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Parietal cortex is central to spatial cognition. Lesions of parietal
cortex often lead to hemispatial neglect, an impairment of choices
of targets in space. It has been unclear whether parietal cortex
implements target choice at the general cognitive level, or whether
parietal cortex subserves the choice of targets of particular actions.
To address this question, monkeys engaged in choice tasks in two
distinct action contexts—eye movements and arm movements. We
placed focused reversible lesions into specific parietal circuits using
the GABA, receptor agonist muscimol and validated the lesion
placement using MRI. We found that lesions on the lateral bank
of the intraparietal sulcus [lateral intraparietal area (LIP)] specifically
biased choices made using eye movements, whereas lesions on the
medial bank of the intraparietal sulcus [parietal reach region (PRR)]
specifically biased choices made using arm movements. This double
dissociation suggests that target choice is implemented in dedicated
parietal circuits in the context of specific actions. This finding
emphasizes a motor role of parietal cortex in spatial choice making
and contributes to our understanding of hemispatial neglect.

spatial cognition | LIP | attention | choice | decision

arietal lesions often lead to deficits of the selection of be-

haviorally relevant targets in space, collectively referred to as
hemispatial neglect (1-4). Hemispatial neglect has commonly
been diagnosed by presenting a patient with two visual targets
at the same time, one in each visual hemifield (1, 5, 6). Neglect
patients show difficulties with detecting or directing an action
to the target presented in the hemifield contralateral to the le-
sioned hemisphere (2-4). The failure to detect or direct an action
to a target in the contralesional hemifield, also termed “extinction,”
is conditioned on the presence of the competing second target;
detecting or directing an action to a single visual target usually incurs
little or no difficulty to a neglect patient (6, 7) or to a monkey neglect
model (8). The competitive, relativistic nature of the extinction
phenomenon has been taken as evidence that parietal cortex is in-
volved in choosing behaviorally relevant targets in space (9).

A lingering question (10-13) has been whether parietal cortex
acts as a cognitive module that performs the general function of
spatial choice making (5, 14), or whether parietal cortex imple-
ments choices between targets in the context of specific up-
coming actions (13, 15, 16). This debate remains, for the most
part, unresolved (13). Only few parietal lesion studies explicitly
tested for biases in spatial choice making (8, 15, 17). Of these,
only one study (15) specifically aimed to distinguish the per-
ceptual from motor deficits in spatial choice making. However,
because this study used human lesion patients, it was impossible
to control for the precise locus and extent of each lesion, which
complicates the interpretation of the results (18, 19).

Here, we probe the role of parietal cortex in spatial choice
making by engaging monkeys in tasks in which they chose be-
tween two visual targets under one of two action contexts—eye
movements (saccades) and arm movements (reaches). If an in-
activation of a given region biased choices for both movement
types, this would present evidence for a general perceptual role.
On the other hand, a choice bias specific to the saccade or the
reach context would suggest a motor basis. While animals per-
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formed the tasks, we selectively inactivated two regions of parietal
cortex—the lateral intraparietal area (LIP) and the parietal reach
region (PRR), using the GABA4 receptor agonist muscimol. We
induced targeted and focused reversible lesions in a given region
and validated the placement of each lesion using MRI scans. We
found that lesions of specific parietal circuits (LIP/PRR) biased
choices made using specific actions (saccades/reaches). This sug-
gests that dedicated parietal circuits underlie the selection of
targets of specific actions.

Results

Deficits of spatial choices associated with parietal lesions have
commonly been tested in the clinic by simultaneously presenting
visual targets or symbols in opposite parts of the visual field
(1, 5). In laboratory settings, researchers have modified this task
by introducing a delay between the onsets of the two targets (6, 8,
15, 17, 20). Specifically, one target appears in the right (left) part
of the screen. After a brief variable delay, a second target
appears on the left (right). A subject must select the target that
appeared earlier. The advantage of this additional control is that
in the limit—when the delay is long—the task reduces to a task
in which only one target is presented on the screen; by manip-
ulating the delay duration, one can probe the continuum be-
tween a simple one-target and a two-target choice task (6). In
a critical extension of this extinction task, our subjects were
instructed to select the earlier target using one of two effectors—
a saccade or a reach—based on a color cue (Fig. 1).

Given the two distinct effector contexts, we investigated the
role of particular parietal circuits in target choice. We reversibly
inactivated circuits on the lateral bank of the intraparietal sulcus
(LIP). We targeted LIP because LIP lesions have been shown to
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Fig. 1. Choice in the context of two distinct actions. In this task, a monkey
acquired a central target, which changed color, in blocks of 10 trials, to either
red or blue. The red (blue) color instructed the animal to make a subsequent
choice using a saccade (reach). After a delay, a white target appeared in the
left (right) part of the screen. Following a variable delay (0-107 ms), a second
white target appeared in the right (left) part of the screen. To receive a re-
ward, the animal had to select the target that appeared earlier, using the

instructed effector.

bias animals’ choices in choice tasks (8, 17). We also reversibly
inactivated circuits on the medial bank of the intraparietal sulcus
(PRR) to probe the contribution of these circuits to spatial
choice making. We injected a small amount of muscimol (mean
injected volume, 1.0 pL; range, 0.5-2.0 pL; 8 pg/pL; ST Appendix,
Table S1), a GABA, receptor agonist, into a given region. We
injected a small amount to be sure that there was no spread of
the drug to outside of the region of interest and confirmed this
by directly visualizing the injection using MRI (Figs. 24 and 34,
and SI Appendix, Table S1).

We found that LIP inactivations bias animals’ choices only
when animals choose using a saccade (Fig. 2B). As in previous
studies that have used a saccade as the response modality, targets
in the contralesional hemifield are less likely to be selected, and
the effect is most prominent when the correct (earlier) target
appears in the contralesional hemifield (8, 15, 17). The choice
bias during saccade choices was present in both monkeys (Fig.
2B), and in most of the individual sessions (Fig. 2C). Over the
19 sessions, the average difference in the percentage of the
contralesional target choices between inactivations and controls
was —7.6% (Fig. 2D), and this effect was significant (P < 0.0001,
n =19, ¢ test, inactivations compared with controls).

