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Batista, Aaron P. and Richard A. Andersen. The parietal reach ments must be planned in series because a particular body part
region codes the next planned movement in a sequential reaciltaskan only be moved to one location at a time. We trained
NeurophysioB5: 539-544, 2001. Distinct subregions of the posre”%onkeys to perform sequential reaches to remembered targets.

parietal cortex contribute to planning different movements. The palisiar poth targets have been presented and before either reach
etal reach region (PRR) is active during the delay period of a memoty.

guided reach task but generally not active during a memory-guidegS been perforrr_]ed, the monkey ”!“St rel_”nember t.)Oth targets,
saccade task. We explored whether the reach planning activity in P prepare the first reach. Neur'al SIgr!aIS n PRR might encode
is related to remembering targets for reaches or if it is related &9th reach targets the monkey is storing in memory. Alterna-
specifying the reach that the monkey is about to perform. Monkeli¥ely, PRR may represent only the target toward which the
were required to remember two target locations and then reacha@imal is currently planning to reach, consistent with a role for
them in sequence. Before the movements were executed, PRR &R in planning the impending movement.

rons predominantly represented the reach about to be performed and brief report of these findings has appeared (Batista et al.
only rarely represented the remembered target for the second req@gg)_

This indicates the area plays a role in specifying the target for the

impending reach and may not contribute to storing the memory of

subsequent reach targets. METHODS

Animals, surgery, and experimental apparatus

INTRODUCTION Three adult male monkey#/acaca mulattadesignated, G, and

O) were studied in this experiment. Procedures were in accordance

When interacting with its surroundings, an animal mustith the guidelines of Caltech’s Institutional Animal Care and Use

continually monitor the environment and plan and execu@mmittee. Under pentobarbital anesthetic, a head holder and eye coil
actions tailored to the current situation. Complex real-worldudge et al. 1980) were implanted. After training, a second surgery
circumstances demand that animals select from a rangegs performed to implant a recording cylinder over areas LIP and
possible actions, coordinate the movements of several bddyR- Puring recording sessions, the animal's head was braced, and a
parts, and plan several actions into the future. An importa .Croelegtmlde.v‘:jas ":;’."er‘?d .'m‘t’ PRB%(SEIgIet ”e‘.”O”SG‘Nere 'tSO'ated
goal in neurophysiology is to understand how the brain quf}?mg a dual-window discriminator ccironics, Lermantown,

; h ; ks i ived in ol . d . MD). All three animals are still involved in experiments, so our
orms the various tasks involved in planning and execulifginition of PRR is based on the functional criteria of greater reach

movements. _ ~ planning activity than saccade planning activity and the fact the area
In a recent study, we showed that the posterior parietcupies a region of the brain just medial and caudal to LIP (Batista
cortex (PPC) of monkeys contains distinct subregions thatal. 1999; Snyder et al. 1997). Animals sat in a dark room facing a
process different types of movements (Snyder et al. 1997).ertically positioned array of touch-sensitive buttons 24 cm away.
that study, monkeys performed memory-guided saccadic tons were spaced 18° in the array. Each button was 3.7 cm in
movements and memory-guided reaches. We found that g@meter and contained a red and a green light-emitting diode (LED)
lateral intraparietal area (LIP) is active when the animal plaR§hind & translucent window 1.2 cm in diameter.
to make a saccade. A nearby area, the parietal reach region
(PRR), is active when the animal plans to reach. Behavioral tasks
While an animal is planning a reach to a remembered loca- ) - )
tion, several processes are engaged. The location of the tar, urons were first tested for reach selectivity and response fields

; . ﬂ s) were mapped while animals performed delayed reach (DR) and
must be held in memory, and the reach to that location must &i’(gayed saccade (DS) tasks (Batista et al. 1999; Snyder et al. 1997).

