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Murata, Akira, Vittorio Gallese, Giuseppe Luppino, Masakazu neurons in the inferior parietal lobule are related to hand
Kaseda, and Hideo Sakata.Selectivity for the shape, size, andmanipulation or grasping as well as to visually guided reaching
orientation of objects for grasping in neurons of monkey parietal arﬂa\yvérinen and Poranen 1974; Mountcastle et al. 1975). Re-

AIP. J. Neurophysiol83: 2580-2601, 2000. lthis study, we mainly .
investigated the visual selectivity of hand-manipulation-related neuro?gntly we studied a group of neurons that were related to

in the anterior intraparietal area (area AIP) while the animal was graspiigually guided hand-manipulation tasks in the anterior part of
or fixating on three-dimensional (3D) objects of different geometrid€ lateral bank of the intraparietal sulcus (area AIP) of the
shapes, sizes, and orientations. We studied the activity of 132 task-relateicaque (Sakata et al. 1995; Taira et al. 1990). Many of them
neurons during the hand-manipulation tasks in the light and in the daere activated during fixation on objects and responded selec-
as well as during object fixation. Seventy-seven percent (101/132) of ﬁ'@ew to the types of switch to be manipulated. These results

hand-manipulation-related neurons were visually responsive, Showglgggested that these neurons were selective for the shape

either lesser activity during manipulation in the dark than during that in

the light (visual-motor neurons) or no activation in the dark (visuaf’-md/ or orientation of the object.

dominant neurons). Of these visually responsive neurons, more than half his appeared to contradict the general assumption of the
(n = 66) responded during the object-fixation task (object-type). AmorKistence of two cortical visual pathways, i.e., a ventral stream
these, 55 were tested for their shape selectivity during the object-fixatjprojecting to the inferotemporal (IT) cortex concerned with

task, and manyn(= 25) were highly selective, preferring one particulapbject vision and a dorsal stream projecting to the parieto-

shape of the six different shapes presented (ring, cube, cylinder, C¥eipital cortex concerned with space vision (Mishkin et al.

sphere, and square plate). For 28 moderately selective object-type NYs3: Ungerleider and Mishkin 1982). A number of electro-

rons, we performed multidimensional scaling (MDS) to examine how th sloaical dies h led th in th
neurons encode the similarity of objects. The results suggest that sdﬁ?@s'o ogical studies have revealed that many neurons in the

moderately selective neurons responded preferentially to common gdoortex respond selectively to objects of simple or complex
metric features shared by similar objects (flat, round, elongated, etshapes (Desimone et al. 1984; Gross et al. 1972; Logothetis
Moderately selective nonobject-type visually responsive neurons, whighd Sheinberg 1996; Tanaka et al. 1991). Although many IT
did not respond during object fixation, were found by MDS to be moigeurons were activated by three-dimensional (3D) objects,
closey et o h ot tra o he ofct hpe. We gt of them also were found (0 be equally Sensiive 1
ap Wo-dimensional (2D) stimuli. Many of these shape-selective

show any visual response. With regard to the size of the objects, 16 o .
objecttype neurons tested were selective for both size and shdMeurons were also selective for color or texture and often

whereas 9 object-type neurons were selective for shape but not for sEowed size invariance (Gochin 1996; Ito et al. 1995; Sato et
Seven of 12 nonobject-type and all (8/8) of the motor-dominant neurcak 1980; Schwartz et al. 1983) or viewpoint invariance (Booth
examined were selective for size, and almost all of them were alsad Rolls 1998; Hasselmo et al. 1989).

selective for objects. Many hand-manipulation-related neurons that prepn the other hand, several clinical studies have suggested
ferred the plate and/or ring were selective for the orientation of the obje%%; the discrimination of shape, orientation, and size are also
(17/20). These results suggest that the visual responses of object-type - NS ! ) -

neurons represent the shape, size, and/or orientation of 3D obje! ortant for hand manipulation (Jeannerod 1994; Perenin and

whereas those of the nonobject-type neurons probably represent the sNéQQetO 1988). Goodale and Milner (1992) emphasized that
of the handgrip, grip size, or hand-orientation. The activity of motothe dorsal visual pathways projecting to the parietal cortex
dominant neurons was also, in part, likely to represent these parametemstitute the “how system,” which provides action-relevant
of hand movement. This suggests that the dorsal visual pathwayirigormation regarding the structural characteristics and orien-
poncerned with the aspect of form, orientation, and/or size perception thaion of objects. The results of recent functional brain imaging
is relevant for the visual control of movements. studies support this hypothesis (Binkofski et al. 1998; Faillenot
et al. 1997). Furthermore recent electrophysiological studies of
the monkey have revealed that parietal visual neurons are not
INTRODUCTION limited to those that are sensitive to visual motion or spatial

Since the early studies on the neural activity of the pariet3pSition (Duffy and Wurtz 1991a,b; Galletti et al. 1993; Sakata

cortex in alert behaving monkeys, it has been known that mah al. .1994) but alsollnclude those th.at are sensitive to 3D
stimuli and are selective for surface orientation or axis orien-

The costs of publication of this article were defrayed in part by the payme“ﬁtlon n depth (Sakata et al. 1997a,b) and those that respond
of page charges. The article must therefore be hereby maeidacbftisemerit 3_3|e_Ct|Ve|y to 2D shapes (Sereno and Maunsell 1998)_- These
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ findings suggest that the neural correlates of form vision are
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not confined to the ventral visual pathway but also involve tige light. The monkeys had to perform 8-10 trials for each of the
dorsal visual pathway. objects.

In our previous experiments, the shapes of the switCheSND-MANIPULATION TASK IN THE DARK. To exclude visual re-
given to the subjects for manipulation were complex and wesponses, the monkeys also performed the hand-manipulation task in
selected primarily to elicit different types of hand manipulahe dark guided by the color change of the spot in the half mirror to
tion. Therefore it was difficult to determine whether the sele#dicate the position of the object on which it was trained to fixate
tivity of these visual neurons was related to the 3D shape of ti@ing each trial. We presented the same object consecutively in
objects or to some other features related to a difference in §{acks of 8-10 trials. Before starting a block of trials, we turned on
type of hand manipulation. The main purpose of the pres light briefly to show the object to the monkey. The hand move-

d lari heth h . I . h nts were monitored in the dark with an infrared video camera to
study was to clarify whether the visually responsive han nsure that the monkey used the same type of handgrip in the dark as

manipulation-related neurons, which responded to the sightgfne Jight.

objects (object-type), in area AIP truly discriminate the Sha%e JECT-FIXATION TASK. To determine whether the neuron was

of the objects manipulated. For this purpose, we used geont‘%é } '
i

. lid | . b lind d sph ponding to the sight of the object, the monkey also was trained to
ric solids (plate, ring, cube, cylinder, cone, and sphere) on thgyie on the spot superimposed on the object without manipulating it

head of a pull switch covering a wide range of elementary 3fgpject fixation in the light; Fig. 1). The activity due to fixation per se
shapes while restricting the movements to uniform graspiRgs determined during the task of fixation on the reflected spot in the
and pulling. We also attempted to study the extent of selectiark (fixation in the dark). During both the fixation tasks, when the
ity of these neurons for the size and/or orientation of objeatslor of the spot was green, the monkey was trained to fixate on the
because these are important variables in the visual controlsgpt while pressing a home key for 1.5 s until the spot changed color
hand movement. In addition, we studied the object selectivifipm green to red. In the fixation task, we refer to the period of
of the visually responsive neurons that did not respond to tftion on the spot as the “fixation” period. .

sight of objects (nonobject-type), as well as that of motor- ?NZ routinely “S%d s"é pr|m|t\|/\\;e geclymtetgctﬁohds (plt%te,bnng, C‘;be'b
dominant neurons that did not show any difference in tk%('n er, cone, and sphere). We selected them on the basis of sub-

