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Object-Centered Direction Selectivity in the
Macaque Supplementary Eye Field

C. R. Olson* and S. N. Gettner

Object-centered spatial awareness—awareness of the location, relative to an object, of
its parts—plays an important role in many aspects of perception, imagination, and action.
One possible basis for this capability is the existence in the brain of neurons with sensory
receptive fields or motor action fields that are defined relative to an object-centered frame.
In experiments described here, neuronal activity was monitored in the supplementary eye
field of macague monkeys making eye movements to the right or left end of a horizontal
bar. Neurons were found to fire differentially as a function of the end of the bar to which
an eye movement was made. This is direct evidence for the existence of neurons sensitive
to the object-centered direction of movements.

Many behaviors and mental processes re-
quire the use of spatial information defined
in an object-centered reference frame. Vi-
sual object recognition, for example, is gen-
erally thought to require explicit encoding
of the locations of parts relative to the
object (1). Visually guided motor behavior
also depends on object-centered informa-
tion. The hand, in reaching around an ob-
ject, must move along a trajectory defined
relative to the object. Likewise, the eyes,
during scanning, may be directed to a fea-
tureless point defined solely by its relation
to visible details elsewhere in the scene.
Evidence that localized groups of neurons
represent specific parts of object-centered
space has been provided by studies of visual
neglect in humans. In many cases of hemi-
field neglect, patients overlook features on
the contralesional side of a visible object
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even when the neglected side of the object
has been viewed through the good hemi-
field (2). Object-centered neglect must
arise from the loss of neurons that mediated
awareness of one half of the current refer-
ence object rather than one half of visual
space or the retina. Such neurons could be
expected to have sensory receptive fields or
motor action fields defined with respect to
the current reference object. Previous sin-
gle-unit studies have produced only limited
evidence for the existence of neurons with
these properties (3). In this report, we dem-
onstrate that neurons in the supplementary
eye field (SEF) of the macaque monkey
encode eye-movement direction with re-
spect to an object-centered reference frame.

The SEF is an oculomotor area on the
dorsomedial surface of the frontal lobe.
Electrical stimulation of the macaque SEF
elicits eye movements with complex prop-
erties, including dependence on initial or-
bital position (4). Neurons in the SEF dis-
charge preferentially before and during sac-
cades in a restricted range of directions (5).

SCIENCE ¢ VOL. 269 « 18 AUGUST 1995

S e e et e el e REPORTS

27. Nonlinear Fourier components in the half-wave rec-
tified responses to gratings tend to cancel out when
added with different temporal offsets.

28. D. Somers, S. B. Nelson, M. Sur, J. Neurosci., in
press; R. Ben-Yishai, R. Lev Bar-Or, H. Sompolin-
sky, Proc. Natl. Acad. Sci. U.S.A. 92, 3844 (1995).

29. R.J. Douglas, M. A. Mahowald, K. A. C. Martin, [EEE
Intl. Conf. Neural Networks, 1848 (1994).

30. J. Allman, F. Miezin, E. McGuiness, Annu. Rev.
Neurosci. 8, 407 (1985); B. Gulyas et al., J. Physiol.
57, 1767 (1987); C. D. Gilbert and T. N. Wiesel,
Vision Res. 30, 1689 (1990); C. Koch and J. Davis,
Large Scale Neuronal Theories of the Brain (MIT
Press, Cambridge, MA, 1994).

31. We thank the U.S. Office of Naval Research for
their long-term support of this work. In addition
this work was supported by the Air Force Office of
Scientific Research, the Gatsby Foundation, the
Medical Research Council, the National Institute of
Mental Health, the National Science Foundation,
the European Community, the Human Frontiers
Science Program, the Wellcome Trust, and the
Royal Society. We thank J. Anderson for recon-
structions of neurons in cat striate cortex and G.
Holt for help with the graphics.

16 February 1995; accepted 5 June 1995

Some SEF neurons are selectively active
during the learning of associations between
visual-pattern cues and eye-movement di-
rections (6). These observations suggest
that the SEF mediates processes of compar-
atively high order that are related to oculo-
motor control.

