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Lipid Rafts in the Maintenance of Synapses, Dendritic
Spines, and Surface AMPA Receptor Stability
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Cholesterol/sphingolipid microdomains (lipid rafts) in the membrane are involved in protein trafficking, formation of signaling com-
plexes, and regulation of actin cytoskeleton. Here, we show that lipid rafts exist abundantly in dendrites of cultured hippocampal
neurons, in which they are associated with several postsynaptic proteins including surface AMPA receptors. Depletion of cholesterol/
sphingolipid leads to instability of surface AMPA receptors and gradual loss of synapses (both inhibitory and excitatory) and dendritic
spines. The remaining synapses and spines in raft-depleted neurons become greatly enlarged. The importance of lipid rafts for normal
synapse density and morphology could explain why cholesterol promotes synapse maturation in retinal ganglion cells (Mauch et al.,
2001) and offers a potential link between disordered cholesterol metabolism and the synapse loss seen in neurodegenerative disease.
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Introduction

“Lipid rafts,” composed primarily of cholesterol and sphingolip-
ids, form dynamic microdomains in cellular membranes. These
microdomains are dispersed in the more fluid liquid-disordered
phase of glycerolipids. Proteins specifically incorporated into
lipid rafts often carry lipid modifications such as glycosylphos-
phatidylinositol (GPI)-anchors, or dual palmitoylation or myris-
toylation, or directly bind cholesterol (Simons and Ikonen,
1997). Transmembrane proteins can also partition into lipid
rafts, but the mechanism of their raft association is unclear. Dif-
ferential affinity for rafts leads to compartmentalization of spe-
cific proteins in the plane of the membrane.

In particular, signaling proteins with affinity for rafts become
concentrated in these microdomains, thus facilitating formation
of protein complexes and activation of specific signaling path-
ways. Several signal transduction pathways are organized in the
context of lipid rafts (Simons and Toomre, 2000).

Rafts are also involved in membrane traffic. The inclusion of
certain proteins into rafts is important for their targeted delivery
to specialized cellular sites (Brown and Rose, 1992). Lipid rafts
also play a role in the endocytosis of proteins from the cell surface
and in intracellular sorting (Nichols and Lippincott-Schwartz,
2001).

Cholesterol/sphingolipid rafts also interact with the submem-
braneous actin cytoskeleton (Caroni, 2001; Foger et al., 2001;
Itoh et al.,, 2002). Consistent with a role in regulation of actin
cytoskeleton, lipid rafts have been implicated in the mechanisms
of cell polarity, cell migration, and motility of membrane protru-
sions such as microvilli and lamellipodia (Meivar-Levy et al.,
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1997; Manes et al., 1999; Gomez-Mouton et al., 2001). In sum-
mary, cholesterol-rich microdomains are involved in localized
signaling at the membrane, trafficking of membranes and pro-
teins, and regulation of cortical actin.

Neurons are polarized cells whose function depends on the
segregation of proteins to specific microdomains of the mem-
brane. In most principal neurons, motile actin-rich structures
(spines) protrude from dendrites, with each spine normally ac-
commodating a single synapse (for review, see Hering and Sheng,
2001). Spine morphogenesis is critical for compartmentalized
synaptic signaling by principal neurons. A multiprotein-
signaling complex is assembled at the postsynaptic membrane of
dendritic spines, some components of which have the lipid mod-
ifications typical for raft-associated proteins [e.g., postsynaptic
density (PSD)-95 and glutamate receptor (GluR)-interacting
protein (GRIP)] (Topinka and Bredt, 1998; Yamazaki et al.,
2001). This complex is connected to the subsynaptic actin-based
cytoskeleton, the dynamic rearrangements of which underlie the
motility of spines. In addition, regulated trafficking of membrane
proteins occurs in the postsynaptic compartment, which affects
the strength of synaptic transmission via the exocytosis and en-
docytosis of AMPA receptors (for review, see Carroll et al., 2001;
Sheng and Lee, 2001). Thus, several postsynaptic processes im-
portant for synaptic function and morphology could depend on
cholesterol-rich lipid rafts, but this area has been little explored.
Intriguingly, a recent study identified cholesterol as a glia-derived
factor important for synapse formation by neurons (Mauch et al.,
2001).

Here, we present evidence that lipid rafts exist in the dendrites
of neurons, where they are associated with a set of postsynaptic
proteins. Disruption of lipid rafts leads to depletion of excitatory
and inhibitory synapses, loss of dendritic spines, and instability of
surface AMPA receptors.

Materials and Methods

Antibodies. The following antibodies have been described previously:
rabbit antisera Shank 56/e (Naisbitt et al., 1999), synapse-associated
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protein-97 (SAP97) (Kim and Sheng, 1996), GRIP2 (1757/4) (Wyszynski
et al., 1998), guinea pig PSD-95 antiserum used for immunocytochem-
istry (Kim et al., 1995); and mouse monoclonal PSD-95 antibody K28/43
used for immunoblots (gift from J. Trimmer, State University of New
York, Stony Brook, NY). The following antibodies were purchased from
commercial sources: GABA, receptor (clone MAB341), GluR1 for im-
munoblots, and GluR2/3 (Chemicon, Temecula, CA); MAP2 (clone
HM-2), syntaxin (clone HPC-1), and B-tubulin (clone TUB 2.1) (Sigma,
St. Louis, MO); NMDA receptor-1 (clone 54.1) (PharMingen, San Diego,
CA); Thy-1 (clone MRC OX-7) (Serotec, Oxford, UK); transferrin recep-
tor (clone H68.4) (Zymed, San Francisco, CA); caveolin (N-20) (Santa
Cruz Biotechnology, Santa Cruz, CA); GluR1 for immunocytochemistry
(Ab-1) (Oncogene Sciences, Cambridge, MA); and bassoon (Stress Gen,
Victoria, Canada).

