Schwann cell lines of disease models

mice (NfI"™IFer/ 517 were obtained from the Jackson
Laboratory (Bar Harbor, ME, USA). Breeding pairs of
C57BL/6 heterozygous PO-deficient mice (P0+~-)18 were
provided by Professor Melitta Schachner, University of
Hamburg. The genotypes of these animals were deter-
mined by PCR analysis using DNA extracted from mouse
tails as described in the following section. Primary
cultures of dorsal root ganglia (DRG) and adjacent
peripheral nerves collected from 9-week-old NPC
mice (npc® /npd*, npc"t4), 21-35-week-old PO-
deficient mice (PO-/~, P0+/-) as well as their wild-type
littermates (P0+/+), and 11-week-old heterozygous NFI-
deficient mice (Nf179/+) were prepared as described.!04319
Cells were resuspended in feeding medium consisted of
5% FCS (Moregate, Melbourne, Vic., Australia), 50 units/
mL penicillin and 50 pg/mL streptomycin in Iscove’s mod-
ified Dulbecco’s minimum essential medium (Invitrogen,
Carlsbad, CA, USA), seeded on plastic dishes (Iwaki,
Tokyo, Japan) and maintained in 5% CO, at 37°C. After
repeated treatment with mouse monoclonal antibody to
mouse Thy-1.2 and rabbit complement to eliminate fibro-
blasts,'>1° the cultures were fed twice a week and passaged
once in 4-6 weeks. After 6-8 months in culture, spontane-
ously emerging colonies were isolated using cloning rings
and expanded further. For immunofluorescence and elec-
tron microscopy, cells were seeded on poly L-lysine-coated
9-mm ACLAR round coverslips (Allied Fibers and Plas-
tics, Pottsville, PA, USA) at a density of 1-2x10*cells per
coverslip. Spontaneously immortalized Schwann cells
established from wild-type adult mouse, IMS32,10 were
seeded on dishes and coverslips and maintained in the
same medium.

Cytological analysis

For indirect immunofluorescence for S100, laminin,
p75NTR NG2 chondroitin sulfate proteoglycan, and
GFAP, cells on coverslips were fixed with 4% paraformal-
dehyde in PBS and post-fixed with methanol as
described.! After washings, cells were incubated for 1h
at room temperature with rabbit antibodies to S100
(Dako, Denmark), laminin (Sigma, St Louis, MO, USA),
p75NTR (Promega, Madison, WI, USA), NG2 (Chemicon,
Temecula, CA, USA), and GFAP (Dako) at dilutions of
1:100. This was followed by incubation for 1h at room
temperature with FITC-conjugated goat antirabbit IgG
(Cappel, ICN Pharmaceuticals, Aurora, OH, USA) at a
dilution of 1:100. For double labeling of intracellular
unesterified cholesterol and GM2 ganglioside, cells on
coverslips were fixed in 4% formaldehyde, washed in PBS
and incubated in 50pg/mL filipin (Sigma) in PBS as
described.’® After washing in PBS, cells were incubated
with mouse monoclonal antibody to GM2 ganglioside?
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and rhodamine-conjugated goat antimouse IgM (Cappel)
as described.® To examine the efflux of cationic dye
acriflavine from the endosomal/lysosomal compartment,
living cells on coverslips were incubated with 10pg/mL
of acriflavine (Sigma), washed thoroughly, incubated in
feeding medium and fixed in 4% formaldehyde in PBS as
described.’® Coverslips were mounted on glass slides with
20% glycerol/10% polyvinyl alcohol in 0.1 mol/L Tris-HCI
buffer, pH 8.0, and examined under an Olympus AX80TR
microscope equipped with ultraviolet, fluorescein and
rhodamine optics. For electron microscopic analysis, cells
on coverslips were fixed in 1% glutaraldehyde in PBS,
post-fixed in 1% osmium tetroxide and processed as
described.’® Ultrathin sections stained with uranyl ace-
tate and lead citrate were examined under a Hitachi
H9000 electron microscope.

Polymerase chain reaction

For PCR analysis of NPCI, PO and NFI genes, genomic
DNA was isolated from mouse tails and cuitured cells
using G NOMEP (Bio 101, Vista, CA, USA) according to
the manufacturer’s instruction. Oligonucleotide primers
(Invitrogen) were used to amplify sequences containing
genome mutations: NPCI?' (mp25-8F, 5-GGTGCTG
GACAGCCAAGT-3"; mp25-INTR3, 5-GATGGTCTGT
TCTCCCATG-3); P0'® (POexlF, 5-TCTCCATTGCA
CATGCCAGGC-3; POex1R, 5-ACTCAGTGGCTTCA
CTTACCC-3; pMClneopAF, 5-TCATCTCACCTTGC
TCCTGC-3"; pMClneopAR, 5-TATGTCCTGATAGCG
GTCCG-3"); NF17 (NF3la, 5-GTATTGAATTGAAG
CACCTTTGTTTGG-3"; NF31b, 5-CTGCCCAAGGCT
CCCCCAG-3; NeoTkp, GCGTGTTCGAATTCGCCA
ATG-3"). The PCR amplification program consisted of
denaturation at 95°C for 1min, annealing at 60°C for
1min, and extension at 72°C for 1 min for 35cycles.

For reverse transcription followed by PCR (RT-PCR),
total RNA was isolated from cultured cells using RNA-
zol™ B (Tel-Test, Friendswood, TX, USA) according to
the manufacturer’s instruction. First strand cDNA was
synthesized from total RNA using random primer and
Superscript II reverse transcriptase (Invitrogen). Oligonu-
cleotide primers (Invitrogen) for PCR were designed to
amplify cDNA for (i) Schwann cell-associated molecules:
$100, p75NTR, L1, PO, peripheral myelin protein-22 (PMP-
22), growth associated protein-43 (GAP-43), uridine
diphosphate (UDP)-galactose ceramide galactosyltrans-
ferase (CGT), and myelin and lymphocyte protein (MAL/
MVP17/VIP17); (ii) transcription factors: Pax3, Krox-20
(Egr-2), suppressed cyclic adenosine monophosphate-
inducible POU (SCIP; Oct-6/Tst-1), Sox10, mammalian
achaete-scute homolog (MASH)1, Egr-1 (Krox-24), c-Jun,
cyclic adenosine monophosphate responsive element-
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binding protein (CREB), and nuclear factor (NF)xB; and
(iii) neurotrophic factors: NGF, BDNF, neurotrophin-3
(NT3), ciliary neurotrophic factor (CNTF), glial cell line-
derived neurotrophic factor (GDNF), TGF -81, -2 and
-B3, and VEGTF, as listed in Table 12236 and described else-
where.!%13 Primers for RT-PCR of NPCI mRNA have also
been described.® The PCR amplification program con-
sisted of denaturation at 95°C for 1 min, annealing at 55°C
for 1.5 min, and extension at 72°C for 1.5 min for 35 cycles.
In case of SCIP and MASHI! amplification, PCRx
Enhancer Solution (Invitrogen) was added to the reaction
mixtures according to the manufacturer’s instruction.
Samples from non-reverse transcriptase-treated RNA
were processed for PCR using the same sets of primers
to exclude contaminating genomic DNA as a source of
amplified products. The PCR products were subjected to
electrophoresis on a 1.5% agarose gel stained with ethid-
ium bromide. To confirm the sequence identity of the

Table1 Primer sequences used for PCR amplificationt
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amplified products, the PCR fragments were subcloned
into pCRII vector (Invitrogen) and sequenced by a model
373A sequencer and the dye terminator cycle sequencing
kit (Perkin-Elmer, Foster City, CA, USA). et

Western blot analysis

Total cell lysates of confluent Schwann cell cultures were
prepared as described, electrophoresed-on 4-20% gradi-
ent SDS/polyacrylamide gels under reduced conditions
and transferred to polyvmylnden difiouride (PVDF)
membrane (Atto, Tokyo, Japan) .The blotted membrane
was blocked with 3% skim milk and incubated overnight
with rabbit anti-NPCL: armb(ady37 (1:1000) or rabbit
antineurofibromin antlbody (NF1IGRP (D), 1:200; Santa
Cruz), followed by 1ncubat10ns with biotinylated antirabbit
IgG (1:1000; Vector, Burhngame, CA, USA) and strepta-
vidin-alkaline -phosphatase (1:1,000, Invitrogen). Reac-

