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Mapping of Contralateral Space
in Retinotopic Coordinates by a
Parietal Cortical Area in
Humans

M. L. Sereno,’® S. Pitzalis,”} A. Martinez,?}

The internal organization of a higher level visual area in the human parietal
cortex was mapped. Functional magnetic resonance images were acquired while
the polar angle of a peripheral target for a delayed saccade was gradually
changed. A region in the superior parietal cortex showed robust retinotopic
mapping of the remembered target angle. The map reversed when the direction
of rotation of the remembered targets was reversed and persisted unchanged
when study participants detected rare target reappearances while maintaining
fixation, or when the eccentricity of successive remembered targets was un-
predictable. This region may correspond to the lateral intraparietal area in

macaque monkeys.

The neocortex of each hemisphere in pri-
mates consists of a mosaic of nearly 100
visual, auditory, somatosensory, motor, and
limbic areas. To precisely define their bor-
ders, studies in nonhuman primates have
combined intensive microelectrode mapping,
tracer injections, histological stains, and
functional analysis of single unit responses
and have often visualized these results on
unfolded representations of the cortex (/-5).
Functional magnetic resonance imaging
(fMRI) in combination with retinotopic map-
ping stimuli (6) and cortical surface recon-
struction (7-9) have made it possible to de-
fine the borders of early visual areas with
comparable precision in humans (10-12).
However, these methods have so far proved
less useful in higher visual areas, which have
instead been defined almost solely by their
responses during different cognitive tasks.
The borders of many higher visual areas in
humans have yet to be precisely defined.
Studies of brain-lesioned humans have
long implicated the parietal cortex in spatial
processing (/3, 14). This has been confirmed
by recent neuroimaging studies (/5-21). Sin-
gle-neuron recordings in awake behaving ma-
caques suggest that parietal cortical neurons
code and update target locations in retinocen-
tric coordinates (22-26). It is less clear, how-
ever, whether remembered locations in con-
tralateral visual space are systematically ar-
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rayed across subregions of the cortex. Some
higher level areas in nonhuman primates are
known to contain systematic maps of more
complex stimulus features. For example, de-
spite being insensitive to the exact retinal

Fig. 1. Phase-encoded
stimuli for generating
maps of remembered
location. In the first
three tasks, the person
is fixating centrally
when a peripheral tar-
get briefly appears at
12° to 15° of eccen-
tricity. A ring of blink-
ing distractors appears
while the person re-
members the target
location and main-
tains fixation for 3 s.
In the first and second
tasks (top), the person
saccades to the re-
membered  location
after the delay period
and then immediately
saccades back to the
fixation point to pre-
pare for the next tar-
get, which appears
CCW (or CW) to the
last. In the third task
(middle), participants
merely detect when
the target occasional-
ly reappears among
the distractors (it re-
appears on average
once every 12 targets)
and make no saccades.
The fourth task (bot-
tom) is similar to the
first except that the
eccentricity of each
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position of a face, small regions of the infero-
temporal cortex appear to code for a sequence
of orientations of the face (profile, three-
quarters, and frontal) at a sequence of nearby
cortical locations (27).

Study participants (» = 12) viewed stim-
uli projected onto a screen at their chin level
via a mirror adjusted so that central fixation
was comfortable (28). In the first task, par-
ticipants made delayed saccades (Fig. 1, top)
(29). A brief peripheral target was presented
while participants fixated a central point. A
ring of target-sized blinking distractors near
the target eccentricity then appeared during a
3-s delay period while participants main-
tained fixation. At fixation dimming (or off-
set) (30) and distractor offset, participants
made a saccade from the fixation point to the
remembered target location on a black screen.
Then they immediately made a saccade back
to the fixation point, which brightened (or
reappeared) in preparation for the next pe-
ripheral target. The time between successive
target onsets was 5 s.

