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SUMMARY

Lesions in human posterior parietal cortex can cause
optic ataxia (OA), in which reaches but not saccades
to visual objects are impaired, suggesting separate
visuomotor pathways for the two effectors. In mon-
keys, one potentially crucial area for reach control
is the parietal reach region (PRR), in which neurons
respond preferentially during reach planning as
compared to saccade planning. However, direct
causal evidence linking the monkey PRR to the defi-
cits observed in OA is missing. We thus inactivated
part of the macaque PRR, in the medial wall of the
intraparietal sulcus, and produced the hallmarks of
OA, misreaching for peripheral targets but unim-
paired saccades. Furthermore, reach errors were
larger for the targets preferred by the neural popula-
tion local to the injection site. These results demon-
strate that PRR is causally involved in reach-specific
visuomotor pathways, and reach goal disruption in
PRR can be a neural basis of OA.

INTRODUCTION

The posterior parietal cortex (PPC) is an important interface

between sensory and motor cortices, integrating multimodal

sensory and motor signals to process spatial information for a

variety of functions including guiding attention, making deci-

sions, understanding actions, and planning movements (Ander-

sen et al., 1997; Bisley and Goldberg, 2010; Caminiti et al., 2010;

Corbetta et al., 2000; Gold and Shadlen, 2007; Green and Ange-

laki, 2010; Rizzolatti and Sinigaglia, 2010). Correspondingly,

lesions in human PPC can lead to complex syndromes consist-

ing of an inability to attend, perceive, and react to stimuli in the

visual field contralateral to the lesion, an inability to voluntarily

control eye gaze, and an inability to coordinate visually elicited

hand movements (Caminiti et al., 2010; D’Esposito, 2003;

Hyvärinen, 1982; Mesulam, 2000). The impaired coordination

of visually elicited hand movements is known as optic ataxia

(OA) (Garcin et al., 1967; Perenin and Vighetto, 1988; Rossetti

et al., 2003).

OA can occur in isolation from the other parietal symptoms

and can be dissociated from motor, somatosensory, visual
N

acuity, or visual field deficits (Garcin et al., 1967; Perenin and

Vighetto, 1988; Rossetti et al., 2003). For example, when OA

patients are asked to reach to visual objects presented in the

ataxic field, i.e., in the periphery of the contralesional visual field,

the reaches are often deflected from the target objects and

pulled toward the gaze location (Blangero et al., 2010; Jackson

et al., 2005; Milner et al., 1999). Yet, OA patients may show no

significant perceptual impairment in judging visual stimulus

position in the ataxic field (Buxbaum and Coslett, 1997, 1998;

Perenin and Vighetto, 1988; Schindler et al., 2004). Moreover,

OA patients can make saccade movements to visual objects in

the ataxic field with normal accuracy (Khan et al., 2009; Trillen-

berg et al., 2007). Although the reach-specific deficits associ-

ated with OA suggest that PPC may include distinct areas

dedicated to the control of reaching movements, the typical

extent and variability of the lesions in human patients hinder

pinpointing the underlying neural substrates (Goodale and

Milner, 1992; Karnath and Perenin, 2005; Perenin and Vighetto,

1988; Rossetti et al., 2003). A more precise way to identify the

neural substrate responsible for OAwould be to cause controlled

lesions in a circumscribed area in nonhuman primates and

compare its behavioral effects with the known OA symptoms.

If the functional properties of that circumscribed area (e.g.,

behavioral parameters encoded by neurons in that area) are

characterized, the computational mechanisms underlying the

OA symptoms could also be elucidated.

Several areas in human and nonhuman primate PPC have

been implicated in visuomotor control for distinct effectors

based on their neural activity patterns elicited by specific types

of movements that the subject plans to make (Andersen and Bu-

neo, 2002; Caminiti et al., 2010; Culham et al., 2006; Grefkes and

Fink, 2005). For example, in monkeys, the anterior intraparietal

area (AIP), the lateral intraparietal area (LIP), and the parietal

reach region (PRR) contain neurons that are specifically sensitive

to grasp, saccade, and reach movements, respectively. The

monkey PRR is a functionally defined region in which themajority

of neurons are spatially tuned to the reach goal direction and the

activity is stronger during reach than saccade planning (Snyder

et al., 1997). Anatomically, this region includes the anterior wall

of the parieto-occipital sulcus (POS) and the medial wall of the

intraparietal sulcus (IPS) (Battaglia-Mayer et al., 2000; Galletti

et al., 1997; Kalaska et al., 1983; Snyder et al., 1997). The

reach-specific activity in PRR suggests that it encodes the

subject’s intended reach goal, an essential parameter for goal-

directed reaching, and thus lesion to this region might affect
euron 76, 1021–1029, December 6, 2012 ª2012 Elsevier Inc. 1021
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Figure 1. The Functional Property and the Anatomical Location of

the Parietal Reach Region

(A) The average firing rate (mean ± SEM) of 748 PRR neurons as a function of

the planned reach versus saccade goal direction. PD stands for the preferred

direction.