Primers Sequence (position) Base pairs Ref. no.
(bp) (GenBank accession numbers)
S100 5-TGGTTGCCCTCATTGATGTC-3" (23-42) . 247 22
5. TCAAAGAACTCATGGCAGGC-¥ (269—250) (NM009115)
CGT 5-AGTGACGCGTCTTTGGAATA-3' (280-299) 653 23
5-CTCCTACTTCAGCAGGATAC-3 (933-914) (X92122)
MAL 5’-ACCTCCCCTGACTTGCTCTT-3 (99-118 416 24
(Y07626)
Pax-3 438 25
(X59358)
Krox-20 471 26
(X06746)
SCIp _ 306 27
5’-GCTTGGGACAC’IT (1784-1765) (M88302)
Sox10 5'-CATGGCCGAGGAAC CCTATC-3" (53-76) 747 28
5-AGCTCTGTCTI (AF047043)
MASH1 5'-ATGGAGAG CA. GAT 3 (76—95) 463 29
GCTCAT-3 (539-520) (M95603)
Egr-1 CTCCGC-3' (279-298) 741 30
GATCATGG-3" (1020-1001) (M20157)
¢-Jun CACATCACCACTA-¥ (866-885) 510 31
‘ (X12740)
CREB GTG’ITACGT 3 (36—55) 541 32
CTGGTGCATCAGAAGATA-3' (576-557) (M95106)
NFxB ATGGACGATCTGTITCC-3 (58-77) 445 33
[CTATAGGAACGTGA-3' (502-483) (M61909)
NGF GTTCTACACTCTGATCA-3’ (281-300) 497 34
51 TGTTGTTAATGTTCACC-3’ (777-758) (K01759)
BDNF ; 35 -GTGATGACCATCCTTTTCCT-3' (75-94) 756 35
54.CCACTATCTTCCCCTTTTAA-3 (830-811) (X55573)
VEGF_ 5-ACGCCCTCCGAAACCATGAA-3 (72-91) 633, 501 36
o . 8-TCTGGTTCCCGAAACCCTGA-3' (704-695) (M95200)

TPrlmer sequences for p75NTR (432 bp), L1 (577 bp), PO (692 bp), peripheral myelin protein-22 (483 bp), growth-associated protein-43 (681 bp),
neurotrophin-3 (294 bp), ciliary neurotrophic factor (191 bp), glial cell line-derived neurotrophic factor (641 bp), TGF -1 (401bp), -B2 (446 bp)
and -B3 (462 bp), and NPCI (1294 bp) have been described in previous reports.!%?

CGT, uridine diphosphate-galactose ceramide galactosyltransferase; MAL, myelin and lymphocyte protein; SCIP, suppressed cyclic adenosine
monophosphate-inducible POU; MASH1, XXXmammalian achaete-scute homolog 1; CREB, cyclic adenosine monophosphate responsive

element-binding protein; NF8, nuclear factor *B.
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tions were visualized by color development using nitroblue
tetrazolium/5-bromo-4-chloro-3-indolylphosphate (NBT/
BCIP) solution (Roche, Germany).

RESULTS

In the primary cultures of DRG and peripheral nerves
derived from wild-type and mutant mice as examined in
previous™3141? and the present studies, neurons, Schwann
cells and fibroblasts were identified by their morphology
(Fig. 1a) and by immunocytochemical staining (data not
shown). Regardless of origin of animals, these neurons
were in every case viable for at least 3weeks in virro,
comparable to those obtained from wild-type DRG and
peripheral nerves 13141 When primary cultures were
repeatedly treated with antibody to mouse Thy.1l.2 and
rabbit complement for the first 2-3 weeks ir vitro, the cul-
tures consisted of >95% of Schwann celis and <5% of
fibroblasts (Fig. 1b). These cells were fed twice a week,
passaged once in 3 or 4weeks and maintained for 4-
8 months. These cells, designated long-term Schwann cells,
retained their spindle-shaped morphology (Fig.1c) and
immunoreactivity for $100, laminin and p75N™® (data not
shown), and showed relatively rapid growth as compared
to primary Schwann cells. After 6-8 months in vitro, spon-

taneously developed colonies were observed in long-term ;.-
Schwann cell cultures from all the cases (Fig.1d). They:
were separated using the cloning ring, expanded and then *

batches of cell lines were established from all the ar‘};f‘ als

Fig.1 Phase cont
ganglia (BRG) an

y ICR_m ce. (a) Primary cultures containing neu-
rons (N), Schwann cells (S) and fibroblasts (F) at 2days in
vitro. (b) Short-term cultured Schwann cells at 2 weeks in
vitro after the treatment of anti-Thy.1.2 and complement. (¢)
Long-term cultured Schwann cells at 2 months in vitro. (d)
Spontaneously developed colony in long-term Schwann cell
culture at 6 months in vitro.

st microscopy of cultures of dorsal root
eripheral nerves derived from 6 week-
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examined (Table 2). These cell lines were spindle-shaped,
were not contact-inhibited and formed ball-shaped subcol-
onies when the cultures reached confluence.

In the present study one of the formerly estabhshed
wild-type cell lines, IMS32 (Fig.2a),! was characterized
more in detail by immunofiuorescence and RT-PCR for
sets of Schwann cell-associated molecules, transcription
factors, and neurotrophic factors. The  IMS32::cells
expressed all these phenotypes as examined. The IMS32
cells were intensely immunostained: for S100; laminin,
p758TR, NG2, and GFAP (Fig. 2b-f); The IMS32 cells also
expressed NCAM, L1, GDNF .receptor ol (GFRad), and
erbB2 receptor (neu) as demoﬁs’t.rated by immunofiuores-
cence and Western blot ana’lysis (Watabe et al. unpubl.
obs., 2002). The mRNA expression of 100, p7SNTR, L1, PO,
PMP-22, GAP-43, CGT; "apd MAL was confirmed by
RT-PCR analysis (Fig.2g). Furthermore, mRNA for the
majority of transcription factors known to be essential for
Schwann cells and formation of peripheral
myelin®¥ wer expressed in IMS32 cells; that is, Pax3,
Krox-20y SCIP Soxi0; MASH1, Egr-1, c-Jun, CREB, and
NFxB- (Flg 2h). In.addition, nRNA for neurotrophic fac-
tors, NGF; BDNF, NT3, CNTE, GDNF, TGF-B1, -B2 and
-f3,-and VEGF, were detected by RT-PCR analysis
(Flg 2i). ‘The expression of NGF, BDNF, GDNF, and TGF-
B1, -B2 and -B3 proteins was also confirmed by western
blot:analysis and ELISA (10 and Watabe et al. unpubl.

,(ﬂiata 52002).

- 'We then examined immortalized Schwann cell lines

- established from NPC mice (npc*/npc™*, npc™*/+ Fig. 3),
* PO-deficient mice (P0—/-, PO+-) with their wild-type litter-

mates (PO++ Fig.4), and NFI-deficient mice (NfIF/+
Fig.5). All these established cell lines showed distinct
immunostaining for S100, laminin, p75NTR, NG2, and
GFAP, and mRNA transcripts for sets of Schwann cell
markers, transcription factors, and neurotrophic factors by

Table2 Immortalized adult mouse Schwann cell lines estab-
lished at the authors’ institutions

Line Origin Mouse strain Ref. no.
MS1 Wild-type ICR 5

IMS32 Wild-type ICR 10

SPMS9 spm/spm C57/BLKsJ 13

TwS1 Twitcher C57/BL6J 14

573C10 npc’”h/npc’”h BALB/c Present study
574C3 npcit/y BALB/c Present study
675C20 PO/~ C57/BL6 Present study
576C2 PO+~ C57/BL6 Present study
577Ct P0#+(w11d) C57/BL6 Present study
654C1 Nf1Fery, C57/BL6 Present study

All the Schwann cell lines except MS1 (cells transfected by
SV40 large T antigen gene) were established by spontaneous
immortalization.
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P75NTR PO GAP43 MAL

CREB
NFxB

M Krox20 Soxi0 Egri
Pax3 _SCIP _MASH1 _cJun

M BDNF CNTF TGFB _ VEGF
NGF___NT3 GDNF1_ 2 3

LYPE .
cof Py (a) and 1mmun0ﬂu0rescence
for $100 (b), laminin (c), p75 MR (d), NG2 (e), and GFAP (f).
(g-i) Expression of: mRNA- transcrlpts for Schwann cell-
associated molecules {g);.transcription factors (h) and neu-
rotrophic factors (#) in IMS32 cells. RT-PCR was performed
using primers listed in Table 1. M=100-bp DNA size markers.

