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Yttri EA, Wang C, Liu Y, Snyder LH. The parietal reach region
is limb specific and not involved in eye-hand coordination. J Neuro-
physiol 111: 520-532, 2014. First published November 6, 2013;
doi:10.1152/jn.00058.2013.—Primates frequently reach toward visual
targets. Neurons in early visual areas respond to stimuli in the
contralateral visual hemifield and without regard to which limb will be
used to reach toward that target. In contrast, neurons in motor areas
typically respond when reaches are performed using the contralateral
limb and with minimal regard to the visuospatial location of the target.
The parietal reach region (PRR) is located early in the visuomotor
processing hierarchy. PRR neurons are significantly modulated when
targets for either limb or eye movement appear, similar to early
sensory areas; however, they respond to targets in either visual field,
similar to motor areas. The activity could reflect the subject’s atten-
tional locus, movement of a specific effector, or a related function,
such as coordinating eye-arm movements. To examine the role of
PRR in the visuomotor pathway, we reversibly inactivated PRR.
Inactivation effects were specific to contralateral limb movements,
leaving ipsilateral limb and saccadic movements intact. Neither visual
hemifield bias nor visual attention deficits were observed. Thus our
results are consistent with a motoric rather than visual organization in
PRR, despite its early location in the visuomotor pathway. We found
no effects on the temporal coupling of coordinated saccades and
reaches, suggesting that this mechanism lies downstream of PRR. In
sum, this study clarifies the role of PRR in the visuomotor hierarchy:
despite its early position, it is a limb-specific area influencing reach
planning and is positioned upstream from an active eye-hand coordi-
nation-coupling mechanism.

parietal reach region; reaching; visuomotor; eye-hand coordination

VISUOMOTOR TRANSFORMATIONS involve multiple brain areas with
different functional organizations. Early visual areas process
information from contraversive visual space, without respect to
how that information will be used (hereafter, “visual organi-
zation”). In contrast, late motor areas do not parse information
according to visual field but rather, encode movement-related
information for effectors on the contralateral side of the body
(hereafter “motor organization”). Whereas the poles of this
pathway have been well characterized, we focus on a region
involved early in the transformation from sensory to motor
organization.

The parietal reach region (PRR), encompassing portions of
macaque V6A and medial intraparietal (MIP) areas in the
posterior and medial portion of the intraparietal sulcus (IPS), is
situated early in the dorsal visuomotor pathway (Colby et al.
1988; Galletti et al. 1999). It receives direct input from extra-
striate visual areas (Galletti et al. 2001; Gamberini et al. 2009;
Johnson et al. 1996; Passarelli et al. 2011) and projects to
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dorsal premotor cortex (PMd) (Johnson et al. 1996; Pandya and
Seltzer 1982). PRR shows sustained activity when planning a
reaching movement to a target (Cohen and Andersen 2000;
Snyder et al. 1997), with more activity before movements of
the contralateral limb compared with the ipsilateral limb. PRR
also shows sustained activity when planning a saccade, al-
though the activity is substantially less than that observed
before a reach (Calton et al. 2002; Kutz et al. 2003; Quian
Quiroga et al. 2006; Snyder et al. 2000). Its position early in
the visual-processing hierarchy (Felleman and Van Essen
1991) indicates that PRR is one of the first cortical regions to
play a role in planning reaches. Additionally, the combination
of reach- and saccade-related responses may indicate a role in
eye-hand coordination (Battaglia-Mayer et al. 2001; Dean et al.
2011, 2012; Pesaran et al. 2006). Finally, activity in association
with targets for saccades and reaches could reflect a role of
PRR in attentional processing, as has been suggested for the
nearby lateral intraparietal (LIP) area, which is also active in
association with targets for upcoming movements of the hand
or eye (Gottlieb et al. 1998; Snyder et al. 1997; Wardak et al.
2002).

Although task-evoked activity is helpful for suggesting the
function of brain areas, function can also be assayed using
interventional, rather than observational, techniques. For ex-
ample, lesion studies allow us to examine how an organism
performs in the absence of a particular portion of the brain,
providing clues as to the function of the lesioned tissue. It has
been argued that lesion studies provide corroborative and
arguably more direct evidence for function than recording
studies (Wardak et al. 2002), although like any technique, these
results must be interpreted with care. Large lesions of the
medial bank of the IPS have suggested a role in reaching with
the contralateral limb (Brown et al. 1983; Lamotte and Acufa
1978; Rushworth et al. 1997). The interpretation of these
studies is complicated by the use of surgical lesions that may
extend beyond the medial bank, for example, onto the gyral
surface, or that may affect the underlying and unrelated fibers
of passage. Furthermore, behavioral assessment typically oc-
curred days after the surgery, allowing time for adaptive
compensation to occur and potentially obscure the results.
Aspiration lesions of the entire anterior bank of the parieto-
occipital sulcus (POS), immediately contiguous with the me-
dial bank of the IPS, provide still more evidence for a role of
this region in reaching with the contralateral limb (Battaglini et
al. 2002, 2003). However, none of these studies measured eye
movements and therefore, could not address the issues of
effector specificity or eye-arm coordination.

We studied the effect of focal, reversible inactivation on
memory-guided reaches, saccades, eye-hand coordination, and
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visual attention (Fig. 1A). PRR was inactivated with muscimol,
a GABA , agonist. To verify the location of each injection, we
added manganese, an magnetic resonance (MR)-lucent contrast
agent, to the inactivation solution and performed anatomical
MRI following each session [Fig. 1B; see also Liu et al.
(2010)]. Despite significant increases in firing rate in PRR
before ipsilateral limb reaches and saccades, PRR inactivation
effects were exclusive to the contralateral limb. Consistent
with a preferential role in reach planning, rather than reach
execution, reach reaction time (RT) was most clearly affected,
with weak effects on movement trajectory, velocity, and end-
point. No visual hemifield bias was observed, as one would
find following inactivation of a visual area. Additionally, there
were no effects on covert visual search, suggesting that PRR
does not contribute to visual attention, and no effects on
eye-hand coordination.

MATERIALS AND METHODS

Three adult male macaque monkeys (Macaca mulatta) were trained
to make eye and/or arm movements to targets on a vertically mounted,
custom-built, infrared touch-screen, located at a comfortable reaching
distance in front of the monkey. A second set of infrared beams was
placed 8.6 cm in front of the screen to monitor the position of the hand
in space, even when it was not in contact with the screen. Touch
position on the screen and hand position in space were each recorded
at every 2 ms, with 3.5 mm resolution. Visual stimuli were back
projected onto the touch screen. Eye movements were monitored with
a scleral search coil (CNC Engineering, Enfield, CT). Hand position
was recorded every 2 ms, with 3.5 mm resolution. Animals sat in
complete darkness with their heads restrained in custom-made primate
chairs (Crist Instrument, Hagerstown, MD). The fronts of the chairs
were completely open so that the animals had free range of movement
of the forelimbs. All procedures were in accordance with the Guide
for the Care and Use of Laboratory Animals and were approved by
the Washington University Institutional Animal Care and Use Com-
mittee.