The angle of the remembered target loca-
tion was stepped in a counterclockwise
(CCW) direction through 360° so that imag-
ing data could be analyzed with the same

br:ef eripheral

1 (0.5 sec)
delay + blinking
dlstractors (3 sec)

saccade
(0.5 sec)

brief enpheral

targe (D 5 SEC) T ——
report occasional

reappearances (3 sec)

no saccade
__(0.5 sec)

(0.5sec) —

I delay + bllnklng
distractors (3 sec)

saccade
(0.5 sec)

target is completely unpredictable (3° to 15°) and the distractors fill the entire field. in every case,
the peripheral targets cover 360° of polar angle in 64 s.
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Fourier-based method used to map polar an-
gle in retinotopic visual areas (/0). The tar-
gets were jittered slightly in eccentricity and
polar angle (2.5° visual angle, both axes) to
make them somewhat less predictable. One
complete polar angle cycle took 64 s, so the
average step in polar angle to the next target
was about 28°.

Three additional versions of the task were
then used to control for artifacts. In the sec-
ond task (Fig. 1, top), successive targets ap-
peared in a clockwise (CW) instead of a
CCW direction. In the third task (Fig. 1,
middle), participants had to detect the occa-
sional reappearance (P = 0.08) of CCW-
progressing targets among the flashing dis-
tractors while maintaining central fixation; in
this task, they made no saccades during the
entire scan. The fourth task (Fig. 1, bottom)
was like the first except that the eccentricity
of the next target was completely unpredict-

LATERAL “7t,

4 _!nlfanan‘e,a .

%

for’_e

POSTERIOR ¢ Central
~<®S  MED.-POST.

>

REPORTS

able, and the distractors filled the field.
Each functional session included a series

" of surface-coil echo-planar scans (3 X 3 X 4

mm voxels, 128 images per slice) focused on
occipital and parietal visual areas and a single
high-resolution alignment scan, which was
used to register the functional data with a
cortical surface reconstruction made from
head-coil structural scans taken in a separate
session (31). ,
Figure 2 shows the regions in the right
hemisphere of one person that were activated
in a periodic fashion by our phase-encoded
delayed saccade task. The center of the pari-
etal focus (the yellow cross) is shown in slice
view at the bottom of the figure. Color satu-
ration indicates the strength of the response,
whereas the hue indicates the response phase.
Phase-encoded mapping experiments such as
this one reveal activity only in areas that have
some kind of map of the encoded stimulus
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Fig. 2. Superior parietal cortical area with a map of remembered location (dotted circles). The
folded and unfolded right hemisphere of a single person is shown in superior, lateral, medial,
medial-posterior, and posterior views. The main sulci (dark gray) have text labels. IPS, intraparietal
sulcus; STS, superior temporal sulcus; POS, parieto-occipital sulcus. The small region indicated by
the dotted circles is just beyond the extreme medial tip of the intraparietal sulcus. It has a strong
periodic response to the first task and a clear map of contralateral remembered targets (red, upper
left visual field; blue, left horizontal; green, lower left). The map is best appreciated in the unfolded
medial-posterior unfolded view (middle). The Fourier-based analysis method only reveals areas that
respond differently to different target angles; thus, areas activated by all targets or all saccades will
be subtracted out. The center of the parietal map (the yellow cross in the unfolded posterior view
at middle left) is also marked in the three slice views at the bottom ( Talairach coordinates: x = 32,

y = —68,z = 46).
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feature. Thus, areas activated by every target
or by every saccade will not appear. Areas
merely activated by every contralateral target
or saccade, by contrast, will appear but show
no spread in the phase angle of their response.

