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Migration of nerve growth cones requires
detergent-resistant membranes in a spatially defined
and substrate-dependent manner
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otility of nerve growth cones (GCs) is regulated by
Mregion—specific activities of cell adhesion molecules

(CAMEs). CAM activities could be modified by their
localization to detergent-resistant membranes (DRMs),
specialized microdomains enriched in signaling molecules.
This paper deals with a question of whether DRMs are
involved in GC migration stimulated by three CAMs; L1,
N-cadherin (Ncad), and B1 integrin. We demonstrate that
L1 and Ncad are present in DRMs, whereas B1 integrin is
exclusively detected in non-DRMs of neurons and that
localization of L1 and Ncad to DRMs is developmentally
regulated. GC migration mediated by L1 and Ncad but not
by B1 integrin is inhibited after DRM disruption by micro-

scale chromophore-assisted laser inactivation (micro-CALI)
of GMT1 gangliosides or by pharmacological treatments
that deplete cellular cholesterol or sphingolipids, essential
components for DRMs. Characteristic morphology of GCs
induced by L1 and Ncad is also affected by micro-CALI-
mediated DRM disruption. Micro-CALI within the peripheral
domain of GCs, or even within smaller areas such as the
filopodia and the lamellipodia, is sufficient to impair their
migration. However, micro-CALI within the central domain
does not affect GC migration. These results demonstrate the
region-specific involvement of DRMs in CAM-dependent
GC behavior.

Introduction

The motility of nerve growth cones (GCs)* plays a pivotal
role in neurite elongation during nervous system develop-
ment. GCs express various cell adhesion molecules (CAMs)
that recognize localized guidance cues and translate them
into directed neurite elongation (Gordon-Weeks, 2000). So
far, three major classes of CAMs have been identified in the
nervous system: (1) integrins; (2) cadherins; and (3) the Ig
superfamily of CAMs (IgCAMs). Cadherins and the majority
of IgCAM members, including L1, mediate cell—cell adhesion
via a homophilic binding mechanism (Grumet and Edelman,
1988; Takeichi, 1991). In vitro experiments have demon-
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strated that L1 and N-cadherin (Ncad) presented as a culture
substrate stimulate neurite growth by binding homophilically
to L1 and Ncad expressed on the GC, respectively (Lemmon
et al., 1989; Bixby and Zhang, 1990). Although heterophilic
trans-interactions of L1 with integrins have also been re-
ported (Yip et al., 1998), L1 knockout neurons completely
lose their ability to extend neurites on an L1 substrate
(Dahme et al., 1997; Fransen et al., 1998), indicating that
L1-stimulated neurite growth from mouse neurons depends,
for the most part, on homophilic L1-L1 interactions. In
contrast, 31 integrin forms a heterodimeric receptor on the
GC, which promotes neurite growth on binding to laminin,
an ECM molecule (Bozyczko and Horwitz, 1986; Tomaselli
etal., 1986).

L1, Ncad, and B1 integrin are single-pass transmembrane
proteins integrated in the cell membrane, where proteins
and lipids are not uniformly distributed but form spatially
differentiated microdomains. This lateral heterogeneity of
the cell membrane presumably results from preferential
packing of cholesterol and sphingolipids into platforms
called “rafts,” onto which specific proteins attach on both
sides of the lipid bilayer (Simons and Toomre, 2000). The
size of lipid rafts varies from undetectable to 700 nm in di-
ameter (Anderson and Jacobson, 2002). Rafts are insoluble

The Journal of Cell Biology, Volume 159, Number 6, December 23, 2002 1097-1108

http://www.jcb.org/cgi/doi/10.1083/jcb.200209077

1097



1098 The Journal of Cell Biology | Volume 159, Number 6, 2002

in cold nonionic detergents and can be isolated from non-
raft domains of the cell membrane (Brown and Rose,
1992). The isolated membrane fractions corresponding to
rafts were termed detergent-resistant membranes (DRMs).
DRMs are enriched in glycosylphosphatidylinositol (GPI)-
anchored proteins and intracellular signaling molecules such
as the Src family kinases (Lisanti et al., 1994). DRMs exist
in various cells and subcellular compartments, including
neuronal GCs (He and Meiri, 2002). The most intriguing
property of rafts/DRMs is that they serve as platforms to
concentrate signaling components and other molecules with
the same subcellular destination, thus being involved in sig-
nal transduction and selected transport of membrane com-
ponents (Simons and Toomre, 2000; Tkonen, 2001). Conse-
quently, DRMs have been implicated in various cellular
functions, including neuronal differentiation and survival
(Tansey et al., 2000), neuritogenesis (Niethammer et al.,
2002), and synaptic transmission (Bruses et al., 2001).

Previous reports demonstrated that the L1 family mem-
bers are present in DRMs (Olive et al., 1995; Ren and Ben-
nett, 1998) but that B1 integrin is exclusively localized to
non-DRMs (Fra et al., 1994). It has not been studied
whether Necad is associated with DRMs. The major topic of
this paper is to elucidate whether DRMs are involved in
neurite growth mediated by these CAMs. We also present a
new technique for acute and localized disruption of DRM
integrity in living cells by micro-scale chromophore-assisted
laser inactivation (micro-CALI) that was originally devel-
oped by Jay’s group (Diamond et al., 1993; Buchstaller and
Jay, 2000). This technique enables us to perturb DRMs
within neuronal GCs or even smaller areas, thereby to eluci-
date the spatial distribution of DRM requirement for GC
migration stimulated by CAMs.