Behavioral tasks. All animals performed memory-guided, center-
out saccades. Monkeys G, Q, and W performed combined reaches and
saccades (“coordinated reaches”). Monkey G performed reaches with-
out saccades (“dissociated reaches”; Fig. 1A). Reach and saccade

A

Fixation Target Variable
flash delay
350 ms 150 ms 600-1000 ms

trials were interleaved. A Plexiglas panel blocked the arm not in use.
Trials started with the animal fixating and touching a central fixation
cue (5.5° windows for the eye; 6° for the hand). After 350 ms of
fixation, a peripheral target was flashed for 150 ms in one of eight
equally spaced locations, 20° (6.2 cm) from the fixation point. After
a subsequent 1,000- to 1,600-ms delay, the fixation target was extin-
guished, and the animal had 500 ms to initiate and complete a saccade
and/or 750 ms to initiate and complete a reach to within 10° of the
remembered target location. On coordinated trials, reaches were
initiated an average of 71.5 ms after the onset of the saccade. On
dissociated trials, the nonmoving effector was constrained to a 5.5°
central fixation window. All windows were kept large in both time and
space so that lesion effects would not prevent the animals from
performing the task. If the animal moved to within 10° of the target,
a fluid reward was given. If the initial movement landed within 5.0°
of the saccade target or 6.5° of the reach target, a second reward was
given, and the trial was ended. If not, the target reappeared 150 ms
after the completion of the initial movement, and the animal had up to
2 s to make a corrective movement to within 5.0° (saccade) or 6.5
(reach) of the (visible) target. Upon completion of a corrective
movement, a second, smaller reward was given. Only the initial
movement endpoint was used in data analysis; corrective movements
to the visible target, along with the reward structure of the task, were
used only to encourage the animals not to take advantage of the large
windows but instead, to move as accurately as possible. Animals
performed ~1,000 trials/session. One-half of these trials was disso-
ciated saccade trials, and the other one-half was either coordinated
reach with saccade trials or dissociated reach trials. Unless otherwise
noted, “saccade” refers to dissociated, saccade-only trials.

Covert attention was assayed using a visual search task adapted
from Wardak et al. 2002 (see Fig. 7A). Animals fixated a central
fixation target. After a variable delay period of 800—1,300 ms, one
purple square and seven purple distractors of varying shape appeared.
All eight stimuli were equally spaced and 12° eccentric to the fixation
point. In one-third of the trials, only the purple square appeared.
Animals were rewarded for making a single saccade to within 6° of
the square target. Trials in which saccades were made to a distractor
or more than one saccade was performed were terminated immedi-
ately and counted as errors. The difference in RT and error rate on
trials with and without distractors served as a measure of covert
attention (Liu et al. 2010; Wardak et al. 2002, 2004).

Reaches were defined as a change in hand position of at least 3° of
visual angle. Reach onset and offset were defined as the time at which

Saccade Fig. 1. Experimental setup. A: behavioral task.
After an initial fixation period, a target briefly
appeared at 1 of 8 peripheral locations. The
target color instructed both movement type
and location: green for reach and red for sac-
cade (color not shown in figure). After a vari-
able delay period, the central fixation point
disappeared, cueing the animal to make a sac-
cade, dissociated reach, or coordinated reach
and saccade to the remembered target. Sac-
cade-alone trials were interleaved randomly
with either dissociated or coordinated reach
trials. B: horizontal magnetic resonance (MR)
image taken from a representative parietal
reach region (PRR) injection. The bright

Coordinated
Reach

white region indicates the location of the
muscimol plus manganese injection (1 wl)
into the medial bank of the intraparietal sulcus
(IPS). POS = parieto-occipital sulcus; P = pos-
terior; A = anterior. Scale bar = 2 mm.

Dissociated
Reach
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the arm moved 1° from the starting or ending position, respectively.
Animals often remained in contact with the touch screen, especially
during the initial portion of the reach. If the hand left the screen
without first moving along it, then reach onset was defined as the time
of leaving the screen. Saccades were defined as a change in eye
position of at least 2°. Saccade onset and offset were defined as the
time at which the velocity increased to 20°/s or decreased to 16/s,
respectively. Within each session, accuracy and precision (endpoint
scatter) were computed for each target location. Accuracy was quan-
tified as the Euclidian distance between the target and the mean
endpoint. With the comparison of mean accuracy in this way— before
and after inactivation—we are sensitive to systematic effects in any
direction, e.g., hypometria, hypermetria, leftward or upward shifts,
clockwise deviations, etc. We also tested separately for hypometria/
hypermetria, using more specific tests that would have greater
statistical power. We report all distance-based results in degrees of
visual angle for consistency; the conversion to linear distance, of
course, depends on distance of the touch screen from the eyes
(typically 17 cm).

Trial-by-trial endpoint scatter was used as a measure of movement
precision and quantified as the average Euclidian distance between
each individual movement endpoint and the mean endpoint. Errors
included movements that occurred before or after the allotted move-
ment period, failure to maintain fixation at the location of the periph-
eral target for at least 150 ms, movements that landed more than 10°
away from the remembered peripheral target location, or failure to
make a corrective movement to the peripheral target location after it
flashed at the end of the trial. Trials in which an error occurred before
the initial target appearance were excluded from the study.

Behavioral data from each inactivation session were compared with
the data from the two previous control sessions. Unless otherwise
noted, statistical significance was computed using a Student’s #-test.
The significance of inactivation effects across sessions was computed
using a paired two-tailed Student’s 7-test. We used a paired #-test
rather than a pooled #-test for this comparison so that differences in
baseline values across individuals would not influence our computa-
tion of significance. The significance of the effect of each inactivation
vs. the two previous control sessions was computed using a two-tailed
Welch’s t-test, which allows for different variance in the control and
injection data and is more conservative than a standard Student’s
t-test.

To compare reach trajectories, hand position was measured at 2-ms
intervals throughout each reach. The samples were normalized to a
constant duration by dividing the time of each sample, relative to the
start time of the reach, by the total reach time. The data were then
averaged by direction to form 48 mean trajectories (control and
inactivation trajectories for three animals and eight directions). For
each inactivation-control pair, the largest deviation occurring within
the first half of the trajectory was identified. Statistical significance
was determined using a permutation test, in which trials were reas-
signed randomly as injection or control, and maximum deviation was
recomputed. This was repeated 1,000 times, and the significance was
determined by the rank order of the actual deviation within these
shuffled deviations.