A small region of the right superior pari-
etal cortex (dotted circle), just beyond the
medial end of the intraparietal sulcus, showed
the most robust retinotopic mapping of the
angle of the remembered contralateral (left
hemifield) targets. Lower field targets (green)
were represented most inferiorly; horizontal
targets were represented intermediately
(blue); and upper field targets were represent-
ed superiorly (red). On the unfolded cortex,
superior becomes anterior because the map is
located on the anterior bank of a small sulcus.
The activated region is well anterior to the
superior terminus of the parieto-occipital sul-
cus and is slightly closer to the central sulcus
than to the occipital pole (32). In the left
hemisphere (not shown in this figure), there
was a similar area with a map of remembered
right hemifield targets. That map was orga-
nized in the same way. All 12 participants
showed significant periodic activity in this
region bilaterally with substantial phase
spreads, indicating retinotopic responses.
There was some variation in the exact loca-
tion and form of the parietal map across
participants, but upper fields were often rep-
resented superior and anterior to lower fields.
There was a second, more posterior map in
both hemispheres that overlaps several previ-
ously described second order retinotopic
areas.

To verify the organization of the parietal
map, we tested what happened when the direc-
tion of rotation of successive targets was re-
versed. Targets always started at the bottom of
the circle (at the 6:00 position). When they
moved in a CCW direction (task 1), the right
hemifield was stimulated in the first half of
each cycle, and the lower right visual field was
stimulated before the upper right visual field.
Reversing the rotation of the targets to a CW
direction (task 2) will stimulate the right hemi-
field only after a delay of half a cycle, and
upper right visual fields will now be stimulated
before lower right visual fields. Task 1 respons-
es can therefore be used to predict task 2 re-
sponses with no free parameters.

Figure 3 (top left pair) shows the left and
right hemisphere activations after the stan-
dard CCW progression of targets, but now on
a flattened representation of the visual cortex
made after cutting off the occipital lobe and
incising the depths of the calcarine sulcus.
The flat right hemisphere of this pair illus-
trates the same data as in Fig. 2. The white
circles have been drawn in exactly the same
position across conditions to aid comparison.
The statistical significance of the responses
(contralateral versus ipsilateral contrast) is
plotted in Fig. 3, top right (33). The response
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to contralateral targets was highly significant.
Ipsilateral targets evoked only a weak re-
sponse, primarily from V1 center of gaze. If
these cortical maps are robust, we would
expect a reversed (CW) progression of targets
to elicit a half-cycle delay and a reversed
phase progression. This is exactly what was
found (middle left) in data taken from the
same person on a different scan day. To make
the comparison easier, we reversed the color
map and added half a cycle of phase angle to
it, so that a consistent map appears the same
across the two different directions of target
rotation. The similar appearance of the maps
in both hemispheres across these two condi-
tions provides strong support for the idea that
this small region of the superior parietal cor-
tex represents the angle of a remembered
target in a retinotopic fashion. The maps
found in the more posterior focus were sim-
ilarly consistent.

Neuroimaging responses elicited by a de-
layed saccade task could be due to simple
sensory responses, processes involved in re-
membering a cued location, and processes
underlying the execution of saccades to the
target and back. The third task—monitoring
rare target reoccurrence—eliminated all
overt motor output and better controlled the
sensory aspects of the task. Figure 3 (middle
right) shows that despite the lack of any
saccades, a very similarly organized set of
left and right hemisphere maps of contralat-
eral visual space was revealed. These data
were taken from the same person on a third
scan day. Finally, the map of polar angle
persisted when the eccentricity of the next
target was unpredictable and the distractors
occupied the whole field (Fig. 3, bottom left,
fourth scan day). The overlay (higher magni-
fication inset at lower right) of the outline of
the maps from the four stimulus conditions
shows a remarkable degree of consistency
across tasks and scan days.

The parietal area that we have mapped is
not strongly driven by standard retinotopic
mapping stimuli, which require no peripheral
attention. It is also not driven by structured
motion stimuli (Fig. 3, bottom right). Struc-
tured motion stimuli instead activate several
more posterior areas, including the superior
end of human V3A and a small area medial to
it in the parieto-occipital sulcus. These data
and the scans used to define early retinotopic
areas (dotted lines) were collected on a fifth
scan day.