Results

L1 and Ncad, but not 31 integrin, are expressed in DRMs
Insolubility in cold nonionic detergents and flotation on
density gradients is the standard criteria for identification of
DRM-associated molecules. Using this method, we tested
whether three transmembrane CAMs (L1, Ncad, and B1 in-
tegrin) are localized to DRMs in cerebellar granule cells.
Cultured cells from the postnatal day 8 (P8) mouse cerebel-
lum were processed by Triton X-100 (Tx100) extraction
and sucrose density gradient centrifugation. Segregation of
DRM:s from non-DRM regions was confirmed by separated
distribution of DRM-specific and non-DRM-—specific mark-
ers in the gradient (Fig. 1 A). GM1 gangliosides, a DRM-
specific marker recognized by cholera toxin B subunits
(CTxB) (Fra et al., 1994), floated to low density fractions,
whereas transferrin receptors (TfRs), a non-DRM marker
(Smart et al., 1995), stayed in high density fractions. The
similar distribution pattern was reproducibly obtained.
Based on these results, the fractions 2—4 (insoluble, DRM)
or the fractions 7—10 (soluble, non-DRM) were combined,
concentrated, and processed for Western blot analysis. L1
(200 kD, full-length) and Necad (130 kD) were detected in
both the DRM and non-DRM fractions, whereas B1 inte-
grin (140 kD) was detected only in the non-DRM fraction
(Fig. 1, B-D). The similar result was reproducibly obtained
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Figure 1. CAM localization to DRMs in cerebellar granule cells.
Cultured cells from P8 mice were processed by detergent extraction
and sucrose density gradient centrifugation. The gradient was
divided into 10 fractions from the top (fraction 1) to the bottom
(fraction 10), and each fraction was tested for expression of GM1
and TfR by Western blotting (A). The GM1-positive insoluble fractions
(DRM) or the TfR-positive soluble fractions (non-DRM) were com-
bined and processed for Western blot analysis of L1 (B), Ncad (C),
and B1 integrin (D). In some experiments (bottom panels in B and C),
the cells were treated with 4 uM lovastatin before detergent extraction.
(E) The lovastatin dose-response curves for disruption of DRMs as
assessed by detergent insolubility of L1 and Ncad (B and C). The
value in ordinate was defined as D/(D+N) X 100 (%), where D and
N were the intensity of blots in the DRM and non-DRM fractions,
respectively. Each bar represents four independent experiments.

*, P <0.05; ***, P < 0.001; one-way ANOVA followed by Dunnett’s
post-test compared with neurons with no lovastatin treatment.

in more than 10 independent experiments. Culturing neu-
rons on different substrates (poly-D-lysine, L1, Ncad, or
laminin) did not affect the localization pattern of L1, Ncad,
and B1 integrin in the gradient. To confirm that the deter-
gent insolubility of L1 and Ncad is dependent on their local-
ization to DRMs, neurons were pretreated with pharmaco-
logical agents that disrupt DRM integrity by removing
cholesterol (Simons and Toomre, 2000). The amount of L1
and Ncad in the insoluble (DRM) fraction decreased after a
treatment of the cells with lovastatin (a cholesterol synthesis
inhibitor) in a dose-dependent manner (Fig. 1, B, C, and E).
Both CAMs became undetectable in the DRM fraction after
extracting cellular cholesterol with methyl-B-cyclodextrin
(unpublished data). These results indicate that L1 and Ncad,
but not B1 integrin, are expressed in DRMs in cerebellar
granule cells.

Next, we examined the localization pattern of CAMs to
DRM versus non-DRM regions in the cerebellum in vivo.
The cerebellar tissues from P3, P8, P15, P28, and P56 mice
were included in this study. At all the developmental stages
examined, the total amount of L1, Ncad, TfR, or GM1 ex-
pressed per unit weight of the cerebellum was not changed as
assessed by Western blotting (unpublished data). However,
B1 integrin expression in the cerebellum decreased with its
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Figure 2. Developmental changes of L1 and Ncad localization to
DRM s in the cerebellum. The cerebellums from P3 (A), P8 (B), P15
(C), P28 (D), and P56 (E) mice were processed by detergent extraction,
sucrose density gradient centrifugation, and fractionation. Each
fraction was tested for expression of GM1, TfR, L1, Ncad, and 1
integrin by Western blotting. The similar localization pattern was
reproducibly obtained in three independent experiments.

development and became barely detectable at ~P28 (unpub-
lished data). The cerebellum was processed by Tx100 extrac-
tion and sucrose density gradient centrifugation, and CAM
expression in each fraction of the gradient was tested by
Western blotting. Consistent with the result on cultured neu-
rons, L1 and Ncad were detected in the DRM fractions colo-
calizing with GM1 (Fig. 2, B-E), and B1 integrin was exclu-
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Figure 3.  Neurite growth on L1 and Ncad is affected by depletion

of cellular cholesterol or sphingolipids. (A-D) Differential interfer-
ence contrast images of cerebellar granule cells cultured for 36 h on
L1 (A and B) or Ncad (C and D) in the absence (A and C) or presence
(B and D; 4 pM) of lovastatin. Bar, 50 um. (E-H) Cerebellar granule
cells (E and F) or DRG neurons (G and H) in culture were treated
with indicated concentrations of drugs, and the length of their
neurites was measured (n = 100 for each bar). *, P < 0.05; ***, P <
0.001; one-way ANOVA followed by Dunnett’s post-test compared
with neurons with no drug treatment (control). (I) DRG neurons were
cultured in the presence of indicated concentrations of fumonisin B,
or NB-DN] for 8 h. Expression of GM1 and actin in the cells was
detected by Western blotting.

sively detected in the non-DRM fractions colocalizing with
TIR (Fig. 2, A-C). Interestingly, L1 and Ncad started to ap-
pear in the DRM fractions at ~P8 (Fig. 2 B), and their ex-
pression levels relative to those in the non-DRM fractions



1100 The Journal of Cell Biology | Volume 159, Number 6, 2002

continued to increase until ~P28 (Fig. 2 D). Thereafter, L1
expression in the DRM fractions became undetectable,
whereas Ncad continued to be expressed in the DRM frac-
tions at least until P56 (Fig. 2 E). The similar translocation of
L1 and Ncad into DRMs was observed between P3 and P8
in cultured cerebellar granule cells (unpublished data), corre-
sponding to the period when these cells migrate and elongate
neurites in vivo. Although the precise mechanism regulating
the subcellular translocation of these CAMs remains unclear,
it has been suggested that targeting of L1 family members to
DRM:s is in part dependent on palmitoylation at their mem-
brane-spanning domain (Ren and Bennett, 1998).

DRM components cholesterol and sphingolipids are
involved in neurite growth mediated by L1 and Ncad,
but not by B1 integrin

Next, we tested whether DRMs are involved in development
of cerebellar granule cells using in vitro systems. Dissociated
cells from the P8 mouse cerebellum were treated with lova-
statin, and their ability to send out neurites was evaluated.
Neurite growth on both L1 and Ncad substrates was im-
paired by lovastatin in a dose-dependent manner (Fig. 3,
A-F) that was comparable with the lovastatin dose—response
curves for disruption of DRMs as assessed by detergent in-
solubility of relevant receptors (Fig. 1 E). In contrast, neurite
growth on a laminin substrate was not affected even by the
maximal concentration of lovastatin used in this study (Fig.
3 E). The specificity of this pharmacological perturbation
was confirmed by replenishing the cells with cholesterol. An
addition of a soluble form of cholesterol into culture media
completely negated the inhibitory effect of lovastatin on L1
and Ncad-dependent neurite growth (Fig. 3 F).