We prepared two male macaque monkeys
for single-unit recording by standard meth-
ods (7). We mapped out the SEF in both
hemispheres of one monkey and in the right
hemisphere of the second monkey (8). To
assess object-centered direction selectivity,
we trained the monkeys to perform an ocu-
lomotor task in which the object-centered
direction of eye movements (to the left or
right end of a horizontal target bar) could be
dissociated from their orbit-centered direc-
tion (leftward or rightward in the orbit).
The sequence of events during a representa-
tive trial is shown in Fig. 1A. A cue present-
ed early in each trial (a spot superimposed
on one end of a sample bar) instructed the
monkey to look to the left or right end of the
target bar. The target bar subsequently ap-
peared at one of three locations (Fig. 1B).
Across eight possible conditions (Fig. 1C),
eye-centered direction (leftward or right-
ward in the orbit) was fully counterbalanced
against object-centered direction (to the left
or right end of the bar) (9).

Twenty-nine neurons in one monkey
were studied while the monkey performed
this task. The neuron shown in Fig. 2 fired
more strongly when the eye movement was
to the left end of the target bar (left col-
umn) than when it was to the right end
(right column). This was true regardless of
the orbital direction of the movement
(rightward in the first and third rows; left-
ward in the second and fourth rows). Firing
was stronger in bar-left trials, not only dur-
ing the period between the cue and the
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target, when the monkey was remembering
an abstract instruction, but also around the
time of the response, when the monkey was
preparing and executing an eye movement
to the target. In each of the 29 neurons, an

analysis of vatiance (ANOVA) was carried
out to assess the dependence of neuronal
firing rate on the direction of the eye move-
ment as defined with respect to the target
(right or left end of bar) and with respect to

Fig. 1. Neurons were tested for object-centered direction
selectivity by monitoring of their activity while the monkey
performed the task summarized in this figure. (A) Panels 1 to
6 represent the screen in front of the monkey during succes-
sive epochs of a single trial. The center of the hatched circle
indicates the monkey'’s direction of gaze. All other items are
patterns visible to the monkey. Panel 1: A white fixation spot
(0.8° by 0.8°) appears at the center of the screen; when the
monkey has-achieved foveal fixation of this spot, data collec-
tion begins. Panel 2: A horizontal red sample bar (4° by 0.2°)
appears in the visual field lateral to the fixation spot. Panel 3:
A white cue (1.6° by 1.6°) appears superimposed on one end
of the sample bar. Panel 4: During an ensuing delay period of
variable length, the monkey must remember whether the right
or left end of the sample bar was marked by the cue. Panel 5:
The fixation spot is extinguished and a horizontal red target
bar (8° by 0.4°) simultaneously appears in the upper visual
field at one of three possible locations. Panel 6: The monkey
must respond by making an eye movement to the end of the
target bar corresponding to the cued end of the sample bar.
A reward is delivered only if the first eye movement is to the
correct end of the target bar and if fixation at this point is
maintained until the display is extinguished, 300 to 450 ms
later. (B) Eight experimental conditions are differentiated by
the following features: The sample bar is centered either 8° (a)
or 12° (b) to the right of fixation. The cue is centered 6° (c) or
10° (d) or 14° (e) to the right of fixation. The target bar, aiways
at a height of 12°, is centered 8° to the left of fixation (f) or
directly above fixation (g) or 8° to the right of fixation (h). The
required eye movement is made either 12° up and 4° to the
left (1) or 12° up and 4° to the right (2). The fixation spot (FP) is
presented at the center of the screen in all conditions. (C) For
each of the eight conditions, the location of the cue, the
location of.the target bar, and the direction of the required
response are given. Note that the orbit-centered direction of
the eye movement (1 versus 2) and its object-centered direc-
tion (L versus R) vary orthogonally across conditions.

Fig. 2. Data collected
from a neuron during the
test for object-centered
direction selectivity. Each
panel represents the lo-
cation of sample bar, lo-
cation of cue, location of
target bar, and direction
of the eye movement for
one condition. Panels are
numbered according to
the conditions listed in
Fig. 1C. Each histogram
represents neuronal firing
rate as a function of time
during successfully com-
pleted trials for the condi-
tion indicated to its left.
Data from successive tri-
als are aligned on the time
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of onset of the eye movement (vertical line). The time of onset of the cue (vertical shaded bar) varied across
trials because of randomization of the interval between cue onset and target onset. Firing depended primarily
on the direction of the eye movement relative to the bar (leftward in the left column; rightward in the right
column) and not on its direction relative to the orbit (rightward in rows 1 and 3; leftward in rows 2 and 4). Note
that conditions 1 and 2 are matched for both the retinal location of the cue and the orbital direction of the eye