Reversible inactivation. PRR was identified and localized with a
single-unit recording, assisted by anatomical MR images. Injections
were placed within the medial bank at approximately 6—8 mm behind
the interaural line, 5 mm lateral, and between 4 and 6 mm below the
surface of the brain. For each inactivation, a cannula was lowered to
the desired position. Next, 0.5-2.0 ul (most were 1.4 ul or less) of 8
mg/ml muscimol and 0.1 M of the MRI contrast agent manganese
[19.8 mg/ml MnCl,(H,0),] were injected through a 33-g cannula
(Small Parts, Logansport, IN) at a rate of 0.05-0.15 ul/min (micro-
injection pump; Harvard Apparatus, Holliston, MA). The cannula was
left in place for 10 min after the completion of the injection and then
was retracted slowly. In three sessions, we recorded spontaneous and
task-evoked activity from 1 mm away from the point of injection and

found nearly complete suppression of activity, confirming the efficacy
of the inactivation (data not shown).

Control sessions were identical to inactivation sessions in number
of trials, time, and tasks performed. In control sessions, the injection
microdrive was mounted on the monkey’s head, and the microinjec-
tion pump ran with the same timing as in an injection session, but the
cannula was not lowered into the brain. The two behavioral sessions
preceding each inactivation were used as control sessions, which
never occurred on the day following an inactivation, and inactivation
sessions were spaced at least 4 days apart. Control sessions did not
include saline or manganese injections. We are interested in the
effects of a localized dysfunction, regardless of whether that dysfunc-
tion is caused specifically by GABA , inactivation or by a nonspecific
effect, such as a focal increase in pressure. Note, however, that we
have shown previously that injecting a manganese alone into the
parietal cortex does not affect behavior (Liu et al. 2010) and that
inactivation of the nearby LIP area induced saccade-specific deficits in
the same task, while leaving reaches unaffected (Yttri et al. 2013).

Lesion localization. Two to 4 h after each injection, after collecting
the behavioral data, T1-weighted anatomical images were obtained
using a magnetization-prepared, rapid-acquisition gradient echo se-
quence, conducted at 0.5 mm>® on a 3T head-only MRI system
(Siemens Allegra; Siemens, Malvern, PA). A single-surface coil was
used. Animals were head restrained and lightly sedated with ketamine
(3 mg/kg) during the procedure. Injections were visible as a bright
halo representing the manganese-induced T1 signal increase. Only
those injections centered in the posterior portion of the medial bank of
the IPS and the contiguous portion of the anterior bank of the POS
were included in this study. Injections that spread across the POS and
into the anterior bank or across the IPS and into the lateral bank were
excluded. Exclusions were based only on injection location; no
experimental sessions were excluded based on behavioral results.

RESULTS

To examine the role of PRR in the visuomotor pathway, we
reversibly inactivated PRR in three monkeys in 28 separate
injection sessions. We were particularly interested in whether
the spatial organization of PRR more closely resembles that of
visuosensory or motor cortex. For each experiment, lesion
location was confirmed by MRI of co-injected manganese (see
MATERIALS AND METHODS). We measured the inactivation-in-
duced changes in performance, including effects on RT, move-
ment duration, accuracy, and endpoint scatter (inverse preci-
sion), in interleaved, memory-guided saccade and reach trials.
Reaches were accompanied by eye movements in some exper-
iments and dissociated in others. The effects of PRR lesions on
coordinated and dissociated movements are very similar (see
below), and so, these data are combined together in the first
half of the paper. Because of the similarity in effects across
these conditions, the data are combined here but will be
examined individually later in the manuscript.

Across sessions, muscimol injection into PRR slowed the
RT of reaches performed with the contralateral limb by 6.8 ms
(P = 0.000043, two-tailed t-test; Fig. 2A). In contrast, there
was no effect of inactivation on reach RT performed with the
ipsilateral limb (mean = —0.6 ms, P = 0.72) or on saccade RT
(mean = —1.2 ms, P = 0.2).

The contralateral limb effect is highly significant but small
compared with the mean RT (259 ms). However, reach RTs are
tightly clustered. Cohen’s d is the ratio of an effect size to the
SD of the control value. This ratio expresses how large the
effect is compared with the variability of the quantity being
measured and depends only on the characteristics of the be-
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Fig. 2. Effect of PRR inactivation on reaction time (RT). A: mean and SE are
shown for each effector in the memory-guided movement task (*P < 0.05,
2-tailed r-test). Lesion effects are specific to contralateral reaches. B: histogram
of Z-scored RTs for each effector. Control (thin lines) and inactivation (thick
lines) show distribution of data for contralateral (Contra; rop) and ipsilateral
(Ipsi; bottom) 1imb movements. Shaded regions represent differences in dis-
tributions. Data were Z scored by animal and reach direction.

havior itself. Consider the impact of a 1-s advantage in a race.
If most racers finish within seconds of one another, then a 1-s
advantage will have a huge impact, regardless of whether the
mean time to complete the race is measured in seconds,
minutes, or hours. Cohen’s d captures this by computing the
observed change divided by the SD of the baseline measure-
ment. (Note that this differs from a ¢ statistic, which is the ratio
of the observed change divided by the SE of the mean. The ¢
statistic depends on the number of measurements that is made
and thereby confounds effect size with experimental design.)
The RT effect sizes, as measured by Cohen’s d, are 0.26, 0.33,
and 0.35 for monkeys G, Q, and W, respectively. With the
assumption of normally distributed data and similar pre- and

postinjection SDs, this means that a randomly drawn postin-
jection RT would be slower than a randomly drawn control RT
on ~60% of trials. Thus whereas the effect size that we
observed was only 3% of the mean RT, this numerically small
effect comprised a substantial fraction of the normal variance
and has a noticeable effect on behavior, even at the single-trial
level.

The contralateral limb-specific increase in RT was observed
across the entire spectrum of reaches rather than confined to
some subpopulation of reaches (Fig. 2B). For instance, a small
increase in the number of trials with very long latencies or a
decrease in the number of trials with very short latencies could
have produced the same mean effect. Instead, we found a
highly systematic effect on reaches across latencies. However,
the effects were confined to reaches with the contralateral limb;
reaches with the ipsilateral limb did not demonstrate any
change in their RT distribution.

Lesion effects did not depend on the spatial location of the
target for the movement. Figure 3 depicts the mean effect of
inactivation on RT for each of the eight targets. Reaches with
the contralateral limb were slowed, independent of target

@005

O p>005

Contraversive €= |psiversive

Fig. 3. Polar plot of the inactivation effect on reaches with the contralateral (A)
or ipsilateral (B) limb to each of 8 targets. The inner, dashed circle represents
no effect; the outer, dashed circle represents a 5-ms slowing of RT. The central
point represents a 5S-ms speeding of RT. Significance (P < 0.05, 1-tailed #-test)
is indicated by filled data points. Data from monkey G were right-left flipped,
such that the contraversive visual field falls on the right for all 3 animals.

