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which illustrates a similar posterior parietal focus
(“par.”) in flat maps. We used the Montreal Neuro-
logical Institute Automated Linear Registration Pack-
age [described in D. L. Collins, P. Neelin, T. M. Peters,
A. C. Evans, J. Comp. Assist. Tomogr. 18, 192 (1994)
and available for free download at ftp://ftp.bic.mni.
mcgill.ca/pub/mni_autoreg/] to generate Talairach
transformation matrices. We measured the average
Talairach coordinates of the center of the parietal
focus in the right hemisphere across n = 22 scan
sessions (n = 12 unique participants) ( Talairach co-
ordinates were as follows: x = 24 mm, y = -65 mm,
z =53 mm;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.

M. I. Sereno, S. Pitzalis, A. Martinez, data not shown.
Human V3A was originally defined as a thick strip of
retinotopic (non-mirror image) cortex directly ante-
rior to lower field—only V3 that contains upper as
well as lower fields [R. B. Tootell et al., J. Neurosci.
17, 7060 (1997)]. Although the names “V3" and
“V3A” were taken from macaque monkeys, the func-
tional and anatomical properties of the human areas
differ from their macaque monkey namesakes. The
strong response to motion and the heavy myelina-
tion of human V3A [see figure 5 in M. I. Sereno, J. M.
Allman, in The Neural Basis of Visual Function, A.
Leventhal, Ed. (Macmillan, London, 1991), pp. 160—
172, and figure 8 in R. B. H. Tootell, J. B. Taylor, Cereb.
Cortex 1995, 5, 39 (1995): labeled “possible/pre-
sumptive MT" in both instances] recall the direction
selectivity and myelination of lower field—only ma-
caque monkey V3 rather than macaque monkey V3A.
Owl monkeys also have a dorsal, heavily myelinated,
direction-selective area, DM [J. M. Allman, J. H. Kaas,
Brain Res. 100, 473 (1975)], that contains upper and
lower fields like human V3A; but owl monkey DM
directly adjoins V2—like macaque V3 but unlike
human V3A [see (5, 72) for comparison maps]. Dif-
ferent authors have subsequently published tentative
and partly conflicting subdivisions of this region in
humans [A. T. Smith, M. W. Greenlee, K. R. Singh, F. M.
Kraemer, J. Hennig, J. Neurosci. 18, 3816 (1998); R. B.
Tootell et al., Neuron 21, 1409 (1998); W. A. Press, A.
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.
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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);
J. 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, J. 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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Awh, G. Boynton, A. Dale, B. Fischl, C. Fernety, M.
Kutas, S. Hillyard, A. Liu, and E. Vogel for help and
discussions; and G. Boynton for the use of his pro-
jection screen and frame. Supported by the Human
Frontier Science program (E. Halgren), NIH grant
NICHD22614 (M. Kutas), Office of Naval Research
grant NO0014-93-0942 (S. Hillyard), and NIMH grant
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CNS Synaptogenesis Promoted
by Glia-Derived Cholesterol
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Christian Géritz,’3 Eva-Christina Miiller,? Albrecht Otto,?
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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

VOL 294 SCIENCE www.sciencemag.org



neurite outgrowth. These effects were medi-
ated by a soluble factor secreted by macro-
glial cells that has remained elusive so far.
To identify the glial factor, we pursued
two experimental approaches. First, we frac-
tionated glia-conditioned medium (GCM) (6)
chromatographically, treated glia-free cul-
tures of purified RGCs with elution fractions,
and assayed their activity by whole-cell re-
cordings of spontaneous excitatory postsyn-
aptic currents (EPSCs) (7). The GCM-in-
duced increase in synaptic activity was me-
diated by a heparin-binding factor that could
be further purified by cation exchange chro-
matography (8, 9). Subsequent gel filtration
(10) indicated that the factor migrated with
large components of GCM (Fig. 1A). Second,
we studied GCM-induced changes in the pro-
tein composition of membranes prepared
from RGCs by two-dimensional gel electro-
phoresis (2-DE) (11-13). GCM treatment re-
liably caused the appearance of a new silver-
stained spot (n = 3 preparations) (Fig. 1B).
Microsequencing by nanospray mass spec-
trometry (14, 15) showed that this spot con-
tained apolipoprotein E (apoE) (Fig. 1C). In
the CNS, apoE is produced by macroglial
cells (16—18). Therefore, it appeared likely
that the apoE occurring in GCM-treated cells
was of glial origin. Accordingly, immuno-
blots showed a lack of apoE in RGCs grown

REPORTS

under glia-free conditions (79).