Critically, in the same task, the animals’ choices in the trials in
which they selected a target using a reach while maintaining
fixation remained largely intact (blue in Fig. 2). Specifically,
during choices made using reaches, the average difference in the
percentage of the contralesional target choices between inacti-
vations and controls was +1.4%;, a nonsignificant value (P = 0.14,
n = 19). The difference between the saccade and reach effects
(red versus blue in Fig. 2D) was significant (P < 0.0001, n = 19,
paired ¢ test).

In contrast to LIP, PRR inactivations (Fig. 34) produced a re-
verse deficit with respect to the choice effector. Specifically, PRR
lesions caused a small target selection bias during choices made
using reaches (blue in Fig. 3B). Over the 11 sessions (Fig. 3C), the
inactivation effect was a —4.2% difference (Fig. 3D; P = 0.04, n =
11, ¢ test, inactivations compared with controls). In contrast to the
marked effect in LIP, there was no target selection bias during
saccadic choices in PRR (+1.1%, P = 0.54, n = 11). The difference
between the reach and saccade effects (blue versus red in Fig. 3D)
was significant (P = 0.02, n = 11, paired ¢ test).

We further evaluated the effects of inactivation relative to the
effects in sham inactivation sessions. The sham inactivation ses-
sions were identical to the inactivation sessions except that no
drug was injected. Specifically, in this analysis, instead of evalu-
ating the effects relative to control, i.e., as (inactivation — control),
we evaluate the effects relative to the effects in the sham sessions,
i.e., as (inactivation — control) — (sham inactivation — sham
control). This analysis provides additional controls beyond that
provided by the simpler analysis. For example, it controls for the
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fact that inactivation trials occurred later in each session than
control trials. The results are similar to those of the simpler
analysis, with if anything slightly greater effector specificity. In
particular, in LIP, there was a —9.2% decrease of the contrale-
sional target choices for saccades (P < 0.0001, n = 14; there were
no sham data for the initial five sessions in monkey D) and +1.5%
(P = 0.19) increase for reaches. The difference between the saccade
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Fig. 2. LIP inactivations bias choices specifically made using saccades.
(A) Anatomical MR scans following muscimol plus MnCl, injections. The con-
trast agent MnCl, indicates the spread of the drug as a white spherical region.
The figure gives the loci (S, T, U) of the LIP lesions performed in each monkey.
The left and right images for each monkey represent the coronal and trans-
verse views, respectively. See S/ Appendix, S| Methods and Table S1, for details.
IPS, intraparietal sulcus. A, anterior; P, posterior; D, dorsal; V, ventral; L, left; R,
right. (B) Mean + SEM percentage of choices of the contralesional target as
a function of the delay between the onset of the contralesional and the
ipsilesional target, separately for control sessions (dark colors), lesions (light
colors), and saccade (red) and reach (blue) choices. (Left) Monkey S. (Right)
Monkey D. The figure shows all of the individual choices that a monkey made.
(C) The difference in the percentage of choices of the contralesional target
(inactivation minus control) for each individual session in each monkey, sep-
arately for saccade choices (red) and reach choices (blue). (D) Mean + SEM over
the individual session data points shown in C. The P value is the statistical
outcome of the paired t test (control versus inactivation) performed on the
data of each effector; n.s.: P> 0.05.
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Fig. 3. PRR inactivations bias choices specifically made using reaches. Same
format as in Fig. 2 for the effects during PRR lesions. (A) Anatomical MR
scans following muscimol plus MnCl2 injections. (B) Mean + SEM percentage
of choices of the contralesional target as a function of the delay between
the onset of the contralesional and the ipsilesional target. (C) The difference
in the percentage of choices of the contralesional target (inactivation minus
control) for each individual session in each monkey, separately for saccade
choices (red) and reach choices (blue). (D) Mean + SEM over the individual
session data points shown in C.

and reach effects (—10.7%) was significant (P < 0.0001). In PRR,
there was a —4.9% decrease in the contralesional target choices for
reaches (P = 0.10, n = 11) and a +1.6% (P = 0.29) increase for
saccades. The difference (6.5%) was significant (P = 0.023).

We next investigated the effects of the inactivations on the
choice behavior in more detail, separately for each session. To
do so, we fitted the choice data (Figs. 2B and 3B) with a logistic
function. The logistic function features two parameters (see
Methods for details). The first parameter, shift, is the temporal
delay between the appearance of the two targets which results in
them being selected in equal proportion. An increase in shift fol-
lowing an inactivation compared with control (a “rightward” shift)
could indicate a lag in the registration of the contralesional target,
such that, all else being equal, it is less likely to be chosen. The
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second parameter, slope, defines the psychometric performance of
the animal. A steeper slope would indicate an improvement in the
ability to discriminate between the target onset times. If an in-
activation led to a decrease in the slope, this would suggest that the
inactivation deteriorated the animal’s performance.

We fitted the logistic function separately for the control and
inactivation choice data of each session, separately for saccade
choices, reach choices, and LIP and PRR. To quantify the effects
induced by an inactivation in a given session, we report the
changes—inactivation minus control—in the fitted parameter
values. The mean effects for the individual conditions are re-
ported in Table 1. Bold entries denote significant effects (P <
0.05, paired ¢ test, inactivation versus control). These data cor-
roborate the findings reported in Figs. 2 and 3. In particular,
lesions of LIP induced a significant (P < 0.001, paired ¢ test, n = 19)
rightward shift of the psychometric curve when a choice is made in
the saccade decision context. The shift was significant in both
monkey S (P = 0.028, n = 6) and in monkey D (P = 0.003, n = 13).
The shift was positive in 17 of 19 (89%) of the LIP inactivation
sessions. We further performed a randomization test (Methods) to
establish the significance of the shift in each individual session.
This test revealed that the shift was significant (P < 0.01) in 13 of
19 (68%) sessions. Of the 13 significant shifts, 12 were positive.

In contrast, LIP lesions did not induce a significant shift of the
psychometric curve in the reach decision context (P = 0.58, n =
19). Only three sessions (16%) showed a significant positive shift,
and five sessions (26%) showed a significant negative shift.

In PRR, there was a weak but significant positive shift in the
reach decision context (P = 0.036, n = 11). The shift was sig-
nificantly positive in 5 of 11 (45%) of the sessions, and signifi-
cantly negative in 2 of 11 (18%) of the sessions. There was no
shift in the saccade context in PRR (P = 0.64, n = 11).