Preparation of detergent-resistant membranes and assays for cholesterol
and sphingolipid. Adult rat brain was homogenized in a Glas-Col homog-
enizer in ice-cold homogenization buffer (HB; 10 mwm Tris, pH 7.4, 5 mm
EDTA, 320 mwm sucrose, 1 pg/ml pepstatin, 1 ug/ml aprotinin, 250 um
benzamidine, 1 pg/ml leupeptin, 2 mm PMSF, 2 mm sodium vanadate,
and 1 mm sodium fluoride). After centrifugation at 800 X g for 10 min,
the ensuing supernatant was spun at 9200 X g for 15 min. The pellet (P2)
was resuspended in HB and spun at 10,200 X g for 15 min. The pellet
(P2’) was resuspended in TNE buffer (50 mm Tris, pH 7.4, 150 mm NaCl,
and 5 mm EDTA) and sonicated (Branson Sonifier 450, setting 4; Bran-
son, Danbury, CT) for 5 sec. Resuspended P2’ was extracted in cold
TNXE buffer (TNE containing Triton X-100 at a final concentration of
0.5%) with rotation for 20 min at 4°C, followed by 10 min of incubation
on ice. For the first gradient, the extract was adjusted to 30% Nycodenz
(Nycomed Pharma, Roskilde, Denmark) in 0.5% TNXE, split into two
Quickseal tubes (16 X 76 mm; Beckman Instruments, Fullerton, CA),
and overlaid with 9 ml of 25% and 1 ml of 5% Nycodenz, all in 0.5%
TNXE. After centrifugation for 3.5 hr (50,000 rpm; Ti 70.1 rotor; Beck-
man Instruments), 13 1 ml fractions were collected from the top. For the
second gradient, the P2’ detergent extract was adjusted to 30% Nycodenz
in 0.5% TNXE, split into two Optiseal tubes (16 X 60 mm; Beckman
Instruments), and overlaid with 3 ml of 25%, 3.5 ml of 15%, and 0.5 ml
of 5% Nycodenz, all in 0.5% TNXE. The tubes were centrifuged as de-
scribed above and nine fractions of 1 ml were collected from the top.
Equal volumes of the fractions were separated by SDS-PAGE and ana-
lyzed by immunoblotting.

For detection of ganglioside Gy;, 1 ul of each fraction was applied to
a nitrocellulose membrane and probed with horseradish peroxidase-
coupled cholera-toxin subunit B (10 ng/ml; Sigma). To measure choles-
terol, 5 ul of each fraction was analyzed with the Amplex Red cholesterol
assay kit (Molecular Probes, Eugene, OR) according to the manufactur-
er’s instruction. Protein concentration was determined using the D
protein assay (Bio-Rad, Hercules, CA).

Neuronal culture, raft depletion, and filipin labeling. Hippocampal
primary cultures were prepared from embryonic day 18 (E18)-E19 rat
embryos as described previously (Sala et al., 2000). Medium-density
cultures (~150 cells mm ~2) were plated on coverslips coated with poly-
p-lysine (30 pg/ml) and laminin (2.5 ug/ml). Cultures were grown in
Neurobasal medium (Invitrogen, Carlsbad, CA) and supplemented with
B27 (Invitrogen), 0.5 mm glutamine, and 12.5 um glutamate. For sphin-
golipid and cholesterol depletion experiments, medium-density cultures
at 10—14 d in vitro (DIV) were treated with 10 um fumonisin B, (Sigma),
4 puM mevastatin (Calbiochem, San Diego, CA), and 250 um mevalonate
(Sigma). The drug application was repeated 4 d after the first treatment.

Labeling of plasma membrane cholesterol by filipin (Sigma) was per-
formed as follows: neurons were fixed for 5 min in 4% formaldehyde and
4% sucrose in PBS, pH 7.4. Autofluorescence of neurons was quenched
by incubation of the cells in 50 mm NH,Cl for 10 min. Neurons were then
pretreated with 0.005% digitonin for 10 min followed by incubation in
100 pg/ml filipin for 10 min.

DiIC,¢/FAST-DiO labeling of neurons and membrane or cholesterol ex-
traction. Neurons at ~21 DIV were fixed in 4% formaldehyde and 4%
sucrose in PBS, pH 7.4, for 3 min, washed in PBS, and incubated in a
DilIC, 4/FAST-DiO mixture (0.4 ug/ml each in PBS; Molecular Probes)
for 1 min. After incubation in PBS for 48 hr at 4°C to allow diffusion of
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the dyes, the cells were extracted with 0.5% Triton X-100 in 20 mm
phosphate buffer, pH 7.4, for 10 min at 4°C, and mounted on glass slides
with SlowFade Light reagent (Molecular Probes).

Cholesterol was acutely extracted from the cell membrane as described
previously (Ledesma et al., 1998), except that neurons were incubated for
20 min in the presence of 5 mm methyl-B-cyclodextrin (mBCD; Sigma).
The cells were fixed in formaldehyde, labeled with Dil, and processed as
described above.

Transfection, immunocytochemistry, and FM 1-43 staining. Neurons
were transfected at ~7 DIV using the calcium phosphate method (Sala et
al., 2001). For immunostaining of endogenous PSD-95, NMDA receptor,
Shank, and bassoon, the cells were fixed in methanol at —20°C for 10
min. For GABA, receptor staining, phalloidin labeling, or the detection
of transfected PSD-95, cells were fixed in 4% formaldehyde or 4% su-
crose in PBS, pH7.4, for 10 min at room temperature. Immunostaining
was performed as described previously (Sala et al., 2000), except that
Alexa 488- and Alexa 543-conjugated secondary antibodies (Molecular
Probes) were used.

FM 1-43 staining was performed by incubating neurons for 1 min in 6
uM EM 1-43 (Molecular Probes) in high potassium buffer (in mm: 90
KCl, 55 NaCl, 10 HEPES, pH 7.4, 10 glucose, 2.6 CaCl,, and 1.3 MgCl,),
followed by two washes in Tyrode solution (145 mm NaCl, 3 mm KCl, 10
mwm HEPES, pH 7.4, 10 mum glucose, 5 uM glycine, 2.6 mm CaCl,, and 1.3
mM MgCl,) in the presence of 1 uM tetrodotoxin (TTX).