J Neurophysiol » doi:10.1152/jn.00058.2013 « www.jn.org

GTOZ ‘92 Areniga Uo Wolj papeojumod




524 PRR IS LIMB SPECIFIC

Table 1. Mean control reaction times (RTs) and inactivation-induced changes for individual animals
Contralateral Limb RT Ipsilateral Limb RT Saccade RT
Monkey (n, side of inactivation) Control Effect Control Effect Control Effect
G (9, right) 212.2 45+ 1.2 208.7 -02x12 192.2 —1.1*=1.1
Q (13, left) 270.4 74 +18 272.0 —23+28 201.5 —-04*1.6
W (6, left) 302.8 9.0 = 4.1 276.9 2.6 42 229.0 —22*25
All (28) 258.6 6814 252.6 —0.6 1.5 205.6 —-1.2+09

RTs (mean = SE) are shown in milliseconds. Bold values indicate significant inactivation effects (P < 0.05, 2-tailed #-test). Italics represent trends (P < 0.15).

direction (P < 0.05 for seven of eight directions, one-tailed
t-test; P = 0.52, Rayleigh’s test for uniformity). There was no
significant difference in RT for reaches made to targets in the
contraversive vs. ipsiversive hemifields (slowing of 7.8 vs. 6.2
ms, difference of 1.6 ms, P = 0.29, two-tailed paired z-test).
Reaches made with the ipsilateral limb, by contrast, were
neither slowed down nor sped up for any target direction (P >
0.2 for each individual direction, two-tailed r-test).

This pattern of effects—a slowing of reaches specific to the
contralateral limb but not specific for reaches into either visual
hemifield—was also seen at the level of individual inactiva-
tions. Slowing was greater for the contralateral compared with
ipsilateral limb in 23 out of 28 experiments, with a significant
difference (P < 0.05, two-tailed #-test) in 18 experiments.
Slowing was significantly greater in the ipsilateral limb in only
two experiments. In contrast to these limb-specific effects,
there were no field-specific effects. Slowing after inactivation
was nearly equal for targets in each field, with greater effects
for the contraversive targets in 13 of 28 experiments (not
different from chance, P = 0.7, X2 test). There were significant
differences between reaches to the two hemifields in only three
experiments. Across sessions, there was no correlation between
the limb and hemifield effects; that is, it was not the case that
inactivations eliciting stronger effects on the contralateral arm
showed stronger effects in the contralateral visual field (Pear-
son’s r = —0.06, P = 0.8).

This pattern of effects was also consistent across individual
animals. Reaches with the contralateral limb were slowed by
4.5,7.4, and 9.0 ms in each of the three animals (G, Q, and W,
P = 0.0057, 0.00085, and 0.079, respectively). There was no
effect on ipsilateral reaches (P > 0.5) or saccades (P > 0.3) in
any individual animal (Table 1). In no case was there a
significant difference in the effects between hemifields. Mean
saccade latency was reduced in each individual, but in no case
was the reduction significant for saccades.

Other movement parameters showed similar specificity for
reaches with the contralateral limb (Tables 2 and 3). Inactiva-

Table 2. Effects of parietal reach region inactivation

tion caused a significant slowing of contralateral limb velocity
(3.6°/s, P = 0.026) but not ipsilateral limb or saccade velocity
(0.8°/s and 0.2°/s, respectively). Inactivation also caused a
small but significant increase in movement duration (4.1 ms,
P = 0.031) and decrease in reach accuracy (0.2° increase in the
average disparity between mean endpoint and target, P =
0.025). The effect on accuracy was not significant when a
more conservative permutation test was applied (P > 0.3).
Again, none of these parameters (velocity, accuracy, dura-
tion) was affected significantly for reaches with the ipsilat-
eral limb or saccades. Endpoint scatter was not increased
significantly for either limb. Finally, we found no significant
hypometria or hypermetria (Table 4). Contralateral reaches
exhibited a trend toward hypometria, and ipsilateral reaches
trended toward hypermetria, but the magnitudes of these
effects were small (~1%).

Inactivation had subtle effects on contralateral but not ipsi-
lateral limb trajectories. We scaled each reaching movement to
a fixed duration and then averaged movements to each target
for each animal. Figure 4 shows the average control and
postinjection reach trajectories for each limb obtained from
monkey Q. Across animals, we found significant divergence in
nine of 24 postinjection trajectories (eight directions for each
of three monkeys) for the contralateral limb and in three of 24
trajectories for the ipsilateral limb (see MATERIALS AND METH-
ops). The contralateral limb results exceed what would be
expected by chance (P = 1E-6, computed from a binomial
distribution with a 5% chance of each individual event),
whereas the ipsilateral limb results do not differ from chance
(P = 0.12).

PRR inactivation does not affect the temporal aspects of
eye-arm coordination. Humans and nonhuman primates typi-
cally move their eyes when they reach, with gaze arriving on
target shortly before the reach is completed [Biguer et al. 1982;
Dean et al. 2011; Prablanc et al. 1979; Rogal et al. 1985; but
see Abrams et al. (1990) and Ballard et al. (1992)]. The
movement onset times (RT) for coordinated saccades and

Contralateral Limb Ipsilateral Limb Saccade
Control Effect Control Effect Control Effect
RT, ms 258.6 68 =14 252.6 1.1 +15 205.6 —-1.2+09
Mean velocity, degree/s 118.1 -3.6 1.5 122.2 0.8 £2.0 310.2 0.2 *£3.6
Duration, ms 123.3 4.1 %21 116.0 -02=*25 62.8 -0.1 £0.5
Amplitude, degree 18.3 —-02=*01 18.4 02*0.1 18.8 —-02*0.1
Endpoint scatter, degree 4.8 2.1*13 5.12 09 *1.2 34 —0.6 = 0.6
Accuracy, degree 5.7 0.2 =0.1 5.90 0.1*0.1 3.8 0.1 £0.1

Values for mean = SE are presented for RT, velocity, duration, amplitude, endpoint scatter, and accuracy, averaged across 3 animals. Bold values indicate
significant inactivation effects (P < 0.05, 2-tailed #-test). Italics indicate trends (P < 0.15, 2-tailed #-test).
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Table 3. Inactivation effects (mean * SE) for each animal for 6 parameters
Monkey G, n Monkey G, n
Monkey Q, n = 13 Monkey W, n = 6 Coordinated = 2 Dissociated = 9
Contra Ipsi Contra Ipsi Contra Ipsi Contra Ipsi