The lesions did not significantly change the slope (Table 1).
The lesions therefore did not significantly affect the discrimi-
nability between the temporal differences in the target onsets.

A shift of about 10 ms (Table 1) in the perceived target onset
following an inactivation may seem small. However, the effect is
in fact considerable given the animals’ high sensitivity to the
target onset times in this task. A fit to the psychometric curve
constructed using all choice data revealed a slope of 0.089 ms™".
Given this steep slope, a delay value of 10 ms, compared with
0 ms, corresponds to a change in the proportion of choices of the
rightward target from 50% (0 ms) to 70.8% (10 ms). A 5-ms
delay would correspond to 60.9% of choices of the rightward
target. Almost exclusive rightward choices (93.4%) would result
from a shift of just 30 ms. The reported effect of a 10-ms shift is
therefore substantial given the high performance of our animals

Table 1. Logistic fits to the data: Inactivation minus control
LIP PRR
Saccades  Reaches Saccades Reaches
Both monkeys  Shift 10.2 -0.5 1.1 5.5
Slope -0.01 -0.02 -0.01 —-0.01
Monkey S Shift 10.7 1.7 -0.8 8.5
Slope 0.00 -0.02 —-0.01 0.00
Monkey D Shift 9.9 -1.6 2.7 3.0
Slope —-0.01 —-0.02 -0.01 —-0.03

The data in Figs. 2B and 3B were fitted with a logistic function with two
parameters, shift (in milliseconds) and slope (per millisecond); see Methods
for details. The fits were performed separately for the inactivation and the
control data; the difference between the two is shown. The data are pre-
sented separately for LIP, PRR, saccade trials, reach trials, and for the indi-
vidual animals. Bold entries denote significant effects [P < 0.05, paired t test,
inactivation versus control; LIP: n = 19 sessions (monkey S, n = 6; monkey D,
n = 13); PRR: n = 11 sessions (monkey S, n = 5; monkey D, n = 6)].
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in this extinction task. We further found that the effector-specific
effects in LIP and PRR increase as a function of the time fol-
lowing an injection (SI Appendix, Fig. S5), so that the maximum
lesion effects were even larger than what we report here.

We also fitted the data with a more complex, four-parameter
sigmoidal model (SI Appendix, Table S3). Besides the two-
parameter fit described above, this model features additional two
parameters: vertshift and vertscale. The former parameter models
a shift of the psychometric curve on the vertical axis. The latter
parameter models a scale of the psychometric curve on the vertical
axis. Although there may be dependencies between the four
parameters, the resulting fits generally led to the same insights: LIP
lesions, in the saccade context, caused a rightward shift of the
psychometric curve (5.3 ms, P = 0.0069, n = 19; monkey S, 6.5 ms,
P =0.14, n = 6; monkey D, 4.8 ms, P = 0.035, n = 13). For saccades
in LIP, there was also a significant effect of vertscale (-0.07, P =
0.006; monkey S, —0.06, P = 0.17; monkey D, —0.07 ms, P = 0.023),
which indicates a scaling down of the psychometric curve following
an inactivation. Both the rightward shift and the vertical downscale
for saccades following an LIP inactivation are apparent from the
raw data plots in Fig. 2B. Other changes were not significant in this
more complex model (P > 0.05), although was a trend for a right-
ward shift in PRR in the reach context (4.8 ms; P = 0.10, n = 11).

In line with previous studies, the inactivations also had small
effects (SI Appendix) on reaction time (17, 21) and reach endpoints
(22). Also in accord with previous studies, there were no appre-
ciable effects on movement duration or error rates (SI Appendix).

Together, the inactivations of specific parietal circuits resulted
in action-specific biases in spatial choices. Critically, these biases
occurred in an extinction task that has been commonly interpreted
as detecting general deficits in spatial selection (5, 14). However,
our lesions of specific parietal circuits revealed action-specific def-
icits in spatial choices. This strongly suggests that dedicated parietal
circuits help to select targets using specific movement types.

Discussion

It has been debated (15, 18, 23-27) whether parietal cortex helps
to choose a target in space regardless of how that target will be
used, or whether target choice is implemented in specific parietal
circuits, where the circuits that are used depend on the action
that will be performed. We inactivated particular parietal circuits
in choice tasks in two effector contexts to provide an answer. The
results support the latter hypothesis.

Hemineglect deficits in spatial choices have often been tested
for by simultaneously or almost simultaneously appearing visual
targets or symbols in opposite parts of the visual field (1, 5, 6,
8, 15, 17, 20). The difficulty of hemineglect patients to detect
or direct an action to a target in the contralesional hemifield
(“extinction”) is conditioned on the presence of the competing
second target; detecting or directing an action to a single visual
target usually incurs little or no difficulty to a neglect patient
(6, 7). This is supported by analogous findings in nonhuman pri-
mates following LIP lesions (8, 28)—when animals are instructed
to make a movement to a single target, there is no detectable
effect on behavior (8) or only a minimal effect on reaction time
(28). Thus, to reliably detect neglect-related deficits, it is critical to
use a task that involves choice between two targets (8, 17).

To tell apart the perceptual and motor bases of the choice-
related deficits, we applied this choice task in two action contexts—
saccadic and reach contexts—while inactivating specific parietal
circuits. We found that LIP inactivations specifically biased spa-
tial choices when the choices were made using saccades, whereas
PRR inactivations showed a reach-specific choice bias. This
double dissociation is surprising considering the predominantly
held view on the nature of hemispatial neglect. In particular, in
extreme cases, patients may read only one-half of a sentence,
draw only one-half of an image, or shave only one-half of their
face (3, 4). Such profound cases have led to the propositions that
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hemineglect may be based on general deficits of spatial percep-
tion or attention (5, 14). Surprisingly then, our results suggest
action-based target selection deficits wherein the selection of
a particular action is represented in a specific parietal circuit.