Surface labeling of AMPA receptors, detergent extraction, and internal-
ization assays. Surface AMPA receptors were labeled by incubating live
neurons with GluR1 antibody (10 pg/ml) at 37°C for 15 min. After
washing in culture medium, the neurons were extracted with 0.5% Tri-
ton X-100 in 20 mm phosphate buffer, pH 7.4, at 4°C or 37°C for 10 min,
or pretreated with 0.5% saponin in 20 mm phosphate buffer, pH 7.4, at
4°C for 10 min, followed by extraction in 0.5% Triton X-100 at 4°C. After
fixation in 4% formaldehyde or 4% sucrose in PBS, pH 7.4, for 10 min the
primary antibodies were detected by Alexa 488 secondary antibodies.

The antibody-feeding assay for the internalization of AMPA receptors was
performed essentially as described previously (Lin et al., 2000), except that
neurons were incubated with GluR1 antibody for 15 min at 37°C.

Quantitation. For filipin staining, images were acquired with the 4',6'-
diamidino-2-phenylindole filter setting on a Nikon (Tokyo, Japan)
Eclipse 600 microscope and a cooled CCD camera. Filipin fluorescence
intensity was measured in areas of identical size (three areas per image, 10
images per condition). All other images were acquired using a LSM510 or
Pascal confocal microscope (Zeiss, Jena, Germany). All confocal images
were z-series projections of ~7—12 images taken at 0.45-0.6 wm depth
intervals. Images used for quantitation were taken with identical micro-
scope settings and analyzed using MetaMorph software (Universal Im-
aging Corporation , West Chester, PA). For quantitation of PSD-95 clus-
ter area, images were under threshold conditions to subtract background
labeling and the area of the clusters was measured. Approximately 7000
clusters were measured for each condition (from five microscope fields).
For quantitation of synapse density, images were under threshold conditions
as the quantitation of cluster area and the number of PSD-95 clusters per
dendritic length were counted. For quantitation of spine size, ~4000 spines
were measured for each culture condition (from 20 to 30 neurons). Un-
branched dendritic protrusions with a defined head were defined as spines.
The length of spines from the base of the neck to the furthest point on the
spine head and the maximal width of the spine head perpendicular to the
long axis of the spine neck were measured. For each condition, individual
spine measurements were first grouped and averaged per neuron; means
from multiple neurons were then averaged to obtain a population mean. For
the quantitation of GluR1 surface-staining intensity, three images for each
condition were under threshold conditions and the total intensity of the
clusters was measured. Quantitation of AMPA receptor internalization was
as described previously (Lin et al., 2000).

Results

A subset of postsynaptic proteins associates with lipid rafts
We isolated detergent-resistant membranes (DRM) from a crude
membrane fraction of adult rat brain on the basis of their insol-
ubility in Triton X-100 at 4°C (Brown and Rose, 1992) and their
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and 3), along with Thy-1 and caveolin
(Fig. 1A). In keeping with the association
of GRIP and AMPA receptors in rat brain
(Wyszynski et al., 1999), AMPA receptor
subunits GluR2/3 and GluR1 showed a
prominent peak in the “floating” fractions
similar to GRIP. However, SAP97 (a pro-
tein that binds to GluR1) was absent from
fractions 2 and 3.

PSD-95, a relative of SAP97 and a major protein of the
postsynaptic density, was abundantly present in the lipid raft
fractions (fractions 1-3) (Fig. 1A), although the majority local-
ized at the bottom of the gradient (fractions 9-13). In keeping
with the interaction of NMDA receptors and PSD-95 in the brain,
NMDA receptor subunit NR1 cofractionated with PSD-95,
showing a strong peak in the low-density fractions 1-3 (Fig. 1 A).
Syntaxin was not enriched in these fractions, indicating that the
floating fractions were not contaminated with synaptosomes.

Lipid rafts are not homogeneous in their composition and
properties; rather, different subtypes exist that differ in their re-
sistance to detergent extraction and/or density (Madore et al.,
1999; Roper et al., 2000; Gomez-Mouton et al., 2001). Using the
same detergent-extraction conditions as before (0.5% Triton
X-100 at 4°C), but changing the gradient to increase resolution in
the lighter density range, we were able to distinguish different
fractionation patterns for the investigated proteins (Fig. 1 B). The
raft-marker proteins Thy-1 and caveolin now behaved distinctly,
with Thy-1 peaking at a lower density (fractions 2-5) than caveo-
lin (fractions 4-7), suggesting that Thy-1-containing rafts in the
brain differ from “caveolin-type” rafts. The “negative controls,”
transferrin receptor and syntaxin, remained in the bottom frac-
tions as expected. GRIP was concentrated in the bottom fractions
but extended throughout the gradient, showing considerable en-

Figure 1.

Postsynaptic proteins associated with lipid rafts. A, Adult rat brain membranes were extracted in 0.5% Triton X-100
and separated on a density gradient formed from 30, 25, and 5% Nycodenz. Thirteen fractions (from top to bottom of gradient)
were immunoblotted for the indicated proteins. The fractions were also assayed for sphingolipid (dot-blot assay using cholera-
toxin subunit B), cholesterol, and total protein (see Materials and Methods). B, The same Triton X-100 extract used in A was
separated on a density gradient formed from 30, 25, 15, and 5% of Nycodenz. Nine fractions were collected from the top and
immunoblotted for the indicated proteins. TfR, Transferrin receptor; Chol. tox., cholera-toxin subunit B.

richment in fractions 2—5 where it overlapped with Thy-1. GluR1
and GluR2/3 were also concentrated in the high-density frac-
tions, but extended into lower density fractions (4—7) that were
more similar to caveolin than Thy-1. PSD-95 and NR1 showed a
similar fractionation pattern: the highest level was found in the
bottom fractions, but substantial amounts were present at lower
densities, particularly fractions 5-7 and, to a lesser extent, frac-
tions 2—4. Thus, PSD-95 and NR1 under these conditions frac-
tionated more similarly to caveolin than Thy-1. SAP97 appeared
only in the bottom fractions. Together, our data suggest that
several postsynaptic proteins (GRIP, AMPA receptors, PSD-95,
and NMDA receptors) are partially associated with Triton X-100
resistant membranes (rafts) in the rat brain. However, these rafts
have distinct properties from those associated with Thy-1, a GPI-
linked glycoprotein concentrated in axons (Dotti et al., 1991).