RT, ms 74 =18 —-23+238 9.0 4.1 2642 43+20 03=*13 45x1.2 -02=*12
Mean velocity, degree/s —6.7 = 2.7 0.8 = 4.6 —11+22 0.5*39 21=*23 09=*+21 =31=*18 0.6 =20
Duration, ms 7.1 3.0 —0.1*+4.6 1.5*x21 —-03 = 3.1 24=*35 -02+20 2.6 1.8 -02=*1.7
Accuracy, degree 0.1 = 0.1 0.1+02 0.4 = 0.1 02 *+0.1 0.1 =0.0 0.0 =0.1 0.3 = 0.1 0.1+0.1
Amplitude, degree —0.1%+0.2 02*02 —-03*0.1 0.1 £0.1 —02 0.2 0.1x01 —=0.1=*0.1 0.2 0.1
Endpoint scatter, degree 2.1 1.8 -02=*12 23 *1.7 0321 1529 3.1 %32 22*13 20+ 1.7

Monkey G is listed twice, with 1 set of entries for coordinated reaches and a 2nd set for dissociated reaches. Reaches with the contralateral limb are shaded
in gray. Bold values indicate significant inactivation effects (P < 0.05, 2-tailed #-test). Italics indicate trends (P < 0.15, 2-tailed #-test). Contra, contralateral; Ipsi,

ipsilateral.

reaches are correlated on a trial-by-trial basis (Dean et al. 2011,
2012; Fischer and Rogal 1986; Fisk and Goodale 1985; Snyder
et al. 2006). If PRR plays a functional role in the temporal
coordination of eye and limb movements, then PRR inactiva-
tion should decrease this correlation. This was not the case.
Figure 5A shows that PRR inactivation had no significant effect
on the correlation between eye- and limb-movement RTs
[contralateral limb: control r = 0.35, inactivationr = 0.34, P =
0.7, Fisher r-to-z transformation test; ipsilateral limb (data not
shown): control r = 0.45, inactivation r = 0.46, P = 0.8, Fisher
r-to-z transformation test]. This absence of an inactivation
effect on eye-arm correlations remained when the data were
restricted to movements into the contraversive field (P > 0.6),
as well as when the data were restricted to just those sessions
with significant increases in reach RTs (P > 0.4). Finally, there
was no consistent pattern of change in eye-arm correlation
within each individual animal. The control and experimental
correlations changed from 0.35 to 0.32 (monkey Q, P > 0.5),
from 0.34 to 0.37 (monkey G, P > 0.7), and from 0.42 to 0.43
(monkey W, P > 0.7).

It is possible that an effect on coordination could be masked
by analyzing across sessions. To determine if there was an
effect within individual injections, we determined the correla-
tion coefficient for saccade and reach RT for each inactivation.
There was no difference between inactivation and control
sessions in their average correlation (mean r value = 0.36 for
both, SE = 0.03 for both, P > 0.9 permutation test). Further-
more, larger injections did not produce larger effects. Across
individual sessions, there was no correlation between the
degree of saccade and reach RT correlation and the injection
volume (between 0.5 and 3.0 ul; r = 0.04, P = 0.87).

Thus we found that although PRR inactivation slows reaches
but not saccades (Fig. 2), there is no change in the correlation
between saccade and reach RTs (Fig. 5A). This may seem
paradoxical; however, in mathematical terms, the correlation
between a set of x and y values is not changed by adding a
constant to all of the x values. In other words, PRR inactivation

Table 4. Movement amplitude by visual hemifield

introduces a roughly constant offset into the relative timing
between the reach and saccade but does not otherwise change
the pattern of eye-arm coupling that emerges across trials.

We undertook a second analysis to test the conclusion that
although PRR inactivation slowed limb movements but not eye
movements, inactivation did not affect the temporal coupling
of the eye and arm. This analysis was based on the variability of
movement times. We considered the trial-by-trial variability of the
lag between saccade and reach onset times. In the control condi-
tion, the data demonstrate that reaches and saccades are not
initiated independently. If reaches and saccades were initiated
independently, then (SD,,)” = (SDgyccaae)” T (SDpeen)’- Instead,
the SD of the lag (the difference between contralateral limb
reach and saccade RT values) was 24% less than what would
be predicted if independent processes determined reach and
saccade RTs (Table 5). This reduction of variance is evidence
of coordination. However, this coordination could arise due to
an active process of eye-arm coordination, a passive effect of
a common input, or both factors. If the coordination is medi-
ated, in part, by PRR, then a PRR lesion should cause the
observed SD of the lag to move closer to the prediction of
independent processes. This is not what we found.

Following inactivation, saccade variability was unaffected
(control SD = 26.4; inactivation SD = 26.7; P of effect =
0.49, F-test), but reach variability was increased significantly
(control SD = 33.7; inactivation SD = 36.0; P of effect =
0.0002, F-test). The variability of the lag was also increased
significantly (SD = 34.4; P of difference = 0.0004, F-test).
This increase, manifest as a decrease in the slope in the
cumulative distribution (Fig. 5B), could reflect either a disrup-
tion of eye-arm coordination or a reach-specific deficit. In the
absence of a coordination mechanism, the predicted SD of the
lag is 44.8 ms; the observed value was 34.5 ms. This represents
a 41% reduction from the expected variance, which is not
significantly different from the 43% reduction observed in the
control data (P = 0.69). From this, we can conclude that PRR
inactivation increases the variability of reach but not saccade

All Targets Contraversive Field Ipsiversive Field
Control Effect Control Effect Control Effect
Contralateral limb 18.3 —0.20 = 0.13 19.2 0.14 = 0.20 17.5 —0.50 = 0.26
Ipsilateral limb 18.4 0.17 = 0.10 17.8 0.07 £0.16 18.9 0.26 = 0.20

Values for mean amplitude * SE are presented in degrees for each visual field. Bold values indicate significant inactivation effects (P < 0.05, 2-tailed r-test).

Ttalics indicate trends (P < 0.15, 2-tailed r-test).
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20