Previous clinicopathological studies in various tasks report effects
of parietal lesions on certain parameters of eye movements (15, 29—
31), on certain parameters of hand movements (12, 16, 32), and
possibly on spatial perception in general (5, 14). Our two-context
choice paradigm and the targeted lesion approach provide a way to
reconcile these ambiguous clinicopathological findings. Our data
reveal that paying close attention to the affected region is critical.
Millimeter differences in the lesion locus may profoundly change
the signs. In particular, lesions confined to the lateral bank of the
intraparietal sulcus (IPS) affect saccade-based choice behavior.
Lesions just a few millimeters across the IPS on its medial bank in-
fluence reach-based choice behavior. Thus, when a lesion is confined
to a specific parietal circuit (LIP or PRR), one specifically observes
choice deficits in the context of a specific action. For the case of
lesions that commonly affect a large volume of brain issue, instead of
a confined parietal circuit—say a lesion that impacts the human
homologs of both LIP and PRR—our data predict an impairment of
choices made both using saccades and reaches, and possibly other
effector systems subserved by the circuits in the affected region as
well. Such extensive lesions may thereby impair spatial selection in
a way that appears to be generic or action independent (5, 14).

Nonetheless, our results should be taken as a model of human
hemineglect with care. First, it is not clear whether the particular
parietal circuits we study in monkeys exist in and perform similar
functions in humans [although there is evidence that this may be
the case (15, 33)]. Second, it is not clear whether a lesion mediated
by muscimol—which silences excitatory projection neurons by
increasing the level of inhibitory input on those cells—has a simi-
lar effect on behavior as brain damage that affects both inhibitory
and excitatory cells, as well as any fibers passing through a region
[although the effect may indeed be similar (15)].

The focal pharmacological inactivations in this study had only
modest influence on the animals’ choices. This is likely due to
three reasons. First, we performed small inactivations to make
sure that the inactivations remained within a single region. These
lesions targeted only a small fraction of each area. It is therefore
not surprising that the induced deficits were not severe. Second,
we found that the effects increase with increasing time following
an injection (SI Appendix, Fig. S5). This suggests that the effects
we report would be stronger had we waited longer (34) following
each injection before starting to collect data. Third, LIP and
PRR are certainly not the only actors in the selection of targets
in space. These parietal regions likely represent only nodes in
a larger spatial selection network that includes frontal and cin-
gulate cortices (35). This is supported by findings in humans
where even extensive parietal lesions may produce only modest
deficits in spatial choice making (15).

Related to the last point, parietal cortex itself may contain,
along with action-specific regions like LIP and PRR, other regions
that implement spatial selection in a general, action-independent
manner. We investigated the roles of only two regions, and we did
so in a monkey model that may differ substantially from human
parietal cortex in both anatomical and functional properties (36).

A point to keep in mind is that certain actions (such as eye
movements) might be linked to certain cognitive processes (such as
attention) more tightly than other actions. If this is the case, then
our results might equally well be described through particular
cognitive processes instead of through particular actions. However,
the exact nature of the putative links between particular actions
and particular cognitive processes is unknown and difficult to es-
tablish. As such, we describe the results within the frame of what
can be directly observed, that is, with respect to particular actions.

Our findings provide evidence for an action-based, embodied
neural architecture of spatial choice making, an alternative to a
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classical cognitive, action-independent architecture (37). In the
classical architecture, useful for making generic choices, an abstract
choice-related variable is first computed in a central, generic circuit
(38), and subsequently routed to a specific motor circuit for execu-
tion. In comparison, in the action-based, embodied architecture (23,
25-27), the choice process runs on circuits devoted to executing
particular kind of movement. This architecture therefore does not
require postselection routing to trigger the desired movement. An
intermediate possibility is that the signals we see in LIP and PRR
may reflect the intermediate output of a choice circuit that “leaks
out,” while the choice is still evolving, onto the movement-planning
circuit that will be used to implement that choice. Both the fully
embodied architecture and the intermediate possibility have the
advantage that they may allow animals to respond quickly and reduce
errors associated with the late choice of a movement effector. This
can be evolutionarily advantageous when making urgent choices such
as where to turn, where to look, or which object to reach for. Em-
bodied architecture of this sort may also be useful in complex motor
tasks, such as when deciding to which side to move when a tennis
opponent positions herself to play a volley. In other decision contexts,
embodied architecture would not be applicable, for example, when
choosing a meal from a menu (38), or when choosing a spouse.

In summary, we induced biases in spatial choices by inactivating
specific parietal circuits. Our choice task featured two response
contexts, which allowed us to disambiguate the perceptual and
motor roles of specific parietal circuits in choice making. The
results suggested that choices made using specific actions were
represented in specific parietal circuits. Representing the process
of arriving to a choice in the same circuit that is devoted to plan-
ning and execution of a particular action can be advantageous in
cases when humans or animals must make fast and specific deci-
sions such as where to turn, where to look, or where to reach. The
data further have a diagnostic or prognostic utility to future
investigators or clinicians, suggesting that deficits in spatial choice
making should be assessed or interpreted in a careful consider-
ation of the particular parietal region(s) affected.

Methods

Subjects. Two adult male rhesus monkeys (Macaca mulatta; monkey S, 7 kg;
monkey D, 7 kg) participated in this study. The animals sat head-fixed in
a custom-designed monkey chair (Crist Instrument) in a completely dark room.
Visual stimuli (squares of 2.3° x 2.3°) were backprojected by a cathode ray tube
projector onto a custom touch panel positioned 25 cm in front of the animals’
eyes. Eye position was monitored by a scleral search coil system (CNC Engi-
neering). Monkey S was trained to reach with its right arm, and monkey D with
its left arm. In each monkey, we inactivated and recorded from the hemisphere
that was contralateral to the reaching arm. All procedures conformed to Guide
for the Care and Use of Laboratory Animals (39) and were approved by the
Washington University Institutional Animal Care and Use Committee.