(B) Left: the coronal view of the inactivation area (center: 1 mm posterior, 5 mm

lateral, and 31 mm dorsal to the stereotaxic zero point) in monkey Y. The left,

right, dorsal, and ventral directions are labeled as L, R, D, and V, respectively.

The arrow points to the inactivated area that appears brighter due to the

injection of theMRI contrast agent gadolinium. The yellow dotted line indicates

the intraparietal sulcus (IPS). Middle: the horizontal view. The anterior and

posterior directions are labeled as A and P, respectively. Right: the enlarged

horizontal view. The red contour indicates the estimated boundary of PRR,

which includes areas V6A, MIP, and 5v.

(C) The same as (B) but for monkey G. The inactivation center was 1 mm

anterior, 7 mm lateral, and 31.5 mm dorsal to the stereotaxic zero point. The

spread of gadolinium was larger in monkey G than Y because monkey G was

injected with double the amount of gadolinium.
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reaches but not saccades, similar to OA. Moreover, the goal

representation in the monkey PRR is in gaze-centered coordi-

nates, which can account for the observation that reach errors

in OA depend on the target location in relation to gaze (Batista

et al., 1999; Khan et al., 2005; Pesaran et al., 2006). However,

direct causal evidence linking the monkey PRR to the deficits

observed in OA has not been demonstrated. Thus, this study

aimed to test the hypothesis that controlled lesions of the

monkey PRR would produce OA-like symptoms, deficits specif-

ically in reaching to peripheral targets but not reaching to central

targets or saccades.
1022 Neuron 76, 1021–1029, December 6, 2012 ª2012 Elsevier Inc.
RESULTS

To test this hypothesis, we investigated how PRR inactivation

affects goal-directed movements in two macaque monkeys (Y

and G). We alternated between inactivation and control sessions

spaced at least 24 hr apart (15 inactivation sessions in total for

monkey Y and 19 for monkey G) (Experimental Procedures and

see Table S1 available online). Because unilateral lesions are

sufficient to cause OA in human patients, we inactivated only

the right hemisphere in monkey Y and the left hemisphere in

monkey G (Perenin and Vighetto, 1988). Both monkeys used

the arm opposite to the inactivated hemisphere for reaching. In

the beginning of each inactivation session, we injected typically

5 ml of muscimol, a GABAA agonist that suppresses local

neuronal activity, through an acutely inserted cannula (Martin

and Ghez, 1999). The inactivation cannula was inserted at an

almost constant location where we previously recorded a large

number of neurons satisfying the functional criteria of PRR that

firing rate is more strongly tuned to reach goal direction than to

saccade direction (Figure 1A) (Snyder et al., 1997). We visualized

the inactivated area through MRI after injecting the MRI-visible

contrast agent gadolinium, known to faithfully reflect the spread

of muscimol (Heiss et al., 2010). As indicated by the gadolinium

spread, our inactivation was contained within a small volume in

the medial wall of IPS, a part of PRR (Figures 1B and 1C).

Anatomically, the inactivated area may overlap with the medial

intraparietal area (MIP) and/or the ventral part of area 5 (5v).

Because of this ambiguity, we hereafter refer to the inactivated

area simply as ‘‘PRR.’’

The functional properties of PRR neurons, if causal, predict

that PRR inactivation would distort the intended reach goals,

which in turn would affect reach endpoint locations. Moreover,

the effect would be selective for reaching movements. To test

these predictions, we first compared the effects of PRR inactiva-

tion on reach and saccade endpoints in memory-guided reach

and saccade tasks (seven controls and six inactivations for

monkey Y, six and six for monkey G; Figure 2A). Figure 2B

displays the reach and saccade endpoints from representative

inactivation and control sessions. In comparison to the control

session, reaches in the inactivation session ended short of the

targets, i.e., reacheswere hypometric for several target locations

(see Figure S1A for trajectory information). In contrast, the inac-

tivation saccade endpoints were not noticeably different from

the control saccade endpoints. Note that the upward shift of

the memory-guided saccade endpoints, a phenomenon that

has been well documented in previous work (Gnadt et al.,

1991), occurred irrespective of inactivation.