prepared. Neural signals in PRR preceding a reach to a remeiis arm contralateral to the recording site was used. A red and a green
bered location could be related to either of these processes Bp were illuminated at the center button of the array, signaling the
both. To dissociate these processes, we exploited the facts tahal to look at and press that button. Five hundred milliseconds
several memories can be stored simultaneously, but movaer, either a red or a green cue would appear for 300 ms at one of the
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eight buttons surrounding the center button. An 800-ms delay periodAn additional target configuration was tested for some neurons: the
ensued, which was terminated by extinguishing both central LEDs @sler of cues in the IR task, and thus the order of reaches, was
a go signal. Then if the cue had been red, the animal would saccéeeersed.c,,, was presented first, and,, appeared second. The
(without moving its hand) to the location where it had appeared; if thigonkey performed,, thenr,.
cue had been green, the animal would reach to its location (without=ixation was maintained throughout each trial within a square
making a saccade). After holding the final position for 600 ms, a juid&indow 5° on a side fomonkeys Dand O and within a rectangular
reward was delivered. A neuron was deemed reach selective if Wiidow 5° horizontal by 12° vertical fomonkey G.The larger
maximal response (across all 8 targets) during the delay period of wi¢@dow was needed to accommodate an upward drift in eye position
DR task was significantly greater (Mann-Whitney t&st: 0.05) than during the delay period. This drift was present in all trials and was not
its maximal delay-period response in the DS task. Only neurons redélated to target position.
selective by this criterion were analyzed in the current experiment.

After neurons were screened in this manner, monkeys perform'&ﬂalysis
interleaved trials of a DR task and an intervening reach (IR) task (Fig.
1). The IR task was a variant of the DR task where, 600 ms into thea one-tailed Mann-Whitney test (nonparametriest) at theP <

delay period following the presentation of the first cue, a second cg@s level was used for all comparisons of neural activity. The epochs
was presented. The first cue was chosen to be in the RF of the cell ({jigd were as follows. In the IR taskl was measured as the 500-ms
cue is termed;,), and the second was outside the RE,{. Another interval starting 100 ms after,, was extinguished and extending to
600 ms of delay period ensued before the go signal. (The delay perigg timec, , appearedd2was the 500-ms epoch from 100 ms after the
following the 1st cue is termedl, andd2 is the delay following the offset ofc,,, until the first go signal, and3 was the 400-ms interval
2nd cue.) When the central LEDs were extinguished, the aninfam 100 ms after the monkey touched the locatiorcgf until the
reached (without moving its eyes) to the location whgjghad been second go signal. In the DR task, the final 500 ms of dhepoch
presented (the 1st reach is termggy). On completion of the reach, (preceding the go signal) was used. In all statistical comparisons, the
the central red LED and the green LED at the button the monkey wggme duration is used for both epochs in the comparison. Thus for the
currently pressing were reilluminated, and a third delay perd®) ( comparisons td3, thed, d1, andd2 epochs were shortened to 400 ms.
occurred for 500 ms. Both LEDs were again extinguished as theNeurons were screened to ensure mla]and Cout Were indeed in
second go signal, and the animal reached to the location where the fifsd out of the RF, respectively. The firing rate during dhepoch of

cue had been presenteq,), again without breaking fixation at the the DR task was compared for reaches to each target. Only if the
pentral button. Conceptually, in this tasi, instructs a reach which response for reach plans t, was significantly greater than the

is eventually executed, but a delayed reachtpintervenes between response for reach plans ¢g,, were data from the IR task analyzed.

the presentation of;, and the reach to it. To quantify the behavior of each neuron in response to the appear-
The interleaved trials of the DR task were modified so that the delgyice ofc,,,, an index was computed

period @) was lengthened, typically to 1,100-1,500 ms. Also, in the

DR task the cue would appear at one of only two locations, ether DR, — IR

or ¢, The overall structure of the task was that on half of the trials Index = DRy, — DR,

whenc,,, appeared, the monkey would reach to it after the delay period

(DR trials). For the other half of the trials whep appeared, the delay where DR, is the mean firing rate during tlieepoch of the DR task

period would be interrupted by the appearance,gf and the monkey when the target is presented out of the RF, Afthe firing rate in the

would be required to perform,, beforer;, (IR trials). DR task when the target is in the RF, and IR is the firing rate during
During neural recording, the positions of, and ¢, were fixed thed2epoch of the IR task. An index near 1 indicates that the cell is

throughout the test of an individual neuron. Typically, 10 trials ofinaffected by the appearanceaf, while an index near 0 indicates

each of the three types (DR tasksdg andc,,, and IR task) were that the cell's response afteg,,, drops to a level near its response

performed. Animals generally performed over 90% correct; animatsiring the DR task when the target is presented out of the RF. To

almost never mistakenly executed the first reach in the IR task.to establish a baseline, this index was also computed usingdihe