(a-f) Phase contrast mi

RT-PCR, similar to IMS32 cells as aforementioned
(Figs 3=5; Watabe et al. unpubl. data, 2002).

The genomic PCR for NPCI (a gene responsible for the
majority of NPC patients?*) for 573C10 cells established
from homozygous npc/mpct mice showed elongated
PCR products indicative of genomic deletion of the NPCI
sequence and insertion of a retrotransposon-like sequence
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(Fig. 3k).2* The PCR for the NPCI gene of 574C3 cells
established from heterozygous npc™/1 mice showed
duplicate bands derived from the wild-type and mutated
NPCI allele?* whereas the PCR of SPMS9 (spni/spm)
cells, for which the exact location of the :NPCI. gene
mutation has not yet been identified,!* gave a srrlgle band
comparable to that of wild-type IMS32 cells (Fig. 3k). The
RT-PCR for NPCI showed a mark crease of NPCI
mRNA in 573C1 cells as compared to 574¢ 2 cells (Fig. 3j)
and wild-type IMS32 cells (not sh
nonsense mRNA decay of
As expected, NPCI protein:

showed cytoplasmic granylar staining with filipin under
a fluorescence’ microscope using an uitraviolet filter set

vine 301 mm to 573C10 and 574C3 cells and examined

. them after 6 16, and 24h with a fluorescein filter set,

573C10 cells retained vesicular fluorescence of acriflavine
in their cytoplasm after 16 and 24h (Fig 3g), whereas

+574C3 cells extruded its fluorescence by 16 h after acrifla-
. -Vvine loading (not shown), suggesting a defect in the
" transmembrane efflux pump activity of NPCI in the endo-

somal/lysosomal system of 573C10 cells as well as SPMS9
cells.]3# Under the electron microscope, like SPMS9
cells,’® 573C10 cells exhibited polymorphous inclusions in
their cytoplasm (Fig. 3h,i).

As for immortalized Schwann cells established from PO-
deficient mice, the genomic PCR analysis for P0 showed
mutated amplified bands in homozygous (P0-/~) 675C20
cells and heterozygous (P0+-) 576C2 cells. The PO mRNA
was not detectable in 675C20 cells by RT-PCR analysis
(Fig.4). In a similar manner, we established immortalized
Schwann cells from heterozygous NFI-deficient mice
(Nf1Fe7/1). We did not attempt to obtain Schwann cells
from homozygous NFI-deficient mice (NfIF/Nf1Fe") in
the present study because these animals die in utero
resulting from cardiac abnormalities.!” The 654C1 cells
heterozygous for the NFI gene exhibited markedly
decreased neurofibromin expression as demonstrated by
western blot analysis (Fig. 5).

DISCUSSION

We have previously established spontaneously immortal-
ized mouse Schwann cell lines from normal adult mice!!
and, more recently, from murine models of NPC (spm/
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M p75NTR PO GAP43 NPC1
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Fig.3 Phase contrast, fluorescence and electron microscopy, RT- PCR genomlc P R, and western blot analysis of Schwann cell

lines established from Niemann-Pick disease type C (rpc™") mlce (a—d) Phase contrast microscopy (a) and immunofluorescence
for $100 (b), laminin (¢) and p75 NT® (d) of 573C10 celis (npc™#/mpc™™). (a, x270; b-d, x400) (e, £) Double labeling of cholesterol
by filipin (e) and GM2 ganglioside by immunofiuorescence (f) of 573C10 cells. Pictures (e) and (f) are taken from the same field.
(e,f, x500) (g) Fluorescence microscopy of 573C10 cells 16 h after acriflavine loading, showing cytoplasmic retention of acriflavine.

(k) Electron microscopy of a 573C10 cell (x4400) @)
(><19000) (j) RT-PCR analysis of 573C10 (npc™#/np.
DNA size marker. (k) Genomic PCR analysis for NPC.
(spm/spm) cells. The PCR amplification from IM{
fragments from 574C3 cells, both 948- and 106
(npc™*/4) and 573C10 (npc/npc™ihy cell lysates for .

1d

gher magmﬁcatlon showing cytoplasmlc inclusions in a 573C10 cell
) and 574C3 (npc"*/+) cells using primers listed in Table 1. M =100-b P
type IMS32, 574C3 (npc™/+), 573C10 (npc™®/npchy, and SPMS9
: 'MS9 cells results in 948-bp fragments; from 573C10 cells, 1067-bp

ments. M =1-kbp DNA size marker. (I) Western blot analysis of 574C3
_;,_(arrowhead approx. 180 kDa). The cell lysates (20-1.g proteins) were

electrophoresed, blotted and 1mmunostamed f NPC] as described in the text.

spm)'* and globoid cell leukodystrophi}".(twitéhei) 14 In the
present study we maintained long-term Schwann cell cul-
tures obtained from DRG and: penpheral nerves of other
NPC mice (npc™/npcih, np’ fh/+) PO-deficient mice
(PO~/-, PO+-) with their. wild-type httermates (PO++),
and NFI-deficient mice. (NﬂF /), and established sponta-
neously immortalized Schwann ‘¢ell lines from all these
animals. Although the detailed inechanism of spontaneous
immortalization of these Schwann cells is still unknown, it
has been report‘é t rat Schwann cells can divide indef-
initely under the appropriate culture conditions** So far
we have been able to obtain immortalized Schwann cell
lines from: imice qf ICR, BALB/c, and C57BL strains
(Table 2), and it is likely that the spontaneous immortaliza-
tion of long-term cultured Schwann cells is a general phe-
nomenon in both normal (wild-type) and mutant mice.

In the present study we further characterized the for-
merly established wild-type cell line, IMS32,!Y by immun-

ofluorescence and RT-PCR analysis. The IMS32 cells
expressed sets of Schwann cell markers, transcription fac-
tors crucial for Schwann cell development and peripheral
myelin formation, and neurotrophic factors required for
the survival of neurons and the maintenance of neuron—
Schwann cell interactions.®®* Using IMS32 cells we have
recently reported that Ras-extracellular-signal-regulated
kinase (ERK)-mediated signaling promotes the expres-
sion of CNTF in Schwann cells.** To date, more than dozen
Schwann cell lines have been established, either by trans-
fection of oncogenes such as SV40 large T antigen gene or
by spontaneous immortalization.'"1? The degree of differ-
entiation and phenotypic expression of these Schwann cell
lines differ from each other* and IMS32 cells seem to
be one of the best-characterized Schwann cell lines at
present.