Accordingly, in both monkeys, the average reach amplitude

but not saccade amplitude differed significantly between the

inactivation and control sessions (t test, p < 0.01; Experimental

Procedures). Figures 2C and 2D show the average reach and

saccade amplitudes across all control versus inactivation trials

pooled across all sessions for each target location and each

monkey, respectively. For all target locations, the inactivation

reach amplitude was significantly shorter than the control reach

amplitude in both monkeys (t test, p < 0.01, multiple comparison

corrected; Experimental Procedures). Besides pooling trials

across all sessions, we also examined the inactivation effects
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Figure 2. The Inactivation of PRR Causes Reach but Not Saccade Deficits

(A) Temporal sequence of thememory-guided reach and saccade tasks. Themonkey reaches or saccades to the remembered location of a target. The red square

and green triangle in the center are eye and hand fixation targets, respectively. The green circle in the periphery is the reach target and the red square in the

periphery is the saccade target.

(B) Left: the reach endpoints for six targets in a typical inactivation (red) versus control (black) session (1 day before and after the inactivation session). Right: the

saccade endpoints from the same sessions. The dots in lighter colors in the center indicate the starting points.

(C) Left: the average reach amplitude (mean ± SEM) across all inactivation (red) versus control (black) sessions for each of the six targets in monkey Y. Right: the

average saccade amplitude (mean ± SEM). Note that SEMs are too small to be noticeable. The direction is normalized relative to side of injection.

(D) The same as (C) but for monkey G. See also Figure S1.
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on a per session basis (Figures S1B and S1C). The analysis

clearly showed that the reach deficits caused by inactivation

were reliable and robust across all sessions. In contrast, the

saccade amplitude was not significantly affected by the inactiva-

tion for any target location (t test, p > 0.01; all targets in both

monkeys). The reach-specific effect rules out the possibility

that PRR inactivation impaired the spatial perception of stimuli

in the periphery. Rather, the result corroborates our prediction

that PRR inactivation disrupts the reach goal information and

affects visuomotor spatial control selectively for reaches.
N

The hypometric reaches show striking resemblance to the

misreaching pattern found in human OA patients suffering from

major parietal lobe damage in a similar experimental setup

(Blangero et al., 2010; Milner et al., 1999; Ratcliff and Davies-

Jones, 1972). Intriguingly, the human OA misreaching is negli-

gible when targets are in the central visual field (Jackson et al.,

2005; Perenin and Vighetto, 1988). Thus, when the patients are

allowed to foveate the reach target before reaching, the mis-

reaching is significantly reduced (Blangero et al., 2010; Caminiti

et al., 2010; Karnath and Perenin, 2005; Perenin and Vighetto,
euron 76, 1021–1029, December 6, 2012 ª2012 Elsevier Inc. 1023
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Figure 3. The Inactivation of PRR Causes

Misreaching to Peripheral but Not Central

Targets Similar to Optic Ataxia

(A) Extrafoveal versus foveal reaches. The monkey

reaches to the green circle. Under the extrafoveal

condition, eyes are fixated on the red square while

reaching. Under the foveal condition, eyes are not

constrained.

(B) Sample hand and eye traces of 15 trials for

a single target location in a typical inactivation

(dark red/reach and light red/saccade) versus

control session (dark black/reach and light black/

saccade). Under the extrafoveal condition, the

eyes are fixated on the center fixation target.

Under the foveal condition, the eyes initially fixate

at the center hand position, jump to the target

location as soon as the target is presented, and

stay until the hand reaches the target.

(C) The average reach amplitude (mean ± SEM)

across all inactivation (red) versus control (black)

trials. Trials for all six target locations were

combined.
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1988; Rossetti et al., 2003). To test whether PRR inactivation

produces such selective deficits similar to human OA, we

compared deficits in reaching to visible targets between two

different gaze conditions (seven controls and six inactivations

for monkey Y, 13 and 12 for monkey G; Figure 3A; Experimental

Procedures). Here, differently from the memory-guided reaches

tested in the above section, the monkeys were allowed to

reach any time after the target onset and the target remained

visible during reaching. Under the extrafoveal condition, reach

targets were in the peripheral visual field by requiring the

monkeys to fixate their eyes on the central eye fixation target

throughout the trial. Under the foveal condition, the eyes were

not constrained in any way so that the monkeys would foveate

reach targets through stereotypical eye-hand coordination (Ci-

sek and Kalaska, 2004; Prablanc et al., 1986). Indeed, under

the foveal condition, the monkeys first looked at the central

hand start position, made a saccade to the target when the

target was presented, and maintained the target foveation until

the end of a reach (Figure 3B). Similar to human OA, we found

that the reach amplitude reduction by PRR inactivation was

significantly smaller in the foveal than extrafoveal condition for

both monkeys (Figure 3C; t test, p < 0.01, Experimental Proce-

dures). Thus, so far, we reproduced three major OA symptoms:

(1) misreaching for visual targets in the peripheral visual field,

(2) no deficits in saccades, and (3) reduced reaching errors in

the central visual field. These results support our prediction

that PRR can be a neural substrate responsible for the OA

misreaching.

