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Cellular/Molecular

Induction of Calcium Influx through TRPC5 Channels by
Cross-Linking of GM1 Ganglioside Associated with a5031
Integrin Initiates Neurite Outgrowth

Gusheng Wu,' Zi-Hua Lu,' Alexander G. Obukhov,> Martha C. Nowycky,?> and Robert W. Ledeen'
Departments of 'Neurology and Neurosciences and 2Physiology and Pharmacology, New Jersey Medical School, University of Medicine and Dentistry of
New Jersey, Newark, New Jersey 07103

Previous studies demonstrated that cross-linking of GM1 ganglioside with multivalent ligands, such as B subunit of cholera toxin (CtxB),
induced Ca** influx through an unidentified, voltage-independent channel in several cell types. Application of CtxB to undifferentiated
NG108-15 cells resulted in outgrowth of axon-like neurites in a Ca>" influx-dependent manner. In this study, we demonstrate that
CtxB-induced Ca*" influx is mediated by TRPC5 channels, naturally expressed in these cells and primary neurons. Both Ca>" influx and
neurite induction were blocked by TRPC5 small interfering RNA (siRNA). Pretreatment of NG108-15 cells with neuraminidase increased
cell-surface GM1 and greatly enhanced the signal. GM1 was not directly associated with TRPC5 but rather with «581 integrin, which
opened the channel through a signaling sequence after cross-linking of the GM1/integrin complex. This cascade included autophosphor-
ylation of focal adhesion kinase and subsequent activation of phospholipase Cy (PLCy) and phosphoinositide-3 kinase [PI(3)K]. Phar-
macological blockers that inhibited tyrosine kinase, PLC, and PI(3)K suppressed both CtxB-induced Ca" influx and neurite outgrowth.
These were also suppressed by SK&F96365, a nonspecific transient receptor potential channel blocker. Confocal immunocytochemistry
revealed that GM1 cross-linking induced colocalization of GM1 with these signaling elements in sprouting regions of plasma membrane.
In primary cerebellar granular neurons (CGNs), TRPC5 was detected at 2 d in vitro (2 DIV), a stage corresponding to CtxB-stimulated
Ca”” influx. Neurite outgrowth in CGNs, determined at 3 DIV, was accelerated by CtxB and suppressed by TRPC5 siRNA and the above
blockers. The crucial role of GM1 was indicated with CGNs from ganglio-series null mice, in which growth of axons was significantly

retarded.
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Introduction

The subgroup of glycosphingolipids containing sialic acid, collec-
tively termed gangliosides, exerts diverse functions through in-
teraction with a large and growing list of proteins. In particular,
GM1 ganglioside, the monosialosyl member of the gangliote-
traose (“ganglio-series”) family that predominates in the nervous
system, has been shown to modulate activity of various
membrane-associated enzymes, receptors, ion transporters, inte-
grins, adhesion molecules, etc. (for review, see Yates and Ramp-
ersaud, 1998) (Ledeen et al., 1998; Hakomori, 2000; Mocchetti,
2005). Some GM1-modulated proteins are functionally involved
in regulation of Ca*™, including transport, homeostasis, and sig-
naling activities of this ion (Ledeen and Wu, 1992, 2002; Wu and
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Ledeen, 1994). In many cases, GM1 asserts a modulatory effect
through direct association with the protein; one example is the
high-affinity association of this ganglioside with the Trk protein
in facilitating translocation and functional expression of the lat-
ter (Mutoh et al., 2002).

A somewhat different, indirect type of modulatory function
commences with cross-linking of membrane-bound GM1 by
multivalent ligands, such as B subunit of cholera toxin (CtxB),
certain antibodies (Abs), and lectins; this leads to channel activa-
tion and Ca*" influx as a downstream event. This property of
CtxB was observed in various non-neuronal cells (Dixon et al.,
1987; Buckley et al., 1990; Gabellini et al., 1991; Guoy et al., 1994)
as well as in some neuronal cell lines (Carlson et al., 1994; Fang et
al., 2000) and primary neurons (Milani et al., 1992; Wu et al,,
1996). The chief consequence of this induced Ca*™ influx, in the
case of N18 and NG108-15 neural cell lines, was outgrowth of
axon-like processes (Wu et al., 1998a; Fang, 2000). This mode of
Ca** influx was initially proposed to involve L-type Ca** chan-
nels, with GM1 postulated to function as a constitutive negative
modulator (Carlson et al., 1994). However, a subsequent study
(Fang et al., 2002) revealed the relevant channel to be voltage
independent, and the present study demonstrates this to be a
TRPCS5 channel. TRPCS5 is an isoform of the canonical subgroup
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Table 1. Primers for TRPC mRNA
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Gene and direction Primer sequence Base pairs Product identity” or accession number®
TRPC1 forward ATGGGACAGATGTTACAA 400 NM_011643.1
TRPC2 forward (GCTGGGCACTCTGCAGA 370 U40981°
TRPQ3 forward AGGACATATTCAAGTTCA 340 NM_019510.1
TRPC4 forward CAGATATCTCTGGGAAGGATG 400 NM_016984°
TRPC5 forward TTCTCTTTATCTACTGCC 360 NM_009428.1°
TRPC6 forward TTCATGGTCATATTCATC 320 NM_013838.1°
AIITRPC reverse TGGAGCRAAYTTCCAYTC(R = GorAandY = CorT)
GAPDH
Forward ACCACAGTCCATGCCATCAC 450 NM_199472°
Reverse TCCACCACCCTGTTGCTGTA

All' primers are referenced to Tesfai et al. (2001).

“Identity numbers of product sequences for isoforms detected in cells, which were obtained from the NIH-NCBI website using the BLAST protocol.

®Accession numbers for isoforms absent in cells, from which primers were designed.

of mammalian genes homologous to the transient receptor po-
tential (TRP) family in Drosophila (Clapham et al., 2001; Montell,
2004). These ion channels are permeant to cations, with Ca?"
entry as a common and critical feature. TRPC5 was shown to be a
negative regulator of neurite length (Greka et al., 2003; Bezzerides
etal.,2004), representing a different mechanism at a later stage of
neuritogenesis than that revealed in the present study involving
TRPC5 activation of incipient neurite sprouting.

Studies have shown that TRPC channels are operated by
membrane receptors, including tyrosine kinase receptors that ac-
tivate intracellular signaling cascades. Our findings reveal that
activation of TRPC5 channels by GM1 cross-linking requires
a5p1 integrin with which GM1 directly associates. a581 integrin
responds to GM1 cross-linking by inducing autophosphoryla-
tion of its associated focal adhesion kinase (FAK), which in turn
activates phospholipase Cy (PLCvy) and phosphatidylinositol
3-kinase [PI(3)K]. The resulting Ca** influx was shown to initi-
ate neurite outgrowth in NG108-15 cells as well as primary cere-
bellar granule neurons (CGNs). Some of the preliminary results
were presented previously (Wu et al., 2004a).

