3 mm (1 screen pixel) resolution. Hand accuracy was controlled
through 3 cm diam circular windows (10° visual angle). Eye position _ o= foc

. . . - Mo
signals were recorded by using implanted scleral search coils (1° foc
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wheref,; is the mean frequency across repetitions and directions of thignificantly from zero, the Rayleigh test of randomne3s< 0.05)
cell n during epoch, andf,. is the mean frequency of the same celivas performed. For those cells that showed a unimodal distributfon,
during the CT. the angular deviationswere calculated as a measure of dispersipn
These indices were plotted as cumulative frequency distributio(Batschelet 1981) of their preferred directions and plotted as {re-
and were used to compare (Kolmogorov-Smirnov test; 0.05) the quency distribution. Finally, the Rayleigh test of uniformity (Batsch-
proportion of cells that showed significant modulation (indéxor let 1981) was performed on all the mean directions.
significant directional changes (indel) across epochs and task
conditions.
Color-coded maps of the visual receptive field were created of-ifEESULTS
from data collected during the Visual Fixation task. For each trial, thgeyrophysiological database
arrays of neuronal spikes were divided into 16 bins located along the
movement trajectory of the visual stimulus, at even intervals, with Seventy-one microelectrode penetrations were made in fwo
each bin representing a specific area of the visual field. Any givemimals in a regions of the superior parietal lobule that has

spike was allocated to a specific bin based on the trial and the timerfen identified as area V6A, on the basis of two main critetia:
spike occurrence. This assumes that any activity of the cell is duent the histological reconstructions of the tracks of the elgc-
the presence of the visual stimulus. The number of spikes in each pj

was then divided by the time the visual stimulus stayed in that bin, 08des labeled” with Dil or Dil-C5 (Fig. 2B) on the histolog

obtain the frequency of cell discharge in that particular part of tHgal,mate”al an) the pattem of association conngctlon of t.
visual field. The cell activity in each discrete area of the visual fiekf9iON where most penetrations (62) were made, in one ani
was normalized by averaging the activity of the three closest bins(Fig. 2,AandC). At the end of the neurophysiological record-
DIRECTIONAL RELATIONSHIPS. A cosine tuning function with ad- N9 Session, the region of recording and the ipsilateral rosjral

justable width (Amirikian and Georgopoulos 1998) was used to dé2Mdr, F7) and caudal (PMdc, F2) dorsal premotor cortex
scribe the relationships between cell activity and direction of movéBarbas and Pandya 1987; Matelli et al. 1985) were injected|for

ment. In our two-dimensional experimental setup, the angular varialte anatomic study of their association connections (Camipij
of interest is the location of the target, univocally determined by tret al. 1999). The zone of recording was linked to parietal ar

anglea, varying from 0 to 360°. 7m, MIP (medial intraparietal) and PEa, and, to a lesser ext Bt
The standard cosine function (Georgopoulos et al. 1982) has teefrontal area PMdr (F7) and PMdc (F2). Additional, le 2
general form substantial connections were observed with F5, 7a, verjtél
yi(@) = A+ K cos(a — C) ) (VIP) and lateral (LIP) intraparietal areas. This pattern |of

association connections conforms to that of other studieg ®f

wherey, («) is the frequency of neuronal discharge adK, andC  \/gA (Matelli et al. 1998; Shipp et al. 1998). =

are the regression coefficients characteristic for each neuron. Thi?}ualitative observations on the visual responsivenes 'gf
standard cosine function (1) implies that the cell has a direction@éns was made by presenting and moving on the screen s

tuning with fixed width. To account for variations in the breadth of the,; . - - . - -
fitting curve, a more general cosine model was used. Stimuli of different size, orientation, and colors. This w. &

The new function that describes neural activity is defined as  POSSible thanks to an interactive computer program that 8-
quired attentive fixation by the monkey while visual stimyIig

yole) = { A+ Kcos(xxS) if [xrS| < 2 Were manipulated by the experimenter through the compx%r

A-K elsewhere mouse. Cell firing during natural reaching movements to Qi

where the transformatior = arccos [cos & — C)] has been per- jects of interest was also used as a criterion of selection. [ &

formed to guarantee that the function is periodic, with a periodmf 2 1able 1 offers a summary of the basic results obtained fr
In this modelA, K, C,andS are regression coefficients determinednose cells that were analyzed in a quantitative way in
by a least-squares method (BMDP,3R). The three paramateks different tasks. Ninety-five cells were studied in the Reach,
and C play the same role as in the standard cosine functiost{C in the Reach-Fixation, 92 in the Saccade, 123 during
representing thepreferred direction), wherea$ is the additional Delayed Reach-light, 75 during the Delayed Reach-dark, and
parameter that controls titaning width. This parameter defines thegg in the Visual Fixation tasks. Fifty-seven cells were studied

angular interval in whicly,(«) is cosine modulated, therefore for thejy )| pehavioral tasks and were used for comparison of gell
particular case o = 1, (2) reduces to (1), where&s< 1 corresponds activity across task conditions.

to a broader function and, on the contraB/> 1 to a sharper one,
relative to the simple cosy. For the goodness-of-fit, a coefficient of
determinatiorR? = 0.7 was used as threshold to assess whether or Mdsual properties of V6A neurons
neural activity was directionally tuned. . . .
Because a fitting curve was calculated from average firing fre- The visual properties of neurons in the cortex of the rostral
quency during all the epochs of the Reach, Reach-Fixation, Delaygdnk of the parietooccipital sulcus have been described| by
Reach (I-d), and Saccade tasks, several preferred directions warevious works (Colby et al. 1988; Galletti et al. 1991; Gattas
obtained for each neuron, depending on the epochs in which the ellal. 1985). In our study, the Visual Fixation tasks were uged
was directionally tuned (R= 0.7). A global measure of the tuningto assess the basic visual feature of neurons in the dorsalfnos
properties of each neuron was computed for those cells directionaryart of traditional area PO, recently relabeled as area V[6A
tuned in at least three different epochs. Each preferred direction vrejsa"etti et al. 1996, 1999). This was a necessary step to

considered as a unit vector, and thean vectowas computed as the : - . -
resultant of the new sample of vectors of unit length (Batschelsgaluate the !nfluencel of visual S'gf‘a's on the neural actiyity
served during the different reaching tasks.