Dorsal root ganglion (DRG) neurons cultured from em-
bryonic day 17 (E17) mice were also analyzed. Neurite
growth on both L1 and Ncad was impaired by lovastatin in a
dose-dependent manner (Fig. 3 G). This inhibitory effect
was subtle, but statistically significant. In contrast, neurite
growth on laminin was not affected by lovastatin. Cholesterol
replenishment completely negated the inhibitory effect of
lovastatin (unpublished data). Next, we attempted to test
whether sphingolipids, another essential component of DRMs,
are involved in neurite growth. A treatment of DRG neurons
with fumonisin By, a fungal metabolite that inhibits biosyn-
thesis of sphingolipids (both sphingomyelins and glycosphin-
golipids; Harel and Futerman, 1993), attenuated neurite
growth on L1 and Ncad, but not on laminin (Fig. 3 H).
In contrast, a blockade of glycosphingolipid synthesis by
N-butyldeoxynojirimycin (NB-DNJ), a ceramide glucosyl-
transferase inhibitor that does not decrease sphingomyelin
synthesis (Platt et al., 1994), had no effects on neurite growth
mediated by L1 and Ncad (Fig. 3 H). Parallel experiments
confirmed that the treatment with fumonisin B; or NB-DN]J
dramatically reduced the amount of glycosphingolipid GM1
expressed in DRG neurons (Fig. 3 I). Taken collectively, our
results indicate that sphingolipids are involved in neurite
growth mediated by L1 and Ncad whereas glycosphingolipid
deficiency is not sufficient to inhibit neurite growth mediated
by these CAMs. This is consistent with the previous finding
that glycosphingolipid deficiency caused by loss of the cer-
amide glucosyltransferase activity did not disrupt DRM in-
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Figure 4. Codistribution of L1 and Ncad with cross-linked DRM
patches in GCs. (A-Y) DRG GCs that had been treated to form visible
CTxB patches were double labeled for 1 integrin (A-E), L1 (F-O),
or Ncad (P-Y). GCs cultured in the presence of 4 uM lovastatin
were used in some experiments (K-O and U-Y). Images showing CTxB
patches (A, F, K, P, and U) were processed for intensity thresholding,
and a red mask was generated on pixels whose intensity values fall
within the upper 10% of the total integrated intensity in each GC
(B, G, L, Q, and V). Similarly, green masks were generated (D, I, N,
S, and X) on unprocessed images showing CAM distribution in the
GCs (C, H, M, R, and W). Red and green masks were superimposed
to reveal regions of colocalization appearing yellow (E, J, O, T, and
Y). Bars, 5 wm. (Z) Quantitative analysis of CAM localization with
CTxB patches using superimposed images (for example, E, J, O, T,
and Y). The ordinate indicates the ratio of colocalized (yellow) mask
area to the green mask area in GC. Each set of experiments involved
9-17 GCs. ***, P < 0.001; one-way ANOVA followed by Tukey’s
post-test compared with untreated GCs.

tegrity because sphingomyelins compensated for the lack of
glycosphingolipids (Ostermeyer et al., 1999).

L1 and Ncad are associated with cross-linked

DRM patches in GCs

A previous study (Janes et al., 1999) demonstrated that
membrane domains labeled with CTxB and then aggregated
into patches with anti-CTxB antibody display characteristics
of biochemically isolated DRMs, including detergent resis-
tance and specific colocalization with DRM-associated pro-
teins. Therefore, they concluded that the membrane patches
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formed by cross-linking CTxB correspond to regions of ag-
gregated rafts/DRMs in live cells. Using this experimental
strategy, we tested whether CAMs colocalize with cross-
linked DRM patches in DRG GCs. Staining of live GCs
with fluorescently labeled CTxB demonstrated a homoge-
neous distribution of GM1 at the plasma membrane (Fig. 5
J). However, when the cell-surface CTxB was cross-linked
with antibodies, the staining became concentrated to dis-
tinct patches on the GC membrane (Fig. 4). CAM expres-
sion was then detected by immunofluorescence, and CAM
colocalization with CTxB patches was quantified (Materials
and methods). As shown in Fig. 4 Z, L1 and Ncad colocal-
ized with CTxB patches more significantly than B1 integrin
did in GCs. Importantly, L1 and Ncad became less involved
in CTxB patches when GCs were depleted of cholesterol by
a pretreatment with lovastatin. Although we could not ex-
clude the possibility that the CTxB treatment influenced the
CAM localization, these results are consistent with our bio-
chemical data and suggest that L1 and Ncad but not B1 in-
tegrin are associated with DRMs in GCs.

DRM integrity is disrupted by micro-CALI
of GM1 gangliosides
Although lovastatin and fumonisin B, inhibited neurite
growth stimulated by L1 and Ncad (Fig. 3), this type of ex-
periment using lipid synthesis inhibitors has several draw-
backs. First, depending on the half-life of cellular lipids,
pharmacological treatments should take at least an order of
hours to reduce the amount of lipids to a level sufficient for
neurite growth inhibition. This may, in part, explain why
the treatments caused only a subtle reduction in neurite
length under our experimental conditions. Second, choles-
terol and sphingolipids are involved not only in the forma-
tion of DRMs in GCs, but also in the genesis of cell mem-
branes and DRM-dependent protein sorting at cell bodies,
thereby providing new membranes and proteins to growing
neurites (Harel and Futerman, 1993; de Chaves et al., 1997;
Ledesma et al., 1998). This makes it difficult to interpret the
data obtained by pharmacological perturbation. To over-
come these problems, we developed a new technique for
acute and localized perturbation of DRMs in GCs.