Besides Schwann cell lines derived from normal (wild-
type) mice, we have established Schwann cell lines pre-
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M p75nTR PO

PMCineoAF/R
577 576 675

POex1F/R

577 576 675
Ci C2 C20
/ /

Ci C2 G20
++ 4~ /-

h

Fig.4 Phase contrast and immunofi
RT-PCR, and genomic PCR ana of Schwann cell lines
established from PO-deficient mi ab) Phase contrast
microscopy of PO-/- primary .culture containing neurons (N)
and Schwann cells at 7 days.in vitrg:(a),"and 675C20 PO/~
Schwann cell line (b). {e-f). Immunofluorescence of 675C20
cells for S100 (¢), laminin (d),:p75 V1% (e), and GFAP (f). (g)
RT-PCR analysis of 675€20 cells (P0—/~) using primers listed
in Table 1. M=100bp' DNA size marker. (h) Genomic PCR
analysis for Po of 577C1 (P0++), 576C2 (PO+/-), and 675C20
(PO-/~) cells. Primer pairs POex1F/R and PMClneoAF/R give
amplified products esponding to first coding exon of the
PO gene (250-bp. icts) and neo-gene expression cassette
inserted into-the first exon (368-bp products), respectively.
M =100-bp:DNA size marker.

esencemicroscopy,

viously from-spm/spm mice (SPMS9 cells)”® and, in the
present study, from BALB/c npc”ih/npc”ih mice, both of
which have been extensively studied as authentic animal
models of human NPC.*#+# Human NPC is an autoso-
mal recessive disorder characterized by the defect of
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IM8 654
32 Cf

/4 +/-

M p75NTR PO

IMS 654
32 C1

9
++ - +/+

SPMS

kd

220

(9)

Fig.5 Phase contrast and immunofluorescence microscopy,
genomic PCR, RT-PCR, and western blot analysis of 654C1
Schwann cells established from heterozygous neurofibroma-
tosis type 1 (NF1) deficient mice (NfI7"/+). (a-d) Phase con-
trast microscopy (a) and immunofluorescence for S100 (b),
laminin (¢) and p75 NTR (&) of 654C1 cells (NfIFC'/4). (e)
Genomic PCR analysis for NFI of wild-type IMS32 and
654C1 cells (Nf1T/+). The PCR amplification from wild-type
cells results in 194-bp fragments; and from heterozygous cells,
both 194- and 340-bp fragments.!” M=100bp DNA size
marker. (f) RT-PCR analysis of 654C1 cells (NfI7"/+) using
primers listed in Table 1. M=100-bp DNA size marker. (g)
Western blot analysis of wild-type IMS32, 654C1 (NfI7/+)
and SPMS9 (spm/spm) cell lysates for neurofibromin (arrow-
head; approx. 250 kDa). The cell lysates (20-ug proteins) were
electrophoresed, blotted and immunostained for neurofibro-
min as described in the text. M =pre-stained molecular weight
marker.
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intracellular transport of cholesterol and the accumula-
tion of unesterified cholesterol in the endosomal/lysoso-
mal system, causing progressive neurodegeneration and
death during early childhood.***” The gene responsible
for the majority of the disease, NPCI, has been
cloned,* and the discovery of a murine NPCI gene has
revealed the markedly reduced NPCI mRNA in both
npc/npct and spm/spm mice® The affected animals
develop hepatosplenomegaly and ataxic movements at
the age of 7-8weeks and die by 14 weeks. In the ner-
vous system of npc/mpc™™ and spm/spm mice, the
most prominent histopathological feature is a marked
atrophy of the cerebellum where the loss of Purkinje
cells is observed. In addition, neuronal and glial cells
containing intracytoplasmic membranous inclusions have
been demonstrated in the whole nervous system, accom-
panied with the degeneration of central and peripheral
myelin.'*¥7 Like SPMS9 Schwann cells previously estab-
lished from spm/spm mice,3 573C10 Schwann cells
obtained from npc™/npc™ mice in the present study
had distinct Schwann cell phenotypes and were main-
tained over 10months without phenotypic alterations.
The genomic PCR of 573C10 cells demonstrated a size
alteration in the NPCI locus that was identical to that
of npc/npc mouse tissues?! The amount of NPCI
mRNA was markedly decreased, and NPCI protein was

not detectable in 573C10 cells. These cells were labeled :: ’
with filipin and intensely immunostained for GM2 gan- = -
glioside, confirming their NPC phenotypes. Electron.:

microscopic observation further demonstrated polymor-

phous inclusions characteristic for NPC in 573C10 cells. -
It should be noted that cholesterol and sphingolipids:

including GM2 gangliosides are the main constituents of
lipid rafts that function as platforms for:transmembrane
signaling complexes, and it has been proposed that clini-
cal features associated with NPC can be caused by the
accumulation of lipid rafts in the endosomal/lysosomal
system.*® Furthermore, perlpheral ‘ yelm—related pro-
teins and receptors expresssed: by Schwann cells, such as
PO, PMP-22, NCAM, MAL; p75¥1R;. ‘GFRal and erbB2,
are associated with 11p1d rafts %% It seems therefore of
great importance to myestrga,te whether these raft-
associated molecules function or not in NPCl-defective
Schwann cells (i.e SPMSQ cells and 573C10 cells). In
addition, like SPMS9’ cells;’® 573C10 cells retained vesic-
ular fluorescence of the cationic dye acriflavine 16-24h
after loading, indicating a defect in the transmembrane
~ efflux pump activity of NPC1 for fatty acids out of the
endosomal/lysosomal system in these cells# Taken
together, SPMS9 and 573C10 Schwann cell lines can be
useful to investigate the pathomechanism of nervous
system lesions in NPC, the therapeutic approaches
against neurological deficits in patients with NPC, and,

71

more in general, the biology of cholesterol, sphingolipid
and fatty acid transports in the nervous system.

In the present study we also established immortﬂiiéd
Schwann cell lines from mice lacking PO (PO-/-, PO+/=)
due to inactivation of the PO gene by homologous recom-
bination and from their wild-type littermates "(P()'-h:’-i-) 18
The PO protein that accounts for more than half of the
total PNS myelin protein is expressed by myehnatmg
Schwann cells as components of compact myeh_n The PO
protein is a member of the immunoglobulin superfamily of
transmembrane proteins that mediates- homophllrc adhe-
sion in cultured cells and in myelin fo‘ tion. Most muta-
tions of the PO gene are assomate_ with“Charcot-Marie—~
Tooth disease type 1B (CMTlB) 4 demyelinating periph-
eral neuropathy in humans.s-* The P0-/~ mice, as used in
the present study, are severely hypomyelinated with pre-
dominantly uncompacted rhyelin are deficient in normal
motor coordination; and exhibit tremors and occasional
convulsions.!® Furthermore the absence of PO in these ani-
mals leads.to the. dysregulatron of myelin gene expression
in sciatic’ nerves such as downregulation of PMP-22 and
upregulano of myelm-assocrated glycoprotein (MAG)
and - proteolipid: protein (PLP), suggesting that PO is
inVleed in the'regulation of both myelin gene expression
and rr‘iyel_ip morphogenesis.™ The Schwann cell lines estab-

“lished from these animals in the present study would

therefore be useful to investigate the mechanism of com-

Pplex myelin gene regulation in vitro.

“'NF1, or von Recklinghausen neurofibromatosis, is one

--of the most common dominant genetic disorders, char-
acterized by the development of multiple benign and

malignant nervous system tumors such as neurofibroma,
malignant peripheral nerve sheath tumor (MPNST) and
glioma.’* The NFI gene, mutated in NF1 disease, encodes
neurofibromin that harbors a functional Ras-GTPase-
activating protein (GAP) homologous domain and nega-
tively regulates the activation of the Ras intracellular
signaling pathway. Cultured Schwann cells obtained from
homozygous (NfIF"/Nf1F<) and heterozygous (NfIF<7/+)
mice demonstrated elevated levels of Ras-GTP, suggesting
that neurofibromin is a major Ras-GAP protein in
Schwann cells.® In the present study we established a
654C1 Schwann cell line from heterozygous (NfI1F</+)
mice that showed markedly reduced expression of neurofi-
bromin. Our preliminary study showed decreased Ras-
GAP activity in 654C1 cells (Araki et al. unpubl. obs.,
2002). It has recently been shown that, using a conditional
knockout strategy, NF1 LOH in the Schwann cell lineage
is sufficient to generate neurofibromas, and NFI heterozy-
gosity in the tumor environment promotes neurofibroma
formation.’® Mice with combined mutations in both NFI
and p53 genes in cis configuration develop MPNST, indi-
cating a role for p53 mutations in malignant transforma-
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tion.’”*8 In addition, NFI-/~ Schwann cells as well as v-
Ras-expressing Schwann cells showed increased expres-
sion of PO protein, suggesting a role for neurofibromin in
Schwann cell differentiation via the Ras-signaling path-
way.” We are currently investigating the regulation of
Schwann cell/myelin-related gene and protein expression
and its relationship to Ras-GAP activity in heterozygous
654C1 Schwann cells.

