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Purposive action requires the selection of a single movement goal
from multiple possibilities. Neural structures involved in move-
ment planning and execution often exhibit activity related to
target selection. A key question is whether this activity is specific
to the type of movement produced by the structure, perhaps
consisting of a competition among effector-specific movement
plans, or whether it constitutes a more abstract, effector-indepen-
dent selection signal. Here, we show that temporary focal in-
activation of the primate superior colliculus (SC), an area involved
in eye-movement target selection and execution, causes striking
target selection deficits for reaching movements, which cannot be
readily explained as a simple impairment in visual perception or
motor execution. This indicates that target selection activity in the
SC does not simply represent a competition among eye-movement
goals and, instead, suggests that the SC contributes to a more
general purpose priority map that influences target selection for
other actions, such as reaches.

oal-directed behavior requires the serial selection of in-

dividual targets embedded in visual scenes that are often
crowded with many different objects. Target selection is usually
conceived of as a competition among potential movement goals
(1-5), occurring in a priority map that encodes both the physical
salience and behavioral relevance of each goal (6-10).

Much of the research on the neural mechanisms of target se-
lection has focused on selection-related signals in brain areas
involved in planning and executing the resultant motor response.
For example, activity related to eye-movement target selection
has been identified in the superior colliculus (SC) (7, 11-17),
frontal eye field (18-20), lateral intraparietal area (10, 21-23),
and supplementary eye fields (24), all areas in which signals re-
lated to eye movement execution are seen and in which electrical
microstimulation and/or temporary inactivation affects the exe-
cution of eye movements (25-31). For reaching movements,
target selection activity has been observed in the dorsal premotor
area (32-34), a region from which reaches can be electrically
elicited (35), as well as in the parietal reach region (36, 37), which
exhibits reach-related planning and execution signals (38, 39).

Clear evidence for a more abstract, effector-independent pri-
ority map used for target selection has generally been limited to
higher level cortical association areas, such as the dorsolateral
prefrontal cortex, which shows activity related to both saccade and
reach target selection (40-42) but from which neither saccades
nor reaches can be evoked. This suggests a hierarchical model for
target selection, in which effector-independent selection signals in
higher level areas are selectively transmitted to appropriate lower
level, effector-specific structures, which, in turn, finalize the se-
lection process, plan, and execute the desired movement. Under
this view, activity in these effector-specific structures, such as the
SC, can be regarded as reflecting a competition among competing
plans or goals for effector-specific movements.

Here, we challenge this hierarchical view of target selection by
showing that temporary focal inactivation of the SC systematically
influences the choice of goals for direct reaching movements
without affecting lower level motor execution of reaches. In one
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task, a target and distractor were sequentially presented and
monkeys were rewarded for reaching to touch the target while
maintaining fixation. In the second task, monkeys also maintained
fixation throughout each trial and a foveal cue indicated the reach
target. In both tasks, when the reach goal was located in the af-
fected part of the visual field, SC inactivation caused monkeys to
make significantly more reaching errors to the distractor. This
deficit was not attributable to an impairment in executing the
reaches, because when the same target was presented alone, ob-
viating the need to select the target from a distractor, reaches
were always correctly directed to the target. Moreover, we
recorded and analyzed the trajectories of the reaches and found
that their velocity and end point accuracy were unaffected during
SC inactivation, in contrast to what is seen for eye movements.
The deficit is unlikely to be solely attributable to a simple im-
pairment in visual processing or to a change in the subjective
appearance of peripheral stimuli in the inactivated visual field,
because in the second task, we explicitly trained the monkeys to
ignore variations in the relative physical salience of the target and
distractor stimuli and to respond only according to the direction
of a foveal cue, and we verified that they did so.

These results establish that intermediate-layer SC activity has a
robust influence on reach target selection even though it does not
play a significant role in the execution of reaches, as shown by the
lack of a motor impairment during SC inactivation. This indicates
that target selection signals in the SC do not simply represent a
competition among eye-movement goals and, instead, suggests
that the SC is part of a more abstract, effector-independent pri-
ority map that influences target selection for reaches as well as
eye movements.

Results

Effects of SC Inactivation on Reach Target Selection in a Distractor
Task. To investigate the effects of SC inactivation on reach target
selection, we first used a distractor task (Fig. 1), in which two
identical stimuli were sequentially presented with a variable
stimulus onset asynchrony (SOA). One stimulus served as the
target and the other as a distractor, as determined by the order of
their presentation (Materials and Methods). In each trial, either
the target or distractor was presented in the part of the visual
field affected by the inactivation, whereas the other stimulus was
presented in the opposite hemifield. For monkey J, the target
was defined as the stimulus presented first, whereas for monkey
K, the target was defined as the stimulus presented last. SOA was
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Fig. 1. Distractor task. One stimulus is presented first, followed after
a variable SOA by the second one. For monkey J, the target was the stimulus
presented first, whereas for monkey K, the target was the stimulus pre-
sented second. Both monkeys were required to reach to the target while
maintaining eye fixation at the center.

defined as an unsigned interval between the two sequentially
presented stimuli; thus, for both monkeys, target selection diffi-
culty increased as SOA decreased.