Micro-CALI provides an elegant way to perturb molecular
functions at particular locations and times. In this tech-
nique, target molecules are labeled with dye-conjugated an-
tibodies or ligands in living cells. Upon laser irradiation, the
dye generates short-lived free radicals that perturb the target
and other molecules located within the close vicinity of the
dye. The spatial range of this inactivating effect of two dif-
ferent dyes has been reported as 6 nm for malachite green
(Linden et al., 1992) and <30 nm, although a lower range is
expected by more strict estimation, for fluorescein (Surrey et
al., 1998). This spatial specificity of micro-CALI should be
sufficient for selective perturbation of DRMs if DRM-spe-
cific molecules are targeted. Therefore, we decided to target
GMI1 gangliosides by micro-CALI using FITC-conjugated
CTxB. The advantage of using fluorescein rather than mala-
chite green as a chromophore will be discussed.

To confirm whether micro-CALI of GMI1 perturbs
DRMs, NIH-3T3 cells incubated in the presence of FITC-
CTxB were irradiated with a 480-nm laser for 30 s, and de-

Figure 5. Micro-CALI of GM1 disrupts DRM integrity as assessed
by Thy-1 insolubility in cold detergent. NIH-3T3 cells (A-D) or
DRG GCs (E-) incubated in the presence of FITC-CTxB (A-C and
E-G), FITC-BSA (D and H), or the FITC-RGD peptide (I) were
irradiated with a laser at the areas outlined in white. After detergent
extraction, Thy-1 was labeled by immunocytochemistry (B, D, F, H,
and I). Differential interference contrast images of Thy-1-labeled
cells (B and F) are also shown (A and E, respectively). As a control,
cells that had been subjected to micro-CALI but not to detergent
extraction were processed for Thy-1 immunocytochemistry (C and G).
Fluorescent images of FITC-CTxB (J) or the FITC-RGD peptide (K)
bound to the DRG GC surface are also shown. Bars: (A-D) 20 pm;
(E=1) 10 pm; (J and K) 10 wm.

tergent extractability of Thy-1 was examined. Thy-1 is a
GPlI-anchored protein associated with DRMs/rafts (Le-
desma et al., 1998; Dietrich et al., 2002). Laser irradiation
caused Thy-1 to become soluble in cold Tx100, whereas
nonirradiated cells retained Thy-1 after detergent extraction
(Fig. 5, A and B). As shown in the cells neighboring on the
target cell, micro-CALI of GM1 in only a part of a cell did
not have the effect, most likely because DRM components
could be supplied rapidly from the nonirradiated area by
diffusion or active transport. Thy-1 immunoreactivity was
not affected by micro-CALI of GM1 unless extracted with a
detergent (Fig. 5 C), excluding the possibility that micro-
CALI destroyed Thy-1 antigenicity. As another control, we
showed that Thy-1 remained insoluble in cold Tx100 after
laser irradiation in the presence of FITC-conjugated BSA
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Figure 6. Micro-CALI-mediated DRM disruption affects GC
behavior on L1 and Ncad. Time-lapse image sequences of DRG
GCs migrating on L1 (A and B), Ncad (C and D), or laminin (E). The
areas outlined in black were irradiated with a laser for 30 s (from
—0.5 to 0 min) in the presence of either FITC-CTxB (A, C, and E)
or FITC-BSA (B and D). Bar, 5 pm.

instead of FITC-CTxB (Fig. 5 D). The similar results were
obtained with DRG GCs (Fig. 5, E-H). Because FITC-
BSA did not bind to the GC membrane, the RGD peptide
conjugated to FITC (see Materials and methods for amino
acid sequence) was used as another control chromophore.
This peptide is derived from the active site of laminin and
interacts with B1 and B3 integrins (Sasaki and Timpl,
2001) that are localized to non-DRM regions (Maile et al.,
2002). The FITC-RGD peptide actually bound to the
DRG GC surface (Fig. 5 K). Laser irradiation in the pres-
ence of the FITC-RGD peptide did not cause Thy-1 to be-
come soluble in cold Tx100 (Fig. 5 I). Taken collectively,
these results indicate that FITC-CTxB-mediated micro-
CALI disrupts DRM integrity.

Micro-CALIl-mediated disruption of DRMs affects GC

behavior induced by L1 and Ncad, but not by 31 integrin
Whether DRMs in GCs are involved in neurite growth was
tested by micro-CALI of GMI1. For this experiment, we
used DRG GCs because their migration is faster and there-
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Figure 7. Quantitative analyses of changes in GC behavior induced
by micro-CALI of GM1. (A—C) DRG GCs migrating on L1, Ncad, or
laminin was irradiated with a laser in the presence of FITC-CTxB,
FITC-BSA, or the FITC-RGD peptide, as shown in Fig. 6. Each set of
experiments involved 7-31 GCs. Their migration rates (um/10 min)
were measured immediately before and after the laser irradiation
(A and B). The average length of filopodia of each GC was quanti-
fied immediately before and 10 min after the laser irradiation (C).
For this set of experiments (C), lamellipodia-dominated GCs were
intentionally selected on a laminin substrate. ***, P < 0.001; paired
ttest compared with GCs before laser irradiation. (D) Migration
rates of DRG GCs on L1 (n = 8) and Ncad (n = 5) were measured
every 10 min. The entire area of the GC was subjected to micro-CALI
of GMT at 0 min.

fore easier to quantify than that of cerebellar granule cell
GCs. In addition, the large size of a DRG GC enabled ap-
plication of micro-CALI to individual domains of the GC.
Another important condition is that FITC-CTxB should
not affect GC migration unless irradiated with a laser.
Therefore, we examined whether neurite growth was influ-
enced by the presence of the same concentration of FITC-
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Figure 8.  GC migration on L1 and Ncad is
impaired by micro-CALI-mediated DRM disruption
in the P-domain but not in the C-domain. (A-C)
Time-lapse image sequences of DRG GCs migrating
on Ncad (A and B) or L1 (C). Either the P-domain
or the C-domain was subjected to micro-CALI of
GMT at the areas outlined in black at 0 min (A-C)
and 20 min (C). Bars: (A and B) 5 um; (C) 10 wm.
(D) Migration rates of DRG GCs immediately
before and after laser irradiation within the P-domain
or the C-domain in the presence of either FITC-
CTxB or FITC-BSA. Each set of experiments involved
13-25 GCs. ***, P < 0.001; paired t test compared
with migration rates before laser irradiation.
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CTxB as would be used in the micro-CALI experiment. The
length of neurites from DRG neurons cultured on L1 for
8 h was as follows: 130.3 £ 5.5 pm (z = 100) in the ab-
sence of FITC-CTxB and 131.6 * 4.4 pum (z = 100) in the
presence of FITC-CTxB. Similarly, neurite length on Ncad
was not affected significantly (132.7 = 7.1 pm [z = 105]
or 143.7 = 7.8 wm [# = 100] in the absence or presence of
FITC-CTxB, respectively). Furthermore, neurite growth on
both substrates was affected by neither FITC-BSA nor the
FITC-RGD peptide (unpublished data). Based on these
data, we decided to apply micro-CALI of GM1 to studies
on GC migration.