Initially, glia-derived apoE appeared to be
a good candidate for the glial factor. It binds
to heparin (20) and is part of glia-derived
lipoprotein particles, whose size (27) falls in
the same range that we had determined for
the glial factor (Fig. 1A, inset). However, in
RGC cultures treated with apoE (1 or 10
pg/ml) (22), the increase in EPSC frequency
as compared to untreated controls averaged
0.8 = 0.3—fold (mean = SEM, n = 4 cul-
tures; Fig. 1D), showing that apoE was not
the glial factor. Because apoE-containing li-
poproteins serve as cholesterol carriers (23),
we then tested whether cholesterol mimicked
the effects of GCM. Treatment of RGC cul-
tures with cholesterol (10 wg/ml) (22) in-
creased the frequency of spontaneous EPSCs
on average by 12 = 4—fold as compared to
glia-free cultures and thus to a similar extent
as treatment with GCM (15 * 4—fold; 86 =
20% of GCM control; n = 13 cultures) (Fig.
1D). We also tested whether this effect could
be induced by other lipids contained in glia-
derived lipoprotein particles (21, 24). How-
ever, treatment of neurons with phosphatidyl-
choline (0.4 uM; 2 = 1-fold; » = 4 cultures)
or sphingomyelin (0.4 pM; 0.3 *0.2—fold;
n = 4) (22) did not significantly increase the
frequency of spontaneous EPSCs as com-
pared to untreated controls. At a higher con-

centration (2 wM), these lipids were toxic to
purified RGCs. These results suggested that
cholesterol complexed to large apoE-contain-
ing lipoproteins was the active component in
GCM.

To test this hypothesis, we performed
three experiments. First, we determined
whether those gel filtration fractions with a
strong effect on synaptic activity contained
elevated levels of cholesterol and apoE (25).
Our measurements showed that there was a
close match between the synaptogenic activ-
ity of elution fractions and their combined
content of cholesterol and apoE (Fig. 1E).
Second, we tested whether lowering the cho-
lesterol concentration in GCM would dimin-
ish its effect on synaptic activity. To produce
low-cholesterol GCM (LC-GCM), we added
mevastatin, an inhibitor of cholesterol syn-
thesis (26), to glial cultures (27). Mevastatin
(10 wM) lowered the cholesterol concentra-
tion from 5.0 £ 0.7 pg/ml in GCM to an
undetectable level in LC-GCM (n = 4 cul-
tures). In RGCs treated with LC-GCM, the
spontaneous activity was strongly reduced as
compared to the activity in cultures treated
with normal GCM (Fig. 1F). This effect
could be due to the drug-induced loss of a
synaptogenic component other than choles-
terol. However, supplementing LC-GCM
with cholesterol (10 pg/ml) (LC-GCM+)

Fig. 1. Glia-derived cholesterol complexed to apoE-con-
taining lipoproteins mediates the GCM-induced increase
in synaptic activity. (A) Mean frequency of spontaneous
EPSCs in RGC cultures treated with elution fractions
obtained by gel filtration chromatography of prefrac-
tioned GCM. Inset: Calibration indicated a size range
between 158 kD (9.6 nm) and 669 kD (17 nm) for the
glial factor (gray shading, elution range of glial factor; 0
arrows, molecular weight markers aldolase and thyro-
globulin). (B) Silver-stained two-dimensional gels of
membrane proteins from RGCs cultured without (left) B
and with (right) GCM (approximate range, molecular

weight 28 to 45 kD, pl 4.5 to 5.5). Arrowhead, GCM-

induced protein spot. (C) Identification of the protein .
marked in (B) as glia-derived apoE. The upper panel v -
shows the nanoelectrospray mass spectrum of the pep- 2
tide mixture from the trypsinized spot. Arrows indicate p
peptides selected for fragmentation. The lower panel e
shows the fragmentation spectrum of the doubly
charged ion (mass-to-charge ratio, 620.34). Circles mark
matches between peaks in the fragmentation spectrum
and theoretical fragment masses for the identified apoE
peptide (47). (D) Relative frequency of spontaneous
EPSCs in individual RGC cultures treated with apoE (1
and 10 pg/ml), cholesterol (10 pg/ml), or GCM, all
compared to untreated control cultures. (E) Cholesterol
(upper panel: thick line, left axis) and protein concen-
tration (thin line, right axis) and apoE content (lower
panel) in gel filtration fractions. In fraction 11, which . (M+2H)2*
had the strongest effect on synaptic activity as shown in