- . utines of “object primitives” of a system of computer graphics
responses between the light and dark, for comparison. (pgre, Stardent Computer). We used three sets of these objects in

different sizes (small, medium, and large): plate (45-mm wide, 40-mm
METHODS deep, and 3-, 7.5-, or 15-mm thick), cylinder (45-mm long with

. . diameter of 5, 15, or 30 mm), ring (diameter of 15, 30, or 50 mm),
We trained four Japanese monkeys to perform hand-manipulat e (face diagonal of 10, 20, or 30 mm), cone (bottom diameter of

fand fix?‘“"” tasks_. Dl."in.g the expgriments,_ each monkey was se 6, 20, 30 mm and height of 15, 30, 45 mm), and sphere (diameter of
in a primate chair with its head fixed, facing a box separated i 54 or 30 mm). To compare the neuronal activity in response to
upper and lower parts by a half mirror (Fig. 1). In the lower part Wagjorent shapes, we routinely used medium-sized objects. To examine

a turntable separated into six sectors each containing a so"dtf? ir size selectivity, we presented all three different sizes of the

different shape, namely, plate, ring, cube, cylinder, cone, and sphefig, g hreferred by the neurons. We studied the orientation selectivity

gefore starting tue tasks, lg?e monkey Wads kept i_n complotletidarknegfsrhe neurons by changing the orientations of the plates and rings at
ne sector on the turntable was opened at a time, and the MONjaY ;ieryqls in the frontal plane, although these objects were pre-

could see the object through the half-mirror when the light was tumgénted routinely in the same orientation to study the shape selectivity
on in the lower part. The objects were painted white and stood Qe neyrons. We tested the orientation or size selectivities during
against the black background. A spot of light of a red/green lig e manipulation task only

emitting diode (LED) was reflected by the half mirror and superim- '
posed on the object. The objects were presented in random order by

turning the table with a pulse motor controlled by a computer durirgnit recording and data analyses

each intertrial interval, except during the task of manipulation in the . o

dark, in which the same object was illuminated before the start of theAfter behavioral training of the monkeys, surgery was performed

task and presented consecutively through a block of trials. under general anesthesia (pentobarbital) to implant stainless steel
bolts for fastening a halo ring for head fixation, a magnetic search coil

. for eye-movement recording, and a stainless steel cylinder for micro-
Behavioral tasks electrode recording around a trephine hole in the skull over the
HAND-MANIPULATION TASK IN THE LIGHT. When the red spotlight anterior part of the inferior parietal lobule (IPL). Extracellular record-
was turned on, the monkey was trained to fixate on it and press a hangs of single-unit activity were made using tungsten microelectrodes
key, placed at lap level, for a period of 1.0-2.0 s (Fig. 1). At this timéFrederick Haer). Microelectrode penetrations were made primarily in
the light in the lower part of the box was turned on to illuminate tharea AIP (Sakata and Taira 1994; Sakata et al. 1995), which is located
object. When the color of the spot changed from red to green, timethe rostral part of the lateral bank of the intraparietal sulcus.
monkey was trained to release the key, reach forward and grasp th&o determine the differences in activity levels in the different task
object, and then pull it. The moment the key was released, the LEDnditions, we performed statistical analyses on the activity levels during
color changed from green back to red. The monkey was requiredtibe manipulation and fixation tasks either in the light or dark. We
keep the object pulled for 1.0-1.5 s, until the spot changed color agasmpared the mean discharge rate (spikes/s) between the task period and
from red to green, and then release it. Thus the monkey maintainedtlits “reference” period (1.0 s before presentation of the LED spot) to
fixation on the spot from the beginning to the end of each trial. Thdetermine task-related activity (Wilcoxon’s signed-rank test; 0.05).
manipulation task was divided into two periods: the “fixation” periodn nonobject visual-motor and -dominant neurons as well as in motor-
during which the monkey fixated on the spot superimposed on tdeminant neurons, we measured task-related activity during the move-
object before movement onset, and the “movement” period, whichent period of the manipulation task because there was no activation
was subdivided into the “initial” period corresponding to the dynamiduring the fixation period. We calculated the mean net activity of neurons
phase of reaching and grasping and the “hold” period, correspondimgsubtracting the discharge rate during the “reference” period from that
to the period during which the monkey kept the object pulled. Weturing the task period to examine if there were any differences in the
presented the objects randomly during the hand-manipulation taskmean net activity between the different task conditions (Mann-Whlithey
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FIG. 1. Experimental setup and time se-
guence of the hand-manipulation and object-
fixation tasks. KEY, starting key at lap level;
OBJ, object mounted on the turntable and
connected to a microswitch; LED, monkey
could not see the light-emitting diode (LED)
directly because it was behind a wall; HALF
MIRROR, LED spotlight was reflected by a
half mirror. In the time sequence chart, up-
ward deflection of the traces in the LED
indicates red or green (hatched area) LED
color. Upward deflection of the trace in KEY
and OBJ denote the time at which the key
was pressed and the object was held to keep
the microswitch on, respectively. Upward
deflection of the trace in LIGHT indicates
the time at which the light was turned on to
illuminate the object.

test,P < 0.05). If the mean net activity during the manipulation task cexamine the differences in net activity levels among the six shapes by
fixation task was not significantly greater than that during fixation in tithe Student-Newman-Keuls procedure (2-tRil< 0.05). If the neu-
dark, we determined that there was no movement-related activity ronal activity level for one object was significantly higher than that for
visual response, respectively. the other objects, we classified the neurons as being highly selective.
To assess the variations in the net activity level in relation to thethe neuronal activity level for the most preferred object was not

shape, orientation, and size of the objects, we performed one-vagnificantly higher than that for the other objects, we designated these
ANOVA (2-tail, P < 0.05) for the activity during the manipulation neurons as being moderately selective. The last group, the activity
and fixation tasks. When significant variations in the net activity levelevels of which were not significantly different for the different
were determined by ANOVA, we performed multiple comparisons tobjects, was designated as nonselective neurons.



OBJECT AND GRIP REPRESENTATION IN AREA AIP 2583

In the moderately selective neurons, we assessed how the neumeese 1. Classification of hand-manipulation-related neurons
in area AIP encode the similarity among the six objects using mult=

dimensional scaling (MDS; SPSS statistical package). We constructed Type of Visual Input
a matrix in which the cells were represented by columns, and the mean Number of ' _
net activity for each object, during the fixation task in object-typeType of Neurons Neurons Object Nonobject

neurons, or during the manipulation period in nonobject-type and

motor-dominant neurons, was represented by rows. We calculated .a"ylresfions“’e %%5 Z“) 5811 gg‘) 2594 §360)
Euclidean distance between each pair of objects (Young and Yamal ::3; Bnoom?r:am 55((30)) 30((16)) 25((14))
1992, 1993) as an index of similarity, which is the square root of thg:or dominant 47 (26)

sum of the squared differences between the activities of individuglia 182

neurons for the two objects. Based on these distances, MDS was
performed to construct a map of the location of the objects relative tovalues in parentheses are percentages.
each other. In the map, objects that evoked similar responses were

placed close together. during the “initial” part of the movement period and decreased
again during the “hold” period. The activity during the fixation
Histological analysis period of the manipulation task in the dark was decreased

o _ markedly compared with that in the light, whereas the activity

We recorded the activities of neurons from seven hemispheresifring the movement period in this task remained partially
four monkeys. After completion of the recording from both hemi-e reased due to the lack of visual input (Fig\, 2ente). It

spheres, a series of electrolytic lesions were induced along sever ﬁ uld be noted that the residual activity during the fixation

the penetrations. A few days after the induction of the lesions, t d in the dark ob di th ) | t
monkeys were anesthetized deeply with an overdose of pentobar l0d In the dark observed In oiher visual-motor neurons

and perfused. Histological sections were made along the frontal plade/41) may be attributable to the set-related activity as ob-
in all seven hemispheres. One of every four sections was stained wigifved in the premotor cortex (Murata et al. 1996; Weinrich
thionine to trace the penetrations and verify the electrolytic lesiorgnd Wise 1982). The neuron fired during the object-fixation
The unit recording sites were determined indirectly from the relatiiask in the light even in the absence of subsequent movements
positions of the penetrations to the electrolytic lesions and plotted (Rig. 2A, right). On the other hand, a nonobject-type visual-
an unfolded map of the intraparietal sulcus (IPS). We plotted thaotor neuron (Fig. B) was not activated during the fixation
recording sites in five hemispheres of three monkeys in which thriod of the manipulation task in the light and started exhib-
direction of the penetrations were parallel to the frontal plane. iting activity only after the onset of movements during the task
(Fig. 2B, left). The neuron exhibited a lower level of activity
RESULTS during the movement period of the manipulation task in the
dark than during that in the light (Fig.B2 centra). The
difference between the activity levels in the light and in the