Fig. 2 shows results for one SC inactivation site. Each panel
shows reach trajectories when the target was in one of the two
potential locations, either at the center of the region affected by
the SC inactivation or in the opposite hemifield. When SOA be-
tween the target and distractor was relatively long (e.g., 133 ms),
target selection was easy, and before SC inactivation, reaches
were nearly always directed to the target (Fig. 2 4 and B). How-
ever, during SC inactivation, when the target was in the inacti-
vated field, there was a significant increase in the number of
erroneous reaches to the distractor (Fig. 2C; z-test: P < 0.002). On
the other hand, when the target was located outside the inacti-
vated field and the distractor was in the affected field, there was no
significant change in performance (z-test: P < 1.0) and reaches
were still consistently directed to the target (Fig. 2D). This pattern
of results suggests that SC inactivation causes a bias in reach
target selection against targets in the inactivated field.

This bias is even more pronounced when target selection is made
more difficult by shortening the SOA between the target and dis-
tractor. Fig. 2 E-H shows data from the same injection site when
the SOA was short (27 ms). Here, before inactivation, the majority
of reaches were made to the correct target for both target locations
(Fig. 2 E and F). However, during SC inactivation, there was
a dramatic shift in the monkeys’ target selection behavior: Only
a few reaches were directed to the target when it was in the inac-
tivated field, resulting in a significant target selection deficit com-
pared with preinactivation performance (Fig. 2G; z-test: P <
0.000001). These erroneous reaches are clearly not inaccurate
attempts to reach the target; rather, they are accurate movements
that are directed to the wrong stimulus, consistent with a deficit in
target selection. When the target was located in the intact hemifield
and the distractor was in the inactivated field, significantly fewer
erroneous reaches were made to the distractor during inactivation
than before (Fig. 2H; z-test: P < 0.01). This shows that SC in-
activation does not simply cause monkeys to produce errors ran-
domly, and it does not produce a generalized confusion in temporal
order perception. Rather, it results in a systematic bias against
selecting reach targets in the inactivated field. To illustrate this, Fig.
21 shows the percentage of reaches to the inactivated field as
a function of SOA for this site: preinactivation, during inactivation,
and after recovery from inactivation. To produce this psychometric
function across a broad range of SOAs, we supplemented the data
collected using staircase procedures (Materials and Methods) with
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Fig. 2. Reach target selection in the distractor task for a representative SC
inactivation site from monkey J. (A-H) Each trace represents a single reach
trajectory from the center to a peripheral stimulus. Black traces indicate
correct reaches to the target, and red traces indicate incorrect reaches to the
distractor. Percentages in each panel indicate the percentage of correct
responses in the corresponding condition. (A-D) Reach target selection in
the distractor task when target selection was fairly easy (SOA = 133 ms). (A)
Reach target selection performance before SC inactivation when the target
was in the location corresponding to the injection site. (B) Performance in
the same task when the target was in the opposite hemifield. (C) Perfor-
mance in the same task during SC inactivation when the target was in the
inactivated field (marked in gray). During SC inactivation, monkeys are bi-
ased against choosing the stimulus in the inactivated field. (D) Performance
during SC inactivation when the target was in the opposite hemifield. (E-H)
Conventions are as in A-D, except that performance is shown when target
selection was difficult (SOA = 27 ms). (/) Summary data for this site. Per-
centage of reaches into the inactivated field is plotted as a function of SOA.
Values of SOA to the left of zero on the abscissa denote trials in which the
target was presented in the intact field and the distractor was in the inac-
tivated field. Values of SOA to the right of zero denote the opposite case.
Gray, green, and black dotted curves represent preinactivation, during in-
activation, and recovery conditions, respectively.

additional data collected in the same session using the method of
constant stimuli. On the abscissa, SOA values to the left of zero
denote trials in which the target was presented in the intact field and
the distractor was in the inactivated field, whereas SOA values to
the right of zero denote the opposite case. Thus, the ordinate
(percentage of reaches to the inactivated field) corresponds to the
error rate for the former and percent correct for the latter. The plot
shows a clear shift in tendency to select the stimulus in the inacti-
vated field, confirming that SC inactivation causes a bias in reach
target selection.