Fig. 4. Effect of PRR inactivation on reach trajecto-
ries. The mean trajectories for contralateral (/eff) and
ipsilateral limbs (right) are plotted for control (gray)
and inactivation (black) trials (shaded region is *1
SE). *Trajectories with significant deviation (P <
0.05; see MATERIALS AND METHODS) in the 1st half of
the reach. The contraversive visual hemifield is lo-
cated on the left side (negative horizontal values) of
each panel.
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RTs, consistent with an effector-specific role in reaching, but
does not affect the mechanism responsible for temporal cou-
pling between coordinated eye and arm movements. This is
strong evidence that the coordination of saccade and reach
timing is not dependent on an intact PRR.
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Fig. 5. PRR inactivation does not affect temporal eye-arm coordination.
A: coordinated saccade (abscissa) and reach (ordinate) movement latencies are
plotted for each trial from control (left) and inactivation (right) sessions.
B: cumulative histogram of reach-saccade RT offsets for control (dashed line)
and inactivation (solid line) trials. C: bar plot of inactivation effect on each
effector during coordinated (black) and dissociated (gray) movements. *P <
0.05, 2-tailed t-test.
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A third line of evidence is also consistent with this conclu-
sion. Figure 2 contains data from coordinated reaches plus
saccades, as well as from dissociated reaches, each made in
isolation of the other. If PRR helps mediate eye-arm coordi-
nation, then we would expect that a PRR lesion would have
differential effects on coordinated compared with isolated
movements. Instead, we find no difference in the effects of
inactivation when coordinated and dissociated movements are
compared (Fig. 5C). For the contralateral limb, coordinated
and dissociated reach RTs were slowed by similar amounts
(7.5 and 4.5 ms, respectively; P of difference = 0.3). For the
ipsilateral limb, neither coordinated nor dissociated reaches
were slowed significantly (—0.9 and —0.2 ms, respectively;
P > 0.6 in either case; P of difference = 0.8). Finally, neither
dissociated nor coordinated saccades were slowed significantly
by inactivation (—1.0 and —1.1 ms, respectively; P = 0.9). In
two experiments, both coordinated and dissociated movements
were performed within the same session. In those cases, the
effect of PRR inactivation on coordinated and dissociated
reach RT differed by only 0.2 ms (4.3 and 4.5 ms, respectively;
P = 0.9, paired -test). There was also no difference between
the coordinated and dissociated reaches within these sessions
(P > 0.5 in each case). The fact that the inactivation has
indistinguishable effects on coordinated and dissociated eye
and arm movements provides further evidence that PRR does
not play a role in coordinating eye and limb movements.

PRR lesions do not impair a covert visual search. Posterior
parietal cortex and in particular, area LIP have been implicated

Table 5. SD in milliseconds for RTs of reaches, saccades, and
the SD of the lag (reach RT — saccade RT for each trial)

Control Inactivation Difference
Reach SD 33.7 36.0 2.3
Saccade SD 26.4 26.7 0.3
Predicted lag SD 429 44.8 1.9
Actual lag SD 324 34.5 2.1
Reduction in variance (SD?;
actual vs. predicted) —43% —41% +2%

Predicted SD values are computed based on the hypothesis of independent
reach and saccade RTs, in which case, variances will add. Reductions in actual
variability may reflect both passive as well as active eye-hand coordination
mechanisms.
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in directing attention to salient targets (Gottlieb et al. 1998; Liu
et al. 2010; Wardak et al. 2002, 2004); for review, see Bisley and
Goldberg (2010). We tested PRR for its role in attention using an
attention-demanding, covert visual search task (Fig. 6A4). We used
the same paradigm and analysis as Wardak et al. (2002), in
which trials, with and without distractors, are contrasted. An-
imals must make one and only one saccade to the target to
indicate the result of their search. The RT and error rate in
trials without distractors are subtracted from search trials to
remove any oculomotor effects from this measure of attention.

A

' 4 x
r A [ )
r' \

L o i
T P n
Fixation Search and

(0.8-1.3ms) saccade

4 I]]I Error rate (%)

-4 %
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Inactivation of PRR did not impair performance in this task
(Fig. 6, B and C). We observed no significant change in error
rate (all targets: —0.1%, P = 0.88; contraversive targets: 1.1%,
P = 0.57; ipsiversive targets: —0.2%, P = 0.87). If anything,
PRR lesions produced a moderate speeding effect for search
RT (all targets: —1.9 ms, P = 0.044; contraversive targets:
—2.3 ms, P = 0.16; ipsiversive targets: —1.7 ms, P = 0.33). It
is possible that these modest effects may be due to a release of
an inhibitory influence of PRR. The target of that inhibition
could be LIP, although at this time, this is speculative. Atten-
tion has been shown previously to interact negatively with
motor activity, decreasing activity in primary motor cortex,
even in simple tasks, such as finger-tapping (Milnik et al. 2013)
or walking (Al-Yahya et al. 2011). In comparison, ventral LIP
lesions, tested in our laboratory using identical procedures,
produced substantial deficits in both RT and percent correct,
particularly for contraversive targets (Liu et al. 2010). These
results confirm that PRR does not play a role in general visual
attention or saccades but instead, contributes specifically to
reach-related processes.

To confirm the location of our inactivation sites, we added
manganese (0.1 M) to our inactivation solution and visualized
each injection in vivo using MRI (Liu et al. 2010). Injection
sites were reconstructed from anatomical MR images of the
IPS and surrounding brain and then warped onto a three-
dimensional atlas space (Caret, http://brainvis.wustl.edu, sum
database: Macaque.F6.BOTH.Std-MESH.73730). Figure 7
contrasts injection sites and PRR recording sites from monkey
G. The recording sites and injection sites are colocalized to the
posterior end of the IPS and the anterior bank of the POS,
covering portions of anatomical areas MIP and V6a.

Area MIP lies on the posterior portion of the medial bank of
the IPS, whereas area V6a lies primarily on the anterior bank
of the POS. Our injections covered portions of both areas.
Although there are known cytoarchitectonic differences be-
tween the areas (Luppino et al. 2005), descriptions of V6a have
emphasized the border with V6, whereas the border between
MIP and V6a has been difficult to define [for review, see
Cavada (2001)]. In practice, the border is often assigned to the
anatomical boundary between the POS and IPS [e.g., Galletti et
al. (1999)]. Yet, even the location of this anatomical boundary
is uncertain. Some atlases simply label the medial bank of the
IPS and the lateral half of the anterior bank of the POS as
a single structure—the superior parietal lobule [Brainlnfo
(1991—present), National Primate Research Center, University
of Washington, http://www .braininfo.org]. We find it difficult
to place a lesion that is >2 mm in diameter wholly within the

Fig. 6. Effect of PRR inactivation on visual search task. A: visual search task
used to probe covert attention. Monkeys performed a single saccade as quickly
as possible to the target (square) upon presentation of 8 visual stimuli. B: mean
changes in error rate (striped) and RT (white) are shown for all targets (left;
includes targets at top and bottom); only contraversive field targets (middle);
and only ipsiversive field targets (right). Error bars represent SE. Only the
improvement in RT for all targets was statistically significant (P < 0.05,
2-tailed #-test). For both measures, performance for target-only conditions (1/3
of trials; not shown) was subtracted from that in 7 distractor trials to control for
possible motor deficits. *P < 0.05, 2-tailed r-test. C: polar plot of the
inactivation effect on RT (gray) and error rate (black) to each of 8 targets. The
dashed circle represents no effect; the inner point represents a 5-ms speeding
or a 1% increase in performance, respectively. No individual direction
achieved significance (P < 0.05, 1-tailed 7-test).
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Fig. 7. Anatomical localization. A: individual injection halos from 1 animal
(monkey G) were aligned and superimposed on a representative horizontal MR
image plane. Darker colors signify greater overlap of individual inactivation
halos, ranging from 1 (yellow) to 9 (dark red). B: location of PRR cells
recorded from the same animal, aligned and superimposed on a single slice.
Color-coding ranges from 1 (yellow) to 9 cells (dark red), although tracks
where only 1 PRR cell was found are not shown. Electrode tracks were not
orthogonal to the plane of the image, and as a result, there is some offset in the
locations of cells recorded more than a few millimeters from this slice.

anterior bank of the POS, without also affecting the medial
bank of the IPS, and we found no systematic difference in
results between injections placed more anterior or posterior.
Therefore, whereas it is possible that the effects that we
observe are the result of the inactivation of MIP or V6a alone,
we feel that the distinction would be difficult to make based on
our MR images.