We recorded single-unit activities from the anterior part ¢fark could be attributable to some visual component other than
the lateral bank of the intraparietal sulcus (area AIP) and ffge sight of the object because there was no activation during
surrounding areas. We recorded activities of 182 hand-mantpe object-fixation task (Fig.E right). The object-type visual-
ulation-related neurons from seven hemispheres of four mdiminant neuron shown in FigCexhibited sustained activity
keys. We classified these neurons into three classes accordlHgng both the manipulation and object-fixation tasks in the
to their level of activity during the three different task condilight, like the object-type visual-motor neuron. However, it did
tions, as in the previous studies (Sakata et al. 1995; Taira et’#t show any enhancement of activity during the initial period
1990). “Visual-motor” neurons were less active during manif movement in the light nor did it show any activity during
ulation in the dark than during that in the light. This reductiomanipulation in the dark. Thus the activity of this neuron could
in the level of activity is attributable to the loss of the visudpe attributable mainly to the visual response to the object
stimulus rather than to habituation due to the repetitive praithout any influence from the motor component. A nonobject-
sentation of the same object in the dark, because the impulgee visual-dominant neuron (FigD2 started exhibiting ac-
rasters did not show any gradual decrease in activity in the latdfity just before the monkey touched the object but did not
trials within the block. “Visual-dominant” neurons were thos&how any activity during either the manipulation task in the
that were not activated in the dark. “Motor-dominant” neurorféark or the object-fixation task in the light. Finally, a motor-
did not show any difference in activity level between maniglominant neuron did not show any significant difference in the
ulation in the light and dark. We classified visual-motor ant§vels of activity between manipulation in the light and dark
-dominant neurons together as “visually responsive” neuror@#d was not activated at all in the object-fixation task (Fi§. 2
which then were further subdivided into two types according tBhis class of neurons was also not activated during the fixation
their responses in the object-fixation task in the light. “Objecperiod of the manipulation task in the light, like the nonobject-
type” neurons were activated by the sight of the object durifgPe neurons.
the object-fixation task, whereas the “nonobject-type” neurons
were not activated during the object-fixation task. The numbRecording site
and percentage of cells in these five types of hand-manipula-
tion-related neurons are listed in Table 1. We recorded the hand-manipulation-related neurons in area

Typical examples of the five types of neurons are shown AP that is immediately posterior to the hand area of the
Fig. 2. An object-type visual-motor neuron (FigA)2showed primary somatosensory cortex (Sl). Before we recorded from
sustained activity during the fixation period of the manipulahe bank of the IPS in this experiment, we mapped the hand
tion task in the light (Fig. &, left), its activity was enhanced area in the Sl to determine the positions of the penetrations as

Types of neurons
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FIG. 2. Five types of hand-manipulation-related neurons under the 3 different conditions. Manipulation in light: hand-
manipulation task in the light. Manipulation in dark: hand-manipulation task in the dark. Object fixation: object-fixation task in the
light. Raster and histograms were aligned with the moment at which the monkey released the key in the manipulation task and when
the monkey pressed the key in the object-fixation task. In the manipulationthskeath each raster indicate the onset of pressing
down the key, release of the key, switching on of the microswitch of the object, and release of the object, respectively, and the line
below the histogram shows the mean duration of the “fixation” period (FIX) and “hold” period (HOLD). In the fixatiomtask,
the raster indicate key down and key release, respectively, and the line below the histogram shows the mean duration of the
“fixation” period (FIX). Example of object-type visual-motor neurof),( nonobject-type visual-motor neuroB)( object-type
visual-dominant neuronQ), nonobject-type visual-dominant neurdd)( and motor-dominant neurof)
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shown in Fig. 3. The area in which we found the handlthough the motor-dominant neurons were predominant in the
manipulation-related neurons was limited to an area locatfit hemisphere as seen from Fig. 3; only a few motor-domi-
rostral to the lateral intraparietal area (area LIP) and wasnt neurons were found in the other two hemispheres.
adjoined in depth with the ventral intraparietal area (area VIP)
located in the fundus of the IPS (Gallese et al. 1994; Sakatagfiectivity for 3D object
al. 1995). We did not detect any tactile response in this area. In
area VIP, tactile, visual, and bimodal neurons were recorded,To examine whether the hand-manipulation-related neurons
so area AIP was distinguished from area VIP by the absenceexhibit any selectively for the 3D shapes of the objects manip-
tactile response. In the rostral-most part of the bank, mouthliated, we compared the activity levels of hand-manipulation-
movement (reaching with lips or grasping with mouth, etcrelated neurons during the manipulation task in the light using
-related activity or tactile responses on the face combined witie set of six geometric solids routinely. We excluded those
visual responses were recorded, and this region probably coeurons that were not studied with the routine set of six objects
responds to the “associative face area” (Leinonen and Nym&®/182) from the database for further analysis. The remaining
1979), adjoining the area in which we recorded hand-manipli32 neurons were classified into five types as shown in Fig. 2
lation-related neurons. Finally, the caudal border of area Al#nhd subdivided further by their degree of selectivity for the
was identified by the presence of visual fixation or saccadebjects (Table 2). We classified them as highly selective neu-
related neurons and by the absence of the hand-manipulatimms when the net activity of the neurons for one object was
related neurons. significantly higher than that for the other objects or as mod-
Five hemispheres of three monkeys were sectioned, and érately selective when the neuronal activity level for the most
recording sites in three left hemispheres of different monkepseferred object was not significantly higher than that for the
are shown in Fig. 3. The object-type and nonobject-type visather objects. The rest of the neurons that did not show any
ally responsive neurons are denoted by different symbols. T$ignificant difference in the activity level for the six objects
neurons of three different types (object-type, nonobject-typidat were classified as nonselective (Table 2, the Student-
and motor-dominant neurons) were intermingled in area AIRgwman-Keuls procedure, 2-taP, < 0.05). The number of
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Fic. 3. Recording sites of hand-manipulation-related neurons in 3 left hemispheres of 3 mdrdgews.penetrations in which
we recorded hand-manipulation-related neurons; —, penetrations in which we could not record hand-manipulation-related neurons;
A, penetration in the primary somatosensory cortex (Sl). Fa, face tactile; D1, thumb; D2, index finger; D3, middle finger; D4, ring
finger; D5, little finger; Pa, palm; W, wrist; uA, upper arm; Sh, shoulder; IPS, intraparietal sulcus; Cs, central sulcus; LF, lateral
fissure.Bottom unfolded map of the IPS of each of the hemispheresmatches the position of the corresponding arrow in the
top. e, object-type neurons;, nonobject-type neurons; ang motor-dominant neurons. We recorded these neurons in the anterior
part of the lateral bank of the IPS (area AlP), which is more anterior than the lateral intraparietal area (area LIP). This area is located
immediately posterior to the hand area of the SI.
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TABLE 2. Selectivity for shape of hand-manipulation-related study. Therefore we first describe the shape selectivity of the
neurons object-type neurons.