Delayed Reach (DR) task

Fic. 1. The delayed reach (DR) tastof) and interven-
ing reach (IR) taskkotton). Each panel shows a behind-
the-head view of the monkey and the button array. Below the
panels are the names and durations of the task epochs. An
example response field (RF) location is shaded gray in the
1st panel of each row. The monkey begins the trial by
fixating and pressing the central button, where a red light-
emitting diode (LED, shown as gray) and green LED (shown
as black) have been illuminated. In the DR task configura-
tion pictured, a cue is presented in the Ri;)( A delay
period @) ensues before the center LEDs are extinguished to
trigger the reachrf. In the IR taskg;, is followed by a delay
period @1, not pictured), then a cue is presented out of the
RF (Cou)- Another delay periodd?) follows. After the go
signal, the animal reaches to the locatiorcgf, (ro.)- A 3rd
delay period ensuesi8, not pictured) before the monkey is
instructed to reach to the location @f, (r;,). Two other trial
types are not shown: the DR task whegg, is presented, and
the IR task with the order of;,, andc,, reversed.

Cin
300 ms 1100-1500 ms

Intervening Reach (IR) task

Cin  O7 Cow 2z ot AF I
300ms 600ms 300ms 600 ms 500 ms
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interval in the IR task and the early portion of the delay interval (from A DRtask nrF Out of RF
100 to 600 ms after cue offset) in the DR task. This index is expected

to be near 1. - =

RESULTS 80
sp/s
In the IR task, the first cueg(,) was positioned in the RF, so
it activated the neuron. When the second ayg)Xappeared, it pr————— —W_
was positioned outside of the RF. The monkey was required to - =
shift its reach plan to that location because the first reach would B

now be directed there. What effect would the appearance of
Cout have on the sustained activity due to the presentation of

IR task First cue in RF, second cue out

C,? The monkey must hold in memory the location whefe

was presented because he will eventually reach to it. PRR may

contribute to remembering that target, in which case the re-

sponse elicited byg,, would not be affected by the appearance

of ¢, Alternatively, it could be that PRR specifies only the ,
movement about to be performed and does not retain the 2
memory of targets for subsequent movements. In this case, the G %Cu % Taw % Tn

activity elicited byc;, should diminish as the monkey shifts its

plan for the impending reach to the locationajf,. C IR task Firstcue outof RF, second cue in

Figure 2 shows one neuron studied in this experiment.
Figure 2A shows the responses during the DR task for reaches
into (left) and out of (ight) the RF. Figure B shows the
response during the IR task, where the first cue appears in the
RF and the second is outside of the RF. The appearancg of
elevated the firing rate of the neuron. &g, appeared and the
monkey shifted its reach plan to the target out of the RF, the — =
activity of the neuron was curtailed. Oncg, was performed,  r. 2. Behavior of 1 parietal reach region (PRR) neuron tested in the
the monkey resumed planning the reach to the locatiogy,of target selection experimenA-C. each subplot shows, frorfop to bottom
Correspondingly. aciiy resumed i tis cll. The pater drirg o cus eseniaton, uher » e bar syt 2 e i e P,
discharge in this cell is can|stent Wlth.a .represgantatmn. of t % rﬁovement;pspike density function const}ucried from those rastefs, using a
next planned movement in PRR and is inconsistent with thfngular kernel (Scott 1985); the timing of button presses for one represen-
hypothesis that PRR stores the targets for all planned reactaige trial; the symbols below this trace indicate which target was acquired,
simultaneously. where an open symbol represents a reach to a target out of the RF and a filled

: symbol represents a target within the RF. Tinal rowin B shows the timings
Most neurons (14 of 14 tested imonkey D13 of 13 tested of the epochs of the IR task. Tic marks, 100 rAsthe DR task performed to

!n monl_(ey Oand, 3 of 7 tested imnonkey G dropped Signif' a target in the RFI€ft) and out of the RFr{ght). B: the IR task where the 1st
icantly In mean flrlng rate when the Se.CQnd cue was Preseniﬂg is presented in the RF, and the 2nd is presented outside. This neuron had
(d2 activity significantly less tham activity, Mann-Whitney an index of 0.03 (Fig. &). C: the IR task where the 1st cue is presented out of

test, P < 0.05). An index (described imeTHODS) was com- the RF and the 2nd is in the RF.