Materials and Methods

Materials. The following Abs were obtained from the sources indicated:
goat anti-TRPC5, rabbit anti-TRPC6, rabbit and goat anti-f1 integrin,
rabbit anti-FAK, rabbit anti-PLCy, rabbit anti-PI(3)K, and rabbit anti-
phosphorylated tyrosine 508 in 85 subunit of PI(3)K [p85 PI(3)Kpys,s]
from Santa Cruz Biotechnology (Santa Cruz, CA); hamster anti-a5 inte-
grin from BD Biosciences (San Diego, CA); rabbit anti-TRPC5 from
Alomone Labs (Jerusalem, Israel); rabbit anti-phosphorylated tyrosine
397 in FAK (FAKpys,,) from Biosource (Camarillo, CA); PT66 mono-
clonal mouse anti-phosphorylated tyrosine and agarose beads conju-
gated with PT66 from Sigma (St. Louis, MO); SMI-31 monoclonal Ab
(mAb) against phosphorylated high-molecular-weight neurofilament
(pNE-H) from Sternberger (Baltimore, MD); and secondary Abs linked
to HRP, FITC, and Texas Red from Jackson ImmunoResearch (West
Grove, PA). The following materials were obtained from the sources
indicated: RNAeasy kit and QIAquick gel extraction kit from Qiagen
(Valencia, CA); One-Step RT-PCR kit, Lipofectamine and Plus reagents,
DMEM, PBS, fetal bovine serum (FBS), and other materials for cell cul-
ture from Invitrogen (Carlsbad, CA); CtxB and CtxB linked to FITC or
HRP from List (Campbell, CA) or Sigma; M-PER mammalian protein
extraction reagent from Pierce (Rockford, IL); 1-(6-((17b-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyrrole-2,5-
dione (U73122) and 1-(6-((17b-3-methoxyestra-1,3,5(10)-trien-17-
yl)amino)hexyl)-2,5-pyrrolidine-dione (U73343) from Biomol
(Plymouth, PA); aluminum-backed silica gel G plate for high-perfor-
mance thin-layer chromatography (HPTLC) and Permount from Fisher
Scientific (Pittsburgh, PA); Blue BIO film from Denville Scientific
(Edison, NJ); ECL reagent from Amersham Biosciences (Piscataway, NJ);

Complete protease inhibitor cocktail tablet from Roche (Mannheim,
Germany); and Brij 98, neuraminidase (N'ase, Clostridium perfringens,
type V), 1-[B-[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl]-
1H-imidazole:HCl (SK&F96365), 2-(morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one (LY294002), wortmannin, genistein, ATP, phospha-
tase inhibitor cocktail 2, and other chemicals from Sigma.

Cell culture. Three neuroblastoma cell lines were used: NG108-15
(neuroblastoma X glioma hybrid), NG-CR72 (a mutant of the former
that lacks GM1 synthase) (Wu et al., 2001), and Neuro-2A. They were
grown as described previously (Wu et al., 1998a, 2001). NG108-15 cells
were differentiated with N'ase (0.2 U/ml) plus CtxB (5 ug/ml) or with
KCl (30 mm) plus dibutyryl cAMP (db-cAMP; 1 mwm); both treatments
stimulated outgrowth of axon-like neurites in these cells (Wu et al.,
1998a). To test involvement of tyrosine phosphorylation, PLC, PI(3)K,
and the TRPC5 channel in CtxB-induced neuritogenesis, tyrosine kinase
inhibitor genistein, PLC blocker U73122 (and its noneffective analog,
U73343), PI(3)K inhibitors wortmannin and LY294002, and TRP chan-
nel blocker SK&F96365 were individually applied. After 48—72 h of treat-
ment, neurite outgrowth was quantified as percentage of neurite-bearing
cells (Wu et al., 1998a); neurites were defined as processes of length more
than twofold the soma diameter Counting included 200-300 cells in
several randomly chosen fields of each well, using three wells per exper-
iment (n = 1). Data were collected from three independent experiments,
and statistical difference was assessed with the two-tailed Student’s ¢ test.

Primary cultures of cerebellar granular neurons (CGNs) were pre-
pared as described previously (Wu et al., 1996, 2004b). Cells were disso-
ciated from 7-d-old pup cerebella of normal and ganglio-series null
[GM2/GD2 synthase knock-out (KO)] C57BL/6 mice. Some cells were
transfected with DNA cassettes encoding TRPC5 small interfering RNA
(siRNA) (0.2 ug/10* cells) by using Lipofectamine and Plus reagents (see
below) before they were seeded. On the second day in vitro (2 DIV) before
process outgrowth, cells were replaced in fresh DMEM containing N2
supplement and 1% FBS and treated with CtxB (5 pwg/ml) in the presence
or absence of the above inhibitors. They were photographed on 3 DIV,
and the length of the longest neurite (axon) in each granular neuron was
measured by UltraView software (PerkinElmer, Wellesley, MA). A total
of =300 cells in three independent cultures was measured, and the data
were statistically analyzed with GraphPad (San Diego, CA) Prism statis-
tics software; differences were determined by one-way ANOVA with
Dunnett’s post-test. The term DIV represents the initial day of plating
(day 1) plus additional days in culture.

Expression and knock-down of TRPC5 gene. Gene expression of the
TRPC family was analyzed with reverse transcription (RT)-PCR. Total
RNA was extracted, using an RNAeasy kit, from undifferentiated and
KCl/db-cAMP differentiated NG108-15 cells, undifferentiated NG-
CR72 cells, and Neuro-2A cells. During the extraction, DNase was used
to remove residual DNA. RT-PCR was performed following previous
protocol (Xie et al., 2002) using the One-Step RT-PCR kit and appropri-
ate primers (Table 1). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used for comparison. The resulting DNA products were
resolved on a 1% agarose gel containing ethidium bromide, isolated from
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Table 2. siRNA sequence against mouse TRPC5 gene (accession number
NM_009428.1)

siRNA sequence Start point
1 GTCGTCGAGCCAACGGTCCT 2895
2 GCTTCTCAACATATCGTCAG 1552
3 CCAACAATTGCTAGCCACCT 1323
4 TGAGTGGAAGTTTGCGAGAA 2313

Specificity of siRNAs was identified by the BLAST protocol from the NIH-NCBI website.

the gel with the QIAquick gel extraction kit, and sequenced in the Mo-
lecular Resource Facility of this institute. The resulting sequences were
identified by the Basic Local Alignment Search Tool (BLAST) protocol
from the National Institutes of Health—National Center for Biotechnol-
ogy Information (NIH-NCBI) website.

To suppress TRPC5 expression in NG108-15 cells, four DNA cassettes
containing a U6 promoter and a sequence encoding designated siRNA
(Table 2) were synthesized by GenScript (Scotch Plans, NJ). Each cassette
(0.2 pg) was transfected into ~10* NG108-15 cells by using Lipo-
fectamine and Plus reagents according to the manufacturer’s instruc-
tions. As a control, similar transfection was performed with an siRNA
mixture against TRPC6 (sc-42673; Santa Cruz Biotechnology); the pre-
cise composition of this mixture was not revealed by the supplier.
Twenty-four hours after transfection, cells were reseeded onto plates or
glass coverslips in regular culture medium and allowed to grow for an-
other 24—48 h (total time of siRNA treatment was 48—72 h). Inhibition
of TRPC5 or TRPC6 by siRNA was confirmed by RT-PCR (see above),
immunocytochemistry (IC) (see below), and immunoblotting (IB) (see
below).