The reaching impairment by PRR inactivation was not limited

to memory-guided reaches; in the task under the extrafoveal

condition in the above section, the monkeys immediately

reached to the visible target without a memory period, yet signif-

icant hypometria was caused by PRR inactivation (t test, p < 0.01

for both monkeys). This result shows that misreaching is not due

to spatial memory being impaired. It is also notable that the

reaching impairment was not limited to reaches whose goals

are directly cued by illuminating the target location; instead, mis-
1024 Neuron 76, 1021–1029, December 6, 2012 ª2012 Elsevier Inc.
reaching manifested even when the goal was indirectly inferred

from a symbol after a learned association rule between the

symbols and target locations (Figure S2). This result is consistent

with the finding that PRR neurons encode symbolically cued

reach goals similarly to directly cued reach goals (Hwang and

Andersen, 2012). Therefore, the hypometria reflects a general

deficit of reach goal representation as opposed to a selective

impairment of direct visuomotor transformation.

Human OA patients with unilateral lesions typically show

stronger impairment for reaches to targets in the contralesional

field, consistent with the lateralized spatial representation in

human PPC (Blangero et al., 2010; Perenin and Vighetto,

1988). To compare, we computed the average inactivation effect

for the contralesional versus ipsilesional targets, respectively.

The inactivation effect was computed as the percentage reduc-

tion of the reach amplitude from the control baseline amplitude

(Experimental Procedures). Although reach amplitudes in both

monkeys were significantly affected in both hemifields (t test,

p < 0.01), the effect was stronger for the contralesional field for

monkey Y, but it was stronger for the ipsilesional field for monkey

G (Figures 2C, 2D, and 4A). This puzzling difference between the

two monkeys was resolved when we examined the reach

direction represented by the neurons in the local area that we

inactivated in each monkey separately. Figure 4B displays the

histogram of the preferred direction of the spiking units recorded

in a proximal area (within �1 mm) from the inactivation cannula

prior to the inactivation experiment during the memory-guided

reach task. This analysis revealed that the inactivated PRR

area contained more neurons with their preferred direction in

the contralesional field in monkey Y and more in the ipsilateral

field in monkey G. These biases of the reach direction represen-

tation were consistent with the biases of the inactivation effects

between the two hemifields. That is, in both monkeys, a stronger

inactivation effect was found in the more strongly represented

hemifield. To further elucidate the link between neural represen-

tation and behavior, we examined the relation between the

population activity strength and the reach amplitude reduction



contra ipsi
0

10

20

contra ipsi
0

10

20

10 units 

ipsi-
lateral

contra-
lateral

ipsi-
lateral

contra-
lateral

10 units 

N=108 units N=146 units

GyeknomYyeknommonkey Y monkey G

t-test,
p<0.01

N=108 units N=146 units
C GyeknomYyeknom

ipsi-
lateral

contra-
lateral

ipsi-
lateral

contra-
lateral

r=0.93 r=0.39

actual % reduction (normalized)
population vector length (normalized)

monkey Y monkey G

BA

D

%
 a

m
p.

 r
ed

uc
tio

n

ipsi-
lateral

contra-
lateral

ipsi-
lateral

contra-
lateral

1.0

0.5

1.0

0.5

Figure 4. The Directional Bias of Local PRR Neurons Explains the Bias of the Inactivation Deficit

(A) Average reach amplitude reduction after inactivation (mean ± SEM) for the contralesional versus ipsilesional targets in the memory-guided reach task.

(B) Histogram of the preferred reach directions of spiking units within 1 mm from the inactivation cannula. Arrows indicate the population mean.

(C) Population vector (red arrow), i.e., the sum of all blue arrows, each scaled down by a factor of 20, for each of the six targets. Each blue arrow represents the

activity of an individual spiking unit in its preferred direction with the amplitude of the mean activity for a given target.