puted for each neuron to quantify these effects for the popu-

lation of PRR neurons (FigA). Index values cluster around O,curtailed recording frormonkey Gbecause single neurons
indicating that, aftec,,, appears, neurons are about as active @fere much more difficult to isolate, probably due to the ex-
they are on trials when only one reach is planned, out of thénsive recording from PRR that had been performed during a
RF. Although the monkey must remember the locatio®of prior study. It could be that the prolonged recording induced
until the second reaph IS performed, overall PRR, does not St.gﬁﬁerences in the neurons’ response properties. Even in light of
that plan. To establish a baseline for the population plot of Figyis consideration, it remains an open possibility that there are
3A, this analysis was repeated on thikinterval of the IR task different populations of neurons in PRR: the majority repre-

(seemeTHoDS). The histogram of indices is shown in FigB.3 : ; ; L .
Only one neuron showed a significantly different respon§ nting the impending reach and a minority storing the memory
targets for eventual reaches.

g;ﬂ?gi&'s\/\/ﬁﬁﬂm lé);ergtv\geig ttr?: g?,:_taSk and the DR task co ‘Once the first reach is executed, the animal is required to

Figure 4 shows one of the four neurons that behaved diff§fSUMe planning a reach into the RF. Accordingly, in Fi§, 2
ently: this cell continued to signa, after the presentation of 2ctivity returns to the neuron duringg. This was evident in
Coue It is thus more consistent with a role in holding thnost cells: 26 of the 34 neurons showed a significantly greater
memory of target locations because it cannot contribute to Eg$Ponse duringi3 than duringd2 (Mann-Whitney testP <
unambiguous specification of the impending reach. All four &.05). The average response duridg was 3.03 times the
these neurons were collected frononkey Glt is possible that response during2 (with a range of 0.18-13.72).

PRR contains a subregion where neurons are involved inResponses during3 were often indistinguishable from re-
maintaining the memory of reach targets and that our recogponses duringll. Eighteen of 34 cells show no significant
ings inmonkeys Dand O missed this subregion. However, welifference (Mann-Whitney tesk < 0.05) between thd3 and
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d1 epochs. The mean ratio dB3 to d1 activity was 0.97, with A DR task inRF Out of RF
a range of 0.02-1.90. - o =T
The effects reported so far are consistent with the hypothesis AT e SRR L BRER

that PRR represents the impending reach only. However, also .-

consistent with these data is the possibility that PRR does not spis
represent any reach plan at all after the second cue appears. To * ! ‘
ensure that PRR indeed specifies the first reach during the IR — —
task, we reversed the order of cue presentatiagg: was
presented first, followed bg,,. This instructed the monkey to B IR task Firstcue in RF, second cue out
reach into the RF first and out of the RF subsequently. Figure
2C shows data from a neuron tested in this task. The appear-
ance of the first cue does not activate the neuron because it falls
out of the RF. However, the second cue does activate the
neuron as the animal plans a reach into the RF. After that reach,
the neuron falls silent, as the animal is required to resume
\F/)\I/aéntrggt%g f:\?g(lz‘]heﬁll"l(;nosf ]‘trrl)emF;Ei(te(;/ tlgﬁ ![zicsatrlr?gngfe:'heAl?;is\}ecue'F'G' 4. APRR neuron that may contribute to storing the second reach plan.

“H . - 2 : Subplots are as described in Fig. 2 captiérbehavior of the neuron in the DR
cells showed a significant increase in activity when the secogk for a target in the RAg(ft) and out of the RFr{ght). B: behavior of the
cue was presented in the RF compared with the cell’s responseron in the IR task. This neuron had an index of 1.2 (FA. 3
during the equivalent time period in the DR task when the sole
target was out of the RF (Mann-Whitney teBt< 0.05). All Thus these PRR neurons were active when and only when the
five neurons also dropped in activity during, once the first impending reach was planned into the RF. Interestingly, activ-
reach was completed and the monkey resumed planningtydjuring d1landd3was distinguishable, witd3 responses 4.3
reach to a target out of the RF (response dud8gignificantly times greater thadl responses, on average (range from 2.1 to
less than response durim®, Mann-Whitney testP < 0.05). 9.0).