1981). The angle of this vector is tmeean directionof the sample, 0 . i . .
and its length is thenean resultant lengttihat lies in the range (0, 1). We were able to map the visual receptive fields (Fig. 3)|of
It is a measure of the concentration of the population of preferrdd/99 (44%) cells. They were generally large and located in the
directions. To assess whether the distribution of the preferred dir@eriphery of the visual field. Thirty cells (68%) had a bilaterjal
tions of each neuron was unimodal, i.e., if the mean vector differedceptive field (Fig. 3C andD), and 11 (25%) had a contralat
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FIG. 2. A: brain figurine with reconstruc-
tion of the entry sites (inset) of microelectrod
penetrations in the posterior part of the sup
rior parietal lobule of one animal. Penetration|
were rostral to the parietooccipital sulcu

(POS) and medial to the intraparietal sulcy
(IPS), as determined through the histologic
identification (B) of the microelectrode pene
trations of reference (entry point: large blac
dots 1-3 in thensetof A), made by “labeling”
the electrodes with fluorescent carbocyaning
A, anterior; P, posterior; M, medial; L, lateral
C: schematic representation of the recordir]
performed through a 7-channel multielectrod
(thin vertical lines) system in the cortex of thq
rostralbank ofthe POS, exposed after “remova
of large part of the inferior parietal lobule. M1
primary motor area; PMdc, dorsocaudal prg
motor area; PMdr, dorsorostral premotor are
PMv, ventral premotor area; MIP, medial in
traparietal area.

eral one (Fig. 3B), whereas 3 (7%) cells were responsive eLE 1. Modulation of cell activity relative to the control time,
stimuli presented in the ispilateral quadrants of the visual fietthd across tasks comparison of cell activity (repeated measures
only. In only one instance (Fig. 3D) we were able to map ANOVA), during different epochs

receptive field centered on the fovea, although those of mary

cells included the fovea. Task n RT MT THT
The quantitative analysis (ANOVA) showed that 4/44 (9%
cells were modulated only by visual stimuli moving inwarcﬁeggﬂ_ﬁxaﬁon %53 %%((2?) %3((65%)) %%((%?
(IN) toward the fovea, 1/44 (2%) cells responded only t8zccade 92 19 (21) 23 (25) 63 (68
stimuli moving outward (OUT) from the fovea to the periphery
of the visual field, whereas 39/44 (89%) were significantly
modulated by both inward and outward component of stimulus__ Task n Di+D Ds RMT THT
motion. Among these, a significant difference of activity be|5e|ayed Reach1 123 67 (54) 63(56) 74(60) 67 (54
tween the inward and the outward motion was observed fjayed Reach d 75  33(44) 44(59) 38(51) 36 (49
24/39 (62%) cells. Therefore 29/44 (66%) cells were sensiti7e
to stimulus motion. Finally, 33/44 (75%) cells were sensitive to
the stationary presentation of the visual stimulus (Visual FixReach-Fixation/
ation-S task). Reach n RT MT THT
The presence of visual properties in many V6A cells must Rgqulation of
considered when evaluating neuronal activity observed duringctivity 87 39 (45) 44 (51) 60 (69)
reaching, because activity during hand movement and staltisk X direction
postures might depend, at least in part, on stimulation of thdnteraction 87 25 (29) 45(52) 61 (70)
cell's visual receptive field. Therefore influences of arm move-
ment and/or position on neuronal activity can only be assessed pejayed
by comparing cell modulation across similar and/or different Reach 1/d n D,+D, D, RMT THT
epochs of the different tasks employed in this study. _
Modulation of
Arm- and eye-related influences on V6A neuronal activity Taasitzltgirection “ 26(39) 42 (7) 404 36.(49)
SINGLE-CELL ANALYSIS. Figures 4 and 5 illustrate the activity _interaction 74 18(24)  34(46) 35(47)  33(45

of a typical cell of V6A in the form of rasters and directional

Numbers in parentheses are percentagés;number of cells. RT, reaction

tuning curves across _epochs and t_ask _conditions. In the Re@@B: MT, movement time; THT, target holding time; RMT, RTMT; D, +
task the activity of this cell was directionally modulated and,, eye reaction and movement time;,and movement delay time.
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INWARD OUTWARD