Intracellular calcium ([Ca’"];) measurement and electrophysiological
study. [Ca®"]; measurements were performed as described previously
(Fang et al., 2000, 2002) and applied to the following: (1) undifferenti-
ated NG108-15 cells untransfected or transfected with TRPC5 or TRPC6
siRNA; (2) NG108-15 cells differentiated in KCl/db-cAMP; (3) undiffer-
entiated NG-CR72 cells; and (4) undifferentiated Neuro-2A cells. Cells
pretreated with N'ase (0.5 U/ml) or GM1 (20 um; NG-CR72 only) at
37°C for 2 h were loaded with 5 um fura-2 AM and 0.25 mw sulfinpyra-
zone for 30 min. Aliquots of 1-1.5 X 10° cells were suspended in
4-morpholinepropanesulfonic acid (20 mm, pH 7.2)-buffered physiolog-
ical saline solution (PSS) consisting of 140 mm NaCl, 5 mm KCl, 1 mm
MgCl,, 10 mm glucose, 0.25 mm sulfinpyrazone, and 1% bovine serum
albumin. Measurements were run 600—800 s, and Ca>" (5 mm), CtxB (5
pg/ml), and ATP (2 mm) were applied at designated times. [Ca**]; levels
were expressed as the fluorescent ratio between the two excitation wave-
lengths (Rs40,350)- For inhibition studies, cells in suspension were prein-
cubated 15-30 min with the indicated inhibitor (see above) in PSS con-
taining 2 mm Ca®" and replaced in Ca®*-free PSS for [Ca®'];
determination.

The inward current in NG108-15 cells was recorded according to pre-
viously described procedures (Obukhov and Nowycky, 2004, 2005).
Cells that were vehicle transfected or transfected with TRPC5 siRNA
were grown on coverslips for 48 h. They were treated with N'ase for 2 h
and replaced in a solution containing (in mm) 10 HEPES, pH 7.2, 150
NaCl, 1.2 CaCl,, 1 MgCl,, and 10 glucose. Cells were patched with an
electrode filled with an intracellular solution containing (in mm) 20
HEPES, pH 7.2, 135 Cs-methylSO;, 10 CsCl, 1 MgCl,, and 0.5 EGTA.
Whole-cell currents were recorded using an Axopatch 200B integrating
patch-clamp amplifier and the episodic mode of pClamp 9 software.
Data were sampled at 1-5 kHz with a Digidata 1322A 16-bit data acqui-
sition system. Every 3 s, currents recorded at —60 mV were averaged over
1 s intervals, followed by a 150 ms voltage ramp from —100 to +100 mV
to determine the current—voltage relationship.

Immunocytochemistry. Colocalization of GM1 with functionally re-
lated molecules was studied in NG108-15 cells. Cells grown on coverslips
were pretreated with N'ase (0.5 U/ml) in culture at 37°C for 2 h and
subjected to CtxB-FITC (5 ug CtxB/ml) in ice-cold Ca®"-free Hanks’
solution for 15 min. Some were fixed immediately, and others were re-
placed in fresh Hanks’ solution at 37°C for 15 min before fixation. This
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was followed by IC staining with various Abs according to protocols we
used previously (Wu et al., 1998a). Primary Abs included rabbit anti-
TRPCS5 (1:50), rabbit anti-B1 integrin (1:100), hamster anti-a5 integrin
(1:200), mouse PT66 monoclonal anti-phosphorylated tyrosine (1:500),
mouse anti-FAKpy,q, (1:200), and rabbit anti-p85 PI(3)Kpyss (1:200);
corresponding secondary Abs were conjugated with Texas Red. Cells
were observed with a Radiance2100MP two-photon confocal micro-
scope (Bio-Rad, Hercules, CA) with a 60X lens; Z-sections close to the
bottom surface of the cells were photographed. The colocalization index
of each molecule with GM1 was measured in 410 images with Ultra-
View software (PerkinElmer) and expressed as percentage relative to
GM1. Similar colocalization of GM1 and TRPC5 was also performed
with CGNs at 2 and 5 DIV. In addition, CGNs at 3 DIV were stained with
SMI-31 mAb (1:1000) against pNF-H to identify axons (Sternberger and
Sternberger, 1983).

To detect knock-down of TRPCS5 or TRPC6 protein, NG108-15 cells
transfected with or without siRNA were seeded onto coverslips and al-
lowed to grow 1-2 d. After fixation and permeabilization, cells were
incubated overnight with rabbit polyclonal Ab against TRPC5 or TRPC6
(1:100), followed by goat anti-rabbit Ab conjugated with HRP. Cells were
developed with diaminobenzidine/H,0,, dehydrated in alcohol/xylene
gradient, and mounted in Permount (Wu et al., 1995).

Immunoprecipitation and IB. To determine association of GM1 with
TRPC5 or o501 integrin, cells were treated with N'ase (0.5 U/ml) for 2 h.
After washing two times with cold PBS, cells were scraped into cold lysis
buffer consisting of 1% Brij 98, 25 mm HEPES, pH 7.5, 150 mMm NaCl, and
5 mM EDTA plus protease inhibitor mixture (Kawakami et al., 2002).
This was agitated 20 min at 4°C, homogenized well, and centrifuged at
15,000 X g for 10 min. Approximately 100 ul of supernatant containing
~300 pg of protein was precleared with 50 ul of agarose beads for 2 h at
4°C. After brief centrifugation at 1300 X g for 5 min, the supernatant was
transferred to a fresh vial and incubated with primary Ab overnight at
4°C, followed by the addition of 30 ul of protein A—agarose beads at room
temperature for 3 h. After centrifugation at 1300 X g for 5 min, bead
sediment was washed two times with cold PBS and boiled in 50 ul of
sample buffer. Precipitation using protein A—agarose beads alone was
done in parallel as a negative control. Precipitates were separated by
SDS-PAGE with a 7% nonreducing gel and electrophoretically trans-
ferred to polyvinylidene difluoride membrane. Blotting was performed
with CtxB—HRP (1 ug CtxB/ml) or primary Ab followed by secondary Ab
conjugated to HRP as described previously (Xie et al., 2002). The Ab
combinations used for immunoprecipitation (IP)/IB were as follows:
goat anti-TRPC5 (1:100)/rabbit anti-TRPC5 (1:50); hamster anti-a5 in-
tegrin (1:200)/goat anti-B1 integrin (1:250); goat anti-B1 integrin (1:
100)/hamster anti-a5 integrin (1:200) Ab. Blots were visualized on Blue
BIO film using ECL reagent. The precipitates with anti-a5 or - 81 integrin
ADb were also extracted with methanol/chloroform (1:1, v/v) for 1 h at
room temperature for GM1 determination. The lipid extract was evapo-
rated to dryness under nitrogen stream and applied to an HPTLC plate
that was developed in chloroform/methanol/aqueous KCl (2 m) (50:40:
10, v/v/v), followed by N'ase treatment and CtxB-HRP overlay as de-
scribed previously (Wu and Ledeen, 1988). Gangliotetraose bands were
visualized using ECL reagent on film.