A7 — DISCUSSION

61 Animals were required to remember the locations of two

briefly presented visual targets, and reach to them in sequence.
Eighty-eight percent of the 34 PRR neurons tested ceased to
represent a target location once it became the target for a
subsequent reach and not the impending reach. This is consis-
tent with the hypothesis that PRR is involved in specifying the
target for the impending reach and is less involved in storing
the memory of reach targets. The pattern of activity in PRR
changes as the reach plan shifts so that the active population of
neurons always represents the direction of the impending
reach.

A strong prediction of the present findings is that if animals
are presented with a free-choice task where they are free to
reach to one of several targets to receive a reward, neurons in
PRR will again represent only the movement the animal selects
and not all possible reaches under consideration. We believe
that signals in PRR reflect the outcome of a process of target
selection for reaches. Moreover the activity is specific for the
target selected for the impending movement not a subsequent
] movement.

2 | The performance of a goal-directed movement can be
nevons) viewed as composed of three processes: a type of action must
HH ] be chosen (the situation may require simply looking around a
] L] scene, or it may be that an object must be approached, or
05 1 15 2 picked up); a target must be selected (natural environments
FiIG. 3. A histogram of indices (seetHobps) for the population of PRR offer m.any possible objects on which to act at .any time); a'.’d
neurons tested in the intervening reach task. An index value of 0 representy&ﬁ brain _mUSt Conve_rt the sensory representation Qf_the object
offset of activity in response to the appearancegf An index of 1 indicates Selected into a coordinated pattern of muscular activity so that
the appearance @f,. had no effect on the firing rate, neurons that exhibited the chosen movement can be performed. These components of
Sionificant crop in activty B histogram of mdicse computed during (e ScCTY-Motor processing offer a useful framework for synthe-
in?erval of the I‘;Q taska, n()e/uronsthgt exhibit no significagt difference?in firingSIer.]g the observations made in several rec‘?”t .Stl‘.ldles Of.PPC'
rate between the DR task and td@ period of the IR task. One neuron Different types of movement are planned in distinct regions
(index = 2.8) did show a significant difference. of PPC (Snyder et al. 1997). PRR is involved in planning

Number of neurons

0
Index

w

-
[=]
1

Number of neurons
O =N W h OO N®©O

2 15 -1 -05 0
Index
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reaches but not saccades, while nearby area LIP represémizending movement and, occasionally, targets for eventual
plans for eye movements and not reaches. Thus signals in Re@ches but were never preferentially activated by the transi-
reflect the outcome of the process of choosing a type tidns between reaches in our studiB(@ctivity was indistin-
movement. guishable fromd1 activity in 18 of 34 neurons). Frontal pre-

In a recent study, area LIP was shown to reflect the outcommtor areas involved in movement sequencing are likely to
of the process of target selection for saccades (Mazzoni ettensmit signals of the impending reach target to PRR during
1996). Most neurons in LIP were found to be active only whesequential reach tasks.
the impending saccade was planned into the neuron’s RF; mosto perform a visually guided reach, targets must be con-
cells were not active if a subsequent saccade was planned weaed from eye-centered coordinates to limb-centered coordi-
the RF. The present report establishes that PRR shares tlates. This transformation is likely to involve a network of
property for reaches. brain areas, including regions of parietal and frontal cortices.

Taken together, these studies present a detailed picture of fiRR represents targets in eye-centered coordinates (Batista et
role of PPC in sensory-motor processing. Since signals in PRIC 1999) while a number of cells in the ventral aspect of
reflect both the choice of a type of movement and the selectipremotor cortex (PMv) use a limb-centered representation
of the impending target for that movement, it can be said th@raziano et al. 1994). Some PMv neurons are modulated by
these signals reflect movement intentions. the direction of gaze (Mushiake et al. 1997), suggesting this

PRR has recently been shown to represent targets for reaclie® may contain a combination of neurons using eye- and
in eye-centered coordinates (Batista et al. 1999). Thus the alig@-centered coordinate frames. Similarly there exist both
occupies a stage in neural processing antecedent to the tramsinsic and extrinsic representations of reach goals in area M1
formation to limb coordinates. Similarly, area LIP employ¢Kakei et al. 1999). PRR is likely to be part of a distributed
eye-centered coordinates to represent targets for saccaugsvork of brain areas involved in preparing reach movements.
(Colby et al. 1995; Gnadt and Andersen 1998). Both areas
update their eye-centered representations of the movement Mémere is the second reach plan stored?