30°

Fic. 3. Visual Fixation task. Color-coded maps of the frd
quency of neuronal discharge (see color-coded scale of spike
frequency) during IN and OUT components of stimulus motio
These maps show the location and extent of the visual recep
field and the motion sensitivity of different cells. Asteriskp
indicate cell studied simultaneously. These cells, with recept
field located in the contralateral (A) and ispilateral (B) uppk
quadrant of the visual field were located 9& apart in the
tangential cortical domain.
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tuned in all epochs, but during combined eye-hand static holdmained immobile, within the contralateral upper quadrant| as
ing on the targets (THT). In the Reach-Fixation task, th&lso shown by the orientation of the cell's preferred directigns
directional tuning remained significant and virtually un{PD) during arm movement (MT; PB 63°) and static posi-
changed during hand RT and MT; cell activity was alstion (THT; PD= 92°) of the Reach-Fixation task (Figs. 4@d
broadly tuned to static holding of the hand on the targe®. From the analysis in this first group of behavioral tasks, e
(THT), when eye position was constant. In the Saccade taskn conclude that cell activity relates in an orderly directional
this cell's activity was not directionally tuned in any epochfashion to hand reaching and position in space. In the Delayed
The visual receptive field of this cell (Fig. 4F), when mappeReach task (Figs. 4) andE, and 5) this cells showed signif
through stimuli moving inward to the fovea, extended oveécant directional tuning during eye movement time (tunifg
both the ipsi- and the contralateral upper quadrants of therves not shown in Fig. 5; see Fig. 4D), during planning)(C
visual fields, but occupied part of the ipsilateral upper quadraantd execution (RMT) of arm movement, under both light apd
only when studied through visual stimuli moving outward frondark conditions, and, during holding of static hand positipn
the fovea. The extension of this field overlaps the 90-18(QFHT) in the dark. Significant light/dark differences of ce
region of the directional continuum of the workspace of thactivity (ANOVA) were observed only during hand static
hand. Thus the modulation observed during different epochshaflding on the targets (THT), suggesting that neural activity
the Reach-Fixation task could not be attributed to the stimulaas also modulated by the sight of the hand in the visual figld.
tion of the visual receptive field, because cell activity was A remarkable feature of the directional properties of this cgll
maximal when the hand prepared to move and moved, @merged when the preferred directions computed during fif-
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A CT RTMT THT D CT D1D2 D3 RTMT THT

Delayed Reach light

B CT RT MT THT

Reach-Fixation e o Delayed Reach dark

- 4000 - 2000 0 2000 msec

Reach
C CT RTMT THT F G Reach Fixation
| N ——

dark,

INWARD OUTWARD thtrtpt Mty

Saccade

-2000 0 2000 msec 0'spls

Fic. 4. Impulse activity of a neuron studied during the Rea&h Reach-Fixation (B), Saccade (C), Delayed Reach, under light
(D) and dark (E) conditions, and in the Visual Fixation (F) task. Rasters of 4 replications for every movement direction (arrows)
were aligned to the hand movement onset (small arrow under temporal aRisBinD,andE, and to eye movement onset@
Thin vertical lines indicate the occurrence of an action potential; thick vertical lines define the behavioral epochs. In the Delayed
Reach task, Pand D, indicate eye RT and MT; Dindicates the segment of the instructed delay time referring to preparation for
next intended hand movement; RT and MT indicate hand reaction and movement time, respectively; THT refers to holding of
combined eye-hand position at the tardetcolor-coded maps of the frequency of neuronal discharge during inward and outward
components of stimulus motion in the Visual Fixation task. These maps define the location and extent of the visual receptive field
of the cell.G: field of global tuning. Each colored vector, represented on a circle of unit radius, is a signifitaatQR) cell’'s
preferred direction, computed during a given task epoch (color). The thick blue sky vector is the mean resultar®® ve€:@0)
of the sample (n= 11) of preferred directions. Its mean direction was 58°; its length, the mean resultant length, was 0.92. The
angular deviation of the preferred directions was 22.7°.
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ferent epochs of all tasks were plotted together (Fig. 4&nd/or in the Delayed Reach {ID,), 24 (44%) were active in
because their orientations clustered within a restricted spatiath tasks. Their activity was therefore context independént.
field of the eye and hand workspace that occupied 72° of tlm the contrary, 25 (45%) cells were modulated when saccgdes
directional continuum. We will refer to it as field of “global” were made in the context of the Delayed Reach task, whefeas
tuning. the opposite was true for 6 (11%) cells. In conclusion,

the Saccade task (Fig. 4C), neural activity was not directionaliyghest proportions of cells were recruited when saccafes
tuned during eye reaction and movement time, and it was oridgought the eye to a spatial location that was also target|for
weakly modulated (relative to the control time) during eyBand movement.
movement time; on the contrary, this neuron fired significantly Similarly, of 73 cells modulated during the Reach andfor
during the same epochs of the Delayed Reach task (FI9, 4,Delayed Reach tasks, 42 (57%) were active during hand mqve-
E, and G). Furthermore, cell activity was strong during arnment in both tasks, 16 (22%) were active only in the Delayed
movement (Figs. 4A andB, and 5) in the Reach and ReachReachwhereas 15 (21%) were active only in the Reach task.
Fixation tasks, but weaker during the same epochs of thbus cells showing context dependency of their activity duripg
Delayed Reach task (Figs. B,andE, and 5). hand movement were 43% of the sample. A plausible expla-
Of 55 cells active during saccades in the Saccade (RMiation for this observation is that in the Delayed Reach, hand
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170 sp/s RT MT THT — 45deg
Reach
i b 0.94 : 0.93 bt e oy
73 66 41
170 sp/s RT MT THT
Reach-fixation
0.87 *
3 0.7 } ;/\T ,0.99
81 63 92 Fic. 5. Directional tuning curves of the
cell shown in Fig. 4, during different ep-
170 sp/s ochs and task conditions. In each graph, tije
RT MT THT number under the abscissa indicates tle
cell's preferred direction, that on the righ
Saccade of the tuning curve the value of the coeffi
cient of determinatioriR? for the goodness- g
of-fit (see METHODS). A significant fit re- | £
{ % * { + bttt quiredR? = 0.7 (black curves). Wheneve %
* % te t } } : the fit was not significant (gray curves), th¢ ©
257 29 31 value of theR? was not shown. Each divi | &
sion on the abscissa corresponds to 45°. | <
(170 sp/s S
D3 RMT THT 3
=}
hi Ef
Delayed Reaci 2
s
o
Q
0.98 t.,__(—4--i'--v~-1-..;_0.77 M 0.78 f,
34 40 23 ]
o
170 sp/s a
D3 RMT THT e
<
Delayed Reach d R
N
o
S
_A_;O.Qs L ——t————076 M"—k 0.97