DISCUSSION

PRR is situated early in the visuomotor pathway, and its
pattern of activity leaves its role ambiguous. Recording studies
can demonstrate what signals are present and can suggest what
computations may be carried out in a particular area. However,
signals may be present that do not play a direct role in driving
behavior. Reversible lesion studies help to identify these cases,
although negative results must be interpreted with caution,
since a loss of function in one area may be compensated by
processes in other parts of the brain. With this caveat in mind,
the current study reveals three major findings. First, although
signals correlated with movements of either limb can be found
in PRR, lesion effects are specific to contralateral limb move-
ments. Second, the limb specificity and spatial organization of
PRR are more congruent with motor than with sensory cortical
areas. These two findings suggest that limb-specific movement
planning occurs early in the visuomotor pathway. Finally, PRR
does not appear to play a direct role in coordinating saccades
and reaches.

The contralateral limb RT effects that we observed were
extremely reliable within and across animals. Although small

compared with overall RT, they were a significant fraction of
the SD of that measure. We believe that the effect was small,
because visually guided reaching is a robust, well-practiced
behavior; we lesioned only a portion of PRR; or parallel and
compensatory pathways for reaching are likely engaged, po-
tentially including the intact PRR in the opposite hemisphere.
In contrast to the clear, contralateral limb effects, we saw no
effect on reaching with the ipsilateral limb, on saccades, or on
visual attention.

PRR as a motoric region. We have shown that PRR repre-
sents information from either visual hemifield and routes this
information toward pathways that eventually control muscles
on the contralateral side of the body. In combination with the
specificity for the contralateral limb, this is more consistent
with the spatial organization of a cortical motor area than that
of a visual sensory area. In the cortex, early sensory areas
process information from the contralateral hemifield, without
regard for which effector will ultimately be engaged. In con-
trast, motor regions are generally organized according to the
effector to be moved, without regard for the visuospatial
location of the target in space. One might have expected that;
as one ascends in the dorsal visual processing stream (Felleman
and Van Essen 1991), one would encounter regions with
intermediate spatial organization, e.g., a region that responds to
visual inputs from either hemifield but lacks specificity for one
limb or the other. Such a “pluripotent” reach region would
carry signals that represent the intention to reach toward a
target, with the limb to be moved determined in a later area.
Instead, in PRR, we find an abrupt and complete change—from
the visually organized areas from which it receives input
(Galletti et al. 2001; Johnson et al. 1996; Passarelli et al. 2011)
to a region with properties resembling those of motor areas.
Thus the transformation from a general purpose visual signal to
an effector-specific intention signal occurs suddenly, within or
just before PRR.

This is not to say that PRR behaves similar to the motor
cortex in all respects. For example, the reference frame of
PRR, although not purely eye centered, is closer to eye cen-
tered than to arm centered (Chang and Snyder 2010; McGuire
and Sabes 2009). In addition, lesioning PRR strongly affects
RT, with weak or no effects on velocity, duration, endpoint
scatter, and trajectory. The lesion data indicate that the role
of PRR has more to do with registering and conveying the
spatial location of a target for a reach rather than controlling
the movement itself. Despite this, we have shown that the
brain begins making effector-specific motor plans much
earlier than has been suggested (Felleman and Van Essen
1991).

One important caveat remains. Our unilateral lesions may
have been compensated for by activity in areas outside of the
lesion area or by homologous tissue in the other hemisphere.
Wilke et al. (2012) show that after a unilateral LIP inactivation,
the activity in the contralateral hemisphere is changed. They
speculate that this change may reflect a cortical reorganization
and go on to suggest that this reorganization may be compen-
satory for the lesion. It is conceivable that the intact, contral-
esional PRR is able to compensate for the loss of the lesioned
PRR, rescuing the ipsilateral limb from any effects of the
lesion. Single-unit activity suggests that reaches with either
limb are represented, with a stronger representation for the
contralateral limb. Imagine a lesion of the left PRR, abolishing
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a strong representation of the right limb and a weaker repre-
sentation of the left limb. The loss of the weak left limb
representation could be masked by the strong representation of
the left limb in the intact, right PRR, resulting in no apparent
ipsilesional deficit. At the same time, the loss of the strong
right limb representation would not be compensated entirely by
the intact, weak representation of the right limb, resulting in the
contralateral deficit that we see. Indeed, the substrate for such
a cross-hemispheric effect exists: PRR has transcallosal con-
nections with itself, as well as with contralateral PMd (Pandya
and Vignolo 1969; Seltzer and Pandya 1983). However, the
interhemispheric projections from PRR are considerably
weaker than those in frontal areas (Seltzer and Pandya 1983).
Future studies will use bilateral PRR inactivation to test for the
possibility of contralesional compensation.

Our animals were trained to make reaching movements, with
or without an accompanying saccade. For simple movements,
subjects typically fixate a reach target before the onset of the
movement and then maintain fixation until the hand arrives at
the target [but see Abrams et al. (1990)]. The onset times of eye
and arm movements demonstrate tight temporal coupling
(Prablanc et al. 1979; Rogal et al. 1985). It has been suggested
that in the monkey, the saccade signals found in PRR may
underlie this coupling (Battaglia-Mayer et al. 2001; Boussaoud
et al. 1998; Dean et al. 2012; Pesaran et al. 2006). If PRR
receives eye-arm coordination signals from an eye-movement
area (e.g., LIP), then we would predict that inactivating PRR
would impair the use of these signals and thereby, result in
weaker temporal coupling, manifest as a decrease in the cor-
relation coefficient between coordinated saccade, and reach RT
(Fig. 6A). Alternatively, if eye-arm coordination signals flow
from PRR to an eye-movement area, then we would predict
both impaired correlation, as well as a matched slowing of both
saccade and reach RTs (Fig. 6B). We observed neither of these
outcomes. Instead, reaches were slowed, but saccade timing
and eye-arm coordination remained unaffected. This suggests
that eye-arm coordination signals flow neither into nor out of
PRR and that PRR does not play a major role in coordinating
saccade and reach RTs. In a separate study, we have shown that
an intervention early in the saccade circuitry (in LIP) slows
both coordinated saccades and coordinated reaches but not
reaches performed without an accompanying saccade; further-
more, the lesion does not affect eye-arm coordination (Yttri et
al. 2013). Taken together, these observations—that neither a
LIP nor PRR lesion affects eye-arm coupling, that PRR lesions
affect only reach timing, and that LIP lesions affect both
saccade and coordinated reaches—suggest (Fig. 8) that eye-
arm coordination relies on an active mechanism rather than
being driven solely by common inputs; that the cross-coupling
occurs later in the reach and saccade pathways than either LIP
or PRR; and that the timing of the saccade is used to control the
timing of the reach, not vice versa [Jackson et al. 2005;
Neggers and Bekkering 1999; but see Horstmann and Hoff-
mann (2005)].