Detergent-resistant membranes in neurons have lipid
raft-like properties

By analogy to epithelial cells, it has been suggested that lipid rafts
in neurons are primarily confined to the axonal compartment
(Ledesma et al., 1998). However, our fractionation studies sug-
gest that some postsynaptic proteins are associated with rafts
(Fig. 1). To visualize directly the presence of DRM in the soma-
todendritic compartment, we labeled cultured hippocampal neu-
rons with the fluorescent lipid dyes DiIC, 4 (red) and FAST-DiO
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Figure2. Detergent-resistant membranes in dendrites of cultured neurons. A, Hippocampal
neuron at 21 DIV double-labeled with DilC,4 (red) and FAST-DIO (green). 8, DilC, g /FAST-Di0-
labeled hippocampal neuron after extraction with 0.5% Triton X-100 at 4°C. , Hippocampal
neuron treated with mevastatin, fumonisin B, , and mevalonate for 5 d labeled with DilC,5 and
FAST-Di0. D, DilC, 4 /FAST-Di0-labeled hippocampal neuron treated as in C, after extraction with
0.5% Triton X-100 at 4°C. Scale bar, 20 m. £, Cholesterol and sphingolipid levels in control and
raft-depleted cultures. Cholesterol levelsin raft-depleted cultures were decreased ~31% (p <
0.05) on the basis of an enzymatic cholesterol-detection assay, or ~72% (p << 0.001) on the
basis of binding of fluorescent filipin. Ganglioside Gy, levels were reduced on the basis of
cholera-toxin subunit B (chol. tox.) binding in a dot-blot assay.

(green). DiIC, 4 has been used as a marker of DRM because of its
ability to partition into cholesterol/sphingolipid-rich mem-
branes, whereas FAST-DiO, with its unsaturated acyl chains, is
relatively excluded from rafts (Mukherjee et al., 1999; Seveau et
al., 2001). Double-labeling of neurons with DilC,s and FAST-
DiO resulted in an apparently diffuse labeling by both dyes of the
neuronal plasma membrane, which therefore appeared yellow
(Fig. 2A). This is consistent with a widespread intermingling of
raft and nonraft microdomains. Extraction of stained neurons
with 0.5% Triton X-100 at 4°C selectively extracted FAST-DiO,
leaving behind Triton X-100-resistant membrane patches con-
taining red DilC, 4 fluorescence (Fig. 2 B). The detergent-resistant
membrane patches were distributed along the dendrites and on
the soma of the cell, indicating that the somatodendritic com-
partment of hippocampal neurons contains membranes with
lipid raft-like properties.

To confirm that the DRMs seen in the above experiment (Fig.
2 B) are caused by the presence of cholesterol/sphingolipid rafts,
we treated hippocampal neurons for a week with fumonisin B,
and mevastatin (inhibitors of sphingolipid and cholesterol syn-
thesis). The cholesterol level was significantly lowered in fumo-
nisin B;- and mevastatin-treated cultures, as revealed by an en-
zymatic assay for cholesterol or by labeling with filipin, a
cholesterol-binding fluorescent dye (Fig. 2 E). Sphingolipid levels
were also reduced, relative to control cultures, on the basis of
dot-blot analysis with cholera-toxin subunit B, which binds gan-
glioside GM1 (Fig. 2 E). In fumonisin B, - and mevastatin-treated
(“raft-depleted”) neurons, staining by DiIC, g and FAST-DiO was
diffuse and similar to untreated control neurons (Fig. 2C). How-
ever, after extraction with cold Triton X-100, the treated neurons
lost not only the FAST-DiO (green) staining but also the vast
majority of the DiIC, labeling (Fig. 2D, red). Together, these
data indicate that the dendritic compartment of neurons con-
tains abundant DRM domains that are enriched in cholesterol
and sphingolipids.
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Figure 3.  Lipid-raft depletion reduces the number but increases the size of synapses. All
images were taken from hippocampal neurons at 21 DIV. A7, Control hippocampal neurons
stained for PSD-95. A2, Hippocampal neurons treated for 7 d with mevastatin, fumonisin B, ,
and mevalonate (raft-depleted) and stained for PSD-95. A3, Quantitation of PSD-95 cluster size
and density in control (ctrl) and raft-depleted (depl) neurons. Histograms show mean = SEM;
n = 5microscope fields for each condition. Differences in cluster size (p = 0.0036) and density
(p = 0.0024) are significant (Student's ¢ test). B~£, Control and raft-depleted neurons stained
for NR1 subunit of NMDA receptor (NMDAR; B7, B2), Shank (C7, (2), bassoon (D1, 02),and 32/3
subunit of GABA, receptor (GABA,R; £7, £2). Scale bar, 20 um. £, Total cell lysate of control and
raft-depleted hippocampal cultures immunoblotted for the indicated proteins. Anti-tubulin
immunoblotting confirmed equal loading of protein.

Raft depletion reduces the density and increases the size

of synapses

Because postsynaptic proteins such as PSD-95, GRIP, and their
glutamate receptor partners are associated, at least in part, with
lipid rafts (Fig. 1), we investigated whether such microdomains
are involved in the formation and maintenance of synapses. To
deplete lipid rafts, we treated hippocampal cultures at ~12-14
DIV with inhibitors of sphingolipid and cholesterol synthesis for
5-7 d, spanning a period of active synapse formation and matu-
ration in culture. In untreated neurons, the postsynaptic marker
PSD-95 appeared as numerous small puncta along dendrites (Fig.
3A1I).In raft-depleted neurons, the density of PSD-95 puncta was
greatly reduced (to ~37% of control; p < 0.05) (Fig. 3A2,A3).
The remaining PSD-95 clusters showed ~1.5-fold increase in size
(Fig. 3A2,A3, pixel area). Similarly, NMDA receptor subunit NR1
was concentrated in many small dendritic puncta in control neu-
rons (Fig. 3BI), but in neurons treated with fumonisin B, and
mevastatin, NR1 clusters were fewer in number and larger in size
(Fig. 3B2). Raft depletion also led to decreased number and in-
creased size of clusters of Shank (Fig. 3C), another major scaffold
protein of the PSD (Naisbitt et al., 1999; Sala et al., 2001). For the
presynaptic active-zone protein bassoon, we observed an effect of
lipid raft depletion similar to that seen for the postsynaptic pro-
teins PSD-95, NR1, and Shank. Bassoon clusters decreased in
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density but increased in apparent size
(Fig. 3D), indicating that a corresponding
change was occurring on the presynaptic
side. Because multiple synaptic markers
are similarly affected, we conclude that
cholesterol/sphingolipid depletion causes
a decrease in overall synapse density, con-
comitant with an increase in size of the
remaining synapses.