In summary, we established spontaneously immortal-
ized Schwann cell lines derived from NPC mice (npc™/
npc™ npc/4), PO-deficient mice (PO~/-, P0+/-) with
their wild-type littermates (P0+'+), and NF-1-deficient
mice (Nf17"/+). Together with previously established wild
type,'® NPC (spm/spm),* and twitcher'* Schwann cell
lines, these cell lines are considered to be invaluable tools
to investigate regulatory mechanisms of Schwann cell
growth, neuron-Schwann cell interactions and patho-
mechanism of nervous system lesions and to explore new
therapeutic approaches against neurological deficits in
patients with relevant disorders.

ACKNOWLEDGMENTS

We are grateful to Dr Melitta Schachner (University of

Hamburg) for providing P0O-deficient mice. We thank Dr °
Tai (Tokyo Metropolitan Institute of Medical Science) for -

anti-GM2 antibody, Dr William S. Garver (University of
Arizona) for anti-NPCI antibody, and Dr Kiyomitsu

Oyanagi and Emiko Kawakami (Tokyo Mf;_trbpo_litan
Institute for Neuroscience) for electron microscopic.:

examination. The present study was supported by Grants—
in-Aid for Scientific Research from the Mmlstry of Educa-
tion, Science, Sports and Culture of Japan, and Research
on Brain Science, Health Sciences. Research Grants, the
Ministry of Health and Welfare, Japan G

1. Porter S, Glaser L, Bunge RP." Release of autocrine
growth factor by.primary and: immortalized Schwann
cells. Proc Natl Acad Sci. USA 1987, 84: 7768-7772.

2. Tennekoon GI; Yoshino:J, Peden KWC ez al. Transfec-
tion of neonatal rat Schwann cells with SV-40 large T
antigen gene under control of the metallothionein pro-
moter, J ell Biol 1987; 105: 2315-2325.

3. Chen 5L, Halligan NLN, Lue NF, Chen WW. Biosyn-
thesis of myelin-associated proteins in simian virus 40
(8V40)-transformed rat Schwann cell lines. Brain Res
1987; 414: 35-48.

4. Ridley AlJ, Paterson HF, Noble M, Land H. Ras-
mediated cell cycle arrest is altered by nuclear onco-
genes to induce Schwann cell transformation. EMBO J
1988; 7: 1635-1645.

16:

K Watabe et al.

. Watabe K, Yamada M, Kawamura T, Kim SU. Trans-

fection and stable transformation of adult..mouse
Schwann cells with SV-40 large T antigen gene. J Neu-
ropathol Exp Neurol 1990; 49: 455-467.

. Goda S, Hammer J, Kobiler D, Quarles RH. Expres—

sion of the myelin-associated glycoprotein in:cultures
of immortalized Schwann cells. J Neurochem 1991; 56:
1354-1361. : :

. Bolin LM, Iismaa TP, Shooter EM Isolatlon of acti-

vated adult Schwann cells and a spontaneously immor-
tal Schwann cell clone.J Neurosci:Res1992;33:231-238.

. Boutry JM, Hauw JJ;" Gansmuller A, Di-Bert N,

Pouchelet M, Baron-Van :Evercooren A. Establish-
ment and characterization,_-of a mouse Schwann cell
line which produces :myelini in vivo. J Neurosci Res
1992; 32: 15-26.

. Toda K, Small JA, Goda S, Quarles RH. Biochemical

and cellular properties of three immortalized Schwann
cell lmes expressing different levels of the myelin-
associated glycoprotem J Neurochem 1994; 63: 1646—

1657, 3
:"’Watabe K,Fukuda T, Tanaka J, Honda H, Toyohara K,

Saka; o Spontaneously immortalized adult mouse
Schwann cells secrete autocrine and paracrine growth-

“i'promoting activities. J Neurosci Res 1995; 41: 279--290.

11.

12.

13.

14.

15.

16.

17.

Li R-H, Sliwkowski MX, Lo J, Mather JP. Establish-
ment of Schwann cell lines from normal adult and
embryonic rat dorsal root ganglia. J Neurosci Methods
1996; 67: 57-69.

Thi AD, Evrard C, Rouget P. Proliferation and differ-
entiation properties of permanent Schwann cell lines
immortalized with a temperature-sensitive oncogene. J
Exp Biol 1998; 201: 851-860.

Watabe K, Ida H, Uehara K et al. Establishment and
characterization of immortalized Schwann cells from
murine model of Niemann-Pick disease type C (spm/
spm). J Periph Nerv Syst 2001; 6: 85-94.

Shen J-§, Watabe K, Meng XL, Ida H, Ohashi T, Eto
Y. Establishment and characterization of spontane-
ously immortalized Schwann cells from murine model
of globoid cell leukodystrophy (Twitcher). J Neurosci
Res 2002; 68: 588-594.

Pentchev PG, Gal AE, Booth AD et al. A lysosomal
storage disorder in mice characterized by a dual defi-
ciency of sphingomyelinase and glucocerebrosidase.
Biochim Biophys Acta 1980; 619: 669-679.

Pentchev PG, Boothe AD, Kruth HS, Weintroub H,
Stivers J, Brady RO. A genetic storage disorder in
BALB/c mice with a metabolic block in esterification
of exogenous cholesterol. J Biol Chem 1984;259: 5784—
5791.

Brannan CI, Perkins AS, Vogel KS er al. Targeted dis-
ruption of the neurofibromatosis type-1 gene leads to



Schwann cell lines of disease models

20,

21,

22.

23

24,

25,

26.

27.

28,

29.

30.

developmental abnormalities in heart and various neu-
ral crest-derived tissues. Genes Dev 1994;8: 1019-1029.

. Giese KP, Martini R, Lemke G, Soriano P, Schachner

M. Mouse PO gene disruption leads to hypomyelina-
tion, abnormal expression of recognition molecules,
and degeneration of myelin and axons. Cell 1992; 71:
565-576.

. Watabe K, Fukuda T, Tanaka J, Toyohara K, Sakai O.

Mitogenic effects of platelet-derived growth factor,
fibroblast growth factor, transforming growth factor-f,
and heparin-binding serum factor for adult mouse
Schwann cells. J Neurosci Res 1994; 39: 525-534.
Kotani M, Ozawa H, Kawashima I, Ando S, Tai T.
Generation of one set of monoclonal antibodies spe-
cific for a-pathway ganglio-series gangliosides. Bio-
chim Biophys Acta 1992; 1117: 97-103.

Loftus SK, Morris JA, Carstea ED et al. Murine model
of Niemann-Pick C disease: Mutation in a cholesterol
homeostasis gene. Science 1997; 277: 232-235.

Jiang H, Shah S, Hilt DC. Organization, sequence, and
expression of the murine S1008 gene. Transcriptional
regulation by cell type-specific cis-acting regulatory
elements. J Biol Chem 1993;268: 20 502-20 511.
Bosio A, Binczek E, Stoffel W. Molecular cloning and
characterization of the mouse CGT gene encoding
UDP-galactose ceramide-galactosyltransferase (cere-
broside synthetase). Genomics 1996; 35: 223-226.
Magyar JP, Ebensperger C, Schaeren-Wiemers N,

Suter U. Myelin and lymphocyte protein (MAL/

MVP17/VIP17) and plasmolipin are members ‘of an
extended gene family. Gene 1997; 189: 269-275.
Goulding MD, Chalepakis G, Deutsch U, Erselms JR
Gruss P. Pax-3, a novel murine DNA bmdmg protein
expressed during early neurogene31s EMBO J 1991;
10: 1135-1147.

Chavrier P, Zerial M, Lemaire P, Almendral J, Bravo
R, Charnay P. A gene encoding a}prote,m with zinc fin-
gers is activated during GO/G1 transition in cultured
cells. EMBO J 1988; 7: 29-35. ,

Hara Y, Rovescalli AC; Kim Y, Nirenberg M. Struc-
ture and evolution” of four POU domain genes
expressed in mouse brain. Proc Natl Acad Sci USA
1992; 89: 32803284,

Herbarth B, Pingault V, Bondurand N et al. Mutation
of the Sry-relétcd Sox10 gene in dominant megacolon,
a mouse model for human Hirschsprung disease. Proc
Natl Acad Sci USA 1998; 95: 5161-5165.