The entire area of a DRG GC was irradiated with a 480-
nm laser for 30 s in the presence of FITC-CTxB bound to
GMLI. This treatment did not affect the cell-surface expres-
sion of L1, Ncad, and B1 integrin as assessed by immunocy-
tochemistry (unpublished data). Analyses of GC migration
before and after the laser irradiation revealed that micro-
CALI of GM1 dramatically reduced its migration rate on L1
and Ncad, but not on laminin (Fig. 6, A, C, and E, and Fig.
7 A). As controls, laser irradiation in the presence of FITC-
BSA or the FITC-RGD peptide did not inhibit GC migra-
tion on L1 and Nead (Fig. 6, B and D, and Fig. 7, A and B).
Because GM1 was not essential for neurite growth (Fig. 3, H
and I), perturbation of its molecular function was not a di-
rect cause of the GC stall induced by FITC-CTxB-medi-
ated micro-CALI. Therefore, consistent with our observa-
tion on neurite growth after pharmacological perturbation,
these micro-CALI experiments demonstrate that DRMs in
GCs are involved in their migration mediated by L1 and

Necad, but not by B1 integrin. Next, we examined whether
GCs could recover after DRM disruption by micro-CALI.
This is likely to occur by diffusion or active transport of
DRM components from the nonirradiated neurite shaft. As
shown in Fig. 7 D, the GCs recovered and started to migrate
at an original velocity on both L1 and Ncad within 60 min
after laser irradiation.

In addition to stimulating neurite growth, CAMs induce
distinctive morphological characteristics in GCs; the lamelli-
podia predominate on L1 and Ncad substrates, and the
filopodia predominate on laminin (Payne et al., 1992). As
shown in the representative images (Fig. 6, A and C), DRM
disruption by micro-CALI resulted in lamellipodial retrac-
tion and filopodial extension on L1 and Ncad. In contrast,
GCs on laminin did not respond to the same treatment,
even if a lamellipodia-dominated GC was intentionally tar-
geted (Fig. 6 E). The morphological change was quantified
by measuring the average length of filopodia (from the
lamellipodial edge to the filopodial tip) of a GC immediately
before and 10 min after laser irradiation. This parameter in-
creases as either the lamellipodia retract or the filopodia ex-
tend. On L1 and Ncad, micro-CALI of GM1 increased the
length of filopodia, whereas the control treatment with
FITC-BSA did not (Fig. 7 C). In contrast, changes of the
filopodial length induced by micro-CALI were not statisti-
cally significant on laminin, although the filopodia tended
to extend in response to the treatment (Fig. 7 C). Taken col-
lectively, these results indicate that DRM:s are involved not
only in neurite growth, but also in the formation of lamelli-
podia-dominated GCs by L1 and Ncad.
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Figure 9. Micro-CALI-mediated DRM disruption in either the
lamellipodia or the filopodia is sufficient to impair GC migration
on L1 and Ncad. (A and B) Time-lapse image sequences of DRG
GCs migrating on L1. Either the lamellipodia (A) or the filopodia (B)
was subjected to micro-CALI of GMT at the areas outlined in black.
All the filopodia were targeted by four times of laser irradiation (B).
Bars, 5 wm. (C) Migration rates of DRG GCs immediately before and
after micro-CALI of GM1 in the lamellipodia or the filopodia. Each
set of experiments involved 10-12 GCs. ***, P < 0.001; paired t test

compared with migration rates before laser irradiation.

Spatial distribution of DRM requirement for GC
migration mediated by L1 and Ncad

The GC can be divided into two functionally distinct do-
mains: (1) the central domain (C-domain) and (2) the pe-
ripheral domain (P-domain; Gordon-Weeks, 2000). Al-
though immunocytochemical analyses showed that DRM
components GM1 and flotillin (Bickel et al., 1997) distrib-
ute throughout a GC (unpublished data for flotillin), the in-
volvement of DRMs in CAM-based GC motility may be
spatially heterogeneous. To test this hypothesis, motile be-
havior of GCs was analyzed after micro-CALI of GM1 was
applied in a domain-specific manner. The treatment within
the P-domain caused lamellipodial retraction and filopodial
extension and inhibited migration of the GCs on L1 and
Ncad (Fig. 8, B and C). In contrast, the treatment within
the C-domain did not affect GC migration on either sub-
strate, but caused the transient formation of a bulbous struc-
ture bearing filopodium-like protrusions at the neurite shaft
(Fig. 8, A and C). Because the shape of the laser-irradiated
area was uncontrollable, the entire C-domain could not be
irradiated without involving any part of the P-domain. For
this reason, the periphery of the C-domain was left unirradi-
ated in this set of micro-CALI experiments. It is known that

as a GC migrates, the C-domain consolidates and becomes
the neurite shaft behind it (Goldberg and Burmeister,
1986). Our result suggests that DRM disruption in the cen-
tral-rear part of the C-domain delays its consolidation
process without slowing migration rates of the GC. Quan-
titative analysis revealed that L1 and Ncad-dependent
migration of GCs was impaired by DRM disruption in the
P-domain, but not in the central-rear part of the C-domain
(Fig. 8 D). As controls, GC behavior was not altered by laser
irradiation to either domain in the presence of FITC-BSA
instead of FITC-CTxB.

To further investigate the spatial distribution of DRM re-
quirement in the P-domain, we applied micro-CALI to the
filopodia versus the lamellipodia. Micro-CALI of GMI in a
single filopodium rarely affected GC behavior (unpublished
data), so we attempted to include all the filopodia of a GC by
multiple (three or four) times of nonoverlapped laser irradia-
tion (Fig. 9 B). For micro-CALI in the lamellipodia, the
C-domain could not be completely excluded from laser irra-
diation in most cases, because the laser spot could not be
made small enough to restrict it within the lamellipodia (Fig.
9 A). Micro-CALI in either the lamellipodia or the filopodia
caused lamellipodial retraction and filopodial extension and
inhibited migration of the GC on L1 and Ncad (Fig. 9).