To test whether the effect of raft deple-
tion on synaptic clusters was reversible,
we treated cultured hippocampal neurons
at 12 DIV with the raft-depleting drugs,
after which we let the neuron cultures re-
cover in the absence of the drugs. We
monitored the synaptic changes by deter-
mining the cluster size of PSD-95, a par-
ticularly robust effect that was relatively
easy to quantify. At 18 DIV, after 6 d of
drug treatment, PSD-95 cluster size had
increased relative to control neurons.
However, PSD-95 cluster size in neurons
treated for 6 d with drugs and recovered
for 5 d without drugs was not statistically
different from same-age cells that were
never exposed to the drug (p = 0.346;
Student’s t test). These results suggest that
the effect of cholesterol/sphingolipid
drugs on synapses is reversible.

Inhibitory GABA, receptors also
showed a striking change in their distribution under raft-
depleting conditions, and this change was particularly prominent
on interneurons (Fig. 3E). The $2/3 subunits of the GABA, re-
ceptors in control neurons were localized to numerous small
clusters on the soma and along the dendrites (Fig. 3EI), but in
treated neurons the GABA, receptors accumulated in a few very
large aggregates (Fig. 3E2). Immunostaining of GABA , receptors
in nonpermeabilized neurons confirmed that these aggregates
were located in the plasma membrane (data not shown). Thus
depletion of cholesterol and sphingolipids had a similar morpho-
logical effect on both excitatory synapses and inhibitory synapses.
Fumonisin B, and mevastatin did not change the total level of
PSD-95, NMDA receptors and AMPA receptors on Western blots
(Fig. 3F), suggesting that the loss of synapse number is not attrib-
utable to altered expression of these synaptic proteins. Together,
these data indicate that cholesterol/sphingolipid rafts are impor-
tant for the maintenance and/or formation of synapses in hip-
pocampal neurons.

Figure 4.

Raft depletion causes loss of spines and increased spine size

Because lipid rafts are implicated in actin-cytoskeleton regula-
tion, we wondered whether sphingolipid/cholesterol rafts are im-
portant for dendritic spine morphogenesis. To facilitate visual-
ization of dendritic spines on individual neurons within a
medium-density culture, we transfected hippocampal neurons
with epitope-tagged PSD-95, which accumulates in spines. Con-
trol neurons at ~20 DIV (transfected with PSD-95 at 7 DIV)
showed spines (defined in Materials and Methods) at a density of
6.07 = 1.83 (mean * SD) spines per 10 wm dendrite length (Fig.
4A), consistent with previous measurements in dissociated hip-
pocampal cultures (Sala et al., 2001). Sister cultures treated for 5 d
from 14 DIV with inhibitors of sphingolipid and cholesterol syn-
thesis showed striking changes in spine morphology. Spine den-
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Raft depletion reduces the number and increases the size of dendritic spines. A, Dendrites of control hippocampal
neuron at 19 DIV. B, Neuron at 19 DIV raft depleted for 5 d. Arrowheads indicate enlarged spines. C, Dendrites from a neuron at 24
DIV raft depleted for 10 d. Dendritic morphology of hippocampal neurons was visualized by staining for transfected PSD-95. D,
Cumulative distribution of spine width and length in control and raft-depleted neurons. Spine length, 1.75 == 0.79 wm (mean =
SD) for controls and 1.91 == 0.76 wm for raft-depleted neurons (p = 0.01; Mann—Whitney U test). Spine width, T = 0.31 um
(mean == SD) for control; 1.28 = 0.47 wm for raft-depleted neurons (p << 0.0001; Mann—Whitney U test). £, , Dendrite from a
control neuron (ctrl; £) and a raft-depleted neuron (depl; £), double-stained for transfected PSD-95 (red) and endogenous bassoon
(green). G, H, FM 1-43 labeling of control (G) and raft-depleted (H) neurons. Scale bars: A-D, 20 pum; £--H, 10 m.

sity was greatly reduced (to 2.36 * 0.89, mean * SD; spines per
10 uwm dendrite; p < 0.0001; Mann—Whitney U test), and re-
maining spines were enlarged (Fig. 4 B, arrowheads), particularly
in terms of diameter of spine head (Fig. 4 D). With longer treat-
ment with the inhibitors (=10 d), dendritic spine density de-
creased further (Fig. 4C), ultimately resulting in a virtual absence
of spines on raft-depleted neurons (data not shown). The en-
larged spine heads in raft-depleted cells were apposed to the pre-
synaptic marker bassoon (Fig. 4 F), indicating that they received
presynaptic innervation. The presynaptic terminals in raft-depleted
culture cells were efficiently labeled by uptake of FM 1-43 dye, indi-
cating that presynaptic function was not grossly impaired (Fig. 4 H).

As an alternate method to deplete membrane cholesterol, we
used mBCD, a chelator of sterols with high affinity for choles-
terol. Incubation with mBCD rapidly extracts cholesterol from
cell membranes, allowing one to study the acute effects of raft
depletion (Christian et al., 1997). Control neurons showed den-
drites with numerous spines, as visualized by Dil labeling (Fig.
5A). However, neurons treated with 5 mmM mBCD for 20 min
exhibited complete loss of spines associated with beading of den-
drites (Fig. 5B). These morphological changes are reminiscent of
neurons exposed to excitotoxic concentrations of NMDA or glu-
tamate (Hasbani et al., 2001). However, the dendritic varicosities
and loss of spines induced by mBCD treatment were not pre-
vented by TTX (100 uM) or AP-5 (100 um) plus CNQX (30 um)
(Fig. 5C). Thus, the morphological effect of acute cholesterol
depletion by mBCD is not secondary to activation of ionotropic
glutamate receptors and excitotoxicity.