To quantify this bias across sites, we measured the SOA as-
sociated with 75% correct performance at each target location
(Materials and Methods). Fig. 3 A and B compare this criterion
SOA before and during SC inactivation for each injection site
(n = 14). The data from monkey J (Fig. 3 4 and B, @) were col-
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lected in a variant of the task in which the target was defined as
the stimulus appearing first, whereas the data from monkey K
(Fig. 34 and B, O) were collected in a variant in which the target
was defined as the stimulus appearing second. This task manip-
ulation was performed to test whether apparent changes in reach
target selection might have been attributable to systematic
changes in the perceived temporal order of the stimuli resulting,
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Fig. 3. Reach target selection performance in the distractor task for all sites.
(A) Criterion SOA needed for 75% correct performance in the distractor task
when the target was in the inactivated field. Performance before SC in-
activation is plotted along the abscissa, whereas performance during in-
activation is plotted along the ordinate. Each circle represents one
experiment (injection site). Filled circles (@) show data from monkey J in the
task variant in which the target was the stimulus presented first, and open
circles (O) represent data from monkey K in the other variant in which the
target was the stimulus presented second. For both monkeys, larger SOAs
denote longer time intervals between the presentation of the target and
distractor, leading to easier target selection. (B) Criterion SOA for 75%
correct performance when the target was in the intact hemifield. Con-
ventions are as in A. (C and D) Plots comparing criterion SOA before and
after saline injection. Conventions are the same as in A and B. Filled squares
(M) show data from monkey J, and open squares ((J) show data from
monkey K. (E and F) Mean percentage change in criterion SOA across sites
during SC inactivation and after recovery, compared with preinjection. For E,
the target was in the inactivated field, whereas for F, the target was in the
intact field. The right-most bars of the plots show the mean percentage
change for the saline sites. Error bars indicate SEM.
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for example, if SC inactivation had delayed visual information
coming from the inactivated field. Differences in sign of the SOA
for the two monkeys were removed for the purposes of Fig. 3 and
subsequent analyses; for both monkeys, increases in SOA denote
larger asynchronies between the stimuli, providing a stronger
signal to guide target selection.

If the decrement in performance during SC inactivation resulted
from a deficit in temporal order perception attributable, for exam-
ple, to slowed processing of visual signals from the inactivated field,
we would expect opposite effects in the two monkeys (a bias against
the stimulus in the inactivated field for the monkey trained to reach
to the stimulus appearing first and a bias in favor of the stimulus in
the inactivated field for the monkey trained to reach to the stimulus
appearing last). Because the data from the two monkeys were in-
distinguishable (Wilcoxon rank sum test: P > 0.8), we ruled out this
explanation and combined the data for further analysis.

To test the statistical significance of the target selection deficit
for individual sites, we applied a permutation test with 2,000
iterations (43), with a Bonferroni correction, to the 75% correct
SOA measurements. When the target was presented in the inac-
tivated field (Fig. 34), the criterion SOA was significantly higher
during SC inactivation than before inactivation (permutation
tests: P < 0.00001 for 14 of 14 sites). To gain an estimate of the
inherent variability in the data, we also compared preinjection
performance with performance on the following day, after re-
covery from the muscimol injection. We found that there was no
difference between preinjection and recovery performance for
any of the sites (permutation tests: P > 0.24 for all sites).

When the target appeared in the intact hemifield (Fig. 3B),
there was no significant difference in performance before vs.
during inactivation for 9 of 14 sites (P > 0.26), whereas for 5 sites
(P < 0.04), SC inactivation slightly improved performance. This
is likely attributable to effective inhibition of the distractor in the
inactivated field, consistent with an effect of SC inactivation on
the priority map representation of the stimulus in the affected
field. As expected, the difference between preinjection and re-
covery performance when the target was in the intact hemifield
was not significant for any of the sites (P > 0.20 for all sites).

In control experiments, we tested whether the injection pro-
cedure itself caused deficits in reach target selection. Saline
injections of volumes equal to those used in the muscimol
experiments were made at five sites (3 in monkey J and 2 in
monkey K). We found that after injections of saline, performance
in the task was not altered compared with preinjection perfor-
mance (Fig. 3 C and D; Wilcoxon signed rank test: P = 0.85).
These results verify that the observed deficits are attributable to
SC inactivation rather than to the injection procedure per se.

Summary results across all sites are shown in Fig. 3 E and F,
which plot the percentage change in criterion SOA during in-
activation and after recovery compared with preinjection values.
Overall, when the target was presented in the inactivated field
(Fig. 3E), monkeys required an SOA between the target and
distractor 135% larger than preinactivation to achieve 75% cor-
rect reach target selection performance (Wilcoxon signed rank
test: P = 0.0001). After recovery from inactivation, performance
was equivalent to preinjection levels (Wilcoxon signed rank test:
P = 0.25). A contrast analysis, testing the hypothesis that per-
formance during inactivation was significantly worse than pre-
inactivation and that preinjection and recovery performance was
equal, was significant across sites (P < 0.00002). On the other
hand, when the target was in the intact hemifield (Fig. 3F), the
contrast analysis was not significant (P = 0.42). Thus, the summary
data support the idea that SC inactivation leads to a clear and
robust reach target selection bias against targets in the inactivated
field. Finally, the right-most bars in Fig. 3 E and F confirm that
there were no appreciable changes across sites in criterion SOA
after saline injection compared with preinjection at either target
location (Wilcoxon signed rank tests: P > 0.74).
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Performance in a Centrally Cued Reaching Task. In addition to test-
ing the effects of SC inactivation on reach target selection guided
by peripheral cues, we measured its effects when the cue was
presented at the fovea (Fig. 44). This allowed us to distinguish
a possible effect of SC inactivation on visual processing of the cue
from a bias in target selection. Locating the cue at the fovea meant
that our peripheral SC inactivations were unlikely to affect per-
ception of the cue. More importantly, if impairments in this task
were attributable to a deficit in perceiving the foveal cue, per-
formance would be degraded for both target locations rather than
showing a systematic bias against targets in the inactivated field.