Discussion

This work is, to our knowledge, the first observation on
functional significance of DRM:s in neuronal GCs. Develop-
ment of a micro-CALI-based technique allowed us to per-
turb DRM integrity in focal subcellular areas, which could
not be performed by pharmacological treatments or gene
targeting strategies. In our micro-CALI experiments, we
used fluorescein rather than malachite green as a chro-
mophore for the following reasons: (1) malachite green is
hydrophobic and tends to aggregate in solution; and (2) the
total laser energy required for micro-CALI with fluorescein
is ~50-fold less than that with malachite green (Surrey et
al., 1998), thereby enabling more acute inactivation of target
molecules. Actually, we could have the effect after laser irra-
diation of 30 s, as compared with 5 min for malachite
green—mediated micro-CALI (Diamond et al., 1993). This
should be a critical factor, especially when rapidly moving
molecules are targeted. Besides the selection of the dye, a fre-
quency of a pulsed laser turned out to be another important
factor. Although the frequency of 20 Hz was used in previ-
ous work (Diamond et al., 1993), the higher frequency of 30
Hz was required for a steady effect of micro-CALI under our
experimental conditions.

It remains to be determined what molecular mechanisms
underlie micro-CALI-induced alterations in GC behavior
on L1 and Ncad. GM1 primarily resides on the exoplasmic
leaflet of the plasma membrane. As a part of continuous en-
docytic membrane flow, GM1 is internalized into early en-
dosomes and subjected to a sorting process that directs some
of the molecules back to the plasma membrane and others to
the Golgi apparatus in the cell body (Kolter and Sandhoff,
1998). Laser irradiation in the presence of FITC-CTxB
bound to GM1 generates free radicals on the exoplasmic
leaflet of both the plasma membrane and the endosomal
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membrane in GCs. Micro-CALI of GM1 should not di-
rectly inactivate DRM-associated cytoplasmic molecules,
such as the Src family kinases, because the thickness of the
cell membrane is beyond the spatial range of the effect by
micro-CALI. Therefore, loss of migrating ability of GCs is
caused either by direct perturbation of exoplasmic molecules
within DRMs or by disruption of DRM integrity as demon-
strated in this paper. However, the former possibility is less
likely for the following reasons: (1) pharmacological agents
that disrupt DRM integrity by removing cholesterol inhib-
ited neurite growth; and (2) the antigenicity of Thy-1, a
GPI-anchored molecule concentrated in DRMs, was not af-
fected by micro-CALI of GMI. In any case, micro-CALI of
GMI1 should affect L1 and Ncad-mediated signal trans-
duction across DRMs by disrupting either DRM integrity
or DRM-associated molecules, such as GPI-anchored and
transmembrane proteins, that are critical for these CAMs to
generate signals. This inhibition could happen at both the
cell surface and signaling endosomes.

Several DRM-associated molecules have been shown to be
involved in L1-mediated neurite growth. Axonin-1, a GPI-
anchored IgCAM localized to DRMs, interacts in cis with
NgCAM, a chick homologue of L1, in the plane of the neu-
ronal plasma membrane (Buchstaller et al., 1996). This lat-
eral interaction of NgCAM with axonin-1 is required for
NgCAM-dependent neurite growth. Similarly, a cis-interac-
tion of L1 with TAG-1, a mammalian homologue of axonin-1,
is likely to induce L1 binding to the membrane cytoskele-
ton (Malhotra et al., 1998). Both L1/NgCAM and TAG-1/
axonin-1 are functionally associated with the Src family ki-
nases, such as Src, Fyn, and Lyn, which attach to the cyto-
plasmic leaflet of DRMs. For example, Src phosphorylates
the L1 cytoplasmic domain (Schaefer et al., 2002) and is re-
quired for neurite growth mediated by L1, but not by B1 in-
tegrin (Ignelzi et al., 1994). Src is also located at some inter-
mediate point in the signaling pathway that phosphorylates
MAPK in a Ras-independent manner in response to L1
cross-linking on the cell surface (Schmid et al., 2000). The
L1-induced MAPK activation is required for L1-based neu-
rite growth (Schmid et al., 2000). Another example is that
clustering of axonin-1 with NgCAM induced by cell—cell
contacts correlates with a reduction of the Fyn activity asso-
ciated with axonin-1 (Kunz et al., 1996). Furthermore,
cross-linking of TAG-1 induces Lyn activation (Kasahara
et al., 2000). Taken collectively, these pieces of evidence
strongly suggest that a cis-complex of L1/NgCAM and
TAG-1/axonin-1 transduces signals across DRMs to the Src
family kinases, which ultimately controls GC migration. At
the same time, L1 localized to non-DRMs may functionally
interact with non-DRM molecules, such as 1 integrins
(Thelen et al., 2002), to control cell motility. L1 and Ncad
share common downstream signals for stimulating neurite
growth, such as the MAPK cascade (Perron and Bixby,
1999). Ligation of Ncad activates the MAPK cascade, al-
though intermediate components in this signaling pathway
have been less well identified than in L1’s pathway. It re-
mains to be determined whether Ncad activates MAPK in a
similar manner to L1 or via an independent cascade, such as
the Ras-MAPK pathway that also requires DRM:s for its acti-
vation (Rizzo et al., 2001).

CAM activation induces characteristic morphologies of
GCs. Changes in their morphologies can be triggered by
CAM-associated signals that have been generated within a
part of the GCs (Burden-Gulley et al., 1995). Candidates
for such signaling molecules are the Rho family GTPases,
such as Rac, Cdc42, and Rho, which regulate the organiza-
tion of the actin cytoskeleton (Hall, 1998). Rac is involved
in the formation of the lamellipodia, whereas Cdc42 regu-
lates the filopodial formation (Luo et al., 1997). It has been
demonstrated that L1 ligation increases the amount of acti-
vated, GTP-bound Rac (Schmid et al., 2000). Therefore,
Rac activation is likely to be involved in the formation of
lamellipodial GCs on L1, and maybe on Ncad, too. Interest-
ingly, Racl is mainly associated with DRMs in nerve GCs,
whereas Cdc42 and RhoA are mostly recovered in non-
DRM fractions (Kumanogoh et al., 2001). This is consistent
with our result that DRM disruption by micro-CALI causes
lamellipodial retraction. These pieces of evidence imply that,
in response to homophilic binding, L1 and Ncad transduce
signals across DRMs, leading to Rac activation and the sub-
sequent formation of the lamellipodia.