NMDA-induced spine loss and dendritic varicosity formation
is accompanied by a breakdown of F-actin in spines (Halpain et
al., 1998). To assess whether F-actin depolymerization is required
for the morphological effect of mBCD, we preincubated neurons
for 1 hr with 2 um jasplakinolide, a membrane-permeant F-actin-
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Figure 5.
Dendritic morphology was visualized by Dil staining of hippocampal neurons at 25 DIV: un-
treated control neuron (A), neuron extracted with 5 mmm3CD ( B), neuron extracted with 5 mm
mBCD in the presence of 100 pm AP-5 and 30 um CNQX (C), neuron treated with 2 wm jas-
plakinolide (jasp; D, £), or neuron treated with 2 wum jasplakinolide followed by mBCD (E).F, G,
Dendrite of control neuron at 25 DIV (F) or an m3CD-extracted neuron (G) labeled for F-actin
with Oregon Green—phalloidin. Scale bars: A-D, 20 um; F, G, 10 um

Effects of acute cholesterol extraction by methyl-3-cyclodextrin on spines. A-£,

stabilizing drug. Jasplakinolide alone did not alter the shape of
dendrites or spines (Fig. 5D). However, jasplakinolide blocked
the spine loss and dendritic beading induced by mBCD (Fig. 5E);
thus, the morphological changes after acute cholesterol depletion
depend on actin rearrangement. In keeping with this idea, we
noted a redistribution of F-actin in mBCD-treated neurons. In
control hippocampal neurons, Oregon Green-tagged phalloidin
strongly labeled F-actin in dendritic spines (Fig. 5F), whereas in
mfBCD-treated neurons, phalloidin labeled flat elongated patches
along the dendritic shaft (Fig. 5G). Together, the above findings
suggest that acute cholesterol depletion by mBCD leads to spine
loss, secondary to effects on the actin cytoskeleton and indepen-
dent of synaptic activity.

Lipid raft association of surface AMPA receptors

Our biochemical data (Fig. 1) indicate that a subpopulation of
AMPA receptors is associated with lipid rafts. Does the raft-
associated pool of AMPA receptors reside in the plasma mem-
brane? To test this possibility, we labeled live hippocampal neu-
rons with an antibody against an extracellular domain of GluR1,
followed by detergent extraction in 0.5% Triton X-100 at 4°C
before fixation. In control neurons, AMPA receptors were dis-
tributed in clusters along the dendrites and on spines (Fig. 6 A1),
with additional diffuse GluR1 labeling between the clusters (Fig.
6A2). In Triton X-100-treated cultures, most of the diffuse and
some of the clustered staining had disappeared (Fig. 6 B). How-
ever, numerous clusters were still detectable after the treatment,
indicating that a subset of surface AMPA receptors was resistant
to extraction by cold Triton X-100. The detergent-resistance of
the AMPA receptors could be attributable to their association
with lipid rafts or the cytoskeleton. To distinguish between the
two possibilities, we extracted neurons in 0.5% Triton X-100 at

J. Neurosci., April 15,2003 - 23(8):3262-3271 + 3267

Figure 6.  Raft association of surface AMPA receptors. A7, A2, Surface AMPA receptors on
hippocampal neurons at 19 DIV revealed by labeling live neurons with antibodies against ex-
tracellular domain of GIuR1. B7, B2, Surface AMPA receptors after extraction of neurons with
0.5% Triton X-100 (Tx-100) at 4°C. (A2 and B2 are higher magpnifications of dendrites than
AT and B1.) (1, Surface AMPA receptors after extraction with 0.5% Triton X-100 at 37°C. D1,
Surface AMPA receptors after extraction with 0.5% saponin (sap), followed by 0.5% Triton
X-100 at 4°C. (C2 and D2 show the same neuron as in (7 and D17, respectively, double-labeled
with MAP2 antibody to indicate dendrites). £, Double-labeling of PSD-95 (£7) and surface AMPA
receptors (£2) in untreated control neurons. F, Double-labeling of PSD-95 (F7) and surface
AMPA receptors (F2) in neurons extracted with 0.5% Triton X-100 at 4°C. G, Double-labeling of
PSD-95 (G7) and surface AMPA receptors (G2) in neurons extracted with 0.5% saponin (sap),
followed by 0.5% Triton X-100 at 4°C. Bottom panels (£3, F3, G3) show in color the merged
image of PSD-95 (red) and AMPA-receptor surface staining (green). Scale bars: A7, B, (G, 20
um;A2,B2,5 um.

37°C, which solubilizes lipid rafts (Brown and London, 1998) but
leaves the cytoskeleton intact (Letourneau, 1983; Gillespie et al.,
1989). In fact, 37°C Triton X-100 extraction removed the vast
majority of surface AMPA receptor staining (Fig. 6CI). Secondly,
we pretreated cultures with 0.5% saponin, which extracts choles-
terol from membranes and disrupts lipid rafts (Schroeder et al.,
1998). In saponin-pretreated neurons, almost all of the surface
AMPA receptors were extractable in Triton X-100 at 4°C (Fig.
6D). To show the specificity of these effects for AMPA receptors,
we double-labeled neurons for surface AMPA receptors and
PSD-95. In unextracted control neurons, PSD-95 (Fig. 6 E1) and
surface AMPA receptors (Fig. 6 E2) appeared in numerous clus-
ters along dendrites that showed a high degree of colocalization
(Fig. 6 E3). However, extraction in cold Triton X-100 removed a
substantial amount of surface AMPA receptor staining (Fig.
6F2), but the PSD-95 labeling appeared unchanged (Fig. 6 FI).
Similarly, the PSD-95 staining pattern was not altered by the
treatment of neurons with saponin followed by Triton X-100
extraction (Fig. 6G1), whereas surface AMPA receptors were al-
most completely extracted under these conditions (Fig. 6G2).
Together, these data argue that a subpopulation of AMPA recep-
tors in the plasma membrane of hippocampal neurons is associ-
ated with lipid rafts.