(D) Average reach amplitude reduction (magenta) and population vector amplitude (cyan) for each of the six targets. Both lines are normalized respectively so that

their maximum is 1. See also Figure S3.
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across the six target locations (Experimental Procedures). The

strength of the population activity was estimated from the popu-

lation vector, the sum of the preferred directions of the neuronal

ensemble, weighted by their respective firing rates for a given

target location (Figure 4C) (Georgopoulos et al., 1986). We found

that the length of the population vector closely matched the rela-

tive inactivation effect on the reach amplitude. The Pearson’s

correlation coefficient between the reach amplitude reduction

and population vector amplitude was 0.93 and 0.39 for monkey

Y and G, respectively (Pearson’s correlation coefficient test,

p < 0.01; Figure 4D).

When constructing the population vector from a larger volume

of PRR, the bias of the reach direction representation in PRR

became weaker (Figure S3A). The muscimol concentration in

the brain and thus its effect decreases with the distance from

the injection center. Given the muscimol volume (5 ml) and post-

injection time (35�169min), we estimate themuscimol spread to

reach up to�2.1 mm from the injection center (Heiss et al., 2010;

Martin and Ghez, 1999). As expected from the limited spatial

spread of muscimol, the correlation between the population

activity strength and the inactivation effect decreased as the

area over which we included spiking units expanded farther

from the inactivation cannula (Figures S3B–S3D). The tight

spatial correlation between the inactivation effect and the local

neural activity provides further evidence for the causal involve-

ment of PRR in goal-directed reaching movements.
N

DISCUSSION

In the current study, using targeted reversible inactivation and

electrophysiological recording of a circumscribed and function-

ally well-defined area in the monkey PRR, we elucidated a neural

basis of OA. PRR inactivation produced a very robust deficit in

the accuracy of reaches but not saccades, providing direct

causal evidence linking monkey PRR to deficits seen in OA.

Further strengthening the causal link, the spatial modulations

of the inactivation effect and the local population activity were

tightly correlated. These results demonstrate that disrupted

reach goal representation in the human homolog of PRR might

be a cause for OA (Caminiti et al., 2010).

Relation to Human Studies
The issue of which area(s) in the human brain is homologous to

the monkey PRR is an ongoing research topic. Connolly et al.

(2003) reported that the precuneus region responded preferen-

tially when human subjects made pointing movements as

compared to saccades to the same spatial location, raising the

possibility of the precuneus region being homologous tomonkey

PRR. Other fMRI studies confirmed the pointing/reach-selective

activity in the precuneus region but reported additional brain

areas with selective activity for reaching such as the inferior

parietal lobule (IPL), the superior parietal lobule (SPL), the medial

intraparietal sulcus (mIPS), and a region lateral to the precuneus
euron 76, 1021–1029, December 6, 2012 ª2012 Elsevier Inc. 1025
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called the parieto-occipital junction (POJ) (Astafiev et al., 2003;

Cavina-Pratesi et al., 2010; Filimon et al., 2009; Prado et al.,

2005). Therefore, multiple areas in the human PPC appear to

be a putative homolog of the monkey PRR.

These putative homologs of the monkey PRR coincide with, or

are in the vicinity of, common lesion sites observed in OA

patients (Culham et al., 2006). Perenin and Vighetto (1988) orig-

inally suggested that the common lesion sites in OA patients

were the IPS, the SPL, and the IPL. A more recent lesion overlap

analysis with a large number of unilateral OA patients revealed

three somewhat different foci, one in the precuneus, one in the

superior occipital gyrus near the POJ, and one in the SPL (Cul-

ham et al., 2006; Karnath and Perenin, 2005). As such, multiple

areas implicated for OA overlap with the putative human PRR.

Prado et al. (2005) proposed that OA patients who have defi-

cits when reaching to peripheral targets but not to central targets

have lesions specifically in the POJ. This proposal was based on

their observation that the POJwas activated only when the reach

was made to a peripheral target, while the mIPS was activated

during a reaching task regardless of whether the reach target ap-

peared in central or peripheral vision. In line with this proposal,

repetitive TMS in humans over a region near the POJ/precuneus

(named ‘‘superior parietal occipital cortex’’) impaired reaches to

peripheral targets, with reaches ending short of the targets

(Vesia et al., 2010). This deficit is very similar to the effect of

our monkey PRR inactivation, providing further evidence for

the functional similarity between the human precuneus/POJ

and the monkey PRR. However, our inactivation site is more

anterior and lateral to the precuneus/POJ region. Although

homologous areas in the human and monkey brains may not

always topographically correspond to each other, the topolog-

ical discrepancy calls for further functional, anatomical, and

cytoarchitectural comparisons between the two areas (Mantini

et al., 2012).