movement, as are conditions 3 and 4.
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the orbit (rightward or leftward). Separate
analyses were carrried out on activity occur-
ring during (i) a “delay” epoch 500 ms long,
terminating with onset of the target; (ii) a
“preparation” epoch extending from onset
of the target to initiation of the eye move-
ment; and (iii) a “response” epoch extend-
ing from initiation of the eye movement to
a point in time 100 ms after its termination
(10). The rate of firing showed significant
(P < 0.05) dependence on bar-centered
direction, or a significant interaction of bar-
centered and orbit-centered direction, dur-
ing at least one of the epochs, in 23 out of
29 neurons. Additional statistical informa-
tion is given in Table 1 and in (11). These
results indicate that the activity of SEF
neurons is influenced to a major degree by
the direction of an impending eye move-
ment as defined with respect to the target,
regardless of orbital direction (12, 13).

It is striking that bar-centered direction
selectivity was present not only during the
delay epoch, when only bar-centered infor-
mation was available, but also during the
preparation and response epochs, when the
target had appeared and the orbital direc-
tion of the impending eye movement was
known. However, because the preparation
and response periods were comparatively
brief in the task described above, bar-cen-
tered activity during these periods might be
a carry-over of delay-period firing. To ad-

Table 1. Fraction of neurons in which firing rate
showed a significant (P < 0.05) main effect for
eye-movement direction as defined with respect
to the target bar (row 1) or the orbit (row 2) or a
significant (P < 0.05) interaction between these
two factors (row 3). A separate two-factor ANOVA
was carried out for each of three trial epochs de-
fined in the text. Twenty-three out of 29 neurons
exhibited a significant effect of bar-centered direc-
tion (see text). Out of these 23 neurons, 15
showed only a main effect, 1 showed only an
interaction effect, and 7 showed both types of
effect; 5 showed a main or interaction effect in all
three periods, 12 showed an effect in two periods,
and 6 showed an effect in only one period. A
neuron exhibiting more than one type of effect or
exhibiting effects in more than one period contrib-
uted to multiple entries in this table. Orbit-cen-
tered effects during the delay period (left column,
second and third rows) must have been false pos-
itives because orbital direction was unknown to
the monkey until the appearance of the target bar
at the end of the delay period. The number of
positive observations (two) does not deviate sig-
nificantly from the number of false positives ex-
pected on the basis of the significance level used
and the number of neurons tested.

Prepa- Re-
D;:?é ration sponse
P period period
Bar-centered 18/29 9/29 16/29
Orbit-centered 1/29 6/29 3/29
Interaction 1/29 2/29 6/29




dress this issue, we recorded from 73 neu-
rons in two monkeys performing a version
of the bar task with a second delay period.
This version of the task was identical to the
one described above except that the fixa-
tion spot remained on for more than half a
second after onset of the target bar. We
found that significant (P < 0.05) depen-

dence on bar-centered direction, or a sig-
nificant interaction of bar-centered and or-
bit-centered direction, was at least as fre-
quent (38 out of 73 neurons) during the
second delay period, following onset of the
target bar, as during the first delay period,
before its appearance (25 out of 73 neu-
rons). Additional statistical information is

Fig. 3. Data from a neu- D
ron exhibiting selectivity
for both orbit-centered
and object-centered di-

7 »

rection in a task not re- 3
quiring a decision based
on object-centered infor- s
mation. In every trial,

while the monkey fixated A B
a white central spot, a l:‘\

white target spot came

EM
on. The target spot re- :: Ry
mained on for the dura- R
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guished after a variable
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varied with respect to the location of the