Task. We trained the monkeys in an extinction task that has been used to
measure biases in choice in previous studies (6, 8, 15, 17, 20, 40). Briefly, in this
task, monkeys first acquired a fixation target. After a short delay, a first target
(gray square of 0.5° x 0.5°) appeared in the left (right) part of the screen,
12 visual degrees away from the center of fixation. After a random delay
[e {0, 17, 35, 53, 71, 107} ms (multiples of the period corresponding to the
56-Hz screen refresh rate)], a second target, of identical parameters, appeared
in the right (left) part of the screen. Once presented, both targets remained
present until a choice was made. To receive a liquid reward, the animal had to
make a saccade to the target that was presented first. Rewards were delivered
on only 60% of correct trials, to decrease the reliability of the feedback that
may make an animal compensate for a deficit during an inactivation. In
a critical extension of the extinction task, in our task, the color of the central
target instructed the animal to choose a target using either a saccade (red cue)
or a reach (blue cue). When selecting a peripheral target using a saccade, the
animal had to keep his hand on the central target; when selecting a target
using a reach, the animal had to keep fixating the central target until the
reach was completed. The color changed every 10 trials.

Inactivation Procedure. We inhibited the activity of neurons in parietal circuits
using the GABA, receptor agonist muscimol. To ensure that our lesions

Kubanek et al.

targeted a specific parietal circuit, we performed small, focal injections
(mean, 1.0 pL; range, 0.5-2.0 pL; S/ Appendix, Table S1). The injections tar-
geted either a single locus or two loci in a given area (S/ Appendix, Table S1).
The injections included the magnetic resonance contrast agent MnCl, (165
ug/pL), which was used to verify the injection loci using anatomical MR scans.
We collected data first after we were able to specifically target LIP or PRR
(SI Appendix, Fig. S1). Each inactivation session started with a “control”
block of 1,200-1,400 trials (the exact number depended on the monkey and
its current weight). Following the control block, we lowered the injection
cannula into the specific region and depth (S/ Appendix, Table S1), and
injected the specified amount of muscimol (S/ Appendix, Table S1; 8 ug/uL
solution) into the tissue at a rate of 0.1 uL/min. For the LIP lesions, we tar-
geted ventral LIP (LIPv) because LIPy, in contrast to dorsal LIP (LIPd), seems to
mediate both oculomotor and higher order (e.g., attentional) processes (21).
Following the injection, we waited 10 min for the drug to affect the function
of the GABAA receptors. Subsequently, we collected data in an “in-
activation” block, which was identical to the control block, and also com-
prised 1,200-1,400 trials.

The inactivation sessions were interleaved, on a daily basis, with sham in-
activation sessions. A sham session involved the same procedure as an in-
activation session, with the exception that the cannula was not physically
lowered into the tissue. The sham sessions allowed monitoring of the monkeys’
choice biases on a daily basis. We made sure that there were no spurious
effects in the sham session on the day before an inactivation session day.
Specifically, we performed an inactivation session only when the monkey’s
choice proportions during the control block and the inactivation block during
the sham session on the previous day did not significantly differ (P > 0.05,
proportion test) for saccade and reach choices. To maximize the number of
collected trials, we collected the inactivation data on a day separate from the
control data in the first five sessions in monkey D (i.e., there were no sham
data for the initial five sessions in monkey D). To minimize the possible in-
fluence of day-to-day variability, in all subsequent sessions, the control and
lesion data were collected within the same day.

We plot effects in this study as the difference between a given behavioral
measure during the inactivation block minus the measure during the control
block, i.e., as (inactivation — control). Similar results are obtained when we
plot the effects relative to the sham session effects, i.e., as (inactivation —
control) — (sham inactivation — sham control).

Parameter Fits and Sessionwise Statistical Analyses. To learn about specific
effects of the inactivations, we fitted the data in Figs. 2B and 3B with logistic
functions. The fit has two parameters, slope and shift, as follows:

P(x)=1/(1+exp(—slope(x —shift))),

where x is the delay between the onset of the two targets, and P(x) is the
probability of choosing the rightward target (i.e., the individual points of
each psychometric curve).

The parameters were fitted to the psychometric curves using nonlinear
minimization (function fminsearch in Matlab), minimizing the squared error
between the fitted and the actual psychometric curves.

We also tested a more complex fit, featuring four parameters—slope,
shift, vertscale, and vertshift—as follows:

P(x) =vertscale/(1+ exp(—slope(x — shift))) + vertshift.

We determined the significance of an effect (a fitted parameter) between
the control and inactivation psychometric curves on a sessionwise basis using
a bootstrapping procedure. In this procedure, a set of 1,000 control psy-
chometric curves was generated from the control data from each session.
Each of these control curves was generated by drawing choice data randomly,
with replacement, from the original set of control session choice data, for
a given value of x. These 1,000 sets of randomly chosen data were then fitted
in exactly the same way as the original psychometric data were fitted, using
both the two and four parameter models (see above). This resulted in a
distribution of 1,000 values for each fit parameter. Next, for each parameter,
we computed the mean and the SD of the 1,000 values. Finally, we applied
the same fitting procedure to the inactivation data and compared each in-
dividual inactivation fit parameter to the distribution of the corresponding
control fit parameter. In particular, for each inactivation parameter, we
computed the probability (P value) that it might belong to (could have been
drawn from) the control distribution.

ACKNOWLEDGMENTS. We thank Mary Kay Harmon for veterinary assistance
and Jonathon Tucker for technical assistance. This study was supported by
NIH Grant EY012135.

PNAS Early Edition | 5of 6

wv
=2
o
a
w
<
=
[

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418324112/-/DCSupplemental/pnas.1418324112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418324112/-/DCSupplemental/pnas.1418324112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418324112/-/DCSupplemental/pnas.1418324112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418324112/-/DCSupplemental/pnas.1418324112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418324112/-/DCSupplemental/pnas.1418324112.sapp.pdf

L T

/

1\

BN AS  PNAS D)

N

w

5]

o

~

oo

o

. Oppenheim H (1885) Uber eine durch eine klinisch bisher nicht verwerthete Un-

tersuchungsmethode ermittelte Form der Sensibilitatsstérung bei einseitigen Erk-
rankugen des GroBhirns. Neurologisches Centralblatt 4:529-533.

. Heilman KM, Valenstein E (1979) Mechanisms underlying hemispatial neglect. Ann

Neurol 5(2):166-170.

. Bartolomeo P, Chokronc S (2000) Levels of impairment in unilateral neglect. Hand-

book of Neuropsychology: Disorders of Visual Behavior, eds Boller F, Grafman J (Gulf
Professional Publishing, Amsterdam), Vol 4, p 67.

. Heilman KM, Watson RT, Valenstein E (1993) Neglect and related disorders. Clinical

Neuropsychology 3:279-336.