The foveal cue consisted of a Landolt-C figure, and the diffi-
culty of target selection was manipulated by changing the amount
by which the gap in the Landolt-C figure was tilted toward the
target (Fig. 4B). The strongest target selection information was
provided when the gap was pointed directly at the target, and
target selection difficulty increased as the gap tilted toward in-
termediate locations. This task was performed for 12 SC injection
sites: for 10 injection sites, we varied cue tilt using staircase pro-
cedures and measured target selection performance at each site
by calculating the cue tilt needed for 75% correct performance for
reaches into the inactivated field and for reaches into the intact
field. For 2 other sites, the central cue always pointed directly at
the reach target; thus, target selection difficulty was held constant.
For these two sites, our performance measure was the percentage
of trials in which monkeys correctly reached to the target during
SC inactivation compared with preinjection.

To minimize the effect on performance of possible changes in
the perceptual appearance of stimuli in the inactivated field, we
designed the task so that monkeys were required to ignore the
perceptual salience and subjective appearance of the target and
distractor in making their decisions. Specifically, in each trial, the
contrast and color of the target and distractor stimuli were
randomly and independently varied. As a result, on a trial-to-trial
basis, the target could appear either brighter or dimmer than the
distractor and the target and distractor stimuli randomly differed
in color from each other. Thus, to learn the task successfully, the
monkeys had to ignore variations in the subjective appearance of
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Fig. 4. Centrally cued task. (A) Task procedure: The two potential reach
targets are presented at the beginning of each trial. After a fixation period,
a Landolt-C cue is presented at the fovea. The gap of the C points toward the
reach target. Monkeys are required to reach to the target indicated by the
central cue while maintaining eye fixation. (B) Manipulation of target se-
lection difficulty in the central cueing task. When the cue is more strongly
tilted toward the target, target selection is easier.
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the peripheral stimuli, as well as differences in the perceptual
salience of the target vs. the distractor.

When the target was presented in the inactivated field (Fig.
5A), the results show a clear target selection bias during SC in-
activation compared with preinjection. Indeed, this bias against
reaching to the target in the inactivated field was statistically
significant for 11 of 12 individual sites (permutation tests: P <
0.000001). The magnitude of the bias, expressed as the per-
centage change in criterion cue tilt, was positively correlated with
the amplitude of the injection site on the SC map (Pearson
correlation: P < 0.01), supporting the idea that the deficit was
not attributable to encroachment of the inactivation effect on
foveal sites in the SC. Further support for this point comes from
the fact that a deficit in foveal vision would be expected to lead
to worse performance for both target locations. However, when
the target appeared in the intact hemifield (Fig. 5B), 8 of 12 sites
(permutation tests: P > 0.1) did not show any significant change
in performance during inactivation, whereas for 4 sites (permu-
tation tests: P < 0.015), SC inactivation slightly improved per-
formance. This trend toward improvement in performance for
the opposite-hemifield target is consistent with a bias against
selecting the stimulus in the inactivated field. Finally, as expec-
ted, when we tested performance on the following day, after
recovery from the muscimol injection, this bias disappeared and
we found no difference in performance preinjection vs. recovery
(permutation tests: P > 0.20 for all sites).

As before, to test whether these effects were attributable to
muscimol inactivation or to the injection procedure itself, we
performed control injections of saline at five sites. Using the
same testing protocol as for the muscimol injections, we found
that performance after saline injection was not significantly dif-
ferent from preinjection performance at any of the sites (per-
mutation tests: P > 0.23 for all sites) even when the target was
presented in the part of the visual field represented at the in-
jection site (Fig. 5 C and D).

Fig. 5 E and F show the mean percentage change in criterion
cue tilt during inactivation and after recovery compared with the
preinjection values. When the target was in the inactivated field
(Fig. 5E), a contrast analysis confirmed that target selection
performance during inactivation was significantly worse than
preinactivation, and that preinactivation and recovery perfor-
mance were equal across sites (P < 0.0001). This target selection
deficit was spatially localized to the inactivated field: When the
target appeared in the intact hemifield (Fig. 5F), the contrast
analysis across sites was not significant (P = 0.1 for all data).
Finally, the right-most bars in Fig. 5 E and F show that after
saline injection, there were no appreciable changes in criterion
cue tilt across sites at either target location (Wilcoxon signed
rank tests: P > 0.31). These results are consistent with what we
observed in the distractor task.