To illustrate the exact relationship be-

tween all these areas, the activation pattern.

for task 1 has been overlaid in Fig. 4 with a
set of dotted lines representing the boundaries
of other early visual areas that we were able
to define in this person. The borders of V1,
V2, V3, VP, V3A, and V4v were determined
by mapping visual field sign (10). The areas
responding to simple motion (from a sixth
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Fig. 3. The parietal cortex map (circles are in exactly equivalent positions to aid comparison) is
constant across all four tasks from Fig. 1. LH, left hemisphere; RH, right hemisphere. The results of
five different scan sessions on a single person are shown in six groups of flattened images. The data
from Fig. 2 are shown in the top row (phase is plotted at left and significance values for
contralateral versus ipsilateral are plotted at the right). Differences in the phase of the response are
obvious in three individual pixel time courses plotted in the upper left inset. Changing the direction
of rotation of the targets (middle left) left the map unchanged (half a cycle of phase was added to
the color scale, and it was reversed so that red still indicates upper and green lower). A similar map
was obtained for detection of occasional reoccurrences without saccades (middle right) and for
making delayed saccades where the eccentricity of the next target was unpredictable (lower left).
The last (lower right) group shows that the circled parietal area does not distinguish the difference
between structured and unstructured motion (flow fields) and lies well anterior to early retinotopic
areas (visual area borders were traced from retinotopic mapping data not otherwise shown).

scan day) were determined by comparing
moving and stationary patterns at low con-
trast (labeled “low contrast”). Finally, the
areas responding selectively to more complex
moving patterns (labeled “flow fields”) were
transcribed from Fig. 3.

The overlay indicates that the second
more posterior map revealed by the remem-
bered saccade tasks partly overlaps an area
previously labeled V3A; and the remembered
saccade map matches the polar angle map
found in this area with standard retinotopic
mapping stimuli (34). The second map is
superior to the part of V3A that is strongly
activated by low-contrast moving patterns
and partially overlaps the more inferior of the
two regions selectively driven by complex
patterned moving stimuli. Given these data, it
is possible that V3A as originally defined

contains more than one visual area (35). This
posterior focus has been coactivated with the
parietal cortex before (/5). Distinguishing
how the two regions differ functionally (be-
yond their contrasting responses to passive
retinotopic mapping stimuli) remains a goal
for future experiments, as does determining
the exact order of their activation.

The stimuli for tasks 1 through 4 do con-
tain a small periodic retinotopic stimulus—
namely, the brief peripheral target. Some of
the responses we observed might have been
due to this passive stimulus as opposed to the
task of remembering its position. However,
the lack of a significant parietal activation in
experiments using standard (highly salient)
retinotopic mapping stimuli and the virtual
silence of V1 and V2 in our tasks make it
unlikely that our large parietal activations

9 NOVEMBER 2001 VOL 294 SCIENCE www.sciencemag.org



R
hemifield
target
angle

REPORTS

hemifield
target
angle

Fig. 4. Location of the putative human area LIP in relation to other visual areas. The boundaries of
early visual areas are superimposed with dotted lines on the responses to the first task. The borders
of V1, V2, V3, VP, V3A, and V4v were determined by means of the visual field sign method, and
the borders of four motion-sensitive areas were determined by strong responses to low-contrast
moving versus stationary stimuli (MT/V5 and the inferior part of V3A) and to structured versus
unstructured motion stimuli (an area in the superior part of V3A and another area superior to it).
The putative human LIP is situated well anterior to other retinotopic areas: about halfway between

the central sulcus and the occipital pole.

were due to passive sensory responses. In
contrast with the small brief target, the prom-
inent long-lived ring of blinking distractors is
likely to have strongly stimulated early reti-
notopic visual areas such as V1, V2, V3, and
VP. The distractors, however, had no period-
icity near 64 s, so this strong activation would
be “subtracted out” by our analysis (36).
Finally, previous studies manipulating visual
attention with exactly equated retinotopic
stimulation have demonstrated attention-re-
lated responses in early visual areas; this
makes it possible that the weak responses we
observed in early retinotopic areas were due
as much to attention to particular visual field
locations as to simple sensory responses to
the brief targets (37).