Perhaps the most interesting finding in this study is that
DRMs in different domains of a GC are differentially in-
volved in CAM-induced behavior of the GC, indicating the
importance of CAM-associated signals that are controlled
by DRMs in a spatially defined manner. This is a reason-
able mechanism, given that GC motility is dependent on
distinct but cooperative functions of the P-domain and the
C-domain (Gordon-Weeks, 2000). As suggested by Doherty
et al. (2000), the P-domain produces instructive signals for
neurite growth and guidance, whereas the C-domain gener-
ates signals that are more likely to be permissive. The most
important implication of this study is that DRM-dependent
signals generated by L1 and Ncad in the P-domain instruct
GC motility and morphological characteristics.

Materials and methods

Antibodies

Mouse monoclonal anti-TfR antibody was obtained from Zymed Laborato-
ries, rabbit polyclonal anti-Ncad antibody and goat polyclonal anti-CTxB
antiserum from Calbiochem, rabbit polyclonal anti-actin antiserum from
Sigma-Aldrich, mouse monoclonal anti-B1 integrin antibody from Trans-
duction Laboratories, rat monoclonal anti-B1 integrin antibody from
CHEMICON International, and rat monoclonal anti-Thy-1 from BD Bio-
sciences. Rabbit antiserum against the L1 cytoplasmic domain (Schaefer et
al., 1999) was provided by Dr. Vance Lemmon (Case Western Reserve
University, Cleveland, OH). HRP-conjugated goat anti-mouse IgG and
goat anti-rabbit IgG were purchased from New England Biolabs, Inc.,
HRP-conjugated goat anti-rat IgG from Cappel, and Alexa-conjugated sec-
ondary antibodies from Molecular Probes, Inc.

Cell culture

DRGs dissected from E17 mice were dissociated sequentially with 2.4 U/ml
dispase Il (Roche) and 0.1 mg/ml DNase (Roche) in PBS. The dissociated
cells were resuspended in RPMI 1640 medium (Life Technologies) supple-
mented with N2 (Life Technologies), 750 wg/ml BSA (Life Technologies),
and 20 ng/ml NGF (Promega). The cells were plated on a dish that had
been coated with laminin (9 pg/cm?; Life Technologies), L1-Fc, or Ncad-Fc
(a gift of Dr. Patrick Doherty, Guy’s Hospital, London, UK). Production of
CAM-Fc and preparation of CAM-Fc—coated dishes were performed as de-
scribed previously (Kamiguchi and Yoshihara, 2001).

For cultures of cerebellar granule cells, the cerebellums dissected from
P8 mice were dissociated sequentially with 1% trypsin (Life Technologies)
and 0.5 mg/ml DNase in PBS. The dissociated cells were resuspended in
NEUROBASAL™ medium (Life Technologies) supplemented with B27 (Life
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Technologies) and 750 pg/ml BSA, and plated on a dish coated with vari-
ous substrates. Purity of the cultures was tested by immunocytochemistry
using antibodies against glial fibrillary acidic protein (Sigma-Aldrich) and
Zic (a gift of Dr. Jun Aruga, RIKEN Brain Science Institute, Saitama, Japan),
a protein whose expression is restricted to granule cells in the cerebellum
(Aruga et al., 1994). Analyses of a total of more than 2,000 cells in the cul-
tures revealed that 0.74 + 0.05% (n = 3) and 98.67 = 0.07% (n = 3) of the
cells were positive for glial fibrillary acidic protein and Zic, respectively.
NIH 3T3 cells (American Type Culture Collection) were seeded on a
dish coated with poly-p-lysine (70-150 kD; 0.1 mg/ml; Sigma-Aldrich) and
cultured in RPMI 1640 medium supplemented with 10% FBS. All the cul-
tures were maintained in a humid atmosphere of 95% air, 5% CO, at 37°C.

Detergent extraction and sucrose density gradient centrifugation
For in vivo samples, ~50 mg of the cerebellums from P3, P8, P15, P28, or
P56 mice were homogenized in 1.5 ml TBS (25 mM Tris, 137 mM sodium
chloride, and 2.68 mM potassium chloride, pH 7.4) containing 0.25%
Tx100, protease inhibitor cocktail (Roche), and 2 mM pervanadate. After a
30-min extraction, 1 ml of the supernatant obtained by centrifugation was
mixed with an equal volume of 80% sucrose and transferred to a centri-
fuge tube (SW55Ti; Beckman Coulter). This preparation was overlaid se-
quentially with 2 ml of 32% sucrose and 1 ml of 5% sucrose, both contain-
ing protease inhibitor cocktail and 2 mM pervanadate. The gradient was
centrifuged at 368,000 g for 20 h, and 10 fractions (500 pl each) were col-
lected from the top. All the procedures were done at 4°C.

For in vitro samples, 107 of cerebellar granule cells from P8 mice were
cultured on poly-p-lysine for 36 h. Cellular cholesterol was depleted by a
treatment with 0—4 pM lovastatin (Wako) throughout the culture period.
Cells were scraped, spun down, and lysed in 1 ml TBS containing 0.5%
Tx100, protease inhibitor cocktail, and 2 mM pervanadate for 30 min at
4°C. After centrifugation, 900 ul of the supernatant was mixed with an
equal volume of 80% sucrose, and transferred to an SW60Ti centrifuge
tube (Beckman Coulter). This preparation was overlaid sequentially with
1.8 ml of 32% and 900 wl of 5% sucrose, both containing protease inhibi-
tor cocktail and 2 mM pervanadate. The gradient was centrifuged at
485,000 g for 20 h, and 10 fractions (450 wl each) were collected from the
top. The fractions 2—4 or the fractions 7-10 were combined and concen-
trated by 3-h centrifugation at 485,000 g. The pellets were resuspended
and subjected to SDS-PAGE.