48 47 56

movement direction was precued by the instruction signal, anthich were probably interacting on cell activity when the hapd
therefore hand movement was made under conditions of spagiasition was coincident with the fixation point (Reach, THT]).
certainty. On the contrary, the Reach task was a typical rede-such an instance (Fig. 7), in fact, cell activity was greajer
tion time task where the animal could not predict where ttihan during isolated eye (Saccade, THT) or hand (Redch-
target would appear. Hand movement was therefore madeFimation, THT) holding in the periphery of the visual field. This
conditions of spatial uncertainty. These results point to thell was also directionally tuned during arm movement (Reagh-
existence of temporary and task-dependent relationships of ¢ékation, MT), when eye position was constant (Fig. 7). The
activity to eye and arm movement in this area and postulate ttel's visual receptive field was large and bilateral and gx-
need of a multiple-task approach before any assignment of delhded over the ipsilateral upper quadrant and both contrglat-
functions is made. eral quadrants of the visual field (FigFp Therefore the
Figures 6 and 7 show the activity of another cell of V6Amodulation observed during arm movement and static position
This cell was modulated in all epochs of Reach, Reach-Fixa-the Reach-Fixation task could be attributed to the stimyla-
tion and Saccade tasks (Fig.4;-C) and displayed significanttion of the cell’s visual receptive field by hand movement ahd
directional tuning during some of them (Fig. 7), such as corstatic posture. This, however, cannot explain the clustering of
bined eye-hand holding (Reach, THT), hand holding (Reacthe cell's preferred directions from these epochs within| a
Fixation, THT), and eye holding (Saccade, THT) on the targdimited sector of the hand workspace, the sector that overlpps
Therefore it was influenced by eye and hand position signatsly one part of the visual receptive field, which is located fin
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RT MT THT

CT

RT MT THT

Delayed Reach light

Delayed Reach dark

2000 msec

-4000  -2000

Reach
F G Reach Fixation

dark,

INWARD OUTWARD

Saccade

0 sp/s

-2000 2000 msec

FIG. 6. Impulse activity of a neuron studied during the Rea&fy Reach-Fixation (B), Saccade (C), Delayed Reach, under light
(D) and dark (E) conditions, and in the Visual Fixation (F) task, during inward and outward components of stimulus motion.
Conventions and symbols as in Fig.@: field of global tuning. The mean resultant vectBr= 0.00) of the sample (& 12) of
preferred direction had mean direction at 350.5°. Its length, the mean resultant length, was 0.80. The angular deviation of the
preferred directions was 36.5°. Conventions and symbols as in Fig. 4.

the contralateral quadrants. “Apparent” hand movement- aadd by its movement in the visual field, and by the direction
position-related activity merely dependent on the stimulatiche planned hand movement toward the fixation point. 7|
of the visual receptive field should have been detected al§@ld of global tuning (Fig. 6G) for this cell was broader tha

when the hand moved and stayed in the ispilateral upp@gt of the previous one and extended over 127° of the difec-

guandrant, where cell activity was very high in the Visualonal continuum.
Fixation task. This was not the case. _
The analysis of cell activity in the Delayed Reach task¥EURONAL ACTIVITY TYPES IN véA.  The analysis of the two
(Figs. 6,D andE, and 7) showed significant modulation andP"€vious cells |nd|_cates t_hat, in addition to y|SL_JaI inputs, ey
light/dark differences in all epochs. The directional tuning (Figtnd arm-related signals influence cell activity in V6A.
7) was significant and with light-dark changes in the shape andReach-related activity was rather common (Table 1)
width of tuning curves during preparation for hand movemetitis region, during both combined eye-hand movementg
(D3), hand movement (RMT), and holding of active hantbveated targets (Fig. §/Reach RMT), and during reache
position (THT). It is remarkable that, in spite of changes in thi® extrafoveal targets (Fig. 8AReach-Fixation, RMT),
amount of modulation across epochs and task condition, thben eye position was kept constant. In this cell, neu
preferred directions of the cell during planning of arm moveactivity changed significantly across these conditions, s
ment and arm movement remained identical (Delayed Reaglesting that reach-related activity was modulated by ¢
D,) or very similar (Delayed Reach, RMT) to that observegosition. At the population level (Table 1), significant ma

during eye holding (Saccade, THT). This suggests that thask effects (Reach vs. Reach-Fixation) were observed gur-

cell’'s activity was probably related to the preparation anidg both hand reaction and movement time in about half
execution of hand movement toward the fixation point. Ithe cells studied. Significant directional activity during R
conclusion, the activity of this visually responsive neuron waand MT of the Reach-Fixation task was observed, resp
modulated by an eye position signal, by the sight of the hatistely, in 20/42 (48%) and 18/42 (43%) cells that were n
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160 spis RT MT THT — 45deg

}*M*%% “*“{ Reach

.