The representation of the angle of saccade
target (independent of whether a saccade is
actually made) is reminiscent of data collect-
ed from single neurons in posterior parietal
and prefrontal visual areas in the macaque
monkey (22-25, 29, 38). This suggests that
remembered targets are buffered and updated
in retinotopic coordinates as the animal
makes saccades to remembered targets. It is
as though the animal is visualizing in retino-
topic coordinates where the target would be
on a retinotopic map had the target stayed on.
Our results go beyond most existing parietal
cortex data in suggesting that this updating
might actually take place in a retinotopic map
that is systematically spread across the cortex
(39), similar to what has been seen in the
superior colliculus (40) and also possibly in
the prefrontal cortex (29). We think that the
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region we have mapped might be closely
related to the lateral intraparietal area (LIP)
of macaque monkeys. Interestingly, this re-
gion has also been activated in neuroimaging
studies by linguistic tasks that lack any ex-
plicit requirement for remembering the loca-
tion of visual targets.
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which illustrates a similar posterior parietal focus
("par.”) in flat maps. We used the Montreal Neuro-
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z=53mm;SD:x =6 mm,y = 5mm, z= 6 mm).
Data from both phase-encoded and two-condition
experiments were initially analyzed by a fast Fourier
transform on the brightness time course from each
voxel. Statistical significance was calculated and dis-
played by converting the Fourier magnitude of the
response to an F statistic. When color (red, blue, or
green) is used to represent phase, the significance
controls the saturation; when color is used to repre-
sent significance (red-orange or blue-cyan), the phas-
es are collapsed into two bins (that is, contralateral/
ipsilateral and ON/OFF). The minimal regions of the
ipsilateral phase (for example, small blue spots in the
F-statistic map in Fig. 3, upper right) have been
suppressed in the phase maps (compare the images
in Fig. 3, upper left and upper right pairs). The excep-
tional systematicity of the parietal maps is best
appreciated in an animation where each response
phase contour is successively marked with a white
stripe. Mpeg movies posted at http://kamares.
ucsd.edu/~sereno/LIP/ show the response of the left
hemisphere (lefthemi.mpg) and the right hemisphere
(righthemi.mpg) to one complete target-angle cycle
in task 1 on a medial-posterior view of the inflated
cortical surface. The relation between the left and
right hemisphere responses is illustrated in a
closeup movie of the left and right parietal foci
(bothcloseup +stim.mpg) that also includes a repre-
sentation of the corresponding location of the target.
In all movies, ipsilateral phases have not been trun-
cated. A small amount of bilateral activation is visible
in the closeup movie as the stimulus crosses the
upper and lower vertical meridians.
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A. Brewer, R. F. Dougherty, A. R. Wade, B. A. Wandell,
Vis. Res. 41, 1321 (2001); R. B. Tootell, N. Hadjikhani,
Cereb. Cortex 11, 298 (2001)]. To summarize, with a
large V3A as a starting point, V3B is directly inferior
to V3A, V7 is anterior to both V3A and V3B, and a
two-part lateral occipital area in the expected loca-
tion of V4d overlaps V3B completely. We are confi-
dent that our posterior focus overlaps the superior
half of V3A and V7 but not V3B or the lateral
occipital areas, and we are sure that our parietal
focus lies completely anterior and superior to V7.

REPORTS

36. It is likely that the distractors also served as an
(unbiased) probe of the attended-to region. Single-
unit recording experiments in the macaque monkey
LIP (22-24) have shown that when an animal is
attending to a particular location, neurons with re-
ceptive fields at that location give an enhanced re-
sponse to a probe stimulus there; a response that
typically greatly exceeds the activity attributable to
mere attention to that location on a blank screen.