target (4° left and 12° up, 4° right and 12° MM

up, and 12° right and 12° up, respective- EM

ly). Across these conditions, the neuron

exhibited clear selectivity for orbit-centered direction, firing more strongly before rightward than before
leftward eye movements. In conditions D and E, the location of the target was 4° right and 12° up. In these
conditions, a bar appeared on the screen 500 ms before the onset of the target and remained on for the
duration of the trial. In condition D, the bar was positioned so that the target was superimposed on its right
end. In condition E, the bar was positioned so that the target was superimposed on its left end. Although
the bar did not serve as a cue or target, its presence markedly affected the activity of the cell. Firing during
the delay period was much stronger when the target was on the bar’s right end than when it was on the
bar’'s left end. Each histogram represents the average firing rate as a function of time during 16
successfully completed trials for a given condition. Data from successive trials are aligned on the time of
eye movement onset (EM, vertical line). The eye movements to each target were highly stereotyped
regardless of the presence of the bar. In the panels at the right, the groups of dots labeled A through E
represent eye positions sampled at 10-ms intervals during 16 eye movements performed under condi-
tions A through E. Eye movements B, D, and E were nearly identical. Thus, differential activity across
conditions B, D, and E cannot be accounted for in terms of differences among the eye movements.
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Table 2. Fraction of neurons in which firing rate showed a significant (P < 0.05) main effect for eye
movement direction as defined with respect to the target bar (row 1) or the orbit (row 2) or a significant (P
< 0.05) interaction between these two factors (row 3). A separate two-factor ANOVA was carried out for
each of three trial epochs. Fifty-six out of 73 neurons exhibited a significant effect of bar-centered
direction during at least one trial epoch. Out of these 56 neurons, 30 showed only a main effect, 10
showed only an interaction effect, and 16 showed both types of effect; 13 showed a main or interaction
effect in all three periods, 16 showed an effect in two periods, and 27 showed an effect in only one period.
A neuron exhibiting more than one type of effect or exhibiting effects in more than one period contributed
to multiple entries in this table. Orbit-centered effects during the delay period 1 (left column, second and
third rows) must be false positives because orbital direction was unknown to the monkey until the
appearance of the target bar at the beginning of delay period 2. The number of observations (three) does
not deviate significantly from the number of false positives expected on the basis of the significance level
used and the number of neurons tested.

Delay period 1 Delay period 2 Response period

Monkey Monkey Monkey Monkey Monkey Monkey
1 2 1 2 1 2
Bar-centered 17/49 6/24 18/49 10/24 23/49 5/24
Orbit-centered 1/49 0/24 13/49 5/24 11/49 4/24
Interaction 0/49 2/24 12/49 3/24 11/49 3/24
SCIENCE e« VOL. 269 « 18 AUGUST 1995

given in Table 2 and in (14). The finding
that SEF neurons carry bar-centered signals
even when the orbital direction of the im-
pending eye movement is known establish-
es that they are fundamentally different
from classic oculomotor neurons (15).

In the tasks described so far, monkeys
were required to remember an instruction
formulated in bar-centered terms. Thus, the
bar-centered direction selectivity of SEF
neurons might be specific to situations in-
volving active memory of a bar-centered
instruction. To assess this possibility, we
used a task in which the monkey made a
visually guided eye movement to a spot that
appeared in isolation in some trials and was
superimposed on the end of a bar in others.
In each “bar” trial, a bar appeared in isola-
tion for 500 ms; a target spot was then
presented on one end of it. During the
remainder of the trial, both the bar and the
spot remained on. The monkey was re-
quired to maintain central fixation until the
fixation light was turned off and then to
make an eye movement to the target spot.
“Spot” trials were identical in all respects
except that a bar never appeared. Spot trials
were included to permit characterization of
orbital direction selectivity under standard
conditions and to provide a baseline against
which to assess the effects of the bars. Data
from a neuron studied while the monkey
performed this task are shown in Fig. 3.
This neuron displayed direction-selective
preparatory activity during the period of
more than 1 s between the appearance of
the target spot and initiation of the eye
movement. In trials when no bar was
present, the neuron fired most strongly be-
fore rightward eye movements (Fig. 3, con-
ditions A through C). In trials in which the
target was a spot superimposed on a bar, the
firing rate was enhanced if the bar was
positioned so that the spot appeared on its
right end (Fig. 3, condition D) and was
reduced if the bar was positioned so that the
same spot appeared on its left end (Fig. 3,
condition E). Statistically significant de-
pendence on bar-centered direction (P <
0.05) was present in 24 out of 45 neurons
tested by this procedure. We conclude that
SEF neurons manifest bar-centered direc-
tion selectivity even when the monkey is
performing a task that is not dependent on
the use of bar-centered information (16).

In all of the tasks described above, each
eye movement was preceded by the appear-
ance of a spot superimposed on one end of
a bar. The configuration of this stimulus
(spot on left or right end of a bar) and the
bar-centered direction of the impending eye
movement (to the left or right end of a bar)
were completely correlated across trials.
Consequently, neuronal activity varying
with bar-centered direction might conceiv-
ably represent a pattern-selective visual re-
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sponse or a visual memory signal. To assess
this possibility, we trained one monkey to
perform a version of the task using colored
squares as cues (blue instructing a bar-left
response and yellow instructing a bar-right
response). In all other respects, this task was
identical to the version of the bar task with
two delay periods (see above). Electrical
activity was monitored in each of 21 neu-
rons during performance of both tasks. Elev-
en of these neurons exhibited statistically
significant dependence on bar-centered di-
rection during the same trial-epoch in both
tasks. In all 11 neurons, the preferred bar-
centered direction was identical in both
tasks (6 neurons favored bar-right and 5
favored bar-left). Thus, neuronal activity
was related to the bar-centered direction of
the impending eye movement rather than
to the physical attributes of the cues.