To determine activation (tyrosine phosphorylation) of the integrin
signaling pathway after GM1 cross-linking by CtxB, NG108-15 cells
treated with N'ase were reacted with CtxB (5 ug/ml) for 0, 5, 10, and 15
min. Cells were washed two times in PBS and lysed in M-PER mamma-
lian protein extraction reagent containing mixtures of protease and
phosphatase inhibitors at room temperature for 5 min. After centrifuga-
tion at 13,000 X g, supernatant containing ~300 ug of protein was
immunoprecipitated with 50 ul of agarose beads linked with PT66 mAb
against phosphorylated tyrosine and subjected to IB analysis as above.
Abs used for IB included goat anti- 81 integrin (1:250), rabbit anti-PLCy
(1:200), and goat anti-FAK (1:200). In addition, tyrosine phosphoryla-
tion of FAK and PI(3)K was directly detected in the lysate (50—100 ug of
protein separated on a 7% polyacrylamide nonreducing gel) without IP
by using anti-FAKpy;,, (1:100) and anti-p85 PI(3)Kpys,s (1:200) Abs.
Direct IB was also performed to detect TRPC5 protein with goat anti-
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Figure 1. CtxB-induced Ca®™" influx in neuroblastoma cells. After N'ase treatment, NG108-15 and Neuro-2A cells were subjected to [Ca® "], measurement with fura-2 indicator, monitored
ratiometrically (Ryo,55) firstin Ca " -free PSS, followed by addition of Ca 2™ (5 mm) and (txB (5 wg/ml). A, CtxBinduced [Ca > ], elevation in undifferentiated NG108-15 cells but not NG-CR72 cells
(lacking GM1 and not treated with N”ase); bath incubation of NG-CR72 cells with GM1 (20 wum) induced partial response. Neuro-2A cells, which contain GM1 but lack TRPC5, did not respond. B,
Compared with undifferentiated (Undiff.) NG108-15 cells, CtxB induced much smaller [Ca2* ], elevation in differentiated (Diff.) cells. No [Ca*" ], increase occurred in the absence of extracellular

(a®". ¢, Dose-dependent inhibition of CtxB-induced Ca** influx by SK&F96365 in NG108-15 cells. Fach trace in A~Cis an average of three independent runs.

TRPC5 Ab (1:100) in NG108-15 cells treated
with TRPC5-specific siRNA for 48 h.

Results

CtxB-induced Ca*" influx and neurite
initiation are mediated by

TRPC5 channels

[Ca**]; changes resulting from CtxB-
induced cross-linking of GM1 were deter-
mined by fura-2 spectrofluorimetry. Our
previous studies showed that such [Ca*" ]
elevation in undifferentiated NG108-15
cells is greatly enhanced by N'ase pretreat-
ment, because of GM1 elevation in the
plasma membrane (Fang et al, 2000,
2002); hence, N'ase-treated NGI108-15
cells were used in this study. A typical re-
sponse involving elevation of [Ca*"]; after
CtxB application is shown in Figure 1A.
CtxB failed to alter [Ca**]; in NG-CR72
(lacking GM1) and Neuro-2A (lacking
TRPC5) cells; bath incubation of NG-

B

A NG108-15 (Undiff.) NG108-15 (Diff.)

3 4

TRPC

5§

Figure 2.
TRPC6 gene expression; primers of each gene are listed in Table 1. M, Oligonucleotide marker; G, GAPDH; N, negative control
(without template RNA). A, TRPC1, TRPCS, and TRPC6 were detected in undifferentiated (Undiff.) NG108-15 cells. B, In differen-
tiated (Diff.) NG108-15 cells, TRPCS decreased, TRPC6 disappeared, and TRPC1 slightly increased. €, NG-CR72 cells (undifferenti-
ated) showed the same pattern as undifferentiated NG108-15. D, Neuro-2A cells, which failed to respond to CtxB, expressed TRPC3

Gene expression of TRPCisoforms. RNA extracted from indicated cells was subjected to RT-PCR to determine TRPC1—

and TRPC6 but not TRPC5.

CR72 cells with exogenous GM1 resulted
in partial restoration of the signal. CtxB
exerted only a limited effect on differentiated NG108-15 cells.
The fact that CtxB induced virtually no [Ca*"]; elevation in
Ca**-free buffer (Fig. 1B) indicated Ca** influx as the major
contributor to [Ca**]; elevation. Dose-dependent blockage of
the CtxB effect in undifferentiated NG108-15 cells with
SK&F96365, a general inhibitor of TRP channels (Fig. 1C), sug-
gested the functional channel to be of the TRP type. SK&F96365
also inhibited CtxB-induced neurite outgrowth in these cells; af-
ter 48 h treatment with 50 um SK&F96365, neurite-bearing cells
were reduced from 55.4 = 6.1 to 24.3 * 4.1% of total cells, and
with 100 pm SK&F96365 to 15.3 + 4.3% (n = 3; p < 0.01).
Because the TRPC family is expressed in developing neurons,
RT-PCR was performed to identify which of these isoforms is
expressed in undifferentiated NG108-15 cells; these proved to be
TRPC1, TRPC5, and TRPC6 (Fig. 2A). These products were ver-
ified by sequencing, and the BLAST identification numbers based
on these sequences are indicated in Table 1. In contrast, differen-
tiated NG108-15 cells had decreased TRPC5, along with the dis-
appearance of TRPC6 and slight elevation in TRPC1 compared
with the undifferentiated cells (Fig. 2 B). Undifferentiated NG-
CR72 cells showed the same pattern as undifferentiated
NG108-15 cells (Fig. 2C). Neuro-2A cells, which did not respond

to CtxB, expressed TRPC3 and TRPC6 but not TRPC5 (Fig. 2 D).
These RT-PCR products were also verified by sequencing (Table
1). These results point to TRPC5 as the likely channel responsible
for the CtxB effect in undifferentiated NG108-15 cells. Additional
evidence came from IP/IB and IC analyses showing reduction in
the TRPC5 protein after differentiation (see below).

Using the “knock-down” strategy, four different siRNA frag-
ments specific for TRPC5 were transfected into NG108-15 cells to
diminish expression of TRPC5. RT-PCR analysis revealed that
three of these siRNAs (1, 2, and 4) (Table 2) inhibited expression
of TRPC5 mRNA only and one (3) deleted both TRPC1 and
TRPCS5 in cells treated for 48 h (Fig. 3A). This was consistent with
IB and IC evidence showing blocked expression of TRPC5 pro-
tein 48 h after transfection (Fig. 3 B, Ca,Cc). Partial recovery of
TRPC5 expression was found for both protein (Fig. 3Cb) and
mRNA (data not shown) at 72 h after transfection. Using
NG108-15 cells transfected with TRPC5 siRNA for 48 h, CtxB-
induced Ca”" influx determined by fura-2 was essentially elimi-
nated (Fig. 4A). When TRPCS5 currents were measured directly
by whole-cell patch clamping (Fig. 4B) in N'ase-pretreated
NG108-15 cells, CtxB application induced a small inward current
at —60 mV that activated over ~2 min and deactivated very
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Figure 3.

transfected cells were stained with TRPC6 Ab.