(A), the combination of apoE and cholesterol content ° J . °
was maximal. (F) Lowering the cholesterol concentration 0 Lol sl
in GCM (LC-GCM, n = 5 cultures) reduced the GCM- 200 600
induced increase in synaptic activity, and addition of Mass-to-charge ratio
cholesterol (10 pg/ml) to LC-GCM (LC-GCM+) fully

restored the effect (n = 2 cultures). Inhibition of lipoprotein uptake
by RAP (50 pg/ml) (n = 4 cultures) reduced the heparin eluate
(HepElu)-induced increase in synaptic activity (37). In RAP-treated
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cultures, 6% of the RGCs tested (2 of 32) still showed strong synaptic
activity. Open and solid columns represent mean values with and
without these cells, respectively. Bars indicate SEM.
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fully rescued the strong increase in spontane-
ous synaptic activity (n = 2 cultures) (Fig.
1F), confirming that cholesterol was the ac-
tive component. Third, we tested whether the
GCM-induced increase in synaptic activity
required apoE-binding receptors that mediate
the uptake of lipoproteins (28). To accom-
plish this, we blocked members of the low-
density lipoprotein (LDL) receptor family
(29) with the receptor-associated protein
(RAP) (30, 31). In RGCs treated with RAP
and heparin-binding components of GCM,
the spontaneous synaptic activity was re-
duced, as compared to the synaptic activity of
controls treated with heparin eluate alone
(Fig. 1F). In summary, five lines of evi-
dence indicated that cholesterol produced
by glial cells and secreted in apoE-contain-
ing lipoproteins was the glial factor. First,
cholesterol alone strongly increased the fre-
quency of spontaneous synaptic events,
whereas other components of glia-derived
lipoprotein particles did not affect synaptic
activity. Second, there was a close match
between the reported size of glial lipopro-
teins and the size of the synapse-promoting
factor. Third, the level of activity in gel
filtration fractions scaled with the com-
bined content of cholesterol and apoE.
Fourth, a drastic reduction of the cholester-
ol content in GCM by mevastatin eliminat-
ed its effects on synaptic activity. Fifth,
inhibition of lipoprotein uptake reduced the
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Fig. 2. Cholesterol content of cultured RGCs.
(A) Fluorescence micrographs of purified RGCs
cultured for 18 days in the absence of GCM
(left) or for the last 7 out of 18 days in the
presence of GCM (right) and stained with the
cholesterol-binding antibiotic filipin. Both im-
ages were acquired under the same conditions.
Scale bar, 30 um. (B) Cumulative relative fre-
quency distribution of background-corrected
fluorescence intensities in somata of RGCs cul-
tured without (thin line, n = 89 cells) or with
(thick line, n = 60 cells) GCM pooled from
three cultures (P < 0.001, Student's t test).
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effect of the heparin-binding fraction on
synapses.

The identification of cholesterol as the
glial factor prompted us to determine the
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Fig. 3. Cholesterol increases the number and
release efficacy of synapses in single RGCs. (A)
Fluorescence micrographs showing RGCs cul-
tured in the absence (left) or presence (right) of
cholesterol and labeled by a synapsin I-specific
antibody. Scale bar, 5 pm. (B) Number of syn-
apsin- and GRIP-positive puncta per neuron
(black columns, left axis) and quantal content
of evoked EACs (white columns, right axis) in
glia-free microcultures [n for RGC = 10 cells
(left axis)/4 cells (right axis)], in the presence of
cholesterol (10 pg/ml, +Chol 25/16) or of
GCM (+GCM 12/36). (C) Failure rate of evoked
EACs (black columns, left axis) and frequency
of asynchronous events (white columns, right
axis) (n for RGC = 12, +Chol 20, +GCM 45).
(D) Frequency (black columns, left axis) and
charge transfer (white columns, right axis) of
spontaneous EACs (n for RGC = 12/31, +Chol
22/408, +GCM 45/1402). Error bars indicate
SEM. All cholesterol- and GCM-induced chang-
es were statistically significant (P < 0.05, Stu-
dent's t test).