0.95
11 312 328
160 sp/s RT MT THT
Reach-fixation
{ 0.85
0.86 0.93
63 19 10
160 sp/s RT MT THT
Saccade FiIG. 7. Directional tuning curves of the
cell shown in Fig. 6, during different epochg

IR * * { | 1 { and task conditions. Conventions and symbolsg
prort } gt 084 as in Fig. 5. g
o
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o
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! S
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o
348 337 353 S
o
160 sp/s D3 RMT THT 2.
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98— 09 073

e —— L

327 297 304

visually related. These cells were therefore influenced byoa the target with or without concomitant presence of the gye
genuine hand movement signal. (Reach vs. Reach-Fixation, THT) showed significant main t

Static holding of the hand on the target (Reach-Fixatioeffects in~60% of the cells studied (Table 1). Therefore thejse
THT) revealed the existence of hand position signals (Table heurons might combine signals concerning eye position in fthe
These signals were often observed in cells that did not haverdit and hand position in space.
visual receptive field (16/32; 50%; Fig. 8B). However, hand Neural activity related to preparation for hand movemgnt
position—related activity could also be sustained by visudlring the delay time (Delayed Reach;,OTable 1) was also
activity, i.e., by the sight of the hand in the visual field. In thebserved, under both light and dark conditions. Figuie
cell of Fig. 8C,neural activity varied significantly when theillustrates the case of a cell endowed with a large bilatdral
hand occupied different parts of the cell’s visual receptive fieldsual receptive field, and displaying significant directional
and decreased to control level when the hand was immobile activity during preparation for hand movement, both in the
other parts of it, as in the case of the target at 135°. THight and in darkness. Thus cell modulation related to
suggests the coexistence of visual and hand position signalpiaparation for hand movement does not seem to depend on th
this cell’'s activity. sight of the hand in the visual field, as also suggested by] its

Another interesting aspect concerns the possibility of a comiirectional nature in an epoch during which the hand positfon
bined influence of eye and hand position information on ceti the visual field remained constant. Nevertheless, the ekis-
activity. The comparison of neural activity when the hand wasnce of significant light/dark differences of activity indicat¢s
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sp/s 100 sp/s 100
50 50

0 100 200 msec

0 100 200 msec
120 sp/s
P p2_o.85
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255°
Saccade RMT Saccade RMT
C sp/sec 100 D sp/sec 100 Fic. 9. Perievent time histograms of neu
50 50 ronal activity with relative tuning curve indi-

cating the orientation of the cell preferreq
direction during specific time epoché. and
B: histograms during eye RT and MT (Sag
cade task) for 2 different neurons are aligne

0 5001000 msec
120 sp/s

0 5001000 msec
120 sp/s

R2=0.88

Bin size is 10 msC—F: histograms and tuning

199° curves of neuronal activity during eye stati
holding on different targets for 4 different
M cells. Data are aligned to the beginning df
M THT (Saccade task). Bin size is 40 ms. Cor}-
ventions as in Fig. 8.
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that vision of the hand during preparation for hand movemeaot cell modulation. Sustained changes of cell activity duri
played a role. Light/dark changes of activity and directionactive fixation of different targets were observed-#60% of

modulation during preparation for hand movement in the itkhe cells studied (Table 1). Eye position signals modulated
structed delay time occurred in more than one-third of the cetlssine-like fashion are shown (Fig. G-F) for four different
studied (Table 1; Delayed Reach, I/dz)D cells.

Saccadic eye movements (Fig. 8, and B) recruited a  As an additional example of the degree to which cell activ ty

smaller population of parietooccipital neurons (Saccade tagkV6A was influenced by a combination of different signals,

RT-MT; Table 1), when compared with arm-related signalss worth noticing that, among the activity types shown in Figs.

On the contrary, eye position signals were a major determinaghand 9, those related to arm movement preparation (fg.

Fic. 8. Perievent time histograms of neuronal activity types obtained by selecting cell activity during given épactisities
of a same neuron in the Reach and Reach-Fixation tasks during RMT are aligned to the presentation of the peripheral target and
are shown both in the form of histograms and directional tuning curves, where the horizontal interrupted line is the average firing
frequency during CT. This cell did not display any significant visual activity, and it was not possible to map a visual receptive field.
B andC: activity of 2 different neurons during hand static holding on the peripheral targets in the Reach-Fixation task is aligned
to the beginning of THT and shown with the relative tuning curv8iand with the map of the visual receptive field@ The
cell in B did not have any visual activity, whereas the celOtad a large bilateral visual receptive field, here shown as obtained
during the Visual Fixation task. In this and the following maps of the visual field, 0° is at 3 o’clock, 90° is at 12 o’clodR; etc.
neuronal activity of another V6A neuron during preparation for hand movemejir{he Delayed Reach task under both light
and dark conditions. Histograms are aligned to onset of delay tirge TBe visual receptive field of this neuron, as obtained during
inward (in) stimulus motion in the Visual Fixation task is also shown. Bin size for histograms is 20 Apglthms inB-D.

to the presentation of the visual target. Tuninj
i " _____ W curves are centered on the preferred directig
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@Directionally tuned (R°>0.7)

Delayed Reach
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FIG. 10. Comparison of the cumulativg

frequency distributions of the modulation in
dexesD andM during certain epochs of dif-
ferent tasks.

Fic. 11. Percentage of cells directionally
modulated (ANOVA,P < 0.05) and tuned
(R? = 0.7) during different epochs of differ
ent tasks. B, D, indicate eye reaction and
movement time in the Delayed Reach task|
D, preparation for hand movement durin
the instructed delay time.
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Reach-Fixation
RT hand reaction time
MT hand movement time
THT hand position

Delayed Reach (light/ dark)
D1 eye reaction time Saccade
D2 eye movement time RT eye reaction time
D3 planning hand movement MT eye movement time
RT hand reaction time THT eye position
MT hand movement time

THT eye/hand position Resultant vector

Fic. 12. Fields of global tuning for 8 different cells whose preferred directions had a unimodal distribution (RayleiBh<est,

0.05).
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FIG. 13. Left: spatial distribution of the mean direction
of the population of cells displaying a unimodal distributio
(Rayleigh test,P < 0.05) of preferred directionsRight:
frequency distribution of the angular deviations of the pr
ferred directions of the same cells.
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number of cells