Inhibition of TRPC5 expression by siRNA in NG108-15 cells. Four designated TRPC5 siRNA sequences (Table 2) were
transfected into undifferentiated NG108-15 cells; control transfection used TRPC6 siRNA sequences. A, RT-P(R assay 48 h after
transfection. siRNA 1, 2, and 4 sequences knocked down TRPC5 only, whereas siRNA 3 reduced both TRPCS and TRPC1. TRPC6 was
not affected by this siRNA treatment. The designation (—) indicates vehicle transfection. B, Inmunoblot 48 h after transfection
with TRPC5 siRNA 2, showing inhibition of TRPC5 protein synthesis. Cort., Positive control with protein extract from cortical tissue
of a 7-d-old rat pup. €, ICimages in cells transfected with TRPC5 siRNA 2. After 48 h (@) and 72 h (b) treatment, cells were stained
with anti-TRPC5 Ab and HRP-linked secondary Ab. TRPCS expression was inhibited 48 h after transfection and partially recovered
72 h after transfection. Cells treated with vehicle alone (c) expressed TRPC5 in both cytosol and plasma membrane (arrows). D,
NG108-15 cells were treated with TRPC6 siRNA for 48 h and subjected to RT-PCR, showing selective loss of TRPC6 mRNA (a). b, ¢,
TRPC6 siRNA-treated cells were strained with TRPC5 Ab (b) and TRPC6 Ab (c), which verified TRPC6 knock-down. d, Vehicle-
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slowly over several minutes (Fig. 4Ba).
The current—voltage relationship elicited
by voltage ramps from —100 to +100 mV
was strongly outwardly rectifying (Fig.
4 Bb). All inward currents were eliminated
by substitution of NMDG ™ for extracellu-
lar Na™, indicating that the current was
carried by a nonspecific cation channel
(data not shown). The kinetics of activa-
tion and deactivation are reminiscent of
TRPCS5 properties in transfected HEK293
cells (Obukhov and Nowycky, 2004) and
correspond well to the kinetics of the
fura-2 data (Figs. 1, 4A). The current—
voltage relationship resembles previously
published data from both mouse and rat
TRPCS5 at specific stages of the activation—
deactivation cycle (Plant and Schaefer,
2003; Obukhov and Nowycky, 2004,
2005). However, a slight contribution of
TRPC1-TRPC5 heteromers to the -V
shape cannot be excluded (Strubing et al.,
2001; Obukhov and Nowycky, 2005). The
inward current was significantly reduced
in cells transfected with TRPC5 siRNA
(Fig. 4Bc,Bd). TRPC5 knock-down after
24 h also inhibited neurite outgrowth in-
duced by CtxB in N'ase-treated cells, as
seen for siRNA #1 and #2 (Fig. 4Cb,Cc).
The percentage of neurite-bearing cells
was significantly reduced after treatment
with each of the four siRNAs (Fig. 4Ce).
This was in contrast to neurite outgrowth
induced by KCl/db-cAMP that promoted
Ca®" influx through L-type voltage-
operated Ca>" channels and was not signif-
icantly affected by siRNA (Fig. 4Cd). On the
other hand, NG108-15 cells transfected with
TRPC6 siRNA, which showed loss of
TRPC6 but not TRPC5 expression (Fig.
3D), showed no inhibition of CtxB-induced
Ca”” influx (Fig. 4A) or neurite outgrowth
(neurite-bearing cells, 44.2 *= 4.7% vs
vehicle-transfected cells, 45.4 = 6.7%).

These results demonstrate that neurito-
genesis induced by CtxB/GM1 interaction
was mediated by Ca’*" influx through
TRPC5 channels. The crucial role of GM1
was illustrated with NG-CR72 cells that lack
GM1 and other a-series gangliosides (Wu et
al., 2001) and did not respond to CtxB with
Ca*" uptake (Fig. 1A), although these mu-
tant cells possess the same TRPC isoforms as
NG108-15 cells (Fig. 2C). As indicated
above, supplementation of NG-CR72 cells
with exogenous GM1 resulted in partial res-
toration of CtxB-promoted [Ca”*]; eleva-
tion (Fig. 1A).

Membrane association of GM1 with
51 integrin but not TRPC5

To determine whether GM1 in the plasma
membrane associates directly with
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TRPC5, IP/IB was performed with anti- A
TRPC5 Ab in N'ase-pretreated NG108-15
cells. GM1 did not coprecipitate (Fig. 5A4),
indicating absence of such association. 20
This was supported by confocal IC analy- 1.8
sis (see below). Parallel IP/IB analyses g
were performed with anti-a5 and anti- 31 E
integrin. These showed that in addition to &
its partner isoform (Fig. 5Ba), both
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anti-a5 and anti-B1 Abs coprecipitated
GML1, as seen in migration of the latter
with the SDS-PAGE solvent front (Fig.
5Bb). This was confirmed by HPTLC after
extraction of GM1 (along with other lip-
ids) from the immunoprecipitates with
chloroform-methanol (Fig. 5C). The spe-
cific HPTLC overlay method using CtxB
(Wu and Ledeen, 1988) applied to these
lipid extracts permitted clear identifica-
tion of GM1.

Confocal IC analysis applied to
NG108-15 cells in culture also suggested
non-association of GM1 with TRPC5.
Both before and after GM1 cross-linking
by CtxB (4°Cvs 37°C), GM1 was primarily
in the plasma membrane, including what
appeared to be regions of incipient sprout-
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ing (Fig. 6a,a’), whereas TRPC5 was
mainly in the cytosol with some expres-
sion in plasma membrane (Fig. 6b,b"). The
latter showed a modest increase after GM 1
cross-linking but did not appear to coin-
cide with GM1. With regard to integrin,
cross-linking enhanced colocalization of
both a5 (Fig. 6e,e’) and B1 (Fig. 6h,h")
with GMI in the plasma membrane. Co-
localization indices before and after GM 1
cross-linking were as follows: a5 integrin,
74.3 and 78.6%; B1 integrin, 75.2 and
86.7% (Table 3). These results demon-
strate membrane association of GM1 with
a5B1 integrin.

Figure 4. Suppression of CtxB-induced Ca>™ influx and neuritogenesis by TRPC5 knock-down. Undifferentiated NG108-15
cells were transfected with siRNA targeting TRPCS or TRPC6 as a control; some cells were transfected with vehicle alone. 4, Cells
were treated with N'ase, and [Ca 2Jr]i changes were determined at 48 h after transfection, as described in Figure 1. (txB-induced
Ca®" influx was nearly totally inhibited by all four TRPCS siRNAs but unaffected by TRPC6 siRNA. B, Whole-cell current recordings
at 48 h after transfection. Cells were treated with N"ase, and inward currents were recorded with a membrane potential held at
—60 mV. a, Typical traces induced by CtxB (5 wg/ml) in vehicle-transfected cells. Traces resemble the slow deactivation (or
inactivation) lasting =1 min and asymmetrical current—voltage relationships of TRPC5 channels recorded in overexpression
systems (Obukhov and Nowycky, 2004). b, Two current traces elicited by rapid voltage ramps from —100 to + 100 mV taken at
times indicated in a. The inward current recorded in TRPCS siRNA-transfected cells is shown in ¢. d, Average values (= SEM; n =
5) of peak current activated by (txB, in which data are normalized to the surface area of the cells and averaged; the currentin TRPCS
siRNA-treated cells was significantly suppressed ( p << 0.05, two-tailed Student’s ¢ test). €, Neuritogenic assay. After 24 h TRPC5
siRNA treatment, cells were reseeded and treated with N ase/CtxB (a— ¢) or KCI/db-cAMP (d) for another 24 or 48 h. b, ¢, Blockade
of CtxB-induced neurite outgrowth by siRNA 1and 2 compared with vehicle-transfected cells (a). The same siRNA 2 treatment did
not affect KCl/db-cAMP-induced neuritogenesis (d). e, Quantification of CtxB-induced neurite outgrowth in the absence and
presence of all four TRPC5 siRNAs. Data are averages (= SD) of three independent experiments; *p << 0.001 versus CtxB untreated;
*p < 0.05 and **p < 0.01 versus CtxB-treated, siRNA untreated cells (2-tailed Student’s ¢ test).