37. Although peripheral attention is not necessary in
standard phase-encoded retinotopic mapping exper-
iments {the only task is continuous central fixation),
it is unlikely that attention to the periphery can be
completely suppressed. Maps derived from standard
retinotopic mapping experiments therefore probably
reflect a mix of "sensory” retinotopy and “atten-
tional” retinotopy and also a different mix in differ-
ent areas. With our task, there were weaker but
significant responses in early retinotopic areas (V1,
V2, V3, and VP) that were retinotopically consistent
in polar angle; that is, upper field (= red+blue)
inferiorly and lower field (= green+blue) superiorly,
and at the expected location in the eccentricity map.
We set our significance thresholds conservatively (a
steep sigmoidal function for the mapping between
significance and color saturation); with a somewhat
more lax criterion, these spotty responses at (just)
the eccentricity corresponding to the target in V1/
V2/V3/VP become filled in.

38. In the parietal as well as the prefrontal cortex, most
neurons signal the location of the target, even when
the animal makes an anti-saccade [S. Funahashi, M. V.
Chafee, P. S. Goldman-Rakic, Nature 365, 753 (1993);
). Gottlieb, M. E. Goldberg, Nature Neurosci. 2, 906
(1999)].

39, The orientation of the visual field map reported here
(upper — anterior, lower — posterior) is roughly
similar (once the cortex has been unfolded) to what
was found in a mapping study of the LIP in anesthe-

tized macaques [G. ). Blatt, R. A. Andersen, G. R.
Stoner, /. Comp. Neurol. 299, 421 (1990); we made
a surface reconstruction from the data shown in their
figure 5]. One difference already noted is that the
human area sits in a small sulcus slightly medial and
posterior to the intraparietal sulcus instead of inside
it. This recalls the situation with human MT, which
typically sits in a small sulcus just posterior and
ventral to the superior temporal sulcus instead of
inside it, on its posterior bank. Finally, it has long
been known that human V1 doesn’t extend as far
onto the lateral surface as it does in other primates.
In each case, the presumed human homolog has
moved radially outward (superiorly, posteriorly, and
inferiorly) from the center of the lateral surface of
the occipital lobe.
40. Retinotopically organized delay-period activity has
been observed in a number of different brain struc-
tures in many different vertebrates. In monkeys, but
also in frogs, a briefly presented stimulus can elicit
retinotopically localized activity in the superior col-
liculus that persists over many seconds [D. Ingle,
Science 188, 1033 (1975); L. E. Mays, D. L. Sparks,
J. Neurophysiol. 43, 207 (1980); P. W. Glimcher, D. L.
Sparks, Nature 355, 542 (1992)].
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CNS Synaptogenesis Promoted
by Glia-Derived Cholesterol

Daniela H. Mauch,? Karl Négler,"? Stefan Schumacher,*
Christian Goritz,® Eva-Christina Miiller,? Albrecht Otto,?
Frank W. Pfrieger'3*

The molecular mechanisms controlling synaptogenesis in the central nervous
system (CNS) are poorly understood. Previous reports showed that a glia-
derived factor strongly promotes synapse development in cultures of purified
CNS neurons. Here, we identify this factor as cholesterol complexed to apo-
lipoprotein E-containing lipoproteins. CNS neurons produce enough cholesterol
to survive and grow, but the formation of numerous mature synapses demands
additional amounts that must be provided by glia. Thus, the availability of
cholesterol appears to limit synapse development. This may explain the delayed
onset of CNS synaptogenesis after glia differentiation and neurobehavioral
manifestations of defects in cholesterol or lipoprotein homeostasis.

The formation of synaptic contacts is a criti-
cal phase during brain development and plays
a crucial role in long-term synaptic plasticity
in the adult CNS, but the cell biological
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mechanisms that mediate the assembly of the
synaptic machinery are still poorly under-
stood. A possible role of glial cells in CNS
synaptogenesis was indicated by a series of
studies (/-3) on rat retinal ganglion cells
(RGCs), CNS neurons that can be highly
purified (4) and cultured under defined glia-
free conditions (5). The previous reports (/-
3) showed that neurons formed few and in-
efficient synapses in the absence of glia and
that glial cells induced the formation of nu-
merous and highly efficient synapses without
affecting neuronal survival, excitability, or
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