Highly  Moderately OBJECT-TYPE VISUAL-MOTOR NEURONS.
Type of Neurons  Selective  Selective Nonselective ~ Total  Highly selective neurongtigure 4 illustrates an example of
a highly selective object-type visual-motor neuron. This neu-

Vi%‘;'{'gé;f;gg”s“’e ;25 24; 162 16%1 ron started to exhibit activity soon after the onset of fixation,
Visual motor 23 14 4 41 and the activity was sustained during the movement period.
Visual dominant 9 14 2 25 However, the response for the ring or cube was much weaker

Nonobject type 13 16 6 35 than that for the plate, and inhibition was observed for the
Visual motor 7 8 5 20 cylinder. Figure 5 shows the activity of the same neuron shown
Visual dominant 6 8 1 15

Motor dominant 8 1 12 31 in Fig._ 4 during the objectjfixation tasl_<. Also under this task
Total 53 55 24 132 condition, the cell was highly selective for the plate, and
inhibition was observed during fixation on the cylinder. Thus
. . . there was a precise correspondence of object preference be-
highly selective neuronsn(= 53) was comparable with thetween the manipulation and object-fixation tasks. Therefore
number of moderately selective neuroms < 55). Seventy- ihis neuron visually preferred the plate among the six geomet-
seven percent (101/132) of the hand-manipulation-related ngjt- 5oligs, and its activity was enhanced by the movement
rons were visually responsive, whereas the motor dominaffited to the manipulation of the preferred object. Among the
neurons constituted less than a quarter (31/132). The numbefgp “hand-manipulation-related” neurons, 41 neurons were
the object-type neuronsi (= 66) was nearly twice as high asppject-type visual-motor neurons of which 23 (56%) showed
that of the nonobject-type neurons & 35) in the present highly selective activity during the manipulation task (Table

A W LT R ] “ d

RIS i

“ll1l:i"

FIX HOLD

o ke B L

FiG. 4. Highly selective activity of an object-type visual-motor neuron for 6 different objects. Each of the raster and histograms
shows the activity levels during the manipulation of medium-sized objects. lllustrationeeach raster indicates the objects and
the type of handgripA: vertical plateB: vertical ring;C: cube;D: cylinder;E: cone;F: sphere. Conventions of raster and histogram
are the same as for the manipulation task shown in Fig. 2. Neurons showed strong preference for the vertical plate.
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Fic. 5. Activity of the neuron shown in Fig. 4 during the object-fixation task. Conventions of raster and histogram are the same
as for the fixation task shown in Fig. 2. Neuron showed preference for the same object as that shown in Fig. 4.

2). We examined whether there was correspondence in #red motor components have an influence on the selectivity of
selectivity of the neurons between the manipulation and thee visual-motor neurons. Although we did not check routinely
object-fixation tasks. for selectivity during manipulation in the dark, the aforemen-
Figure 6 compares the mean discharge rate of three higlipned correspondences in object preference between the object
selective neurons, including the cell shown in Figs. 4 andrBanipulation and fixation tasks suggest a coincidence between
(cell A), during the hand-manipulation and object-fixation taskgsual selectivity for an object during fixation and motor se-
for the six different objects. Under both task conditiooslls lectivity during manipulation.
A and B exhibited vigorous activity for the plate and ring, Moderately selective neuronBigure 7 illustrates an exam-
respectively. Activity during the manipulation task was highgsle of a moderately selective object-type visual-motor neuron
than that during the fixation task probably due to enhanceménat showed the same level of activity for several but not all of
by the motor component. In these cases, there was a shiéug six objects. In this case, there were no differences in the
tuning for shape and a clear correspondence of object prefactivity levels between manipulation of the cylinder and cone,
ence between the two task conditior®ell C preferred the and no activity was observed for other objects. The neuron
cylinder to other objects in both task conditions, but the tunirghowed a transient peak in activity at the commencement of the
for shape was broader than that of the former two cells. fixation period, followed by some sustained activity. After the
Nineteen of the 23 highly selective object-type visual-motamset of the movement, the neuron exhibited enhanced activity
neurons, as determined during the manipulation task, also wdteing the initial period and a decrease in activity during the
tested for their object selectivity during the fixation taskhold period.
Twelve of these 19 neurons were determined to be highlyThe mean discharge rates of the same neuron during the
selective during both the manipulation and fixation tasks asanipulation and fixation tasks across six objects are shown in
shown in Fig. 6 A—C. All of them showed precise correspon+ig. 8A together with those of two other moderately selective
dence in object preference between the two tasks. The remaiaurons (Fig. 8B andC). The object preference in the fixation
ing seven neurons were highly selective during the manipulask was the same as in the manipulation taskcédis Aand
tion task but only moderately selective during the fixation tasi,as well as folIC. One can recognize some common geometric
and of these, five showed correspondence of the most preferieatures between the cylinder and cone preferrecdihA, i.e.,
object between the two tasks. We presume that both the visbath are round and elongated. The similarity in the case of the
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FIG. 6. Three examples of highly selective object-type visual-motor neummaean net activity level:SE (spikes/s, mean
discharge rate subtracted by spontaneous activity level) for 6 different objects (medium-sized) during the manipulatipneask;
activity levels during the object-fixation tas€ell A: same neuron as shown in Figs. 4 and 5.
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Fic. 7. Example of a moderately selective object-type visual-motor neuron. Raster and histograms show the activity level during
the object manipulation task—F: cylinder, cone, sphere, horizontal plate, horizontal ring, and cube, respectively (medium-sized).
Conventions of raster and histogram are the same as for the manipulation task shown in Fig. 2.
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FIc. 8. Three examples of moderately selective object-type visual-motor neurons (medium-sized Gbjeét)same neuron
as shown in Fig. 7. Notations are as in Fig. 6.