E)uﬁgmfgfitf Iggg?tgr\llsgt'nfﬂ(??ﬁggf;é?’fggg et al. 1999After the first cue, the monkey is given no further instruction

Although PRR reflects the outcome of the processes of tar tr?ngt]i% nlonc]ﬁt;(t)rt; eoétér:g dt%r?eer; ;ﬁ; thivigvcg rniftrg?fhhé ;rehf
selection and movement choice, targets are represente . ' '
eye-centered coordinates in PRR. These studies converg h f?fs? iﬂge%rsbgsre'&?teorn%: mi?ﬁégche (;fsthtﬁem;rgﬁl% of
suggest that many stages in the planning of arm movements 'Sumes planning a réach to the location 01é the first cue thgt
performed in visual coordinates with the transformation to Iimg P g !

. . ; : 5 . Dlan is again represented in PRR. Clearly other brain areas
coordinates occurring quite late in sensory-motor processin ust hold the memory of the location for the second reach in

) between. There are of course many possible mechanisms for

Involvement of other cortical reach areas how this memory is stored; two are outlined here. It could be
. : : . that another cortical area stores both targets with one or the
Parietal cortex, including areas MIP and V6A, the III(el%ther being passed to PRR according to task demands. This

substrata of PRR, is densely interconnected with premoto .
areas in the frontal lobe (Johnson et al. 1996; Matelli et g‘rrea could be a sensory area that sends a feedforward projec-

1998). These areas are likely to work in conjunction to perfor on to PRR, or a premotor area, such as CMAd (Picard and

: . trick 1997) or SMA (Tanji and Shima 1994) that sends a
tasks such as selecting targets for a reach, plann!ng seque § back pr)ojection to (PRRJ. Alternatively perrzaps neurons in
of reaphes, anq converting from eye-centered to limb-center, remotor area store the second reach, alone (Kettner et al.
coordinates, Like PRR, premotor cortex encodes reme_mbeﬁl 6). This reach plan could be represented in this hypothe-
V|s_ual objects (Graziano et al. 1997). In atz_irget-selecnon tasI ed premotor area in eye-centered coordinates, similar to
(Cisek andd }éalﬁska 1999),dw2e_n two potential reacr\}\;ﬁrgepsf R or in hand-centered coordinates (Graziano et al. 1994). If
presented, both are encoded in premotor cortex. en infgr- . . ) " .
mation that disambiguates the correct reach target is provid htlgﬁteedr Igg?;hg;gfgg?;&?iﬁ; ti)g\ctI?](e:ofnovr(re]:teig I\?vtr?i ciy?t
premotor cortex signals that target alone. This provides stro ears in PRR. Experiments to determine the location where
evidence that in the IR task presented in this paper, the regufl '

; : o second reach plan is stored, the manner in which it is
of premotor cortex studied by Cisek and Kalaska will likel S ’ . .
represent only the impending reach, as does PRR. Indeed,¥§1mesented and how it is transferred to PRR will be important

: ; erform.
two areas may cooperate to create this representation.

PRR undOUbtedly cooperates with other premotor areas INve thank C. Buneo and Y. Cohen for experimental assistance, M. Sahani for
the performance of remembered sequential arm movememtspful discussions, M. J. Nichols for comments on the manuscript, B. Gillikin
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perfgrmance .Of remembered sequences of arm movememgresent address of A. P. Batista: Howard Hughes Medical Institute and
Tanji and Shima (1994) showed that the area Just dqrsal dRinford University School of Medicine, Fairchild Bldg., Rm. D209, Stanford,
CMAd, the supplementary motor area (SMA), is activatedA 94305-5125.
during the performance of remembered sequential movements.

SMA neurons encode the transition from one movement RFFERENCES
another In a sequence. We found no evidence for such a cod#igsra AP, Buneo CA, SNvDER LH, AND ANDERSENRA. The parietal reach
scheme in PRR. Instead PRR neurons seem to represent th&jion (PRR) employs a predominantly retinal reference frame which up-
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