%
T

270° 10 20 30 40 50 60
degrees
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Delayed-Reach, D light-dark), eye movement (Fig. 9B), andional activity observed when the hand was moving in the light
eye position (Fig. 9D) were observed in the same cell. than in the dark.
Then, the indexes obtained in the Reach-Fixation task, [for

MODULATION OF CELL ACTIVITY BY DIFFERENT SIGNALS: A : : .
Joth visual and nonvisual cells, were compared during hargl

POPULATION ANALYSIS. A population analysis was attempte 'novement and active holding (Fig. 1andF). Hand reaches

to evaluate the influence and efficacy of visual, eye, and ar : . .
related signals on neuronal activity. Two different modulatiogF'g' 10E, MT) and active .hold|ng on the target ('.:'g' A0
HT) recruited more directional activity (indel) in visually

indexes (seaeTHops) were computed. One index (D) was a

measure of directional modulation; the other (M) was a me[,glated than in non visually related cells. However, this diffg
sure of the change of modulation relative to the control tim nce was not observed when the amount of modulation relafi

The cumulative frequency distributions of these indexes acr t%sthe control time (indexM) was taken into account (no

epochs and task conditions were compared through the ngr\]'rrgr']gh';ﬂ%ﬁa{‘gscglls'rg]g'gﬁgr:itocnogtr:hbgﬂong;tzat';'&mv?c
mogorov-Smirnov test (R< 0.05). P 99 N

As a first step, we studied the influence of eye position aﬁbgnals.more thgn influencing the amount of activity in th
movement on reach-related activity. Figure 16Rows that population contribute to confer directional features to the p

hand movements (Reach-Fixation, MT) were as effective H?t'on activity during hand reaches and static posture.

coordinated eye-hand movements (Reach, MT) in modulatiﬂgFina”y' hand movement evoked significantly more dirges

e L “tignal activity than the movement of the visual stimulus in th&
cell directional activity (indexD). The same result was ob visual field (Fig. 10G). On the contrary, stationary visy
S

tained when the amount of change of activity relative to th imuli (Visual-Fixation, STs) were more effective than sta itf:

control time (indexM) was used. On the contrary (Fig. 10B) o > . . '
combined eye/hand position signals (Reach, THT) influencgand positioning (Reach-Fixation, THT) in the visual field |
modulating cell activity. This difference emerged only whems

directional activity (indexD) significantly more than hand Iy ; .
position information alone (Reach-Fixation, THT). This sug[-he amount of change of activity relafive to the control timé

gests an interaction of eye and hand position information 6ﬁég 10H, index '\g) was considered, not when the directionl
neural activity. In this respect, it is worth noticing that durinén exD was used.
the delay interval (D) of the Delayed Reach task, the eyeSIRECTIONAL TUNING PROPERTIES. Figure 11 shows the per
were already on the target, and the animals planned to makeeatage of cells displaying directional modulation (ANOVA,
reaching movement to the fixation point. It is therefore reasof=0.05) and directional tuning R= 0.7). The highest percent
able to assume that, in addition to visual signals, eye positiage of cells directionally modulated and tuned were obseryed
signals were used in planning hand movement. The distributionthe reaching task, fewer during saccadic eye movement,
of the modulation indexes computed during planning hamwdhereas a large percentage of them showed an eye posjtion
movement was therefore compared (Fig. 10C) to that obtaingignal (Saccade, THT, ANOVA), which was modulated inja
during target fixation (Saccade, THT), and no significant ditosine-like fashion (R= 0.7) in about one-half of the cases.
ferences were observed between them (inB¢xThere was The directional tuning was different for different cells, depend-
also no significant difference between the distributions of thieg on the task epoch considered.
modulation indexes of the activity related to eye position For each cell, many preferred directions were obtained, pne
(Saccade, THT) and arm position (Reach-Fixation, THT). for each epoch in which the directional model fitted cell gc-
The contribution of visual inputs to reach-related activityivity. For those cells (n= 75) with at least three preferred
was evaluated in different ways. First, the distribution of théirections, a quantitative analysis was attempted to evaluatp, if
modulation indexes obtained in the light and dark conditions tfe distribution of these preferred directions across epochsjand
the Delayed Reach task were compared. Significant light/dddsk conditions had any order. Figures 12 and 13 show that|this
differences were only observed in the distributions of the indexas, indeed, the case. The distribution of preferred directipns
D during hand movement-time (Fig. 10D), with more direcwas unimodal for 52/73 (71%) cells (Rayleigh ted3t< 0.05).
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Thus each cell's preferred directions, when represented ompasition were lower than those of visually related cells. The
circle of unit radius, occupied a limited part of space, hetast cells could integrate visual and hand position informat
referred to as “field of global tuning” (Fig. 12), which isin the visual field and therefore could play a role in the visd
descriptively defined as the sector of the directimmaitinuum monitoring of hand position in space.

within which all the cell's preferred directions lie. For each Overall, these results indicate that there exists in V6A

sector of global tuning, the mean resultant vector was calGgportant contribution of hand movement and position-relafed

length of the mean resultant vector, the mean resultant lengfly.

is a measure of the concentration of the preferred directionsy, ihe Delayed Reach task, light/dark differences wd

and varied for different'ce.lls. .This can be seen (F'ig.' l%)bserved in the degree of directional modulation duri
thr(_)ugh thg frequen(_:y_dlstr|but|on of the angular de.\"at'pnﬁand movement only. Such differences were not observe
which confirms the limited spread of the preferred directio :
ayou_n_d the mean vector. A”- the cells_shown In Fig. 12 h and movement. Doubts still exist on the information ¢
significant unimodal distribution of their preferred direction :oded by this “set-related” activity. It probably reflects t

qge delay-interval during which the animal planned the ngxt
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At the population level (Fig. 13), the angles of the meaf ¢ hi I : q e
resultant vectors, the mean directions, were isotropically dikl0C€ss of matching target location and arm position,
tributed in space (Rayleigh teg, < 0.05). represent both into a common coordinate system, thus

viding a code of hand position relative to the fixation point.