plate and ring preferred bgell B is less obvious, but both areactivity level for the cylinder was significantly lower than that
flat objects. The neuron in Fig.C8preferred the cylinder, for the ring and plate. As described earlier (cf. Fifg)8the
sphere, and cube, but it is difficult to recognize any commaommon feature between these two objects is flatness. The
geometric feature among these three objects. As mentionedh@uron in Fig. 1B shows preference for the cone and cylinder
the following text, we performed a statistical analysis to tesluring the fixation task, and the activity level during fixation
this assumption that some of the object-type visually respoor these objects was significantly higher than that during
sive neurons responded to common geometric features (§gation on the other objects. As described earlier, these two
Fig. 12). objects share the features of being elongated and round (cf. Fig.
As shown in Table 2, 14 of 41 object-type visual-moto8A). Figure 1T is for a neuron that was activated to the same
neurons (34%) were moderately selective in the hand-manigvel when a monkey fixated on the plate or the cylinder but did
ulation task. We checked for selectivity during the fixation tashot show any significant activity during fixation on other
in 13 of these 14 neurons. In seven of these 13 neurons, tigects. In this case, it is difficult to recognize any common
most preferred object was the same in both tasks. features between these two objects.
SELECTIVITY OF OBJECT-TYPE VISUAL-DOMINANT NEURONs. Ob-  Of 25 object-type visual-dominant neurons, 9 were highly
ject-type visual-dominant neurons were activated mainly g¢lective, as determined during the manipulation tasks (Table
response to the sight of an object but did not show any activig)- They were tested during both the manipulation and fixation
during manipulation of the object in the dark. Figure 9 illust2sks; four of them were highly selective in both tasks, and
trates the activity of a typical object-type visual-dominariorrespondence in object preference was observed for all four
neuron, shown in Fig.@, during the fixation task. The neuronn€urons. Of 14 moderately selective neurons, 12 were tested
showed vigorous sustained activity during fixation on the rinér Selectivity in the manipulation and fixation tasks. For eight
There was also some activity, but at a much lower level, durifj these 12 neurons, the most preferred object was the same in
fixation on the cylinder and no significant activity during?©th tasks.
fixation on the other objects. SELECTIVITY OF OBJECT-TYPE VISUALLY RESPONSIVE NEURONS
Figure 10 shows the mean net activity levels during thBURING THE OBJECT-FIXATION TASK. The activity of object-
fixation task of three highly selective neurons during the fistype visually responsive neurons during object fixation was
ation task. The neuron in Fig. AQs the same as that shown inconsidered to be predominantly a visual response to the object
Fig. 9 and was highly selective for the ring. FigureBli8 for with minimal influence from the sustained hand movement
a neuron that was highly selective for the plate during thduring key pressing. Therefore we analyzed the activities of 55
fixation task. In this case, there was no significant activitgf the 66 object-type neurons composed of visual-motor and
during fixation on the other objects. The neuron in FigC10-dominant neurons together during the object-fixation task. Of
showed highly selective activity during fixation on the cylinthese 55, 25 neurons were highly selective during the object-
der. fixation task, and among them & 25), 8 neurons preferred
Figure 11 shows the mean net activity of three examples thie plate, another 8 preferred the ring, 6 preferred the cylinder,
moderately selective object-type visual-dominant neurons dand 3 preferred among the cube, sphere, and cone. It should be
ing the fixation task. For the neuron in Fig.Althe activity emphasized that we always presented both the plate and the
level during the fixation task was the highest for the ring, buing in the same orientation, either horizontal or vertical, and
the activity level for the plate was not significantly lower. Théhese highly selective neurons for the ring or plate discrimi-
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Fic. 9. Example of a highly selective object-type visual-dominant neuron. Raster and histograms show activity during the
object-fixation task.A—F. horizontal ring, horizontal plate, cube, cylinder, cone, and sphere, respectively (medium-sized).
Conventions of raster and histogram are the same as for the fixation task shown in Fig. 2. Neuron showed very strong preference
for the horizontal ring.

nated between these two objects despite this same orientat@rer, this conclusion cannot be generalized because we found
suggesting that these neurons as well as other highly selectiveonsiderable number of moderately selective object-type
object-type neurons were primarily selective for the shapes fgurons responded equally to two or three objects without any
the objects. common geometric features (see Fig€. &d 1LC). We also

To test whether the moderately selective neurans:(28) Performed MDS for these neurons based on their activity levels
were selective for common geometric features of objects @4ring the fixation period in the hand-manipulation task (Fig.
described above, we performed MDS of these neurons on ##)- In this condition also, we found that the relative location
basis of their responses to the sight of objects, similar to tRE ach object in the map was similar to that in the map
analysis of the similarity of different faces by Young an&onstructed based on the activity in the object-fixation task.
Yamane (1992, 1993). The Euclidean distances between eaetECTIVITY OF NONOBJECT-TYPE VISUALLY RESPONSIVE NEURONS.
pair of objects were calculated based on the mean net activitye selectivities of the nonobject-type visual-motor and -domi-
level during the fixation task in these 28 neurons. We calcoant neurons were analyzed together because the number of these
lated these distances as the index of similarity between theurons was relatively small (visual motar= 20; visual dom-
objects and plotted them on a two-dimensional map (Fig)12 inant,n = 15). These neurons showed lower levels of activity
The cone and cylinder were very close, perhaps because thaging manipulation in the dark than during that in the light or no
are both round and elongated. The sphere was adjacent toabtvation at all in the dark as shown in Fig.2andD, respec-
cone, perhaps because both are round objects. The other diusly, suggesting that they respond to some visual input, although
tered pair consisted of the plate and the ring, probably becatisere was no activation during object fixation. Figure 13 illustrates
both are flat objects. The cube was placed in between these tmoexample of the activity of a nonobject-type visual-motor neu-
groups. Because we could recognize common geometric feaa during the manipulation task in the light. This neuron started
tures among the objects that were plotted closer in the mapexhibit activity just before the monkey touched the plate and its
most of the moderately selective neurons were probably ilnd came into the center of its visual field, and the activity was
sponding to the common 3D features among the objects. Hosustained during the hold period. This was a highly selective
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Fic. 10. Mean net activity of 3 examples of highly selective object-type visual-dominant neurons during the object-fixation task.
0, mean net activity levet SE (spikes/s) for 6 different objects (medium-sized object) during the fixationGa#lkd: same neuron
as shown in Fig. 9.

neuron because there was almost no activation for other objectfigure 14 illustrates an example of a moderately selective
except the ring, which activated the cell slightly toward the end abnobject-type visual-motor neuron. The neuron started exhib-
the manipulation task. Because this neuron was not activatgdg activity at the onset of movements, and the activity levels
during the fixation period, we considered that the visual resporise the small cube, cone, and sphere showed no significant
of the neuron was not related to the object and was most probathifferences. It is noteworthy that although the geometric shapes
related to the particular pattern of handgrip for the plate. Becausfethese three objects are entirely different, the monkey ma-
this neuron was a visual-motor neuron and was partly activateigpulated all of them with a similar type of handgrip, namely,
during manipulation in the dark, similar to the neuron shown igrasping between the lateral surface of the index finger and the
Fig. 2B, both visual and motor components might contribute to thgad of the thumb. Therefore unlike in the case of object-type
selectivity of this neuron. Among the 35 nonobject-type visuallyeurons, nonobject-type neurons appeared to be selective for
responsive neurons, 13 (37%) were highly selective (Table 2), aheé pattern of the handgrip rather than for the objects itself.
16 (41%) were moderately selective. MDS was performed for the moderately selective nonobject-

A B C

r 16
; 8] ]
|

7 12 ‘}

- N
(=1 o

-
[~]

- -
N »~

ol L Ly by b L b
=]
I

™

[+

MEAN DISCHARGE RATE spikes/s
5

Tl
plate
ring
cube ::E}*
cylinder
cone j"
sphere E}*
T T
plate
ring [ =+
cube
cylinder
cone
&
plate
ring
cube
cylinder
cone

sphere
sphere

Fic. 11. Mean net activity of 3 examples of moderately selective object-type visual-dominant neurons during the object-fixation
task. Notations are as in Fig. 10
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A Fixation task activity level for the latter. The activity of this neuron probably
2 was related to the visual image and motor signals of the pad
opposition of the index finger and thumb.

SELECTIVITY OF MOTOR-DOMINANT NEURONS. Figure 17 shows
an example of a moderately selective motor-dominant neuron.
This neuron became activated during the initial period of
manipulation of the small cube, cone, and sphere and showed
0 peak activity just before the object was touched, the activity
being sustained during the hold period. The activity levels
S=> during the manipulation of these three objects did not show any
significant differences, but the activity level for the plate was
less than that for the other three objects. This is the same
neuron as the one shown in FigEz2the activity of which
-2 : : , : probably was related only to motor components without any
-2 -0 ! 2 contribution from the visual input. As described in the section
Dimension 1 on the selectivity of nonobject-type neurons, although the
. . . . shapes of the cube, cone, and sphere are dissimilar, the move
B ) Fix. period (manipulation task) ment pattern of the hand for grasping these objects was similar
but different from the pattern for manipulating the plate for
which the lateral surfaces of the index finger and thumb formed
& o £ a flat surface. Of the 31 motor-dominant neurons, 8 (26%) were
L Cug highly selective, 11 (35%) were moderately selective, and 12
@ (39%) were nonselective neurons. The proportion of nonselec-
0 Rie® tive neurons in this class of neurons was higher than that in the
o other types.
" ) MDS was performed again for the moderately selective
motor-dominant neurons (= 11). As shown in Fig. 1B, the
overall configuration of the map was similar to that in the
corresponding map of the nonobject-type neurons. The cube,
sphere, and cone were placed close together, and the distance
between the cylinder and the ring was nearly as much as that
Dimension 1 between the ring and plate. This may be related to the grip for
Fic. 12.  Multidimensional scaling (MDS) was performed for object—typea fing belng partly Cy“ndrlca_l' Th.us the similarity of the
neurons that showed moderately selective activity during the fixationmask ( preferred objects for the motor-dominant neurons seemed to be