. Mesulam MM (1981) A cortical network for directed attention and unilateral neglect.

Ann Neurol 10(4):309-325.

. Rorden C, Mattingley JB, Karnath HO, Driver J (1997) Visual extinction and prior entry:

Impaired perception of temporal order with intact motion perception after unilateral
parietal damage. Neuropsychologia 35(4):421-433.

. Di Pellegrino G, De Renzi E (1995) An experimental investigation on the nature of

extinction. Neuropsychologia 33(2):153-170.

. Wardak C, Olivier E, Duhamel JR (2002) Saccadic target selection deficits after lateral

intraparietal area inactivation in monkeys. J Neurosci 22(22):9877-9884.

. Ward R, Goodrich S, Driver J (1994) Grouping reduces visual extinction: Neuro-

psychological evidence for weight-linkage in visual selection. Vis Cogn 1:101-129.

. Watson RT, Miller BD, Heilman KM (1978) Nonsensory neglect. Ann Neurol 3(6):

505-508.

. Goodale MA, Ingle DJ, Mansfield RJ (1982) Analysis of Visual Behavior (MIT Press,

Cambridge, MA), pp 263-299.

. Tegnér R, Levander M (1991) Through a looking glass. A new technique to demon-

strate directional hypokinesia in unilateral neglect. Brain 114(Pt 4):1943-1951.

. Milner AD, Goodale MA, Vingrys AJ (2006) The Visual Brain in Action (Oxford Univ

Press, Oxford), Vol 2.

. Hilgetag CC, Théoret H, Pascual-Leone A (2001) Enhanced visual spatial attention

ipsilateral to rTMS-induced “virtual lesions” of human parietal cortex. Nat Neurosci
4(9):953-957.

. Ro T, Rorden C, Driver J, Rafal R (2001) Ipsilesional biases in saccades but not per-

ception after lesions of the human inferior parietal lobule. J Cogn Neurosci 13(7):
920-929.

. Mattingley JB, Husain M, Rorden C, Kennard C, Driver J (1998) Motor role of human

inferior parietal lobe revealed in unilateral neglect patients. Nature 392(6672):
179-182.

. Balan PF, Gottlieb J (2009) Functional significance of nonspatial information in

monkey lateral intraparietal area. J Neurosci 29(25):8166-8176.

. Marotta JJ, McKeeff TJ, Behrmann M (2003) Hemispatial neglect: Its effects on visual

perception and visually guided grasping. Neuropsychologia 41(9):1262-1271.

. Behrmann M, Geng JJ, Shomstein S (2004) Parietal cortex and attention. Curr Opin

Neurobiol 14(2):212-217.

. Schiller PH, Chou IH (1998) The effects of frontal eye field and dorsomedial frontal

cortex lesions on visually guided eye movements. Nat Neurosci 1(3):248-253.

60of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1418324112

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Liu Y, Yttri EA, Snyder LH (2010) Intention and attention: Different functional roles
for LIPd and LIPv. Nat Neurosci 13(4):495-500.

Hwang EJ, Hauschild M, Wilke M, Andersen RA (2012) Inactivation of the parietal
reach region causes optic ataxia, impairing reaches but not saccades. Neuron 76(5):
1021-1029.

Gold JI, Shadlen MN (2003) The influence of behavioral context on the representation
of a perceptual decision in developing oculomotor commands. J Neurosci 23(2):
632-651.

Maunsell JHR (2004) Neuronal representations of cognitive state: Reward or atten-
tion? Trends Cogn Sci 8(6):261-265.

Shadlen MN, Kiani R, Hanks TD, Churchland AK (2008) Neurobiology of decision
making: An intentional framework. Better than Conscious? Decision Making, the
Human Mind, and Implications for Institutions, eds Engel C, Singer W (MIT Press,
Cambridge, MA), pp 71-101.

Kable JW, Glimcher PW (2009) The neurobiology of decision: Consensus and con-
troversy. Neuron 63(6):733-745.

Andersen RA, Cui H (2009) Intention, action planning, and decision making in pari-
etal-frontal circuits. Neuron 63(5):568-583.

Yttri EA, Liu Y, Snyder LH (2013) Lesions of cortical area LIP affect reach onset only
when the reach is accompanied by a saccade, revealing an active eye-hand co-
ordination circuit. Proc Nat/ Acad Sci USA 110(6):2371-2376.

Heide W, Blankenburg M, Zimmermann E, Kémpf D (1995) Cortical control of double-
step saccades: Implications for spatial orientation. Ann Neurol 38(5):739-748.
Duhamel JR, Goldberg ME, Fitzgibbon EJ, Sirigu A, Grafman J (1992) Saccadic dys-
metria in a patient with a right frontoparietal lesion. The importance of corollary
discharge for accurate spatial behaviour. Brain 115(Pt 5):1387-1402.
Pierrot-Deseilligny C, Rivaud S, Gaymard B, Agid Y (1991) Cortical control of reflexive
visually-guided saccades. Brain 114(Pt 3):1473-1485.

Bisiach E, Geminiani G, Berti A, Rusconi ML (1990) Perceptual and premotor factors of
unilateral neglect. Neurology 40(8):1278-1281.

Tosoni A, Galati G, Romani GL, Corbetta M (2008) Sensory-motor mechanisms in human
parietal cortex underlie arbitrary visual decisions. Nat Neurosci 11(12):1446-1453.
Wardak C, Olivier E, Duhamel JR (2004) A deficit in covert attention after parietal
cortex inactivation in the monkey. Neuron 42(3):501-508.

Mesulam MM (1999) Spatial attention and neglect: Parietal, frontal and cingulate
contributions to the mental representation and attentional targeting of salient ex-
trapersonal events. Philos Trans R Soc Lond B Biol Sci 354(1387):1325-1346.

Husain M, Nachev P (2007) Space and the parietal cortex. Trends Cogn Sci 11(1):30-36.
Anderson ML (2003) Embodied cognition: A field guide. Artif Intell 149:91-130.
Padoa-Schioppa C, Assad JA (2006) Neurons in the orbitofrontal cortex encode eco-
nomic value. Nature 441(7090):223-226.