This interpretation is suggested by the observation that

DISCUSSION the amount of activity and the level of directional modula-
tion in the population activity did not differ during prepg-

Multiple tasks approach to the study of parietooccipital

cortex ration for hand movement and holding of eye positi

Furthermore, the directional tuning of set-related activity i

This study was addressed at the mechanisms underlying &mother parietal region, area 5, depends on the positio
“early” composition of motor commands for reaching in théhe hand in the workspace (Ferraina and Bianchi 1994)
cerebral cortex. Neural activity was recorded in the dorsal padame V6A cells, preparatory activity was present, often w|
of area PO (Colby et al. 1988; Gattas et al. 1985), recentimchanged directional tuning, in the light and also in da
relabeled as V6A (Galletti et al. 1996), while monkeys peness, therefore in the absence of any visual feedback a
formed a variety of behavioral tasks. These were aimed tend position in the visual field. This suggests that in t

evaluating the influence of reaching related signals, such @®cess of combining information about target location apg

hand position, movement direction, and preparation for hahdnd position, in these particular cells, signals about

movement, on neuronal activity. The existence of reachinkgiter depend on proprioceptive and/or efferent copy inpy
related activity in area V6A, in fact, need to be substantiatétbr other cells, however, the level of preparatory activ
beyond qualitative observations (Galletti et al. 1997). Morehanged in the dark, although their directional tuning tend
important, a genuine relationship between neural activity atal remain constant. This was also observed when individ
reach-related information has to be shown independently adlls had no visual receptive fields and suggests that in
visual and ocular influences. Finally, the potential combinatigransition from light vision to darkness, a change from
of these different signals should be properly evaluated (seentrol mechanism based on proprioception and vision

Caminiti et al. 1998). one based mainly on proprioceptive signals probably m%

Arm reaching modulates neuronal activity of many cells inurred. This fits the results of recent psychophysical stud
area V6A. This was shown both by the increase of the pop{Mclintyre et al. 1997, 1998) indicating that the target
lation activity during RT and MT of hand reaches in the Readlepresented in a viewer-centered frame of reference w

and Reach-Fixation tasks, as well as by the observation thaté&aching to memorized target location is performed in :ll'we

this last task, when eye position was constant, a significdight, but into an hybrid viewer-arm centered frame in t
reach-related activity was observed in cells with no visudark.
properties, as well as during hand reaches in the dark. In V6A’sThe results of this study do not contradict the recent clg
cell with visual properties, the level of directional activity(Batista et al. 1999) that reaching in parietal cortex is codeq
during hand movement in the Reach-Fixation task was higheye-centered coordinates. In this last study, reaching was
than that observed for nonvisual neurons. These visually fermed only in the dark and within a delayed-memory task.
lated cells also modulated by hand movement could be imdicated by psychophysical results (Mcintyre et al. 199
volved in the monitoring of hand movement trajectory in th&998), any conclusion about frame of references for reach
visual field. must be referred only to the experimental situation tested. ]
The overall level of activity in the population did not differcontext dependency of the saccade and hand-related activi
depending on whether or not the eye moved with the hand, fparietal neurons illustrated in the present paper support

was higher when the hand was held with the eye on the targaintention. Our study shows a combination of retinal, eye, and

i.e., when the positions of the hand and of the fixation poihtand-related signals that, at least in V6A, makes unlikely
coincided, than when the hand was stationary in the periphenyique coding scheme in exclusive eye coordinates. Any f
of the visual field. That hand position signals are an importatiter comparison of the results of our study with that of Batig
determinant of cell activity in V6A was confirmed by theiret al. (1999), beyond the difference in the behavioral ta
influence on cells without visual properties, although, for theselopted, is prevented by the fact that, in the latter, the ey
cells, the activity levels observed during holding of static harkfinition of the area of recording is not yet available.