28). Euclidean distances between the objects were calculated based on th€4&N more closely related to the pattern of handgrip than that
activity levels during the fixation taskA] and the fixation period of the for the nonobject-type neurons.

manipulation taskE). MDS was used to draw a map of the location of the

objects relative to each other. Maximum variance in the original matrix & . . .

distances was explained in dimension 1 and the next highest variance leCUV'ty for orientation

explained in dimension 2. PI, plate; Ri, ring; Cu, cube; Cy, cylinder; Co, cone; . . .
Sp. sphere. In our previous experiments, we found some hand-manipu-

lation-related neurons that were selective for the axis orienta-

type neuronsr( = 16) (Fig. 13). In contrast to the object-type tion of a pull lever switch (Taira et al. 1990). In the current
neurons, the cube was placed close to the sphere and conexiperiment, we studied the orientation selectivity of the neu-
the map, and the cylinder was far from them. As describedns that showed strong activity during manipulation of the
before, the only recognizable similarity between the cubplate and/or the ringn(= 20). Figure 18 shows the object-
sphere, and cone may be the similarity of the handgrip used fgpe visual-motor neuron shown in Fig. 4. The neuron was
manipulating them. Although the ring and plate were placexttivated vigorously during the fixation period and the move-
close together like in object-type neurons, it was difficult tonent period in the manipulation task for the vertical plate but
recognize the similarity in the handgrip for these objects. exhibited a lower level of activity for the plate in other orien-

In the case of the less selective hand-manipulation-relatedions. This neuron was not activated during manipulation of
neurons, there is the possibility that they prefer objects othavertical ring although its orientation plane was the same as
than the six objects used routinely in this study. Figure 1Bat of the vertical plate. On the other hand, FigBll8istrates
illustrates a moderately selective nonobject-type visual-motamonobject-type visual-dominant neuron that was also selec-
neuron that was activated during the manipulation of five of thize for the vertical plate but did not show any activity for the
six objects, with the exception of the cylinder. Therefore weertical ring. However, it was activated, though only during the
studied two extra objects. One was a small plate in groowvapvement period, so that its activity probably was related to
which required the monkey to grasp it with the pad oppositidhe sight of a particular handgrip and hand orientation.
of the index finger and the thumb (Iberall et al. 1986), and the Orientation selectivity was examined in 11 object-type neu-
other was a knob in groove, which had to be pulled with @ns that preferred the plate and/or the ring. Ten of the 11
hook-shaped index finger. The neuron was activated vigareurons were orientation-selective, and 5 of these 10 were
ously during manipulation of the former but exhibited lowehighly selective for either the ring or the plate and exhibited

Dimension 2

Dimension 2
£
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Fic. 13. Example of a highly selective nonobject-type visual-motor neuron. Objects were mediumAsizedical plate;B:
vertical ring; C: cube;D: cylinder; E: cone;F: sphere. Conventions of raster and histogram are the same as for the manipulation
task shown in Fig. 2. Neuron showed strong preference for the vertical plate.

much a lower level of activity for other objects. Thereforénant neuron shown in Fig. 17 that preferred the cone, sphere,
these neurons were selective for both the shape and the ormmd cube. On the other hand, FigBlilustrates an example of
tation of the object. On the other hand, three neurons weiR object-type visual-motor neuron that was activated by a
activated by both the plate and ring in the same orientation. Wege cube. The neuron showed moderately selective activity
assumed that the activity of these three neurons was relate@j(g@ing manipulation of the large- and medium-sized cubes,
the orientation per se. At least two of them were tested fgyates, and cylinders.

orientation selectivity with both the plate and ring and showed Thjrty-one of 46 neurons tested were selective for size.
the same orientation tuning. In addition, three of four nonoeyen cells preferred small objects, 16 preferred medium-sized
Ject-type neurons teste;d were orlentatlon-selecpve; two g jects, and 8 cells preferred large objects. Sixteen of 26
them were highly selective for the plate and the third preferr% ject-type neurons were also selective for the size of the

T o e e ons o ngigfeed objects. They showed shape selecity (e ighy
two were highly selective for the plate and the remaining tw elective and seven mc_)derately selecuve)..Thus these neurons
preferred the plate and ring in the same orientation. were selective for the size and shape of o_bJects. Among thg 10
object-type neurons that were not selective for size or thick-
ness, 9 neurons were selective for shape (4 highly selective and
5 moderately selective neurons). These neurons were selective
In the present experiment, we studied the selectivity &r shape independent of their selectivity for size. Of the 12
neurons for the size of the object, using three different sizaenobject-type neurons tested, 7 were selective for size, and 6
(small, medium, and large) of the preferred objects usually. Fofr them showed selectivity for shape; these latter 6 seemed to
most of the objects (sphere, cone, cube, and ring), the skmeselective for shape and size of the handgrip. The remaining
change was uniform, but in the case of plate and the cylindéve nonobject-type neurons preferred the plate but were not
only the thickness was changed. selective for its thickness, perhaps because there was not much
Figure 1A shows an example of a size-selective neuron thdifference in the shape of the handgrip with changing thickness
was activated by the small cone with very low levels of activitin the case of the plate. All eight motor-dominant neurons
for large objects. This is the moderately selective motor-dortested showed selectivity for both size and shape. Some of the

Selectivity for size of object
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Fic. 14. Example of a moderately selective nonobject-type visual-motor neuron. Objects wereAsmalbe; B: cone;C:
sphereD: cylinder; E: vertical plate;F: vertical ring. Conventions of raster and histogram are as for the manipulation task shown
in Fig. 2. Neuron showed the same level of activity for the cube, cone, and sphere. Note that the type of handgrip was similar for
all 3 objects.

size-selective neurons (8/31) showed a gradual change in taey (primitive) geometric shapes. The set of six geometric
level of discharge depending on the size of the objects, sslids used in this study covered a fairly wide range of prim-
shown in Fig. 19A andB, suggesting that the rate of dischargétive 3D shapes because we selected them on the basis of

was related to the size of the stimulus. subroutines of “object primitives” of a system of computer
graphics. About half of the object-type neurons (32/66) were
DISCUSSION highly selective for the shape in the manipulation task in the

The large majority of hand-manipulation-related neurons ”ght. More than 80% of them (55/66) were examined with the

area AIP of the parietal cortex are visually responsive (Sak&aM€ Set of six objects during the object-fixation task, and
et al. 1995: Taira et al. 1990). In the present study, we group@g@rly half of them (25/55) were highly selective. The high
two types of visually responsive neurons, the visual-dominapfoportion of neurons with sharp tuning to a particular geo-
and -motor neurons, together and further classified them irffigtric solid strongly suggests that the visual responses of these
two groups, i.e., the object- and nonobject type, according f€urons represent elementary 3D shapes. There may have been
the presence or absence of activity, respectively, during objé&mpling bias because we recorded only those neurons that
fixation in the light. We mainly studied the visual selectivity ofvere sensitive to the six objects used in this study. In a
these neurons, in regard to the shape, size, and orientatioPigvious study, some neurons in area AIP responded to more
the objects, using simple geometric solids as targets for nf&mplicated objects such as a plate in groove, knob in groove,

nipulation and fixation. square button on a plate etc. (Sakata et al. 1995, 1999). Some
others may respond to primitive geometric shapes other than
Object shape representation in AIP those of the six objects, such as a square column (Sakata et al.