Foveal versus Extrafoveal Reaches
Foveal reaches differ from extrafoveal reaches in at least two

main aspects: the foveal capture of the target and an accompa-

nying saccade to the target. At present, it is unknown if only one

of the two or both contribute to the lack of PRR inactivation effect

on foveal reaches. However, if the monkey PRR is functionally

similar to the humanPOJ, the foveal capture of the target is prob-

ably the determinant (Prado et al., 2005). Nevertheless, the exact

mechanism remains to be demonstrated.

Effector-Specific Spatial Representations in PPC
Several areas in human and nonhuman primate PPC have been

implicated in the visuomotor control of distinct effectors based

on their effector-specific neural activity (Levy et al., 2007; Murata

et al., 1996; Snyder et al., 1997). In monkeys, PRR has been

implicated in the control of arm reaching, LIP for saccades,

and AIP for grasping. Consistent with the neural activity, it has

been shown that LIP inactivation produces oculomotor and/or

attention impairments (Li et al., 1999; Liu et al., 2010), and AIP

inactivation produces abnormal grasps (Gallese et al., 1994).

However, until now there has not been any direct causal

evidence for PRR’s selective involvement in reaching. The

current study shows that PRR inactivation produces impair-
1026 Neuron 76, 1021–1029, December 6, 2012 ª2012 Elsevier Inc.
ments in arm reaching but not saccades. The reach-specific

effects convincingly support the view that PPC includes sepa-

rate visuomotor pathways for different motor functions and

that the spatial representation in PRR genuinely reflects the

reach intention, driving goal-directed reaches.

Limitations of the Current Study
Given various experimental constraints, we could not test the full

range of deficits found in human OA such as the stronger or

exclusive deficits on the contralesional arm, the exacerbated

deficits by removing the visual feedback of the hand, or the

impaired online corrections of reaching movements (Perenin

and Vighetto, 1988; Rossetti et al., 2003). Nor do we expect

that the inactivated area in our study would account for all known

deficits. For instance, in contrast to reports of OA in humans, our

inactivation induced no increase in reaction times or movement

times (Figures S4A and S4B) (Perenin and Vighetto, 1988; Pisella

et al., 2000; Rossetti et al., 2003). Accordingly, we do not claim

that our inactivated area is the sole area responsible for OA.

Instead, other deficits in human OA may result from a variety of

lesions in PPC. Especially given that successful control of

goal-directed reaches requires not only accurate goal informa-

tion but also accurate hand position information to compute

the reach vector before and during reaches, misreaching could

theoretically also occur with lesions in areas that compute the

hand position or the reach vector. Converging evidence in

monkeys indicates that the dorsal area 5 (5d) in PPC encodes

the current hand position estimate (Mulliken et al., 2008). Thus,

lesions in 5d may also produce misreaching behavior, albeit

with a different deficit pattern. This remains to be shown.

EXPERIMENTAL PROCEDURES

Two male adult monkeys (Macaca Mulatta), weighing between 9 and 10 kg,

were tested. All surgical and animal care procedures were performed in accor-

dance with NIH guidelines and were approved by the California Institute of

Technology Animal Care and Use Committee.

Reversible Inactivation

To perform a reliable correlation analysis between the behavioral effects of

inactivation and the underlying neural response properties, we inactivated

a relatively constant region across sessions. We previously recorded a large

number of PRR neurons in this area that satisfied the functional criteria that

the reach direction tuning was stronger than the saccade direction tuning (Fig-

ure 1A). The point where the cannulae penetrated the tissue above the brain

was constant, (7.5L, 5P mm) and (12.5L, 5P mm) in stereotaxic coordinates

for monkey Y and G, respectively. We lowered the cannulae 9 mm and

10.5 mm on average for monkey Y and G. The depth varied only

within ±0.5 mm across sessions. The resulting final position of the cannulae

was at approximately 4 ± 0.5 mm from the cortical surface estimated as the

depth at which we encountered the first neuronal activity. From the MR

imaging of the gadolinium spread, we estimated that the center of inactivation

areawas at (5L, 1Pmm) and (7L, 1Amm) in stereotaxic coordinates formonkey

Y and G, respectively. These values differ from the initial penetration points

because the cannulae were not normal but slightly tilted with respect to the

horizontal stereotaxic plane for monkey Y and G. The inactivation was con-

tained within the medial wall of the midposterior portion of the IPS. The medial

wall of the IPS includes two anatomically distinct areas, themedial intraparietal

area (MIP) and the ventral part of area 5 (5v) (Colby et al., 1988; Lewis and Van

Essen, 2000; Saleem and Logothetis, 2012). The distinction between MIP and

5v is based on their myeloarchitecture, and the boundary between the two

areas reported in the literature ranges from approximately a quarter to half
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way along the IPS from the posterior end. In the absence of histology, we

cannot determine the precise boundary of these two areas and, thus, do not

know whether the inactivated area was MIP, 5v, or both.