As described above, monkeys were trained to ignore the
properties of the peripheral target and distractor stimuli and to
base their responses solely on the orientation of the central cue.
To verify that they successfully ignored the perceptual salience of
the target and distractor in making their target choices, we an-
alyzed the effect of the relative luminance contrast of the target
vs. distractor (as well as the effect of cue tilt) on performance. If
the monkeys had tended to reach for the brighter stimulus, they
should have performed better with larger values of target-dis-
tractor contrast (corresponding to trials in which the target was
brighter than the distractor) and worse with smaller values
(corresponding to trials in which the distractor was brighter than
the target). This trend is not evident in plots of percent correct
performance vs. target-distractor contrast (Fig. 6).

To verify this impression statistically, we conducted logistic
regressions examining the influence of target-distractor contrast
and cue tilt on trial outcome (correct vs. incorrect). Separate
regressions were performed for each monkey and for each of the
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Fig. 5. Reach target selection performance in the centrally cued task. (A
and B) Comparison of criterion cue tilt required for 75% correct performance
before and during inactivation in the centrally cued task for each injection
site. Conventions are the same as in Fig. 3A. (C and D) Comparison of cri-
terion cue tilt before and after saline injection. Conventions are the same as
in Fig. 3 A and B. Filled squares (l) show data from monkey J, and open
squares ([J) show data from monkey K. (E and F) Mean percentage change in
criterion cue tilt across sites during SC inactivation, after recovery, and after
saline injection, compared with the corresponding preinjection conditions.
Conventions are the same as in Fig. 3 E and F.

two target locations (i.e., in vs. out of the affected field), on data
pooled across the 10 sites in which cue tilt was varied. We found
that although cue tilt significantly affected performance (pre-
injection: P < 0.01; during inactivation: P < 0.03), there was no
significant effect of target-distractor contrast, for both the pre-
injection and inactivation conditions, in either monkey (pre-
injection: P > 0.29; during inactivation: P > 0.21). We used
power analyses to estimate the sensitivity of these logistic
regressions. Because our goal was to verify that performance was
driven primarily by cue tilt with little contribution of target-dis-
tractor contrast, we computed the power (1-) of the regressions
to detect an effect size for target-distractor contrast that was
25% of the observed effect size for cue tilt, using a large sample
approximation method (44). Using our significance criterion (o)
of 0.05, the analyses revealed that the statistical power to detect
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Fig. 6. Performance as a function of target-distractor contrast. Each plot
shows performance for an individual monkey, averaged across injection
sites, preinjection (black points), and during SC inactivation (red points),
when the target was in the inactivated field (A and B) or in the opposite
hemifield (C and D). Target-distractor contrast was defined as: (target con-
trast — distractor contrast)/(target contrast + distractor contrast). Negative
values of target-distractor contrast indicate trials in which the distractor was
higher contrast than the target, and vice versa. Overall performance was
maintained near 75% correct by the staircase procedures, which varied cue
tilt. Target-distractor contrast was independent of the staircases and was
randomly varied on a trial-by-trial basis.

an effect of target-distractor contrast of this magnitude was high,
ranging from 0.96 to 0.99 (for reference, a power of 0.80 is
conventionally considered sufficient). These analyses confirm
that, consistent with their training, both monkeys largely ignored
the relative perceptual salience of the target and distractor in
making their target choices. Thus, even if SC inactivation had
affected the perceived contrast of the stimulus in the inactivated
field, such a perceptual deficit would have had a negligible effect
on performance and could not fully explain the target selection
deficits observed.

Effects of SC Inactivation on Execution of Reaching Movements. To
determine whether the muscimol-related changes in perfor-
mance could be attributed to impairments in the motor execu-
tion of reaches during SC inactivation, we optically tracked the
reach trajectories and examined reaching performance when
a single target was presented without distractors (Fig. 74 and B).
Specifically, during both of our target selection tasks, we ran-
domly interleaved trials in which the target appeared without
a distractor and monkeys were required to maintain fixation and
reach to the target. In contrast to the movement execution def-
icits that are observed for saccades, SC inactivation did not im-
pair reaching movements to the target in the inactivated field
(Fig. 7B). Indeed, we found no significant differences in reach
reaction time (Wilcoxon signed rank test: P = 0.45), movement
duration (P = 0.13), end point variance in both horizontal (P =
0.76) and vertical (P = 0.69) directions, end point error (P =
0.84) (Fig. 7C), or peak movement velocity (P = 0.23) (Fig. 7D)
for reaches to single targets during SC inactivation vs. before
inactivation. This indicates that SC inactivation does not cause
a motor deficit for reaching movements; instead, the impairment
is restricted to the target selection stage of processing.
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Reach trajectories
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Fig. 7. Effects of SCinactivation on reach execution. Trajectories of reaches
made before SC inactivation (A) or during SC inactivation (B) to single tar-
gets presented in the part of the visual field represented at the injection site
(approximate center shown in gray) for a representative site. (C) Comparison
across sites of the end point error of reaches made to single targets pre-
sented in the part of the visual field represented at the injection site before
and during SC inactivation. Each data point represents the mean for one
injection site. (D) Comparison of the mean peak velocity of reaches to
a single target in the inactivated field before and during inactivation. Each
data point represents the mean for one injection site.