1999), circular disk (Shikata et al. 1996), etc. Nevertheless, the

The main finding of the present study is that the largaighly selective AIP neurons recorded in the present study
majority of object-type visually responsive neurons were sprovide positive evidence that they are sensitive to the 3D
lective in their response to the sight of 3D objects in elemeshape. The activity of the moderately selective object-type
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A Non-object-type clustering of two distinct groups; one including the cylinder,
2 cone, and sphere (round objects) and the other including the
Cy l plate and ring (flat objects).
b [@ If the object-type visually responsive neurons specifically
1 represented the 3D shapes of objects, their response to 3D
| [@ . objects should be viewpoint-invariant (Booth and Rolls 1998)
e .R' and size-invariant (Ito et al. 1996; Schwartz et al. 1983).
0 _ However, as mentioned in the following text, many neurons
&;@ @ that responded selectively to the plate or ring also showed
® o | selectivity for the orientation plane, suggesting that they had
combined selectivity for shape and orientation. Likewise, the
% majority of the object-type neurons tested (16/26) showed size
selectivity, and only 10 neurons did not. The shape selectivity
- ‘ , - ; of these 10 neurons was size-invariant. However, it must be
K T i ! 2 emphasized that the shape selectivity of the object-type neu-
imension 1 o . . a
rons was verified even when it was combined with the selec-
B  Motor-dominant tivity for size or orientation because we kept other conditions
2 constant while examining shape selectivity.

A number of electrophysiological studies have revealed that
many neurons in the IT respond selectively to simple or com-
plex shapes of visual objects (Desimone et al. 1984; Gross et

@ al. 1972; Tanaka et al. 1991). Although many IT neurons were
activated by 3D objects, most of them also were found to be

o sensitive to 2D stimuli, such as disks, triangles, and stars, or
various Fourier descriptors (Schwartz et al. 1983). Tanaka et

. % al. (1991) attributed the selectivity of these neurons for com-

Pl — plex objects to their response to a combination of 2D visual

% patterns derived by simplification of the original preferred
|
T
1

Dimension 2

|
0 oSp @:

Dimension 2

objects. Some IT neurons were more sensitive to highly com-
plicated shapes such as faces and hands than to simple geo-
2 metric stimuli (Desimone et al. 1984; Perrett et al. 1982). The

-2 -1 0

ST _ . 19¢ _
Dimension use of these complex visual stimuli for IT neurons was in sharp

Fic. 15. MDS for moderately selective nonobject-type = 16; A) and ntr h f simpl metri li in thi
motor-dominant neuronsi(= 11; B). MDS was performed based on the netCo trast to the use of simple geometric so ds by us this

activity levels during the manipulation task. Notations are as in Fig. 12. StUdy of AP neurons' . . .

On the basis of psychophysical studies, two different mech-
neurons during the fixation task was also likely to be related émisms for 3D object recognition have been proposed. One
the geometric shape because at least a proportion of thprasumes that the visual system recognizes 3D objects through
appeared to respond to common geometric features. The M2 view interpolation rather than viewpoint-invariant 3D rep-
based on the activity during the object-fixation task showedsentation (Blthoff and Edelman 1992). The other hypothesis

A B
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FIG. 16. Example of a selective neuron for pad opposition (precision) grip. Neuron was a nonobject-type visual-motor neuron.
A: raster and histograms during pad opposition (plate in groove) and pulled with a hook-shaped index finger (knob inBjroove).
mean net activity level during the object manipulation task; kng, knob in groove, plg, plate in groove.
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FIG. 17. Example of a moderately selective motor-dominant neuron. Objects wereArsathereB: cube;C: cone;D: vertical
plate; E: vertical ring; F: cylinder. Conventions of raster and histogram are the same as for the manipulation task shown in Fig.
2. Note that the neuron preferred the sphere, cube, and cone.

postulates that a 3D object is recognized by an arrangemennefirons was more related to the shape of handgrip than to the
simple geometric components called “geons” (Biedermasbject itself, because this class of neurons was activated during
1987). The objects used by us in this study were comparaltie movement period when the grasping hand was in view but
with geons (cube, sphere, and ring corresponded to bloekt during fixation period in the manipulation task, when the
ellipsoid, and curved cylinder, respectively), although objectbject alone was in view. We therefore estimated the degree of
such as the wedge, curved brick, and truncated cone etc., wsskectivity of neurons of this type based on their activity levels
not used. Although many of the object-type neurons showedring the movement period rather than during the fixation
orientation selectivity and therefore were not viewpoint-invariask.

ant, the highly selective object-type neurons were more likely There were many nonobject-type neurons that were highly
to depend on processes that encode 3D geometric shapesdidective, suggesting that these neurons responded to the sight
geons than on processes that encode 2D shapes. Moderasélyhandgrip matching the shape and size of a particular object
selective, object-type neurons may respond to the commemnthe sight of the handgrip combined with the grasped object.
features of two or three geometric solids corresponding to tiie were able to recognize a similarity in the pattern of
intermediate stage of processing before geons, termed by Magindgrips for two or three preferred objects in the case of

(1982) as the surface geometry. moderately selective neurons. For example, the nonobject-type
neurons that preferred the cube, cone, and sphere appeared to
Selectivity in pattern of grip prefer similar handgrips, although the shapes of these objects

were different. Actually these three objects were placed very
Nonobject-type visually responsive neurons were identifiaose together by MDS based on the responses of the nonob-
in a previous investigation (Sakata et al. 1995). However, jéct-type neurons.
was not clarified what kind of visual input was important for Before the actual contact with an object that a subject
the nonobject-type neurons, although the sight of hand mowatempts to grasp, the hand forms a different spatial configu-
ment is the most plausible. Our present study demonstratation according to the shape, size, and orientation of the
more clearly than previous studies that the activity of thesdject, termed preshaping (Jeannerod 1986). It is known that
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TILTED(LF) PLATE VERTICAL PLATE TILTED(RT) PLATE HORIZONTAL PLATE
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Fic. 18. Two examples of orientation-selective neurons for the plate. Raster and histograms show activity during the
manipulation of plate of the different orientatiors.object-type visual-motor neuron, which was the same neuron as shown in Fig.
4. B: nonobject-type visual-dominant neuron. Plate was presented at 45° intervals in the frontal plane. NBuvas ot included
in the database because the data from this neuron were recorded in another experiment (Miyashita et al. 1998).

visual feedback signals are very important for the control @i some cortical areas respond to the hand presented as a visual
hand movements (Jakobson and Goodale 1991), especiallgtimulus. For example, neurons in the inferotemporal cortex
achieve terminal accuracy in the preshaping phase (Jeannexede activated by hand shapes as the visual stimuli (Desimone
1988). Neurophysiological studies have revealed that neuratsal. 1984; Gross et al. 1972) and neurons in the superior
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Fic. 19. Two examples of size-selective neurons. Raster and histograms show activity during the manipulation aktiones (
A) or cubes ¢ell B) of the different sizesA: example of a size-selective motor-dominant neuron. Bar graph indicates the mean net
activity levels of the neuron during the manipulation task for small obj&texample of size-selective object-type visual-motor
neuron. Bar graph indicates the mean net activity levels of the neuron during the manipulation task for large objects.
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temporal sulcus (area TEa) responded to the view of the hamikntation of flat surfaces (Sakata et al. 1998; Shikata et al.
action of an experimenter (Perrett et al. 1989). Neurons in are@96; Tsutsui et al. 1997). In the current experiment, we found
F5 of the ventral premotor cortex that were related to hanghany object-type neurons that were selective for the orienta-
movement control (Rizzolatti et al. 1988) also were activatewn of a plate and/or ring. These neurons probably receive
when the monkey observed the hand action of the experimenjgjual input from the SOS neurons in area c-IPS. In addition,
as well as when the animal itself performed a hand actiogome neurons in area AIP were selective for both the shape and
They designated these neurons as “mirror” neurons (Gallesggéntation of these objects. A similar feature was found in
al. 1996). Because we did not record any neurons in area Alfme neurons in area c-IPS (Sakata et al. 1997b, 1998), sug-

that responded to the hand action of the experimenter, ting that information regarding the shape is also conveyed
nonobject-type neurons are considered to be different from §m area c-IPS to area AIP.