Activation of integrin signaling cascade by CtxB

To determine whether CtxB activation of TRPC5 channels pro-
ceeds via integrin-controlled signaling, we focused on activation
of an integrin-coupled nonreceptor tyrosine kinase, FAK, and its
downstream effectors. NG108-15 cells were subjected to IP with
PT66 mAb against phosphotyrosine, and IB analysis was per-
formed using Abs to FAK, PLCY, and 1 integrin. This revealed a
significant increase in tyrosine phosphorylation in FAK and
PLCy and a less pronounced increase in 31 integrin phosphory-
lation after 10—15 min exposure to CtxB (Fig. 7A). Direct IB
analysis using site-specific phosphorylation Abs demonstrated
that both FAKpy;,, and p85 PI(3)Kpys,s were significantly in-
creased after 10—15 min of CtxB treatment (Fig. 7B). This was
supported by IC confocal images showing tyrosine phosphoryla-
tion (Fig. 7C, top row) and, more specifically, tyrosine of
FAKpys;o, (Fig. 7C, middle row) and p85 PI(3)Kpys,s (Fig. 7C,
bottom row); the latter two were recruited to the same membrane
regions in which GM1 aggregated (colocalization indices, ~
80%) (Table 3). Because these experiments were performed in

the absence of extracellular Ca>", activation of integrin signaling
appeared to precede Ca** influx through TRPC5 channels.

To determine whether PLCy, PI(3)K, and protein tyrosine
kinase were involved in activation of TRPC5 channels leading
to neurite outgrowth, pharmacological blockers for tyrosine
kinase (genistein), PLC (U73122), and PI(3)K (wortmannin,
LY294002) were used. These widely used inhibitors were re-
ported to show specificity for the indicated reactions
(Akiyama et al., 1987; Bleasdale et al., 1990; Powis et al., 1994;
Vlahos et al., 1994; Laurino et al., 2005; Li et al., 2005; Jia et al.,
2007). In some cases, ATP, known to activate TRPC5 channels
via PLC through stimulation of G-protein-controlled signal-
ing (Shimizu et al., 2006), was also applied subsequent to
CtxB. Genistein at 100 uMm or U73122 at 1 uM inhibited both
CtxB- and ATP-stimulated [Ca®*]; responses (Fig. 8Aa).
CtxB-induced [Ca’"]; elevation was also effectively blocked
by PI(3)K inhibitors wortmannin (at 2.5 uM) and LY294002
(at 3 um) (Fig. 8 Ab). Significantly, CtxB-induced neuritogen-
esis was also effectively blocked by these inhibitors at the same
doses (Fig. 8 B); U73343, an inactive analog of U73122, pro-
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Figure 5.  Coimmunoprecipitation of GM1 with 531 integrin but not TRPC5. A, N"ase-treated undifferentiated (Undiff.) and differentiated (Diff.) NG108-15 cells were lysed in 1% Brij 98 and

precipitated with rabbit anti-TRPC5 Ab plus protein A—agarose beads. a, b, B was performed with goat anti-TRPC5 Ab plus secondary Ab linked with HRP (a) or CtxB—HRP (b). Consistent with the
RT-PCR result (Fig. 2), TRPC5 expressed in undifferentiated cells was depressed after differentiation. CtxB—HRP blot failed to detect coprecipitation of GM1 with TRPC5. B, The above lysate from
undifferentiated cells was subjected to IP with anti- 31 or anti- 5 integrin Ab and IB with Ab against partner integrin plus HRP-linked secondary Ab (a) or CtxB—HRP (b). The latter blot showed GM1
in the migration front (arrow), indicating coprecipitation of GM1 with both integrins. Bands at ~250 kDa in Ba represent 531 dimers. C, The precipitates were also extracted with chloroform/
methanol (1:1, v/v), and the extracts were subjected to HTPLC and reaction with CtxB—HRP after N"ase treatment on the plate (Wu and Ledeen, 1988). PM, Lipids from the plasma membrane of
NG108-15 cells; BBG, bovine brain gangliosides mixture; none, IP with beads alone. These results provide evidence for GM1 association with o531 integrin but not TRPC5.
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Figure6. Colocalization of GM1with 531 integrin. Undifferentiated NG108-15 cells treated with N’ ase were incubated with CtxB—FITC (5 g B unit/ml) in Ca " -free buffer (4°C) for 15 min.
One portion was fixed with paraformaldehyde, and another was incubated in the same buffer at 37°C for an additional 15 min to cross-link GM1, followed by fixation. Cells were stained with Ab
against TRPCS, a5 integrin, or 31 integrin plus secondary Ab linked to Texas Red. Confocal images showed localization of GM1 in the plasma membrane at 4°C (a, d, ), which was enhanced at that
locus with suggested sprouting after cross-linking at 37°C (a’, d’, g"). b, b’, TRPC5 was expressed throughout the cell body with a small portion in the plasma membrane. TRPCS distribution
appeared distinct from GM1. In contrast, «5 integrin (e vs e”) and 31 integrin (h vs h") were recruited into same membrane regions as GM1 after cross-linking.

duced no inhibition. These results support a sequence begin-
ning with activation of a581 integrin by cross-linking of
integrin-associated GM1, followed by activation of FAK and
downstream PLCy and PI(3)K, leading to opening of TRPC5
channels. The resulting elevation of [Ca®*]; is seen as trigger-
ing neurite outgrowth, previously shown to be axonogenic in
nature (Wu et al., 1998a).

Acceleration of axon outgrowth in primary CGNs by cross-
linking of GM1

Our previous study of CGNs in primary culture showed a neuro-
trophic effect of CtxB leading to enhanced survival related to
[Ca**]; elevation (Wu et al., 1996). In keeping with a previous
study (Carlson et al., 1994), this was initially viewed as reflecting
Ca** influx through L-type channels. However, this interpreta-
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tion was subsequently modified when channel activity of this type
in other cells was shown to be voltage independent (Fang et al.,
2002). The present results extend this conclusion by indicating
TRPCS as the operative channel. In the present study, 1 d after
seeding CGNs (2 DIV), before process outgrowth, GM1 was con-
centrated in the plasma membrane (Fig. 9a), and TRPC5 was
dispersed throughout the cell body (Fig. 9b). TRPC5 localization
changed radically after initiation of process outgrowth (5 DIV),
expression now occurring only in developing neurites (Fig. 9d).
At that time, GM1 continued to show strong expression in the
plasma membrane of soma and processes (Fig. 9¢). Similar devel-
opmental change of TRPC5 involving depletion of that protein
from the soma was seen in NG108-15 cells differentiated with

Wu et al. @ TRPC5 Channels Are Activated by Cross-Linking of GM1

Table 3. Colocalization of TRPC5, o531 integrin, and related signaling molecules
with GM1in NG108-15 cells

Percentage relative to GM1

Before cross-linking After cross-linking

TRPC5 9.7 = 1.5(4) 172 +23(7)
o5 integrin 743 =49 (6) 78.6 = 5.6 (10)
1 integrin 752 =94 (4) 86.7 = 6.2 (10)
Phosphotyrosine 38.0 = 4.2 (5) 79.7 £69(7)
FAKpYsq7 48.5 = 9.4 (6) 83.0 £6.2(6)
P85 PI3)Kpysq 31.0 £ 6.9 (5) 80.1 = 6.0 (5)

Cells were doubly stained with CtxB—FITC and indicated Abs plus secondary Abs conjugated with Texas Red, and
confocal images were taken as described in Figures 6 and 7. Immunocolocalization was analyzed with UltraView,
taking the GM1-positive region as 100%. Data are the average (== SEM) from the image number in parentheses.