Discussion

Previous recording studies have identified neural correlates of
target selection for saccadic and pursuit eye movements in the SC
(7, 11-17). Furthermore, inactivation and microstimulation
studies have demonstrated that manipulations of SC activity can
actually change the eye movement choices made by animals,
establishing that the SC plays a causal role in target selection for
eye movements (45-47). These manipulations of SC activity also
affect the execution of saccadic and pursuit eye movements (25—
27). Because the primate SC has been traditionally viewed as an
oculomotor structure, these findings fit well with a hierarchical
model for target selection, in which selection signals from higher
level, effector-independent brain areas are transmitted to the
motor structures, such as the SC, involved in producing the re-
quired response, and these effector-specific structures finalize the
target selection process and produce the resultant movement.
In the current study, we challenge this view of the SC by dem-
onstrating that SC activity has a strong effect on target selection for
arm-reaching movements, despite the fact that the SC does not
contribute significantly to the execution of these movements. This
conclusion is supported by the fact that SC inactivation causes a clear
bias in the selection of reach targets without causing any notable
impairment or change in the execution of the reaching movements.
This is in stark contrast to the deficits in saccade and pursuit exe-
cution seen during SC inactivation. These findings suggest that be-
yond its role in eye movements, the SC forms part of a more general
purpose priority map that governs target selection for other effectors.
The concept of a priority map used for target selection has
been proposed by a number of groups (6-10). Activity in such
a map does not encode the specific object features (e.g., color,
shape) of potential movement goals; rather, it represents the
physical salience and behavioral relevance of the goals. Target
selection has been hypothesized to involve a competition among
the goals in the priority map, leading to the selection of a single
movement goal (1-5). Current evidence suggests that priority
maps for target selection are distributed across a number of brain
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regions (6-10), and oculomotor areas, such as the SC, have been
shown to possess the characteristics of a priority map for eye-
movement tasks (7, 11-17). If SC activity also participates in
a priority map used for reaching movements, inactivation of
a portion of the SC would be expected to reduce activity in the
map for reach goals located in the inactivated field and, as a re-
sult, would bias reach target selection against such goals. This is
exactly the pattern of behavior observed in our reach target se-
lection tasks during SC inactivation. Thus, we speculate that
feedback projections from the disrupted SC priority map to the
cortex (via the thalamus) allowed our perturbation of SC activity
to influence and corrupt activity in cortical areas involved either
in effector-independent target selection or in reach target se-
lection specifically. Although the exact pathways underlying this
influence are currently unknown, it is clear from the reaching
behavior observed here that SC activity has a significant impact
on the choice of reach targets.

A class of deep-layer SC neuron that is selectively active
during reaching movements has previously been identified (48,
49). At first glance, one might suspect that the effects reported
here are attributable to inactivation of these cells, but this seems
unlikely for several reasons. First, these neurons are found pre-
dominantly in the deep SC and underlying mesencephalic re-
ticular formation, whereas our injections were centered in the
intermediate layers, where saccades are evoked with low-current
electrical microstimulation (Materials and Methods). Second,
even in the deeper layers of the SC, these cells are sparsely
scattered and do not follow the orderly retinotopic organization
shared by the other layers of the SC. In contrast, the reach target
selection deficits that we observed always occurred when the
target was located in the part of the visual field corresponding to
the injection location on the traditional retinotopic SC map.
Thus, we conjecture that these deep-layer SC reach-related
neurons might play a role in coordinating eye and hand move-
ments toward a common goal but are unlikely to underlie the
reach target selection deficits observed here.

Evidence that the functions of the primate SC extend beyond
eye movements has recently come from studies showing that
manipulations of SC activity can influence covert attention,
leading to changes in performance for difficult perceptual tasks
(50-52). Furthermore, it has been suggested that the same covert
attention mechanisms involved in perception might also be in-
volved in selecting movement goals (53-55), although some
physiological evidence argues against this proposition (56). The
finding that the SC plays a causal role both in perceptual selec-
tion and in selection for action suggests that these two functions
may be governed by a common mechanism.

Nummela and Krauzlis (47) examined the effects of SC in-
activation on target selection for saccadic and pursuit eye move-
ments, as well as on a task in which monkeys reported the position
(left vs. right of fixation) of a target presented with a distractor by
pressing a corresponding button outside the monkeys’ field of
view. They found that SC inactivation strongly affected saccadic
and pursuit eye movements, as expected (45, 46); however, for the
task involving button presses, they found only mild effects, which
were significant in a minority of sites. We speculate that this was
attributable to the fact that in their task, neither of the action goals
(response buttons) was located in the inactivated field. Impor-
tantly, their experimental task could not distinguish effects of SC
inactivation on the subjective appearance or perceptual process-
ing of peripheral stimuli in the inactivated field from effects on
target selection per se.