Franco del Amo F, Gendron-Maguire M, Gridley T.
Cloning, sequencing and expression of the mouse
mammalian achaete-scute homolog 1 (MASH1). Bio-
chim Biophys Acta 1993; 1171: 323-327.

Sukhatme VP, Cao X, Chang LC et al. A zinc finger-
encoding gene coregulated with c-fos during growth

3L

32.

33.

34.

3s.

36.

~37.

73

and differentiation, and after cellular depolarization.
Cell 1988; 53: 37-43.

Lamph WW, Wamsley P, Sassone-Corsi P, Verma IM
Induction of proto-oncogene JUN/AP-1 by serum and
TPA. Nature 1988; 334: 629-631.

Ruppert S, Cole TJ, Boshart M, Schmid E; Schutz G.
Multiple mRNA isoforms of the transcription activa-
tor protein CREB. Generation by alternative splicing
and specific expression in primary sp‘e'rmatocytes.
EMBO J 1992; 11: 1503-1512.

Nolan GP, Ghosh S, Liou HC, Tempst P, Baltlmore D.
DNA binding and IxB 1nh1b1t10n of the cloned p65
subunit of NF-xB, a rel-related polypeptxde Cell 1991;
64: 961-969.

Ullrich A, Gray A, Berman CH Dull TJ. Human beta-
nerve growth factor gene:sequence highly homologous
to that of mouse. Nature-1983; 303: 821-825.

Hofer M, Pagliusi SR, Hohn A, Leibrock J, Barde Y.
Regional. distribution of brain-derived neurotrophic
factor mRNA:in the.adult mouse brain. EMBO J 1990;
9:2459-2464.

Claffey KP, Wilkison WO, Spiegelman BM. Vascular

‘endothehal growth factor: Regulation by cell differen-
~tiation and activated second messenger pathways. J

Biol Chem 1992; 267: 16317-16322.

Garver WS, Heidenreich RA, Erickson RP, Thomas
MA, Wilson JM. Localization of the murine Niemann—
Pick C1 protein to two distinct intracellular compart-

~“ments. J Lipid Res 2000; 41: 673-687.

.38,
39.

40.

41.

42.

43,

44.

45.

Mirsky R, Jessen KR. The neurobiology of Schwann
cells. Brain Pathol 1999; 9: 293-311.

Watabe K. Schwann cells. In: Tkuta F (ed.) Glial Cells.
Tokyo: Kubapuro, 1999; 317-336 (in Japanese).
Carstea ED, Morris JA, Coleman KG et al. Niemann—
Pick C1 disease gene: Homology to mediators of cho-
lesterol homeostasis. Science 1997, 277: 228-231.
Davies JP, Chen FW, Ioannou YA. Transmembrane
molecular pump activity of Niemann—Pick C1 protein.
Science 2000; 290: 2295-2298.

Mathon NF, Malcolm DS, Harrisingh MC, Cheng L,
Lloyd AC. Lack of replicative senescence in normal
rodent glia. Science 2001; 291: 872-875.

Abe K, Namikawa K, Honma M et al. Inhibition of
Ras-extracellular-signal-regulated  kinase (ERK)
mediated signaling promotes ciliary neurotrophic fac-
tor (CNTF) expression in Schwann cells. J Neurochem
2001; 77: 700-703.

Hai M, Muja N, DeVries GH, Quarles RH, Patel PL
Comparative analysis of Schwann cell lines as model
systems for myelin gene transcription studies. J Neu-
rosci Res 2002; 69: 497-508.

Pentchev PG, Vanier MT, Suzuki K, Patterson MC.
Niemann-Pick disease type C: A cellular cholesterol



74

46.
47.
48.

49.

50.
51

52.

lipidosis. In: Scriver CR, Beaudet AL, Sly WS, Valle
D (eds) The Metabolic and Molecular Bases of Inher-
ited Disease. New York: McGraw-Hill, 1995; 2625-
2640.

Liscum L, Klansek JJ. Niemann-Pick disease type C.
Curr Opin Lipidol 1998;9: 131-135.

Vanier MT, Suzuki K. Recent advances in elucidating
Niemann-Pick C disease. Brain Pathol 1998; 8: 163—
174.

Simons K, Gruenberg J. Jamming the endosomal sys-
tem: Lipid rafts and lysosomal storage diseases. Trends
Cell Biol 2000; 10: 459-462.

Haase B, Bosse F, Miiller HW. Proteins of peri-
pheral myelin are associated with glycosphingolipid/
cholesterol-enriched membranes. J Neurosci Res
2002; 69: 227-232.

Tsui-Pierchala BA, Encinas M, Milbrandt J, Johnson
Jr EM. Lipid rafts in neuronal signaling and function.
Trends Neurosci 2002; 25: 412-417.

Kamholz J, Menichella D, Jani A et al. Charcot—
Marie-Tooth disease type 1. Molecular pathogenesis
to gene therapy. Brain 2000; 123: 222-233.

Berger P, Young P, Suter U. Molecular cell biology of
Charcot-Marie-Tooth disease. Neurogenetics 2002; 4:
1-15.

53.

54,

55.

56.

57.

58.

59.

K Watabe et al.

Xu W, Menichella D, Jiang H et al. Absence of P0
leads to the dysregulation of myelin gene expression
and myelin morphogenesis. J Neurosci Res 2000; 60:
714-724.

Cichowski K, Jacks T. NF1 tumor suppressor. gene
function: Narrowing the GAP. Cell 2001; 104: 593-604.
Kim HA, Rosenbaum T, Marchionni MA, Ratner N,
DeClue JE. Schwann cells from neurofibromin defi-
cient mice exhibit activation of p21™s, inhibition of cell
proliferation and morphological changes. Oncogene
1995; 11: 325-335. v

Zhu Y, Ghosh P, Chamay P, Burns DK, Parada LF.
Neurofibromas in NF1: Schwann cell origin and role of
tumor environment. Science 2002; 296: 920-922.
Cichowski K, Shih TS, Schmitt E er al. Mouse models
of tumor development in neurofibromatosis type 1.
Science 1999, 286: 2172-2176.

Vogel KS, Klesse LJ, Velasco-Miguel S, Meyers K,
Rushing EJ, Parada LF. Mouse tumor model for neu-
rofibromatosis type 1. Science 1999; 286: 2176-2179.
Rosenbaum T, Kim HA, Boissy YL, Ling B, Ratner
N. :Neurofibromin, the Neurofibromatosis type 1
Ras-GAP, is required for appropriate PO expression
and myelination. Ann NY Acad Sci 1999; 883: 203-
214.



Available online at www.sciencedirect.com

sciance (@eimecr:

Neuroscience
Research

ELSEVIER Neuroscience Research 45 (2003) 219-224

www.elsevier.com/locate/neures

Receptor-type protein tyrosine phosphatase { as a component of the
signaling receptor complex for midkine-dependent survival of
embryonic neurons

Nahoko Sakaguchi?, Hisako Muramatsu® Keiko Ichihara-Tanaka?, Nobuaki Maeda b
Masaharu Noda®, Tokuo Yamamoto®, Makoto Michikawa ¢, Shinya Ikematsu®,
Sadatoshi Sakuma®, Takashi Muramatsu **

# Department of Biochemistry, Nagoya University School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550, Japan
5 Division of Molecular Neurobiology, National Institute for Basic Biology, 38 Nishigonaka, Myodaiji-cho, Okazaki 444-8585, Japan
€ Tohoku University Gene Research Center, Sendai 981, Japan

4 Department of Dementia Research, National Institute for Longevity Sciences, 36-3 Gengo, Morioka, Obu, Aichi, Japan
¢ Pharmaceauticals Development Department, Meiji Milk Products Co. Ltd., 540 Naruda, Odawara 250-0862, Japan

Received 13 August 2002; accepted 29 October 2002

Abstract

Midkine (MK), a heparin-binding growth factor, suppresses apoptosis of embryonic neurons in culture, induced by serum
deprivation. Receptor-type protein tyrosine phosphatase ¢ (PTP {) is a chondroitin sulfate proteoglycan with a transmembrane
domain and intracellular tyrosine phosphatase domains. The activity of MK was abolished by digestion with chondroitinase ABC,
or addition of the antibody to PTP {, while digestion with heparitinase showed no significant effect. These results suggested that the
survival-promoting signal of MK was received by a receptor complex containing PTP {. Low density lipoprotein receptor-related
protein (LRP) has been identified as another component of the signaling receptor. Ectodomains of two related proteins expressed on
neurons, namely LRP6 and apoE receptor 2, were FLAG-tagged and examined for MK binding, using MK-agarose column. Both
the ectodomains were found to exhibit calcium-dependent binding to MK. These proteins may participate in MK signaling in
certain cases. The survival-promoting activity of MK was abolished by PP1, an inhibitor of src protein kinase, pertussis toxin, an
inhibitor of G protein-linked signaling and sodium orthovanadate, an inhibitor of PTPs.
© 2002 Elsevier Science Ireland Ltd. and the Japan Neuroscience Society. All rights reserved.