KCl/db-cAMP (Fig. 9f,h), whereas GM 1 was elevated in both loci

(Fig. 9¢,9).

We next focused on CGN cultures 48 h
after seeding (3 DIV), the period of initial
neuritogenesis when TRPC5 channel ac-
tivity appeared most active. This showed
enhanced process outgrowth in the pres-
ence of CtxB (Fig. 10 Aa,Ab,Ba) in normal
CGNs, and neurite length increased from
199 £ 610292 = 7 um (mean * SEM; p <
0.05). In contrast, neurite outgrowth in
similar cultures from ganglio-series null
mice lacking GM1 was significantly de-
layed and not affected by CtxB (Fig.
10Ac,Ad,Bd); neurite lengths were 132 =
4and 149 = 5 um in the absence and pres-
ence of CtxB, respectively ( p < 0.05 and
0.01 compared with normal CGNs with
the same treatment). That the processes
promoted by CtxB were axonal in charac-
ter was shown by IC with SMI-31 mAb
against pNF-H protein (Sternberger and
Sternberger, 1983) (Fig. 10Af). Such
CtxB-induced and even “spontaneous”
axonogenesis was effectively inhibited by
siRNA to TRPC5 (Fig. 10Ae,Ag,Bb). Ax-
onal outgrowth was also significantly in-
hibited by SK&F96365 (Fig. 10 Bb), a rela-
tively nonspecific inhibitor of TRP
channels (Li et al., 1999), as well as wort-
mannin and U73122 (Fig. 10Bc) com-
pared with untreated CGNs (Fig. 10 Ba).
Neurite lengths achieved with these vari-
ous treatments are summarized in Figure
10 Be. The finding that TRPC5 siRNA in-
hibited spontaneous axon outgrowth in
normal CGNs (Fig. 10Be) suggests the
presence of an endogenous GM1-binding
agent analogous to CtxB that promotes
axonogenesis.

Discussion

The early finding that GM1 cross-linking
agents such as CtxB induced Ca*" influx
in certain cell lines (Dixon et al., 1987;
Buckley et al., 1990; Guoy et al.,, 1994)
commanded interest when it was found
that such elevation of [Ca**], in neuro-
blastoma cells resulted in prolific process
outgrowth (Masco et al., 1991; Fang et al.,
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Figure 7.  Activation of FAK, PLCy, and PI(3)K and colocalization with GM1. A, IP/IB evidence. N"ase-treated NG108-15 cells
were reacted with CtxB for up to 15 min, and proteins were extracted with M-PER reagent. IP was performed with mouse
anti-phosphotyrosine PT66 mAb linked to agarose bead and IB with Ab against 31 integrin (a), PLCy (b), and FAK (), showing an
increase in tyrosine phosphorylation in these proteins over time. B, Direct IB evidence. The above lysate was directly blotted
(without IP) after SDS-PAGE and electrophoretic transfer, with phospho-specific Ab against FAKpy,,; (a) and P85 PI(3)Kpysos (b),
showing an increase over time after GM1 cross-linking. €, Colocalization of tyrosine-phosphorylated proteins, FAKpy,,,, and p85
PI(3)Kpysos With GM1. NG108-15 cells were treated with CtxB—FITC in Ca* -free buffer as described in Figure 6, and IC was
performed with Ab against phosphotyrosine (top), FAKpy;, (middle), and P85 PI(3)Klpysos (bottom) plus secondary Ab linked to
Texas Red. These confocal images show a significant increase in membrane levels of the tyrosine-phosphorylated proteins that
colocalized with GM1 after CtxB-induced cross-linking.
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Figure 8.  Blockade of CtxB activities by inhibitors of signaling reactions. 4, Ca** influx. N'ase-treated NG108-15 cells were
incubated with indicated inhibitors and subjected to [Ca”]i measurement. In a, ATP (2 mm) was applied after CtxB (5 wg/ml),
showing that tyrosine kinase inhibitor genistein (100 tm) and PLCinhibitor U73122 (1 um) inhibited Ca* influxinduced by both
agents. b, PI3)K inhibitors, wortmannin (2.5 wm) and LY294002 (3 wm), also suppressed CtxB reaction. B, Neuritogenesis.
NG108-15 cells were stimulated with N"ase plus CtxB for 48 h in the presence or absence of the indicated inhibitor at the same
concentration as above; U73343, an inactive analog of U73122, was also used. Quantification results in e show that all reagents,
except U73343, inhibited neurite formation stimulated by CtxB. Data are averages (== SD) of three independent experiments (n =
3). #p <C0.001 versus CtxB-untreated (control) cells; *p << 0.01 versus cells treated with CtxB alone (2-tailed Student’s ¢ test).
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Figure9.  Expression of GM1and TRPC5 in primary CGNsand NG108-15 cells. a— d, CGNs grown 2and 5 DIV were costained with

(txB—FITC(a, ¢) and anti-TRPC5 Ab, followed by a secondary Ab linked to Texas Red (b, d). e~ h, NG108-15 cells (NG) were grown
6 d in differentiating medium with KCl/db-cAMP and similarly stained with CtxB—FITC (e, g) and anti-TRPC5 (f, h). TRPCS in less
differentiated CGN (b) and NG108-15 (f) cells was localized primarily in the cell body, whereas in more differentiated cells (d, h),
TRPC5 was depleted in cell body and localized in processes. GM1 was expressed in soma and processes and became stronger at the
later stage.

2000). Physiological relevance was further suggested by the fact
that CtxB induced [Ca*"]; elevation in primary cultures of dorsal
root ganglia neurons with alteration of neurite morphology (Mi-
lani et al., 1992) and in CGN cultures with enhancement of cell
survival (Wu et al.,, 1996). Anti-GM1 Abs of the cross-linking
IgM type were shown to induce similar Ca** changes (Quattrini
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etal.,2001) and neurite outgrowth in neu-
roblastoma cells (O’Hanlon et al., 2003).
Efforts were subsequently undertaken
to elucidate the channel type and mecha-
nism mediating Ca’*" influx by this
means. The fact that CtxB induced little or
no Ca?" influx in certain cells, such as
Neuro-2A (Fig. 1A) (Fang et al., 2000) or
NG108-15 cells after differentiation (Fang
et al.,, 2002) (Fig. 1B) argued against a
nonspecific membrane phenomenon as in
bilayer models (Krasilnikov et al., 1991).
The proposal that CtxB induced Ca*" in-
flux through L-type Ca®" channels, with
GM1 functioning as the constitutive neg-
ative modulator (Carlson et al., 1994), was
later questioned by the finding that the
channel functioned in a voltage-
independent manner (Fang et al., 2002).
This was consistent with a previous report
that CtxB-induced elevation of [Ca®"]; in
dorsal root ganglia neurons was not inhib-
ited by L-type Ca*™ channel blockers (Mi-
lani et al., 1992). The present study indi-
cates the relevant channel is TRPC5, a
member of the canonical subfamily be-
longing to the TRP superfamily of signal-
transduction-gated ion channels first dis-
covered in Drosophila (Montell et al.,
1985). Mammals contain >20 TRP chan-
nel isoforms, each structured with six-
transmembrane domains that are thought
to assemble into tetramers to form nonse-
lective ion channels that allow passage of
Ca*" and other cations (Clapham et al.,
2001). TRPC5 has sequence homology
with TRPC1 and TRPC4 and is expressed
in mammalian brain, where it forms ho-
momeric and heteromeric channels with
these two isoforms (Strubing et al., 2001).
A principal finding of the present study
is the regulatory role of GM1 ganglioside,
which, when cross-linked by CtxB, trig-
gers a signaling cascade that culminates in
TRPC5 channel opening. The resulting
Ca** influx results in neurite initiation in
its earliest stage. A key result linking these
events was inhibition of both Ca** influx
and neuritogenesis by TRPC5-specific
siRNA. Our finding of abundant TRPC5
in the soma of primary neurons and neu-
roblastoma cells at an early stage of differ-
entiation (Figs. 6, 9) parallels that of Bez-
zerides et al. (2004) and Greka et al.
(2003), but whereas those studies revealed
TRPCS5 in vesicles undergoing transport
to newly forming growth cones and syn-