mirror neurons of F5. However, itis plausible that they receive 1 nonobject-type or motor-dominant neurons also showed

visual signals of hand actions from area TEa. . . 2 . . e
The selectivity of the motor-dominant neurons, which ar rientation selectivity. As described earlier, the activities of
ese types of neurons were more related to the pattern of hand

not visually responsive, is likely to be related to the pattern ts than to the obiect sh Th be true f
active hand movements per se and not to proprioceptive fe§g2Vements thanto the object shape. 1he same may be trué for

back from the joints of the hands and fingers. The presence!df case of grasping an object with different orientation. This
the highly selective motor-dominant neurons in area AlP sugliéntation-selective activity in the nonobject-type or motor-
gests that they may represent particular patterns of hand mod@mMinant neurons probably represents the orientation of the
ments, which may be appropriate to grasp particular objec@nd. Therefore area AIP may play an important role in ad-
For the moderately selective motor-dominant neurons, tisting hand orientation to the orientation of the 3D objects.
overall configuration of the MDS map was similar to that in the
corresponding map for the nonobject-type neurons. The cu%:? lectivit
sphere, and cone were grasped with similar patterns of ha ge selectivity

movement especially when they were small. Slight discrep-tne majority of object-type neurons tested (16/26) were
ancy, such as the clustering of the ring with the cylinder for t%‘Aelective for the size of objects and often showed selectivity for

motor-dominant but not the nonobject-type neurons, may ﬁape as well as size, and more than half (9/16) were highly

related to the fact that the nonobject-type neurons could fe- " : ) i
spond to a combined view of the handgrip and object. HO\,§_elect|ve. This tendency was somewhat different from IT neu

ever we need more direct evidence such as the responséo because at least half of the IT neurons tested showed
imades of the hand on video as used by Iriki et al. (1996) ﬁgze-independent Shap'? selectiv?ty, although a considerable
clarify the source of the visual responses of nonobject-tyﬁ‘é‘mber also showed size-selectivity (Ito et al. 1995). Thus

neurons and the difference between the nonobject-type neurBifst of the size-selective object-type hand-manipulation-re-
and the motor dominant neurons. lated neurons represented the size together with shape of the

objects.

The majority of the nonobject-type neurons tested (7/12)
also showed size selectivity, and almost all of them were also

Arbib (1981) proposed that the perceptual schema of tselective for shape. All the motor-dominant neurons tested
orientation of an object in space is linked to the motor schemre selective for size (8/8), and almost all of them were also
of hand rotation in his model of the coordinated control praselective for shape. Most of these two classes of neurons
gram for visually directed reaching to grasp an object. Th@obably represent grip size combined with grip shape. The
hypothesis was supported by a study demonstrating that pgaximum grip aperture is influenced by the size of the objects
tients with parietal lobe lesions had deficits in adjusting thegrasped (Jakobson and Goodale 1991; Jeannerod 1986). Pa-
hand orientation to that of a target (Perenin and Vighetteénts with lesions in the parietal cortex showed impairment in
1988). The results of our previous experiments were compéte control of grip size but no deficit in the perceptual matching
ible with these results because some AIP neurons were selec-object size (Jeannerod et al. 1994). A patient who had
tive for the axis orientation of the lever switch that the monkeyamage in the ventral visual pathway showed impairment in
was grasping (Taira et al. 1990). Recently, axis-orientatiotite matching of size but not in the grasping of objects (Goodale
selective (AOS) neurons that represent the orientation of taeal. 1991). These results suggest that visual size information
longitudinal axis of objects in depth were found in area c-IPiS represented both in the dorsal and ventral visual pathways
that is located in the caudal part of the lateral bank of the IR& different purposes. In the former, it may play an important
(Kusunoki et al. 1993; Sakata and Taira 1994; Sakata et @ile for the control of grip aperture, whereas in the latter it may
1997a). Area AIP probably receives visual input from ardae related to the size perception.
c-IPS concerning the axis orientation of objects (Luppino, It was reported that the estimation of the length of bars was
personal communication). impaired in patients with parieto-occipital lesions (Von

A visually agnostic patient with damage in the corticaCramon and Kerkhoff 1993). In the monkey parietal cortex,
ventral visual pathway could not adjust hand orientation toaxis-orientation-selective neurons in area c-IPS exhibited in-
tilted plate in 3D space without binocular visual cues (Dijkerereasing levels of activity with increasing length of the stimuli,
man et al. 1996). This suggests that the parietal cortex maydggesting that rate of discharge is related to the length of the
involved in the discrimination of surface orientation dependingtimuli (Sakata et al. 1997a). This finding may correspond to
on binocular visual cues. In area c-IPS, surface-orientatiatie gradual change in discharge rate according to the size of the
selective (SOS) neurons also were found to represent the 8hjects in the case of some size-selective AIP neurons.

Orientation selectivity
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Anatomic organization of area AIP trigger signals to F5 and receive converging input from both
) ) the motor- and visual-dominant neurons. Although it previ-
We recorded hand-manipulation-related neurons from tgs|y was proposed that the visual-dominant neurons receive
anterior part of the lateral bank of the IPS, designated as aigq,a| signals from the prestriate cortex to recognize object
AIP. We used somatotopic mapping of the hand area in the s}y cture, it is more plausible that the 3D shape as well as other
as landmarks because area AlP is located immediately posignures, such as the axis and surface orientation in depth and
rior to this area (Gallese et al. 1994; Sakata et al. 199%b|ymetric size, are processed in more posterior parts of the
Previously, we could not clearly define the antero-posteriggyietal cortex, perhaps in and around area c-IPS (Sakata et al.
distribution of hand-manipulation-related neurons in the Iater_li_ag97a, 1998), and the visual-dominant neurons simply receive
bank of the IPS, but the distribution of these neurons was foufihse signals. Recently, some visual neurons in area LIP were
to be closer in the present experiments than in previous ongind to be selective for 2D shapes (Sereno and Maunsell
The area is more anterior than area LIP, which is related {99g) However, in a recent psychophysical study, Castiello et
saccadic eye movements (Andersen 1989) and adjacentyjn(1996) demonstrated that the 2D silhouette of a spherical
depth with area VIP located in the fundus of the IPS. In argyject elicited preshaping for a flat object. Therefore it may be
AIP, we did not find any tactile neurons or bimodal neurongyncluded that the shape selectivity of AIP neurons is primarily
that responded both to visual and somatosensory stimuli a3 jn nature and relevant to the visual control of hand move-
area VIP (Colby et al. 1993) or area 7b (Leinonen et al. 1979%ent. On the other hand, the selective responses of the non-
Thus area AIP is distinct from area VIP and area 7b (Sakata&)tject_type visually responsive neurons appeared to be related
al. 1995). . ) ) . to the grip shape, grip size, or hand orientation and relevant to
Area AIP has reciprocal connections with area F5 in thfe visual feedback for adjustment of the handgrip for an

ventral premotor cortex (Matelli et al. 1986), which is relategpject. However, more direct evidence is required to support
to visually guided hand movements (Rizzolatti et al. 19885 hypothesis.

The interconnection between areas AIP and F5 was confirmed

further by recent anatomic studies (Gallese et al. 1997; Lupwe are grateful to Prof. G. Rizzolatti for making many valuable comments

pino et al. 1999; Matelli et al. 1994; Rizzolatti et al. 1998)en the manuscript.
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