3268 - ). Neurosci., April 15,2003 - 23(8):3262-3271

-~ ANMPA1Q’

~ctrl 10" |D

control

AMPA 10'

depleted

G GluR1 internalization

*kk
dedk

et
10 min
WAMPA
10 min

Norm. internal./total fluoresc.

control depleted

Figure 7. AMPA receptor internalization in raft-depleted neurons. A, B, Surface AMPA re-
ceptors (GIuRT) on control (4) and raft-depleted (B) hippocampal neurons. (—F, Antibody-
feeding assay showing remaining surface AMPA receptors (green) and internalized AMPA re-
ceptors (red) at 10 min after surface labeling of AMPA receptors on live neurons. G, D, Non-raft-
depleted neurons, untreated (C) or stimulated with 100 um AMPA in the presence of 100 um
AP-5(D).E, F, Raft-depleted neurons, untreated (£) or stimulated with 100 ..m AMPA and 100
M AP-5 (F). G, Quantitation of results illustrated in (—F. Histograms show mean = SEM; n =
6 microscope fields for each condition. *p = 0.035 and **p = 0.0012 compared with control
(ctrl) 10; ***p = 0.0012 compared with control/AMPA 10" (Mann—Whitney U test). Scale
bars: 4, 8,20 wm; (—F, 10 m.

AMPA receptor endocytosis and lipid rafts
AMPA receptors cycle in and out of the postsynaptic membrane
via constitutive and regulated exocytic and endocytic pathways
(Carroll et al., 2001; Sheng and Lee, 2001). Because lipid rafts are
implicated in endocytic trafficking, we asked whether the dynam-
ics of AMPA receptor internalization might be dependent on
lipid rafts. Cholesterol/sphingolipid depletion did not change the
level of AMPA receptors on the surface of neurons (Fig. 7 A, B).
The surface-staining intensity of GluR1 on dendrites at steady
state was not significantly different between control and raft-
depleted neurons (control, 0.98 = 0.046 arbitrary units; mean *
SEM; raft-depleted, 1.24 = 0.1; p = 0.081; Student’s ¢ test).
Using an “antibody feeding” assay (Lin et al., 2000), we stud-
ied basal and AMPA-stimulated internalization of AMPA recep-
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tors in control versus raft-depleted neurons. Constitutive endo-
cytosis of AMPA receptors was readily detected in untreated cells,
as reported previously (Lin et al., 2000) (Fig. 7C). In control
(nonraft-depleted) neurons, we measured a basal internalization
of GluR1 in 10 min (Fig. 7C) that was stimulated ~2.5-fold by
100 uM AMPA (Fig. 7 D, G). In cholesterol/sphingolipid-depleted
cultures, basal internalization of AMPA receptors was strikingly
increased. In the absence of AMPA stimulation, the amount of
internalized GluR1 at 10 min in raft-depleted neurons (Fig. 7E)
was even greater than in control neurons stimulated with AMPA
(Fig. 7D, quantified in G). AMPA treatment slightly increased the
internalization of AMPA receptors in raft-depleted cells, but the
difference was not statistically significant (Fig. 7F, G). The rela-
tive lack of AMPA response may be attributable to the high basal
rate of receptor internalization in raft-depleted neurons.

Discussion

Postsynaptic lipid rafts

In this study, we characterized the lipid raft association of a panel
of glutamate receptors and their associated proteins. In agree-
ment with previous reports (Perez and Bredt, 1998; Bruckner et
al., 1999; Suzuki et al., 2001), we found that PSD-95, GRIP, and
AMPA receptors are present in lipid raft fractions isolated from
rat brain. The palmitoylation of PSD-95 and GRIP (Topinka and
Bredt, 1998; Yamazaki et al., 2001) could mediate the lipid raft
association of these glutamate receptor-binding proteins. In turn,
the binding of the C termini of GluR2/3 subunits to GRIP could
explain the association of AMPA receptors with rafts. Consistent
with such a notion, ephrinB1 depends on its C terminus for in-
corporation into lipid rafts (Bruckner et al., 1999). Interestingly,
we found that the PSD-95 family protein SAP97 showed no af-
finity for rafts, correlating with its lack of palmitoylation (Craven
et al., 1999). Because it binds robustly to AMPA receptors
through the GluR1 subunit (Leonard et al., 1998), SAP97 is pre-
sumably associated with a nonraft pool of AMPA receptors.
These nonraft AMPA receptors could reside in intracellular com-
partments, where SAP97 binding to AMPA receptors is reported
to primarily occur (Sans et al., 2001).

We detected robust amounts of NMDA receptors in DRMs
from the brain, in contrast to a previous study (Suzuki et al.,
2001). The presence of NMDA receptors in rafts is in keeping
with their binding to PSD-95, which is also associated with rafts.
Other neurotransmitter receptors have been found to be associ-
ated with lipid rafts, on the basis of “floating DRM” criteria
(Becher et al., 2001; Bruses et al., 2001).

Previously, lipid rafts had been characterized in axons, where
they are enriched for GPI-anchored proteins such as Thy-1, tran-
sient axonal glycoprotein-1, and F3/F11 (Faivre-Sarrailh and Ro-
ugon, 1993; Ledesma et al., 1998, 1999). However, it is becoming
clear that lipid rafts comprise a variety of microdomains with
different lipid and protein compositions, and presumably differ-
ent functions. We revealed heterogeneity of DRMs in the brain by
modifying the density-gradient conditions. In particular, we
could distinguish Thy-1 versus caveolin-enriched low-density
DRMs (Fig. 1B). PSD-95, NMDA receptors, and AMPA recep-
tors showed a DRM flotation pattern similar to each other and
caveolin but not Thy-1, supporting the idea that these three
postsynaptic proteins exist in a similar type of raft (although not
necessarily in the same raft microdomain). Because Thy-1 is con-
centrated on axons, whereas the postsynaptic proteins are con-
fined to soma and dendrites, it is conceivable that the two types of
DRMs represent distinct classes of lipid raft existing in different
compartments of the neuron. In this context, it is noteworthy
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that the fractionation pattern of GRIP resembles Thy-1 as well as
glutamate receptors. This wider distribution may relate to the fact
that GRIP is present in axons as well as dendrites (Wyszynski et
al., 1999).