ro-

th

Bf

Bl @of) Brgogned

e
ts:
3
&
VEL
tfe
&

to

(52
i£
nen

e

im
in
per
A\S
7,
ing
[ he
y O
this

a
ur-
ta
bks
act



http://jn.physiology.org

2390 BATTAGLIA-MAYER ET AL.

Signal processing by parietooccipital neurons the activity of very few cells in this area was related in &n
) o o exclusive fashion to individual retinal, eye, or hand informpg
This study indicates that neural activity in area V6A encode@gn. On the contrary, the activity of most cells was influenckd
not only visual (Colby et al. 1988; Galletti et al. 1991, 1996,y 5| these signals or by different association of them. Thifd,
1999; Gattas et al. 1985) and eye-related (Galletti et al. 199R¢ eye and hand directional and positional tuning propertie of
Nakamura et al. 1999) signals, but also arm-related informgpst parietooccipital neurons, as represented by the cell-pre-
tion, as suggested by previous preliminary reports (Battagligyred directions computed during different epochs of differgnt
Mayer et al. 1998; Caminiti et al. 1998, 1999; Galletti et ajasks, clustered within a limited range of the angular varialjle,
1997, Johnson et al. 1997). These signals influence differgyyye referred to as field of global tuning. These fields Had
cells to different degrees. o different sizes in different cells, being broad for some, sharper
When studied only in one task, the activity of most cellgy others, always extending over a limited part of the work-
seemed to relate to visual, oculomotor, or to arm motor Valpace. They could be an ideal spatial frame (Colby 199¢8)
ables. However, when studied under different task conditiongphere to combine retinal, eye and hand positional and direc-
the activity of most cells was related to a combination gfona signals relevant for the early composition of commarnds
signals. Although different combinations of response propgy reaching, because spatial congruence is a necessary prered-
ties were .obs.erved, the act|V|ty of some cells was dqmlnated B¥ite for any such combination and coordinate transforma-
eye position information and influenced by hand signals. Fggns. These fields of global tuning can be a general property of
other cells, the relationships with hand movement and positigl) greas of the parietofrontal system underlying reachihg,
were dominant, but these were influenced by the position of tggyomotor primitives necessary for that combination of infgr-
eye in the orbit. _ ) ) _ mation from which coordinate systems emerge. Selectior] of
Another interesting feature of this combinatorial mechanlsgbeciﬁc frames for reaching such as eye-centered (MclntyrE
consists in its dynamic nature, because the relationships of %_”1997, 1998) ones, arm-centered (Caminiti et al. 1990, 19
activity to oculomotor and/or visuomanual behavior resulted [%cquaniti et al. 1995) etc., will depend on specific tasks
be context dependent in most neurons. Under the experimenfgkne functional repertoire of each cortical area. The result$
conditions of this study, about one-half of the saccade-relatggy study, whereas compatible with recent studies on encodi
neurons were recruited only when the animal moved the eygreaching in the parietal cortex (Batista et al. 1999; Snyde
toward a spatial location that was also target for subsequegnt 1997, 1998), only support temporary and task-dependent
hand movement (Delayed Reach task), and not when saccagie§gnments of reference frames to parietooccipital neurpes
were made in the context of the classma_l Sacpade task. Simifgje spatial congruence of tuning properties within the globa
observations were made for the relationships between oglhing fields could create a “combinatorial explosion” thpg

whether or not hand movements were made within a reactigithin a single reference frame. Even more unlikely is t g
time task (Reach), therefore in a condition of uncertainty aboglch cortical area of the parietofrontal system encodes inf&-
the spatial location of the next target, or within the instructeghation within its own coordinate system and that the coord®
delay paradigm (Delayed Reach), where target location Wagte transformation can be regarded as a step-wise additidrgo
precued by a visual signal, and therefore hand movements Wy signals from one cortical region to another. The compg,
made in conditions of spatial certainty. N nation of these signals already occurs at the early stag¢f
Visual signals exert a major influence on the activity of V6Aomposition of commands for reaching.
neurons. These have large visual receptive fields, rarely includt tnjs js true, results similar to those of this study should
ing the fovea, always extending to the extrafoveal regions @fpected in other nodes of the parietofrontal network, if ¢
the visual field, as observed by previous studies on the prafppriately studied through a multitask approach. Combingt&
erties of parietooccipital cortex (Colby et al. 1988; Galletti g{| properties are certainly not unique to V6A neurons (fol a
al. 1996, 1999; Gattas et al. 1985). In addition, the results @yiew, see Caminiti et al. 1998). Recent observations (Baus-
this study show that visual neurons in V6A are tuned ®a0yd et al. 1998; Jouffrais and Boussaoud 1999; Mushiake e
stimulus motion, because they responded differently when the 1997) have shown that reach-related activity in dorpal
visual stimulus moved either inward toward the fovea, Qfremotor cortex, an area corticocortically connected to VBA
outward from the fovea to the periphery of the visual field. Thigaminiti et al. 1999; Matelli et al. 1998; Shipp et al. 1998), is
property is reminiscent of the “opponent vector organizationinfluenced by eye position signals, as well as neurons of fthe
of visual responses described by Motter and Mountcasig. called “parietal reaching related region” (Batista et pl.
(1981) in area 7a. Most of these visual cells were also modiggg).
lated by eye and hand position and movement direction. There-the partial similarity of properties of parietal and frontal
fore they have all the functional properties necessary for thgyrons identifies in the frontal cortex a likely source of hahd
visual monitoring of hand movement trajectory and static posyotor” signals for parietooccipial cortex and suggests that fhe
ture in the visual field. coordinate transformation underlying arm movement to spa
targets is based on a parallel and recursive mechanism, grob
Combinatorial properties of parietooccipital neurons ably dependent on reentrant signals (Edelman 1993), traveling
through association connections. Elucidating the degreq to
The overall picture emerging from this multiple task apwhich neurons in different areas combine different signals Will
proach to the study of the dynamic property of neurons in arba prerequisite to shed light on the mechanisms whereby visua
V6a is striking, although not surprising. First, the activity ofnformation is transformed into motor commands.
most cells was influenced by reaching related signals. SecondThis combinatorial mechanism operates at a very early stage
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in the information processing flow leading from vision t@SALLeTTI, C., FATTORI, P., BATTAGLINI, P. P., ilPP, S., AND ZEKI, S.
movement, and emerges as a prominent functional feature dfunctional demarcation of a border between areas V6 and V6A in fthe

parietooccipital cortex. Its breakdown after superior parietaliggg”or parietal gyrus of the macaque monkeyt. J. Neuroscig: 30-52,

IeS|ons, a_nd the Consequent failure in ,matChmg, Spatla"y C%'A'LLETTl , C., aTTORI, P., KUTZ, D. F.,AND BATTAGLINI, P. P. Arm movement-
gruent retinal, eye, and hand-related signals, might be responaiated neurons in the visual area V6A of the macaque superior parfetal
sible for the deficits of the visual guidance of arm and handiobule. Eur. J. Neurosci9: 410—413, 1997.
movement observed during optic ataxia (for a discussion SeeLetT, C., FaTToRl, P., KuTz, D. F.,AND GAMBERINI, M. Brain location and
Battaglia-Mayer et al. 1998; Caminiti et al. 1996). visual topography of cortical area V6A in the macaque monkgyr.
J. Neurosci.l1l: 575-582, 1999.
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