content and distribution of this important
membrane component (32) in RGCs grown in
the presence and absence of GCM. To ac-
complish this, we stained cultures with fili-
pin, a fluorescent antibiotic that binds specif-
ically to cholesterol (33, 34). In the absence
of GCM, somata and neurites of RGCs
showed detectable filipin staining with the
background-corrected fluorescence intensity
in neuronal somata averaging 48 * 1 analog-
to-digital units (adu’s) (n = 89 cells) (Fig. 2).
In RGCs treated with GCM, however, filipin
staining was much stronger, averaging 115 =
4 adu’s in neuronal somata (n = 60 cells)
(Fig. 2). Thus, RGCs produced measurable
levels of cholesterol, when cultured under
defined conditions, and incorporated large
amounts of glia-derived cholesterol when
treated with GCM.

How does glia-derived cholesterol in-
crease the frequency of spontaneous EPSCs?
Previous studies show that GCM increases
spontaneous synaptic activity by inducing the
formation of new synapses and by enhancing
the quantal size and efficacy of transmitter
release (2, 3). To determine whether these
effects were mediated by cholesterol, we
studied microcultures of RGCs (35), in which
synapse development can be quantified in
individual neurons (2). The results showed
that cholesterol essentially mimicked the pre-
viously reported effects of GCM on autapse
development (2). Cholesterol raised the num-
ber of immunostained autapses by 8-fold and
the quantal content per neuron by 10-fold,
and thus acted similarly to GCM (Fig. 3, A
and B). Analysis of neurite growth showed
that these increases were caused by a direct
synaptogenic effect rather than by a corre-
sponding increase in neurite length (36). Fur-
thermore, cholesterol increased the efficacy
of transmitter release, as indicated by the low
failure rate (Fig. 3C) and the nonlinear in-
crease in asynchronous release (Fig. 3C), as
compared to spontaneous release (Fig. 3D).
Cholesterol also increased the charge transfer
of spontaneous excitatory autaptic currents
(EACs), but to a smaller extent than GCM
(Fig. 3D), suggesting that additional glial sig-
nals control the quantal size.

How does cholesterol promote synapse
formation? Cholesterol increased the number
of synapsin [—positive puncta contained in
neurites of RGCs (Fig. 3A) and thus mim-
icked a previously reported effect of GCM
(2). We noticed, however, that cholesterol
induced a stronger effect than GCM. In cho-
lesterol-treated microcultures, the number of
synapsin I-positive puncta per RGC was
69 * 23% (n = 4 cultures) larger than in
GCM-treated controls. This effect was not
restricted to synapsin [; cholesterol also in-
duced 57 = 3% more synaptophysin-positive
puncta than GCM (rn = 2 cultures). Double
immunostaining of cholesterol-treated cul-
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tures (37) revealed that the large majority of
synapsin-positive puncta (61 = 7%, n = 9
neurons) also contained synaptophysin,
which indicates that these puncta represented
synaptic vesicles or precursor material con-
tained in presynaptic terminals or transport
packets (38), respectively. These results sug-
gested that cholesterol enhances the produc-
tion of presynaptic components including
synaptic vesicles (39) and release sites (40).
Our previous finding (2) that GCM does not
affect autapses immediately, but within 24 to
48 hours, suggests that the synaptogenic ef-
fect is mediated by such a slow multistep
process.

Our study indicates that the ability of
CNS neurons to form synapses is limited by
the availability of cholesterol. RGCs cul-
tured under serum- and glia-free conditions
produced enough cholesterol to survive, to
differentiate axons and dendrites (5), and to
form a few immature synapses. Massive
synaptogenesis requires large amounts of
cholesterol and thus depends on cholesterol
production by glial cells and its delivery via
apoE-containing lipoproteins. Because cho-
lesterol in the CNS is synthesized in situ
rather than imported from blood (4/—43), a
link between synaptogenesis and glia-de-
rived cholesterol could explain why most
synapses in the developing brain are
formed after the differentiation of macro-
glial cells (3, 44). Our results imply that
genetic or age-related defects in the synthe-
sis, transport, or uptake of cholesterol in
the CNS (30, 45) may directly impair the
development and plasticity of the synaptic
circuitry.
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