Committee on Care and Use of Laboratory Animals (1996) Guide for the Care and Use
of Laboratory Animals (Natl Inst Health, Bethesda), DHHS Publ No (NIH) 85-23.
Scherberger H, Goodale MA, Andersen RA (2003) Target selection for reaching and
saccades share a similar behavioral reference frame in the macaque. J Neurophysiol
89(3):1456-1466.

Kubanek et al.


www.pnas.org/cgi/doi/10.1073/pnas.1418324112

Motor role of parietal cortex in a monkey model of
hemi-spatial neglect

Jan Kubanek'?, Jingfeng M Li!, and Lawrence H Snyder!?

1 Department of Anatomy and Neurobiology, Washington University School of Medicine,
St. Louis, MO 63110, USA

2 Department of Biomedical Engineering, Washington University in St. Louis, St. Louis,

MO 63130, USA

Supplementary Information

ST Methods

Lesion protocol and log

We carried out the lesion experiment by inducing small, circumscribed lesions that tar-
geted specifically LIP or PRR. To do so, we used a small amount of muscimol (1.0 ul of
drug on average), and verified the injected locations using anatomical MR scans.

We initiated our data collection with two sessions of 0.5 ul LIP lesions in monkey D
(Table S1). The resulting effects on saccadic choice behavior (Fig. 2C') were modest (1),
smaller than those reported by Wardak et. al. (2) who injected on average thrice the
volume as in the current study and used six injections per experiment. In the following
11 LIP lesions in monkey D, we therefore increased the injected amount to 1.0 ul, and in

monkey S performed a dual LIP lesion (Table S1 and Fig. S1).



We started the PRR lesions with 3 single-injection lesions in monkey D. Because
the effect of these PRR lesions on the monkey’s choice behavior was small (Fig. 3C'), we
carried out the next 3 lesions at two locations (Table S1 and Fig. S1). In monkey S, we
were able to take only one scan during the PRR lesions. Since during that scan the lesion
affected in part also LIP (Fig. S1), we performed all subsequent injections 1.0 mm medial
to that scanned site.

The AC-CP coordinates of the injections are listed in Table S2.



area monkey session locus depth (mm) amount (ul)

LIP D 1 S 6.0 0.5
2 S 6.0 0.5
3 S 6.0 1.0
4 S 6.0 1.0
5 S 6.0 1.0
6 S 6.0 1.0
7 S 6.0 1.0
8 S 6.0 1.0
9 S 6.0 1.0
10 S 6.0 1.0
11 S 6.0 1.0
12 S 6.0 1.0
13 S 6.0 1.0
S 1 T, U 8.0, 4.0 0.5, 0.5
2 T, U 8.0, 4.0 0.5, 0.5
3 T, U 8.0, 4.0 0.7, 0.7
4 T, U 8.0, 4.0 0.7, 0.7
5 T, U 8.0, 4.0 0.7, 0.7
6 T, U 8.0, 4.0 0.7, 0.7
PRR D 1 W 7.0 0.5
2 W 7.0 0.7
3 W 7.0 1.0
4 W, X 7.0, 4.0 0.5, 0.5
5 W, X 7.0, 4.0 0.7, 0.7
6 W, X 7.0, 4.0 0.7, 0.7
S 1 1lmm medial from Y 5.0 0.5
2 1mm medial from Y 5.0 0.7
3 1mm medial from Y 5.0 0.7
4 Imm medial from Y 5.0 1.0
5 1lmm medial from Y 5.0 2.0

Table S1: Lesion parameters. The table gives parameters of the individual lesions for
each monkey and each area. The parameters include the injection locus, depth (relative

to the dura), and the injected amount of the drug. The loci are visualized in Fig. S1.



locus x-coordinate y-coordinate z-coordinate

S -8 -26 12
T -10 -24 13
U -13 -21 15
W -1 -28 15
X -3 -25 17
Y -5 -28 14

Table S2: Coordinates of the injections. The table lists the AC-PC coordinates of
the individual injection loci. The letter “V” was not used as a label of a locus because it

would interfere with “V” for “ventral” in the main text.



LIP PRR
monkey D monkey S monkey D monkey S (approx.)

Fig. S1: Lesion loci.

Anatomical MR scans following muscimol+MnCl, injections. The contrast agent MnCl,
indicates the spread of the drug as a white spheric region. The figure gives the loci (S, T,
U, W, X, Y) of the lesions performed in each monkey in LIP (left) and PRR (right). The
top and bottom rows of images represent the coronal and transverse views, respectively.
IPS: intraparietal sulcus. A: anterior, P: posterior, D: dorsal, V: ventral, L: left, R: right.



SI Results

Effects of PRR and LIP inactivations on saccade and reach durations

We tested whether movement duration changed with inactivation (Fig. S2). There were
no significant changes with the exception of a small (0.5 ms, p = 0.034, n = 19, paired
t-test) slowing of saccades into the contralesional hemifield following LIP inactivations.
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Fig. S2: Effects of LIP and PRR inactivations on reach and saccade durations.
Mean+SEM difference in the duration of saccades (red) or reaches (blue) during
inactivations compared to controls, in ms. The data are given separately for LIP
inactivations (left, n = 19) and PRR inactivations (right, n = 11), and for movements
into the contralesional and ipsilesional hemifield. n.s.: p > 0.05, paired t-test.

Effects of PRR and LIP inactivations on reach and saccade endpoints

Hwang et al. (3) found that PRR inactivations in fixating animals shorten, relative to
controls, the amplitude of reaches to a peripheral visual target. We tested whether our
data reproduce this effect (Fig. S3, left). In line with that study, we found that PRR

inactivations significantly shorten reaches to a target in the contralesional hemifield (mean



horizontal endpoint difference of —0.8 visual degrees (approximately —0.8 cm) during
inactivations compared to controls, p = 0.021, n = 11, paired t-test). The effect was not
observed for reaches to the target in the ipsilesional hemifield (p = 0.7). In line with
(3), saccade endpoints remained intact following PRR inactivations, for both saccades
into the contralesional and into the ipsilesional hemifield (p > 0.05). With respect to
(3), our effect on the reach endpoints is relatively modest. However, there are at least
three major differences between the studies. First, a visually-guided one-target task (3)
likely engages distinct process compared to the two-target choice task used in our study.
Second, the authors of (3) injected into the tissue substantially larger amounts of muscimol
(mean 5.5 ul, range 3.5-10.0 pul) compared to our mean of 1.0 ul (range 0.5-2.0 ul).
Third, the authors targeted a part of the medial bank of the intraparietal sulcus that was
substantially more anterior compared to our PRR inactivations.