Keywords: Apoptosis; Chondroitin sulfate proteoglycan; Low density lipoprotein receptor-related protein; LRP6; Midkine; Receptor-type protein
tyrosine phosphatase

1. Introduction

Midkine (MK) is a 13 kDa heparin-binding growth
factor with various activities (Kadomatsu et al., 1988;
Muramatsu, 2002). It shows anti-apoptotic effects on
embryonic neurons in culture (Owada et al., 1999) and
on hippocampal neurons exposed to ischemic shock
(Yoshida et al., 2001) and also enhances neurite out-
growth and migration of neurons (Kaneda et al., 1996;

* Corresponding author. Tel.: +81-52-744-2059; fax: 481-52-744-
2065
E-mail address: tmurama@med.nagoya-w.ac.jp (T. Muramatsu).

Maeda et al., 1999; Muramatsu et al., 1993). The
signaling receptors of MK have only been partially
clarified. In the case of enhancement of migration of
embryonic neurons, the receptor-type protein tyrosine
phosphatase £ (PTP {)/RPTP B which is a chondroitin
sulfate proteoglycan, has been identified as a receptor
(Maeda et al., 1999; Maeda and Noda, 1998). PTP ( is
strongly expressed in the brain (Maeda et al., 1994), and
has a single transmembrane domain, two tyrosine
phosphatase domains and an extracellular domain
with an N-terminal carbonic anhydrase-like domain, a
fibronectin type IIT domain, and a large cysteine-free,
serine and glycine-rich domain (Krueger and Saito,
1992). On the other hand, in the case of the anti-

0168-0102/02/$ - see front matter © 2002 Elsevier Science Ireland Ltd. and the Japan Neuroscience Society. All rights reserved.
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apoptotic activity of MK on embryonic neurons, low
density lipoprotein receptor-related protein (LRP) has
been identified as a component of the signaling receptor
(Muramatsu et al., 2000).

Although the migration-enhancing activity and anti-
apoptotic activity were both determined using embryo-
nic neurons as target cells, the amounts of MK used and
the method of delivery were entirely different; in the
anti-apoptotic assay, soluble MK was added at 10-100
ng/ml (Owada et al., 1999), while in the migration-
promoting assay, MK at a concentration of 30—70 pg/ml
was used to coat the membrane of the assay chamber
(Maeda et al., 1999). Thus, it remains possible that
different molecules are involved in signal reception. One
of the aims of the present investigation was to determine
whether PTP { is involved in signaling of the anti-
apoptotic activity. We also analyzed whether other
members of the LDL receptor family, in particular
LRP6 and apoE receptor 2 (apoER2) bind to MK, since
LRP6 has been found to be a receptor of Wnt (Pinson et
al., 2000; Tamai et al., 2000; Wehrli et al., 2000) and
Dickkopf (Mao et al., 2001), and apoER2 was shown to
be a receptor of reelin (D’Arcangelo et al, 1999;
Hiesberger et al., 1999; Trommsdoff et al., 1999).
Furthermore, we used inhibitors of signal transduction
to gain insight into the initial stage of the intracellular
signaling pathway.

2. Materials and methods
2.1 .Midkl'ne

Recombinant human MK was expressed in yeast
(Pichia pastoris GS115) and was purified to homogene-
ity. MK-agarose was prepared by coupling 40 mg of
MK to 8 ml of CNBr-activated Sepharose 4B (Amer-
sham Biosciences. K.K, NI, USA) as described pre-
viously (Muramatsu et al., 2000).

2.2. Determination of anti-apoptotic activity of MK to
embryonic neurons

Neural cells were prepared from the cerebral cortex of
embryonic day-17 ICR mice as described previously
(Owada et al., 1999). Mice were handled according to
the guide line set by Nagoya University School of
Medicine. The cells were suspended in Dulbecco’s-
modified Eagle’s medium (DMEM)/10% fetal calf serum
(FCS), and plated onto poly-D-lysine-coated plastic
coverslips (13 mm in diameter, Thermanox, Nalge
Nunc International, IL) in 24-well plates at 1 x 10°
cells/em®. The cells were incubated overnight, washed
three times, and cultured for 24 h in DMEM under
serum-free conditions with or without 100 ng/ml of
chemically synthesized human MK (Peptide Institute,

Osaka, Japan). The percentage of apoptotic cells was
determined by the TUNEL method using terminal
deoxynucleotidyl transferase and biotin-16-2"-deoxyur-
idine-5’-triphosphate (Gavrieli et al., 1992). The number
of TUNEL-positive cells was counted, and the ratio of
this cell number to the total cell number was calculated.
Without addition of MK, usually 50% of cells were
TUNEL-positive. Statistical significance was evaluated
by paired ¢-test. The following materials were added to
the assay; chondroitinase ABC (protease-free, Seika-
gaku Kogyo Co., Tokyo, Japan), heparitinase (Seika-
gaku Kogyo Co.), anti-6B4 proteoglycan (affinity-
purified rabbit antibody against the extracellular do-
main of PTP {, Maeda et al., 1994), sodium orthovana-
date (Wako, Tokyo, Japan). PP1 (4-amino-5-(4-
methylphenyl)-7-(¢-butyl) pyrazolo [3,4-D] pyrimidine)
(Alexis Biochemicals, San Diego, CA), and Pertussis
toxin (PTX)(Sigma, St. Louis, MO).

2.3. Binding of FLAG-tagged LRP6 ectodomain to MK

Total RNA was isolated from the cerebral cortex of
embroynic day-17 ICR mice using Isogen (Wako Pure
Chemical Industries, Ltd., Osaka, Japan). Approxi-
mately 5 pg of total RNA was transcribed into single-
stranded cDNA using the SUPERSCRIPT™. Pream-
plification System for the first stand ¢cDNA synthesis
(GIBCO BRL, Gaithersburg, MD). FLAG-tagged
LRP6 ectodomain (nucleotides 86-4202) was amplified
by RT-PCR, and ligated into the pcDNA3.1 vector
(Invitrogen Life Technologies, CH Grtonngen, Nether-
lands). Approximately 4 pg of the DNA was transfected
into COS7 cells vsing LIPOFECTAMINE PLUS Re-
agent (GIBCO BRL). The transfected cells were cul-
tured in DMEM with 10 % FCS for 24 h and were
homogenized in 20 mM Tris—-HCl buffer, pH 7.5,
containing 1% Triton X-100, 0.15 M NaCl, 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 5 pg/ml
aprotinin and leupeptin. Cell lysate was applied to 0.5
ml of MK-agarose equilibrated with the above buffer
containing 1 mM CaCl, and MgCl,. The column was
eluted with 2.5 ml of the buffer containing increasing
concentration of NaCl with 20 mM EDTA and without
divalent cations. The elution was also performed with-
out EDTA; in this occasion the buffer used lacked
divalent cations. The eluate was subjected to SDS-
PAGE, and proteins were transferred onto a nitrocellu-
lose membrane. The membrane was blocked with 5%
nonfat milk in PBS containing 0.1% Tween 20 and
blotted with anti-FLAG monoclonal antibody (Sigma)
and then incubated with HRP-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA). Signals were visualized by ECL
detection kit (Amersham Biosciences).
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2.4. Binding of FLAG-tagged ApoER2 ectodomain to
MK

Experiments were performed as described in Section
2.3. A cDNA encoding the extracellular domain (nu-
cleotide number 94-2574) of apoER2 (Kim et al., 1996)
was ligated into pCDNA3.1 with the FLAG-tag se-
quence. The transfected COS7 cells were cultured for 24
h in DMEM with 10% FCS, washed with PBS and then
cultured for 24 h with DMEM without FCS. The culture
supernatant collected was made upto 1 mM with respect
to PMSF. The buffer used for affinity chromatography
lacked 1% Triton X-100 and when indicated contained
divalent cations.