A key difference between a perceptual deficit, such as failing to
detect a signal or perceiving it as dimmer, and a target selection
deficit is that a perceptual deficit will, by definition, be influenced
by perceptual factors, such as the contrasts of the target and
distractor. On the other hand, target selection is strongly influ-
enced by behavioral relevance: When the animal’s task demands
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that it ignore target and distractor contrast, this irrelevant factor
will have minimal influence on target selection in a well-trained
animal, even though the animal perceives the variations in con-
trast. Although we cannot rule out the possibility that our SC
inactivations caused perceptual deficits, we chose a set of tasks
intended to minimize the influence of potential visual deficits on
performance, and the pattern of results that we obtained would be
difficult to explain solely on the basis of simple visual deficits.
Specifically, in the distractor task, if SC inactivation had affected
reach target selection by slowing down perception of the stimulus
in the inactivated field, the two monkeys would have shown op-
posite changes in performance, because one was trained to reach
to the first stimulus and the other to the second stimulus. If SC
inactivation, instead, had produced a more generalized confusion
in temporal order perception, this would have worsened perfor-
mance both when the target was in the inactivated field and when
it was in the intact field. We also think it is unlikely that a weaker
percept of stimuli in the inactivated field can account for our
findings, because in the second experiment, animals were ex-
plicitly trained to ignore the strength or weakness of the target
and distractor signals, and, as shown in Fig. 6, they successfully did
so. This finding also makes it unlikely that the results are attrib-
utable to increased vulnerability of targets in the inactivated field
to perceptual competition from distractors, because a purely
perceptual competition should be influenced by the relative
contrasts of the target vs. the distractor. Finally, by measuring the
kinematics and metrics of the reaches, we can firmly rule out the
presence of an impairment in reach execution during SC in-
activation. Thus, our results argue that regardless of perceptual
effects that may (or may not) have occurred, SC inactivation
caused a target selection deficit for reaching movements.

Materials and Methods

Physiological Methods. The experiments were carried out at the Smith—Ket-
tlewell Eye Research Institute. All experimental protocols were approved by
the Smith—Kettlewell Institutional Animal Care and Use Committee and
complied with the guidelines of the US Public Health Service policy on Hu-
mane Care and Use of Laboratory Animals. We used standard methods for
recording single neurons, microstimulating, and microinjecting (45) in two
monkeys (Macaca mulatta) implanted with a head restraint and a recording
chamber to access the SC. Microinjections were made through a 33-gauge
metal cannula with an attached microelectrode. In each session, an injection
of 0.5 pL of muscimol (0.5-pg/plL concentration) was delivered at a rate of 0.5
pL/min at a site at which saccade-related activity was recorded and saccades
were reliably elicited with low-current electrical stimulation (less than 30 pA
at 400-Hz bipolar stimulation). During control experiments, injections of 0.5
uL of saline were made instead of muscimol. The injection sites were located
1.5-2.5 mm below the SC surface. The location of the injection site within
the SC motor map was estimated by measuring the end points of saccades
elicited by microstimulation using currents of twice the threshold current.
Stimulation train duration was varied to obtain the site-specific maximal
amplitude at each site (57, 58). The region of the visual field corresponding
to the injection site was then estimated as the median end point of the
saccades evoked using these current and duration parameters. A list of in-
jection sites is provided in Table S1. A significant decrease in peak velocity
for saccades into the inactivated field was used as our criterion for de-
termining that the SC had been successfully inactivated (26). Testing before
and during inactivation was conducted in the same session. Recovery data
were collected on the following day.