The finding that neurons of the ma-
caque supplementary eye field exhibit bar-
centered direction selectivity in tasks re-
quiring the monkey to look to the right or
left end of a horizontal bar provides by far
the most robust and direct evidence to date
for the existence of cortical neurons that
carry object-centered signals.
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significant effect of bar direction: () The absolute
value of the difference R — L, between the firing rate
during bar-right conditions (R) and the firing rate dur-
ing bar-left conditions (L). During delay, preparation,
and response epochs, respectively, the mean values
were: 5.5 (SD = 4.3),10.5(SD = 7.6),and 4.7 (SD =
3.5) spikes per second. (i) The absolute value of (R —
L)Y/(R + L), a measure normalized to the neuron’s
average firing rate. During delay, preparation, and
response epochs, respectively, the mean values
were: 0.25 (SD = 0.16), 0.37 (SD = 0.16), and 0.15
(SD = 0.10).

. Chen and Wise (6) recently demonstrated that

some SEF neurons preferentially active during eye
movements in a certain direction fire especially
strongly during a period when the monkey is learn-
ing to produce those eye movements in response
to a novel visual stimulus, whereas others begin
firing only after the association has become estab-
lished. In light of this finding, it might be argued that
SEF neurons showing modulation of activity during
performance of our task are mediating arbitrary
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learned associations between visual stimuli and
eye movements. However, our task can be con-
strued as one in which visual stimuli are associated
arbitrarily with eye movements only if the cue and
the target bar together are considered as a single
stimulus. In this view, four combinations of cue and
target would be associated with eye movements
up and to the left (conditions 1, 3, 5, and 7) where-
as four would be associated with eye movements
up and to the right (conditions 2, 4, 6, and 8). There
are strong arguments against this interpretation.
First, bar-selective activity begins before onset of
the target. Second, each neuron prefers a set of
conditions in which the eye movement is to the
same end of the bar but varies in direction as de-
fined with respect to the orbit. Finally, the neuronal
pattern of bar-centered direction selectivity is un-
affected by manipulations of the testing situation
that alter the range of the eye movements pro-
duced by the monkey, for instance, incorporation
of conditions in which eye movements are directed
to the outer ends of target bars f and h (Fig. 1B).

. Because all eye movements in our task contain an

upward component, the question arises whether
bar-centered signals represent modulation of activity
associated with upward eye movements. This does
not appear to be the case. We have observed cases
in which a neuron did not fire at all during upward eye
movements to a spot target and yet fired vigorously
during upward eye movements to the preferred end
of a horizontal bar. Moreover, across the entire pop-
ulation of neurons studied, there was no tendency
for bar-centered direction selectivity to occur pre-
dominantly among neurons that fired preferentially
during upward eye movements.

Among the 73 neurons studied during performance
of this version of the bar task, 26 were in the left
hemisphere and 47 were in the right hemisphere.
There was a marked preponderance of neurons that
fired preferentially in conjunction with eye move-
ments to the end of the bar opposite the recording
hemisphere (chi square test; P < 0.01). Similarly, in
the standard oculomotor test (8), there was a
marked preponderance of neurons that fired prefer-
entially during eye movements in a contralateral or-
bital direction (chi square test; P < 0.01).

Neurons carrying signals related only to saccade
amplitude and direction might appear to carry bar-
centered signals if a monkey performing the bar task
employed a mnemonic strategy based on picturing
eye movements. Following a bar-left instruction, for
example, the monkey might imagine an eye move-
ment directed to the left in the orbit, with concomi-
tant elevation of activity in cortical oculomotor neu-
rons having leftward preferred directions. However,
following onset of the target, the activity of neurons
carrying simple oculomotor signals would be reset to
reflect the orbital direction of the impending eye
movement.

. Because the monkey was highly trained on other

tasks requiring the use of bar-centered information, it
is possible that in this task he actively attended to the
bar-relative location of the spot despite its irrele-
vance. This issue could be resolved only by record-
ing from SEF neurons in a monkey performing this
task without previous training in tasks requiring the
active use of bar-centered information.
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