Western blot analysis

Samples were separated by SDS-PAGE and transferred to a polyvinilidene
difluoride membrane (Genetix). The membrane was blocked with 5%
skim milk and 0.05% Tween 20 in PBS for 1 h at RT and incubated with a
primary antibody overnight at 4°C. Primary antibodies used were as fol-
lows: anti-L1 antiserum (1:10,000 dilution), 0.25 pg/ml anti-TfR, 2 pg/ml
anti-Ncad, 0.1 pg/ml mouse anti-B1 integrin for in vivo samples, 5 pg/ml
rat anti-B1 integrin for in vitro samples, and anti-actin antiserum (1:500
dilution). After washes, the membrane was incubated with HRP-conju-
gated secondary antibodies. GM1 was labeled with 10 pg/ml HRP-conju-
gated CTxB (Sigma-Aldrich) for 50 min at RT. The blots were then de-
tected by ECL plus reagents (Amersham Biosciences) on Scientific
Imaging Film (Kodak). The intensity of the blots was quantified by NIH
image version 1.62.

CTxB patching and image analysis

DRM patches were formed and visualized by incubating live DRG neurons
sequentially with 8 pg/ml CTxB for 10 min at 4°C, anti-CTxB antiserum
(1:250 dilution) for 1 h at 18°C, and 10 pg/ml Alexa 594-conjugated don-
key anti—goat IgG for 10 min at 4°C. The cells were fixed with 2% formal-
dehyde and 0.05% glutaraldehyde in PBS for 5 min at 4°C and then incu-
bated in methanol for 5 min at —20°C. After blocking with 10% horse serum
in PBS, the fixed cells were incubated with anti-L1 antiserum (1:2,000
dilution), 10 pg/ml anti-Ncad antibody, or 10 wg/ml rat anti-B1 integrin
antibody, and CAM expression was visualized with 10 pg/ml Alexa 488-
conjugated secondary antibodies.

Grayscale images of CTxB patches and immunolabeled CAM signals
were acquired using a 12-bit digital CCD camera (Cool SNAP HQ; Roper
Scientific) and the MetaMorph® Imaging System version 4.0 (Universal Im-
aging Corp.). To minimize alignment errors in superimposition of the two
images, a single multi-band dichroic mirror was used along with appropri-
ate pairs of excitation and emission filters in external filter changers. Expo-
sure time was adjusted so that the maximal pixel intensity value within a
GC was 60-80% saturation. The integrated intensity (the sum of intensity
values of all pixels in a region) was used as a parameter for thresholding. A
threshold intensity level was set in each wavelength channel such that the

integrated intensity above this threshold in a GC accounted for 10% of the
total integrated intensity in the same GC. Pixel intensity values greater than
this threshold level were defined as “intense” signals. A pixel with intense
signals in both wavelength channels was regarded as indicating CAM
colocalization with CTxB patches. For quantitative analysis, the ratio of the
area showing colocalization to the area showing intense CAM signals was
measured in each GC.

Micro-CALI

For micro-CALI of GM1 in DRG GCs, a cell-culture medium was replaced
with Leibovitz L-15 (Life Technologies) supplemented with N2, 750 pg/ml
BSA, and 20 ng/ml NGF. For NIH-3T3 cells, a serum-containing medium
was replaced with Leibovitz L-15 supplemented with 750 pg/ml BSA.
Cells were maintained in a humid atmosphere of 100% air at 37°C on a
microscope stage. Before laser irradiation, the cells were incubated for 20
min with 8 pg/ml FITC-CTxB (Sigma-Aldrich), 4 pg/ml FITC-BSA (Sigma-
Aldrich), or 0.8 uM of the FITC-RGD peptide (FITC-GSETQRGDI), all giv-
ing a final fluorescein concentration of 0.8 uM. The beam generated by a
nitrogen-driven dye laser (VSL-337ND-S nitrogen laser and coumarin 480
dye molecules (6.9 mM; Laser Science, Inc.) was reflected into the epifluo-
rescence port of an inverted microscope (Axiovert S100; Carl Zeiss Micro-
Imaging, Inc.) through the Micropoint Ablation Laser System (Photonic In-
struments, Inc.). An area ranging in diameter from 5 to 50 um on the plane
of a target cell was irradiated with the laser beam for 30 s at a frequency of
30 Hz, a pulse width of 3.5 ns, ~25 n)/um? per pulse, using either a 40X
Plan Neofluor (NA 1.3, oil objective) or a 100X Plan Apochromat (NA 1.4,
oil objective). The laser-irradiated area was visualized and defined as de-
scribed previously (Buchstaller and Jay, 2000). In brief, a glass-based dish
that had been painted with ink was irradiated, and an area of ink ablated
by the laser was imaged with a CCD camera. This procedure was repeated
at the end of a series of experiments to confirm that the laser remained to
irradiate the same area as had been originally defined on the CCD-taken
image. The accuracy of the ink-based method was verified by pho-
tobleaching FITC-BSA attached to a cover glass. The extent of laser irradia-
tion was controlled by defocusing the laser beam and by changing an ob-
jective lens. Differential interference contrast images of a target GC were
taken, and its migration rates (advance rates of the C-domain distal edge)
before and after laser irradiation were quantified with the MetaMorph® Im-
aging System. GCs included in this analysis was limited to single GCs that
grew unobstructed and without collapse during the time-lapse imaging.

Thy-1 immunocytochemistry

Immediately after subjected to micro-CALI, cells were incubated with 1%
Tx100 in PBS for 10 min, rinsed once, and fixed with 2% formaldehyde
and 0.05% glutaraldehyde in PBS for 15 min. As a control, cells were fixed
without detergent extraction. All the procedures were done at 4°C. After
blocking with 10% horse serum in PBS, the fixed cells were incubated
with 50 wg/ml anti-Thy-1 antibody for 1 h at RT. Thy-1 was labeled by in-
cubating the cells with 10 wg/ml Alexa 594-conjugated goat anti-rat 1gG
for 1 h at RT.

Measurement of neurite length

DRG neurons and cerebellar granule cells were cultivated for 8 h and
36 h, respectively, in the presence or absence of lovastatin, choles-
terol (Sigma-Aldrich), fumonisin By (Sigma-Aldrich), or NB-DNJ (Sigma-
Aldrich). Neurite length was measured as described previously (Kamiguchi
and Yoshihara, 2001).

Statistics

Data were expressed as the mean = SEM. Statistical analyses were per-
formed using Prism version 3.0a (GraphPad Software, Inc.). P values
<0.05 were judged statistically different.
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