Behavioral Testing. During experiments, monkeys were seated in a primate
chair, with the head restrained and the left arm loosely restrained. Eye
position was sampled at 1 kHz using an EyeLink 1000 high-speed video tracker
(SR Research). A small, reflective hemisphere was affixed during each testing
session to the right hand, near the tip of the index finger (D2), to measure
reach movement trajectories. The hemisphere was illuminated by infrared
light and optically tracked in three dimensions at a rate of 60 Hz using
a Polaris tracker (Northern Digital, Inc.). Visual stimuli were presented on a
17-in color cathode ray tube touch-sensitive monitor (ELO Touch Systems),
positioned 25.5 cm in front of the monkeys.
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Distractor task. At the beginning of each trial, two vertically adjacent fixation
points were presented in the central position. The fixation points had a lu-
minance of 1.5 cd/m? against a black homogeneous background of 0.2 cd/m?;
the upper fixation point subtended 0.25°, and the lower point subtended
1.5°. The monkeys were trained to fixate the upper fixation point with their
eyes and touch the lower fixation point with their right index finger (e.g., Fig.
1). This hand/eye fixation position was held for a randomly varying period of
500-1,000 ms. At the end of this period, the lower fixation point was extin-
guished and a reach target was presented, followed after a variable delay by
a distractor (or vice versa). The target and distractor stimuli were identical,
with luminances of 1.2 cd/m?, and were distinguished only by their temporal
order. Monkey J performed a version in which the target preceded the dis-
tractor, whereas monkey K performed a version in which the distractor was
presented first, followed by the target. The monkeys were required to
maintain fixation in the center and reach to the target, and target selection
difficulty was manipulated by varying the SOA between the target and dis-
tractor. Monkeys were rewarded if the first point at which the hand touched
the screen (after lifting off from the center point) was within 3-5° of the
correct target location and if the positions of the eyes (at the center) and
hand (at the target) after the reach ended were maintained for 300 ms. The
target and distractor stimuli were scaled according to the cortical magnifi-
cation factor to keep their salience constant across different eccentricities
(59). At an eccentricity of 10°, target and distractor stimuli subtend 2.5°. In
each trial, either the target or distractor was positioned at the part of the
visual field estimated (using microstimulation, see above) to be represented
at the center of the injection site and the other stimulus was positioned at an
isoeccentric position in the opposite hemifield, separated by an angle of 90°
(Fig. 1). To test for the presence of simple reaching motor deficits, we also
randomly intermixed trials in which only a single target was presented. The
procedure was the same as in the distractor task except that the distractor
stimulus was not presented. The SOA required for 75% correct reaching to
each target location was separately measured using two independent, ran-
domly interleaved staircase procedures, one for each target location. The
SOA was decreased after three consecutive correct responses and was in-
creased after each incorrect response for that target location. For one in-
jection site, additional data were collected using the method of constant
stimuli to probe a broader range of SOAs.

Centrally cued task. At the beginning of each trial, the eye and hand fixation
points described above appeared along with two potential target stimuli. The
color and luminance of the two potential targets were independently ran-
domized in each trial so that the features of the stimuli and their perceptual
salience relative to each other were irrelevant for the task. Color was chosen
from six preselected values, roughly equally spaced in Commission Inter-
nationale de I'Eclairage (CIE) L*a*b* color space. Luminance of the stimuli
ranged from 0.25 to 0.85 cd/m?, in steps of 0.3 cd/m? yielding contrasts
ranging from 11 to 62% against a background luminance of 0.2 cd/m?. As for
the distractor task, one stimulus was positioned at the center of the region
represented by the injection site and the other stimulus was positioned at an
isoeccentric position in the opposite hemifield, separated by an angle of 90°
(Fig. 4A). After the 500- to 1,000-ms initial fixation period, a Landolt-C cue
was presented near the fovea and remained visible throughout the trial. The
orientation of the gap of the Landolt-C figure indicated which one of the
two stimuli was the reach target. As soon as the cue was presented, the
lower fixation point disappeared, and monkeys were rewarded for reaching
to the cued target location within 2 s, while maintaining eye fixation on the
upper fixation point at the center of the screen. Target selection difficulty
was manipulated by varying the angular tilt of the Landolt-C figure toward
the target as shown in Fig. 4B. The tilt required for 75% correct reaching to
each target location was separately measured using independent, randomly
interleaved staircase procedures, as in the distractor task.

Data Analysis. Trials in which monkeys reached to a location within 3-5° of the
target were scored as correct, whereas trials in which monkeys reached to
a location within 3-5° of the distractor were scored as incorrect. Trials in
which monkeys broke fixation or reached elsewhere were aborted and did
not affect the staircases. Aborted trials constituted less than 2% of trials
overall, and the proportion of aborted trials was similar preinactivation vs.
during inactivation (1.8% vs. 1.3%). Threshold SOA (for the distractor task)
or tilt (for the centrally cued task) for 75% correct performance was esti-
mated for each session from the staircase reversals (60). Performance in
single-target trials did not affect the staircases. In the centrally cued task, the
quantity referred to as “target-distractor contrast” was defined as: (target
contrast — distractor contrast)/(target contrast + distractor contrast). Reach
reaction time was defined as the interval between target and movement
onset. Peak velocity was calculated as the maximum magnitude of the 3D
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hand velocity during the reach. End point accuracy was computed as the
distance from the center of the target to the reach end point.

Statistical Analysis. For individual injection sites, we compared target selec-
tion performance before and during SC inactivation as well as before in-
activation and after recovery by applying a permutation test with 2,000
iterations (43) to the staircase reversals. Bonferroni correction was applied.
In addition, contrast analysis was performed (61) to test at each target lo-
cation the significance of the statistical hypothesis that preinactivation and
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recovery target selection performance was equal and that performance
during inactivation was worse. Wilcoxon signed rank tests were conducted
to compare target selection performance and reach movement parameters
across sites. A statistical criterion of P < 0.05 was used to assess the signifi-
cance of experimental effects.
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