Injection Details

In each inactivation session, a stainless steel beveled-tip cannula (28–30 GA,

Plastic One) affixed to a microdrive (NLX18, Neuralynx) was acutely lowered to

the aforementioned constant location. Then, typically 5 ml (range: 3.5–10) of

muscimol solution (5 mg/ml, pH �7.4) was injected at 1 ml/min using a 100 ml

gas-tight Hamilton syringe and a micropump system (Harvard Apparatus).

The behavioral experiment began 35–60 min after the injection started and

lasted up to 3 hr, well within the accepted time for muscimol action (Arikan

et al., 2002). These experimental parameters for individual sessions are listed

in Table S1.

We alternated between inactivation and control sessions. They were

typically spaced 24 hr apart. Exceptions were two inactivation sessions with

a 2 day separation from the previous control session, and four control sessions

with a 3–9 day separation from the previous inactivation sessions. The

recovery of function in control sessions was visually noticeable in terms of

the reach endpoint accuracy in the interleaved control sessions (Figures

S1B, S1C, and S4D). In a subset of control sessions (four sessions for Y,

nine sessions for G), 5 ml of saline solution was injected instead of muscimol.

Contrasting the muscimol inactivation data to the saline control data produced

the same results as contrasting the muscimol inactivation data to all control

data (Figure S4C).

Behavioral Tasks

The monkeys sat in a dark room �40 cm in front of an LCD monitor mounted

behind a touch-sensitive screen andmade center-out reach or saccademove-

ments in their frontoparallel plane. Because of the backlight of the LCD

monitor, the hand near the monitor was visible. Eye position was tracked

with an infrared eye tracker (ISCAN, 120 Hz). For a subset of data, the contin-

uous hand position was also recorded using an optical motion tracking system

(Northern Digital).

In a single session, the monkeys typically completed one of three different

sets of experiments. Set 1 included the memory-guided reach and saccade

tasks (seven controls and six inactivations for monkey Y, six and six for

monkey G; Figure 2A). In all sessions, the monkeys performed both tasks,

except for four control and three inactivation sessions in which monkey Y

performed only the saccade but not the reach task. In both tasks, a trial began

as the monkeys fixed their eyes on the central eye-fixation target and touched

the central hand-fixation target. After 0.5 s of the central hold period, a target

stimulus was presented in the periphery for 0.3 s, and a 1-s-long memory

period followed the target stimulus offset. The memory period ended as the

central hand-fixation target was extinguished, cueing the monkeys to move

(‘‘go’’ signal). In the reach task, the target was a green circle. In the saccade

task, the target was a red square. Target locations were six evenly spaced

points around the circle with the radius 7.26 cm for monkey Y and 8.25 cm

for monkey G. If the monkeys initiated the instructed movement within 2 s

from the go signal and the movement ended within a tolerance from the target,

they received a drop of juice in 0.3 s after the movement end. The endpoint

tolerance for the reach task was 4 cm in radius for both monkeys, while the

tolerance for the saccade task was �7� for monkey Y and �9� for monkey

G. The same tolerances for reaction times and the end points were used in

both control and inactivation sessions. The tolerances were set leniently to

observe behavioral consequences of the inactivation while suppressing

error-based adaptations and to keep the monkeys motivated by minimizing

the number of failed trials.

Set 2 tested the foveal versus extrafoveal reach tasks (seven controls and

six inactivations for monkey Y, 13 and 12 for monkey G; Figure 3A). The extra-

foveal reach task was similar to the reach task in set 1 but no memory period

was interposed. After the central hold period, concurrently with the target

presentation, the central hand-fixation target was extinguished, cueing the

monkeys to move (‘‘go’’ signal). Target locations were slightly different from

those in the memory-guided reach task. The six targets were points around

two concentric circles. The two targets directly to the right and left from the

hand-fixation target were on the outer circle, while the targets in the four diag-

onal directions were on the inner circle. The radii of the inner and outer circles
N

were 7.8 cm and 11.25 cm for monkey Y and 8.8 cm and 12.75 cm for monkey

G. In the foveal reach task, the monkeys’ eyes were not constrained in any way

so that the monkeys showed typical eye-hand coordination (Figure 3B).