apses, the present study focused on TRPC5 in the soma mem-
brane, the function of which is to initiate the early stage of neurite
sprouting. These processes, although involving the same ion
channel, represent distinct stages of differentiation and are likely
subject to different signaling and regulatory mechanisms. Addi-
tional functional diversity can arise from TRPC5 forming not
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only homomers but also heteromeric
structures with TRPC1 or TRPC4, as dem-
onstrated in embryonic brain (Strubing et
al., 2001, 2003). It was noteworthy that
TRPC5 expression in the soma declined
sharply as differentiation progressed in
both NG108-15 cells (Figs. 2B, 5Aa, 9) and
CGNs (Fig. 9), in parallel with the decreas-
ing ability of CtxB to elevate [Ca’"]; in
these cells (Fig. 1 B) (Wu et al., 1996). The
results of the present study also showed
that GM1 is not directly associated with
TRPC5 but rather with a581 integrin het-
erodimer, which, as a result of co-cross- B
linking, caused autophosphorylation of
associated FAK and activation of subse-
quent signaling.

Akey element in the opening of TRPC5
channels of NG108-15 cells was pretreat-
ment with N'ase, an enzyme that converts
oligosialo-gangliosides to GM1 (Ledeen,
1989). This elevates the normally low level
of GM1 on the surface of undifferentiated
NG108-15 cells, thereby facilitating co-
cross-linking with integrin. A similar pro-
cess appears to occur naturally in primary
neurons, as revealed in the existence of a
ganglioside-specific N'ase (sialidase) in
the hippocampus at an early developmen- - i T
tal stage that promotes axonogenesis and um
is downregulated in adulthood (Rodri-
guez etal., 2001; Da Silva etal., 2005). This
type of ganglioside-specific N'ase has been
observed in other neural cell loci (Hase-
gawa et al., 2000; Monti et al., 2000).

The pivotal role of integrin o581 in ini-
tiating the signaling cascade through
cross-linking, a process dependent, in this
case, on association with GM1, supports
the idea that integrin clustering is neces-
sary, and often sufficient, for activation of the crucial enzyme
FAK through tyrosine phosphorylation (Rodriguez-Fernandez,
1999). Integrins are often aggregated in transmembrane com-
plexes known as focal contacts, structures that are highly en-
riched in cytoskeletal proteins and signaling molecules (includ-
ing FAK) (Clark and Brugge, 1995). FAK activation is generally
initiated with autophosphorylation at Tyr 397, as was the case
here (Fig. 7). This resulted in assembly of a multicomponent
signaling complex that included PLCvy and PI(3)K (and possibly
additional proteins). TRPC5 channels are described as generally
responsive to signals mediated by PLC (Desai and Clapham,
2005), which is consistent with our finding that Ca** influx and
neurite outgrowth were blocked by U73122; similar blockade by
wortmannin and LY294002 confirmed participation by PI(3)K
(Figs. 8, 10). Although FAK has been closely associated with such
cellular functions as migration and cell spreading, it is known to
have many additional roles such as control of apoptosis and cell-
cycle reactions (Schlaepfer and Hunter, 1998). Importantly, FAK
was shown to regulate neurite formation through interaction
with integrin and growth factor receptors (Ivankovic-Dikic et al.,
2000).

Parallel results were obtained in this study with NG108-15
cells and CGN in primary culture. A previous report demon-

Figure 10.
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strated CtxB-induced elevation of [Ca®™]; in cultured CGN up to
the first 7 DIV, after which the phenomenon reversed and CtxB
reduced [Ca*"]; (Wu et al., 1996). Although the first phase likely
represented the same CtxB/TRPC5-mediated events depicted
here, the mechanism of the second phase is not known. The
present study, in addition to demonstrating coexpression of
TRPC5 and GM1 in the CGN at 2 DIV (Fig. 9), showed acceler-
ated neuritogenesis with CtxB and inhibition of this effect by the
same factors that blocked neuritogenesis in NG108-15 cells (e.g.,
TRPC5 siRNA, SK&F96365, U73122, and wortmannin) (Fig. 10).
The fact that neuritogenesis occurs in ganglio-series null mice,
albeit at a retarded rate, likely indicates an alternate parallel path-
way(s) for neurite initiation. As mentioned, the observation that
TRPCS5 rapidly disappeared from the soma after neurite initia-
tion (Fig. 9) does not preclude a continuing (but likely different)
role for this channel in other parts of the neuron at later stages of
development. The resultant effects of Ca*" on neurite behavior
and axon/growth cone activity are known to vary significantly
depending on mode and topography of stimulation (Henley and
Poo, 2004).

Many studies by many laboratories over the years have impli-
cated gangliosides in general and GM1 in particular as trophic
agents that influence neuronal differentiation and function (Ha-
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komori and Igarashi, 1993; Ledeen et al., 1998; Yates and Ramp-
ersaud, 1998; Mocchetti, 2005). Some experiments suggested
Ca** modulation as a crucial element in some of these systems
(Wu and Ledeen, 1994; Ledeen and Wu, 2002; Wu et al., 2005),
an idea supported by the example of GM1 potentiating a Na */
Ca** exchanger in the nuclear membrane (Xie et al., 2002). Ad-
ditional examples are known in which GM1 asserts its modula-
tory action through direct association with a membrane protein,
as with the 8-opioid receptor (Wu et al., 1997, 1998b) and the Trk
protein (Mutoh et al., 2002). The present study depicts a different
kind of modulatory effect in which GM1 associates with an up-
stream integrin dimer in the plasma membrane and effects chan-
nel opening through signaling initiated by cross-linking of the
GM1/integrin complex. The amphiphilic properties of GM1, to-
gether with its negative charge on sialic acid that is resistant to
N'ase, render it an extremely versatile molecule capable of inter-
acting with a variety of proteins through hydrophobic, hydro-
philic, and electrostatic associations.

In summary, this study has revealed a new regulatory mecha-
nism for TRPC5 channels and clarified a long-standing mystery
concerning CtxB-induced Ca** influx. In view of the ability of
CtxB to inhibit neurite outgrowth in some systems, such as
Neuro-2A cells (Fang et al., 2000), one can speculate that GM1
cross-linking may activate other forms of signaling in a manner
that limits neuritogenesis, perhaps in those cells (e.g., interneu-
rons, amacrine cells) destined to develop limited or no axons.
Further speculation concerns the identity of the natural agonist
that induces GM1 cross-linking. In that regard, it seems worth
considering the large family of galectins, some of which have been
shown to bind and even cross-link membrane-bound ganglio-
sides and which are known to occur in the nervous system
(Gabius et al., 2002). Whether or not such molecules have an
active role in neurite initiation is a subject for future study.
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