Relation to studies of human parietal areas. Functional MRI
has revealed regions in human parietal cortex (superior parieto-
occipital cortex), angular gyrus, and medial IPS that could be
homologous to PRR in monkeys. These regions exhibit in-
creased blood oxygen levels when subjects plan reaches or

A saccade signals influence PRR
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B PRR influences saccade pathways
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C saccade signals influence reaches, downstream
of PRR and LIP
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PRR
2 >

Fig. 8. Schematic indicating possible routes of eye-arm coordination pathway.
A: a signal from the saccade pathway influences the reach pathway via PRR.
B: a signal via PRR influences the saccade pathway. C: a signal from the
saccade pathway downstream of area lateral intraparietal (LIP) influences the
reach pathway at a point downstream of PRR. The data favor C (see text).

saccades, with greater increases for reaches (Astafiev et al.
2003; Connolly et al. 2003; Fernandez-Ruiz et al. 2007;
Grefkes et al. 2004; Hagler et al. 2007; Levy et al. 2007;
Medendorp et al. 2003, 2005; Prado et al. 2005). Complement-
ing our findings, Bernier et al. (2012) found changes in blood
oxygen level-dependent signals in the dorsomedial posterior
parietal cortex in relation to contralateral but not ipsilateral
limb reaches. Furthermore, activation was delayed when the
subject was required to decide which effector to move, sug-
gesting that effector selection may occur in this area. However,
the relationship between parietal regions in monkeys and
humans remains unclear. Although in some respects, there are
clear parallels, in other respects, the regions differ. For exam-
ple, human reach regions (medial IPS, angular gyrus) are
involved primarily in reaching for targets in the contralateral
hemifield (Desmurget et al. 1999; Medendorp et al. 2003,
2005; Vesia et al. 2010). Monkey PRR, in contrast, shows
almost no hemifield bias (Fig. 2) (Chang et al. 2008). Interest-
ingly, this pattern (a strong hemifield bias in humans but not in
monkeys) is reversed in eye-movement areas: in humans, the
parietal eye fields show a comparatively weak hemifield bias
[functional MRI (fMRI): Curtis and Connolly (2007); Kagan et
al. (2010); Schluppeck et al. (2006)], whereas in monkeys, area
LIP is strongly contraversive field specific, independent of the
mode of investigation [fMRI: Kagan et al. (2010); Patel et al.
(2010); lesions: Liu et al. (2010); Wardak et al. (2002);
single-unit recording: Barash et al. (1991)]. Thus there remain
substantial cross-species differences in the detailed spatial
organization of putatively homologous parietal reach- and
saccade-related regions.

Two recent inactivation studies demonstrate that lesions in a
region close to PRR affect reaches but not saccades. However,
the particulars of these two reports diverge from one another

J Neurophysiol » doi:10.1152/jn.00058.2013 « www.jn.org

GTOZ ‘92 Areniga4 Uo Wolj papeojumod




530 PRR IS LIMB SPECIFIC

and in some cases, from the current study (Battaglia-Mayer et
al. 2013; Hwang et al. 2012b). First, Hwang et al. (2012b)
report hypometria and increased endpoint scatter when reach-
ing to nonfoveal targets. Battaglia-Mayer et al. (2013) report a
change in reach trajectory rather than in endpoint. Like Batta-
glia-Mayer et al. (2013), we found altered reach trajectories but
no change in hypometria or endpoint scatter (Table 3 and Fig.
4). Second, Hwang et al. (2012b) report no effect of lesions on
either reach or saccade RT. Battaglia-Mayer et al. (2013) find
no effects after unilateral injections but see increased saccade
and reach RT after bilateral injections. We see increases in
reach RT (Table 1). Finally, Battaglia-Mayer and colleagues
(2013) report that lesions had no effect on eye-hand correla-
tion, a result that is similar to our findings (Fig. 5). In contrast,
a meeting abstract from Hwang et al. (2012a) describes re-
duced eye-hand correlation.

What accounts for the differences in results across the three
studies? One possibility is the use of different injection vol-
umes. Small volumes can lead to a lack of power, whereas
large volumes can spread to neighboring (nontargeted) areas.
Hwang et al. (2012b) used 4—10 wl/injection. The spread of
these injections is not known, since the MR image shown in the
publication was made using an unknown injection volume.
Battagalia-Mayer et al. (2013) made four separate 1-ul injec-
tions. The current study used single 0.5- to 2-ul injections and
used MRI to reject injections that spread outside the bounds of
PRR.

A second possible reason for different results across studies
is that different cortical regions were targeted. Hwang et al.
(2012b) and Battagalia-Mayer et al. (2013) targeted area 5 in
the middle portion of the medial bank of the IPS. Hwang et al.
(2012b) refer to this anterior region as PRR, although the same
lab previously identified area 5 as anatomically and physio-
logically distinct from PRR (Buneo et al. 2008). In contrast, the
current study targets a more posterior region that reflects earlier
definitions of PRR as lying in “the most posterior part of
medial bank of the IPS, just anterior to the parietooccipital
sulcus” [Scherberger et al. 2003; see also Cui and Andersen
(2007); Musallam et al. (2004); Scherberger et al. (2005); all
from the same laboratory as Hwang et al. (2012b)]. Nomen-
clature aside, there are striking differences in the physiology of
the anterior area studied by Hwang et al. (2012b) and the
posterior region that we injected. The preferred directions of
cells in the posterior region are biased, strongly downward, and
often contralateral (Chang et al. 2008, 2009; Chang and Snyder
2012). The preferred directions of the more anterior cells
recorded in the Hwang et al. (2012b) study (area 5) are slightly
upward, with an ipsilateral bias in one animal and contralateral
bias in the other. This suggests that the anterior and posterior
areas are not functionally equivalent, and this may, in turn,
explain the discrepant findings after inactivation.

Taken together, these studies argue strongly for a role of the
medial IPS in reaching but also reinforce the idea that nearby
regions may show very different effects. The technique of
imaging actual muscimol injections (Fig. 7) provides a pow-
erful tool to help resolve whether discrepancies across studies
are due to different inactivation sites, a spread to regions
beyond the intended target, or differences in experimental
power.
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