Set 3 tested the directly versus symbolically cued reach tasks (three controls

and three inactivations for Y, three and four for G; Figure S2A). The direct task

was identical to the extrafoveal reach task in set 2. The target locations were

six evenly spaced points around the circle with the radius 9.4 cm for both

monkeys. The symbolic task differed from the direct task only in the following

way: after the central hold period, an arrow was presented in the central visual

field instead of illuminating the target location in the periphery. The monkeys

had to reach in the direction of the arrow, while fixating the eyes on the fixation

target. To compute the reach end point error in the symbolic task, we used the

target location in the direct task in the direction of the arrow.

All tasks tested six peripheral targets, three for each visual field. Different

tasks and target locations were randomly interleaved. On average, 26 ± 11.3

successful movements per target and task condition were completed in

each session.

Behavioral Data Analysis

We measured reaction time, movement time, movement amplitude, and end

point variance of each trial based on the movement take-off and landing times

and movement start and end points. In the reach trial, take-off was when the

hand was lifted off from the touch-sensitive screen, and landing was when

the hand touched the screen back. The movement start and end points

were the hand positions registered on the screen just before take-off and

just after landing, respectively. The movement amplitude was the Euclidian

distance between the movement start and end points. The endpoint variance

was the average of variances of the endpoints in x and y dimensions. The reac-

tion time was the time elapsed from the go signal until take-off. The movement

time was the time between take-off and landing. In the saccade trials, we

measured the same four measures but the take-off and landing events were

determined differently from the reach. Take-off was the first time when eye

velocity fell below 10 cm/s (�14�/s) when going backward in time from peak

velocity and landing was the first time when eye velocity fell below 10 cm/s

(�14�/s) continuously over 50 ms when going forward.

Statistical Tests

First, we assessed the overall inactivation effect on a given task condition as

follows. All trials were combined together across all inactivation and control

sessions, respectively. Then, an unpaired two-sample t test was applied to

the two populations, control and inactivation, to determine the statistical

significance of the difference in their means (Figure 3C). Second, we assessed

the inactivation effect on each task condition per target location. All trials in the

same target location were pooled together across all inactivation sessions and

across all control sessions, respectively. Then, an unpaired two-sample t test

was applied to the two populations to determine the statistical significance of

the difference in their means (Figures 2C and 2D). The significance level for

multiple comparisons over the six target locations was adjusted using Bonfer-

roni correction. When we compared the inactivation effect between any two

task conditions or the two hemifields, we computed the reduction of themove-

ment amplitude of each inactivation trial from its baseline. The baseline was

the mean movement amplitude of all control trials at the same target location

in the same task condition as the inactivation trial. Then, we computed the

percent reduction of the inactivation trial as (baseline-reach amplitude of the

inactivation trial)/baseline 3 100%. The population of each task condition or

each hemifield was constructed by pooling the percent reduction over all inac-

tivation trials in the given task condition or the given hemifield. The statistical

significance of the difference in the mean percent reduction was estimated

by applying an unpaired two-sample t test to the two populations (Figure 4A).

Population Vector Model

Prior to the inactivation experiments, we examined the functional properties of

neurons in the posterior parietal cortex using the reach and saccade tasks

(described in section Behavioral tasks; Figure 2A). The majority of neurons in

PRR showed spatial tuning to the impending reach target and spatial tuning

was stronger for the reach target than the saccade target (Figure 1A). Sites

fulfilling these criteria were found over a large area, reaching up to 10 mm

from the inactivation cannula (Figure S3C). The distance from the inactivation
euron 76, 1021–1029, December 6, 2012 ª2012 Elsevier Inc. 1027
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center to each spiking unit was approximated using the distance between the

entrance positions of the electrode and the injection cannula measured on the

dura.

The tuning curve of each spiking unit was computed as the mean firing

rate between �0.4 and 0.1 s from movement onset for each of the six target

locations. The tuning curve was normalized so that the maximum is 1, and

the minimum is 0. The preferred direction was determined as the direction of

the vector sum of the tuning curve (Georgopoulos et al., 1986). The population

vector for each target location was constructed by summing the activity of all

units, each represented as a vector pointing in its preferred direction, with the

amplitude proportional to its tuning curve value for the given target location.

We assessed how well the underlying neuronal population activity matched

the inactivation effect as a function of distance from the inactivation cannula

by estimating the population vector using units only within the specified

distances (Figure S3D).
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