Normal density of synapses and spines depends on lipid rafts

Acute extraction of cholesterol (e.g., with mBCD) seriously af-
fects the viability of hippocampal neurons (Koudinov and
Koudinova, 2001). We therefore studied lipid raft function in
neurons by chronically interfering with the metabolic synthesis of
cholesterol and sphingolipids. In our hands, such treatment does
not cause obvious cell death or morphological correlates of ill
health in cultured hippocampal neurons over a period of 2 weeks.

Because various glutamate receptors and postsynaptic scaf-
fold proteins are associated with rafts, we focused on the postsyn-
aptic specialization in this study. In this respect, two major effects
were seen in raft-depleted neurons: a reduced density of synapses
and spines, and an enlargement of the remaining synapses and
spines. With very prolonged treatment, neurons lost their spines
and synapses almost completely. Because excitatory synapses in
hippocampal neurons are usually located on spines, and synapse
maturation correlates temporally with spine stabilization (Okabe
et al., 2001), it seems likely that spine loss and synapse loss are
closely linked. Indeed, after 5 d of cholesterol/sphingolipid deple-
tion, there was a quantitative correlation between the reduced
density of PSD-95 clusters (~37% of control) and spines
(~39%). We cannot tell whether the loss of spines is secondary to
synapse loss or vice versa. Because low levels of synaptic activity
are required to maintain spines in hippocampal organotypic cul-
tures (McKinney et al., 1999), it is possible that spine density
decreases as a consequence of loss of synapses. In the case of
inhibitory synapses, which are not formed on dendritic spines
but are equally affected by cholesterol/sphingolipid depletion,
the attrition of synapses cannot be blamed on spine loss.

Because synapses and spines show dynamic turnover, the
gradual loss of these structures could reflect a role for lipid rafts in
either the formation or stability of spines and synapses. How
might raft microdomains be important for these processes? One
simple explanation is that rafts are primarily required for the
synaptic targeting of proteins essential for the formation and/or
maintenance of synapses. Under conditions of cholesterol/sphin-
golipid depletion, the trafficking of raft-associated proteins to
synapses might be disrupted, resulting in impaired construction
of new synapses and/or decay of existing synapses. However, con-
current with the disappearance of synapses, we observed an in-
creased accumulation of several raft-associated proteins (such as
NMDA receptors, and PSD-95) at the remaining synapses, argu-
ing against a gross disturbance of protein targeting to synapses in
raft-depleted neurons.

The actin cytoskeleton supports the spine and is necessary for
synapse integrity and plasticity (for review, see Matus, 2000).
Lipid rafts are intimately linked to F-actin and its local regulation
(Foger et al., 2001; Itoh et al., 2002). Thus cholesterol/sphingo-
lipid depletion could lead to weakened interaction of F-actin with
the spine membrane, destabilization of spine actin, and ulti-
mately collapse of existing spines or impaired formation of new
ones. Consistent with a relatively direct effect of raft depletion on
the actin cytoskeleton, acute extraction of cholesterol by mBCD
caused an immediate collapse of spines associated with redistri-
bution of F-actin from dendritic spine to dendritic shaft (Fig. 5).
A similar disruption of actin-rich membrane protrusions as a
result of lipid-raft removal has been shown for microvilli and
lamellipodia on fibroblasts and somatic spines on ciliary ganglion
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neurons (Meivar-Levy etal., 1997; Bruses et al., 2001). Finally, we
cannot rule out that lowering the cholesterol and sphingolipid
levels in neurons directly affects the fluidity and curvature of the
plasma membrane, thereby leading to a collapse of spines.

Lipid rafts and AMPA receptor endocytosis

The basal internalization of AMPA receptors was increased in
raft-depleted neurons, suggesting that cholesterol/sphingolipid
microdomains help to stabilize surface AMPA receptors. Consis-
tent with this idea, AMPA receptors are at least in part associated
with DRMs on the cell surface. How might lipid rafts stabilize
AMPA receptors in the plasma membrane? An indirect effect
through the actin cytoskeleton is possible because AMPA recep-
tor internalization is also increased in hippocampal neurons after
actin depolymerization (Zhou et al., 2001). Alternatively, raft
depletion may disrupt the subcellular targeting of a protein such
as palmitoylated GRIP, impairing the interaction of GRIP with
GluR2/3 and leading to destabilization of AMPA receptors at the
postsynaptic membrane. Whatever the precise mechanism, the selec-
tive partitioning of surface AMPA receptors in and out of lipid rafts may
provide a means to regulate AMPA receptor endocytosis and segregate
AMPA receptors from other synaptic membrane proteins that are not
destined for internalization.

Cholesterol, glia, and neurodegeneration
A recent report (Mauch et al., 2001) identified cholesterol as the
glia-derived factor that promotes synapse formation between pu-
rified retinal ganglion neurons; however, why cholesterol is
needed by neurons to develop mature synapses was not ad-
dressed. Based on our findings, in which cholesterol/sphingolipid
depletion causes an end result reminiscent of culturing retinal-
ganglion cells in the absence of glia, we propose that the impor-
tance of glia-derived cholesterol for synapse development lies in
feeding the production of lipid rafts in neurons. Presumably
then, cholesterol synthesis in neurons is limiting for synapse for-
mation/maturation. Although glial cells are not abundant in our
hippocampal cultures, fumonisin and mevastatin could be acting
at least in part on glial cells that are providing cholesterol to
neurons.

The delivery of cholesterol from glial cells to neurons seems to
be mediated by cholesterol transport protein apolipoprotein E
(apoE) (Mauch etal., 2001). The apoE4 allele is an important risk
factor for Alzheimer’s disease (Strittmatter et al., 1993; Locke et
al., 1995), as are elevated serum cholesterol levels (Notkola et al.,
1998; Jick et al., 2000). Moreover, the cleavage of amyloid-
precursor protein to AB is modulated by levels of membrane
cholesterol (Simons et al., 1998; Refolo et al., 2000). Thus, disor-
dered cholesterol metabolism is implicated in the pathogenesis of
Alzheimer’s disease. Here, we have provided evidence that a ma-
jor function of cholesterol in neurons is to support lipid rafts, and
that depletion of cholesterol/sphingolipid leads to a gradual loss
of synapses and spines, which is a central feature of neurodegen-
erative diseases. Our findings thus offer a possible cell-biological
basis for the connection between cholesterol metabolism and the
degeneration of synapses seen in human disease.
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