LIP inactivations (Fig. S3, right) slightly lengthened reaches to the ipsilesional
target (mean horizontal endpoint difference of +0.77 visual degrees during inactivations
compared to controls, p = 0.012, n = 19). The endpoints of reaches to the contralesional

target and saccade endpoints remained intact (p > 0.05).
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Fig. S3: Effects of PRR and LIP inactivations on reach and saccade endpoints.
Mean+SEM difference in the horizontal amplitude of saccades (red) or reaches (blue)
during inactivations compared to controls, in visual degrees. The data are given separately
for PRR inactivations (left, n = 11) and LIP inactivations (right, n = 19), and for
movements into the contralesional and ipsilesional hemifield. n.s.: p > 0.05, paired t-test.

Effects of LIP and PRR inactivations on saccade and reach reaction times

Each session on a given day consisted of two blocks of trials, a first control block and
a second lesion block. These blocks were separated by a 30 min period during which
the animal rested in the setup and received either a muscimol or a sham lesion (the
sham sessions were identical to the lesion sessions with the exception that the injection
cannula was not lowered into the tissue). We found that animals’ reaction time (measured
relative to the onset of the first target) was universally faster in the second block recorded
after the waiting period—reaches were on average 19.8 ms faster and saccades 9.9 ms
faster during the second block compared to the first block. As a control, we evaluated
the effects in reaction time (Fig. S4) relative to the effects observed during the sham
sessions, i.e., as (lesion — control) — (sham_lesion — sham_control). In line with previous
studies (e.g., (1, 4)), LIP inactivations slowed the initiation of saccades to targets in the

contralesional hemifield (Fig. S4, left). We observed a mean slowing of 14.4 ms (p = 0.017,



n = 19). No significant slowing was observed for reaches (p > 0.13), and no slowing was
detected for saccades into the ipsilesional hemifield (p = 0.92). PRR inactivations did not

have a significant impact on RT (Fig. S4, right, p > 0.11).
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Fig. S4: Effects of LIP and PRR inactivations on saccade and reach reaction
times.

Mean+SEM difference in the reaction time for saccades (red) or reaches (blue) during
inactivations compared to controls. The data are given separately for LIP inactivations
(left, n = 19) and PRR inactivations (right, n = 11), and for movements into the
contralesional and ipsilesional hemifield. n.s.: p > 0.05, paired t-test.

Effects of LIP and PRR inactivations on errors

The mean proportion of trials in which animals failed to acquire the central target was,
during the LIP control sessions, 2.7% and 1.6% in the saccade and reach blocks of trials,
respectively. During the LIP inactivation sessions, these error rates were 3.0% and 2.6%
respectively. The change was not significant in the saccade trials (p = 0.63, n = 19,
t-test), and was significant in the reach trial (p = 0.029, n = 19). However, that effect
vanished when it was computed relative to the same effect observed in the sham sessions

(p =0.14, n = 19). During PRR control sessions, the mean proportion of trials in which

9



an animal failed to acquire the central target was 2.1% and 4.0% in the saccade and reach
blocks of trials, respectively. During the PRR inactivation sessions, these error rates were
3.6% and 3.6% respectively. The differences were non-significant in both saccade and
reach trials (p > 0.4, n = 11).

The mean proportion of trials on which animals failed to choose a target or chose a
target with the wrong effector was, during the LIP control sessions, 3.3% and 5.2% in the
saccade and reach block of trials, respectively. During the LIP inactivation sessions, these
error rates were 3.3% and 6.4%. The differences were not significant in either saccade
or reach trials (p > 0.08, n = 19). The error rates were 1.4% and 5.1% in the saccade
and reach block of trials during the PRR control sessions, and 1.8% and 4.1% during the
PRR inactivations. The differences were not significant in either saccade or reach trials

(p > 0.28).

Four-parameter logistic fits

Besides the two-parameter fits to the psychometric curves performed in the main text,
we also tested more complex, four-parameter fits (see Methods). The results are shown

in Table S3.

Effect of the time following an injection

A previous study (5) mentions that effects of muscimol injections in an extinction task
were observed 15-60 min following an injection. This is in contrast to our study in which
we started the experiment already after 10 min following an injection. We started that
early because there were suggestions that the duration of this waiting period is not critical.

However, we investigated the effect of the time following an injection. We used the trial
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Table S3: Four-parameter logistic fits to the data.
1 in the main text, for the fit featuring 4 parameters (see

both monkeys

monkey S

monkey D

Same format as in Tab.

Methods).

number as a measure of the time (1200 trials were completed in about 60 min). The

LIP PRR

saccades reaches | saccades reaches

shift 5.3 —-0.2 1.3 4.8
slope 0.02 —0.04 —0.08 —0.05
vertshift | —0.01 0.02 0.00 —0.02

vertscale | —0.07  —0.01 0.03 0.03

shift 6.5 1.2 3.1 8.3
slope 0.01 0.04 0.01 —0.01
vertshift | —0.00 0.06 0.01 —0.01

vertscale | —0.06 —0.07 0.05 0.01

shift 4.8 —0.8 —0.1 1.9
slope 0.02 —-0.07 | —-0.16  —0.07
vertshift | —0.01 0.01 —0.00 —0.03

vertscale | —0.07 0.01 0.01 0.04

results are shown in Fig. S5.
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Fig. S5: The inactivation effects progress as a function of time.

Mean+SEM difference in the percentage of choices of the contralesional target
(inactivation minus control) as a function of the trial number within a session. The
effects are shown separately for LIP (left), PRR (right), and saccades (red) and reaches
(blue). The abscissa was discretized into bins of (1-250), (250-500), (500-750), (750—
1000), (1000-1250), and (> 1250) trial numbers within a session. The lines were fitted
to the 6 data points, and the inset p-values indicate the significance of the slope of each
line. The error bars are SEMs (n = 19 for LIP, n = 11 for PRR).
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