3. Results

3.1, Involvement of PTP [ in mediation of anti-apoptotic
activity of MK

To examine the role of PTP { in MK-induced
suppression of apoptosis of embryonic neurons caused
by serum deprivation, we tested two reagents that
should interfere with the action of PTP {. Chondroiti-
nase ABC, which cleaves chondroitin sulfate chains
from proteoglycans including PTP {, abolished the
action of MK, while heparitinase, which acts on
haparan sulfate, showed no significant effect (Fig. 1).
Boiled chondroitinase ABC showed no effects. Anti-6B4
proteoglycan, the polyclonal antibody to the extracel-

P<0.001
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Fig. 1. Chondroitinase digestion of embryonic neurons abolished
survival-promoting activity of MK. At 24 h after plating of embryonic
neuronal cells, culture medium was changed to serum-free DMEM
with or without 30 mU/ml of chondroitinase ABC (Chase ABC). After
1 h incubation, serum-free DMEM with or without 100 ng/ml of MK
was added. After 24 h incubation, the ratio of TUNEL-positive cells to
total cells was determined, and the results were expressed as ratio to
the value obtained without addition of reagents (None). Data are
means +SEM(n =4). Three independent experiments showed similar
results. P < 0.001 versus MK and MK +chondroitinase ABC.
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Fig. 2. Effects of affinity-purified antibody against 6B4 proteoglycan
on the survival-promoting activity of MK. Anti-6B4 proteoglycan (300
ug/ml) was added 1 h before the addition of MK (100 ng/ml). Data are
means +SEM (n =4). Three independent experiments showed similar
results. P <0.001 versus MK and MK +anti-6B4 proteoglycan.

lular domain of PTP {, also abolished the action of MK
(Fig. 2). Control IgG showed no effects. These results
taken together suggested that PTP { is a signaling
receptor involved in mediating the anti-apoptotic activ-
ity of MK.

3.2. Binding of ectodomains of LRP6 and apoER?2 to MK

FLAG-tagged ectodomains of LRP6 and apoER2
were applied to an MK-agarase column to examine their
affinity to MK. Both proteins bound to the column at a
NaCl concentration of 0.15 M. In the presence of 20
mM EDTA, most of the LRP6 ectodomain was eluted
by 0.2 M NaCl (Fig. 3A, lane 2). By elution without
EDTA, the ectodomain was mainly eluted by 0.3 M
NacCl, but significant portion was also eluted by 0.4 and
0.5 M NaCl (Fig. 3A, lanes 8-10). Therefore, the
binding was calcium-dependent.

Although LRP6 bound to the column after washing
with the buffer with 0.15 M NaCl and without divalent
cations (Fig. 3A, lane 6), a part of apoER2 was eluted
from the column simply by washing with the buffer
lacking divalent cations (Fig. 3B, lane 2). Therefore, for
elution without EDTA, we used the buffer with divalent
cations (Fig. 3B, lanes 8-11). When elution without
EDTA and with divalent cations (Fig. 3B, lanes 8-11)
was compared with that with EDTA (Fig. 3B, lanes 3—7
and 12), the latter methods attained more efficient
elution of apoER2. Therefore, the binding of apoER2
ectodomain to MK was also calcium-dependent.

3.3. Effects of PP1, PTX and vanadate on the anti-
apoptotic activity of MK

GITl/Cat-1(Kawachi et al.,, 2001) and p-catenin
(Meng et al., 2000) have been identified as components



[\
o
o

kDa 1 9 ]

A 2oo-§ '
.
116-'*

N. Sakaguchi et al. | Neuroscience Research 45 (2003) 219-224

i

0.15 02 03

65 015 02 063 04 0.5 MNaC

+EDTA

-EDTA

B wa, , ;4

05 015 02 63 04 0.5MNaCl

200 -
116 -|
97 -
0.15§ 0.15 6.18 0.2 0.3
+«Ca -Ca/ +EDTA
-EDTA

+Ca +EDTA

Fig. 3. Binding of FLAG-tagged ectodomains of LRP6 and apoER2 to MK-Sepharose. Experiments were carried out as described in Section 2.
Fractions eluted from MK-Sepharose by the indicated NaCl concentrations were subjected to SDS-PAGE in a 7% gel, and analyzed by Western
blotting to detect FLAG-tagged proteins. No bands were detected in the unabsorbed fraction. (A) LRP6: Lanes 1-5, elution with the buffer
containing 20 mM EDTA,; Lanes 610, elution with the buffer containing no EDTA. Lanes 1, 6, washate (0.15 M NaCl); 2,7, 0.2 M NaCl; 3, 8, 0.3 M
NaCl; 4, 9, 0.4 M NaCl; 5, 10, 0.5 M NaCl. (B) ApoER2: Lanes I, 811, elution with the buffer containing divalent cations; Lane 2, elution with the
buffer without divalent cations; Lanes 3-7, 12, elution with 20 mM EDTA. Lanes I, 2, 3, 8,0.15 M NaCl; 4,9, 0.2 M NaCl; 5, 10, 0.3 M NaCl; 6, 11,

0.4 M NaCl; 7, 12, 0.5 M NaCl.

of the signaling system downstream from PTP {, and in
the present assay system, the importance of PI3 kinase
and MAP kinase has been shown (Owada et al., 1999).
To gain further insight into the signaling system, we
tested three inhibitors, sodium orthovanadate, an in-
hibitor of PTPs (Huyer et al., 1997), PP1, an inhibitor of
src protein kinase (Hanke et al., 1996), and PTX, an
inhibitor of G protein-linked signaling (Tsai et al.,
1984). All of these reagents strongly inhibited the action
of MK, and alone did not promote apoptosis signifi-
cantly above the control levels (Figs. 4-6).

4. Discussion

The present results suggested that PTP ( is involved in
reception of anti-apoptotic signal of MK. The role of
PTP ( in signaling of neuronal migration caused by
substratum-bound MK as well as by its family member
pleiotrophin (PTN)/heparin-binding growth-associated
molecule is well established (Maeda et al., 1999; Maeda
and Noda, 1998). PTP [ is also involved in MK-
dependent migration of osteoblastic cells (Qi et al.,
2001). The present results extended the role of PTP { in
signaling of soluble MK.

We previously identified LRP, which is composed of
500 and 85 kDa polypeptides and belongs to the LDL
receptor family (Muramatsu et al., 2000; Hiesberger et

Ratio of TUNEL-positive celis

Fig. 4. Effects of phosphatase inhibitor on survival-promoting activity
of MK. Sodium orthovanadate (VA : 0.1-1 mM) was added 1 h before
the addition of MK (100 ng/ml). Data are means +SEM (n = 4). Three
independent experiments showed similar results. P < 0.001 versus MK
and MK +1 mM sodium orthovanadate (MK—-VA [ mM).

al., 1999; Trommsdoff et al., 1999), as another compo-
nent of the signaling receptor. Simultaneously, other
members of the LDL receptor family, apoER2 and
LRP6, were found as components of reelin receptor
(D’Arcangelo et al, 1999) and Wnt and Dickkopf
receptor (Bafico et al., 2001; Mao et al., 2001; Pinson
et al., 2000; Tamai et al., 2000; Wehrli et al., 2000),
respectively. Therefore, we examined whether LRP6 and
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Iig. 4.

apoER2 bind to MK, our results indicated that both in
lact bind to MK. The binding of these ectodomains was
calcium-dependent. Although as compared to binding to
LRP (Muramatsu et al., 2000), the binding affinities of
these ectodomains appeared to be slightly less strong, we
should keep in mind the possibility that LRP6 and
apoER2 also participate in reception of MK signal.
Especially interesting is LRP6, since the difference in
cytoplasmic domains of LRP and LRP6 enables the
usage of different signaling systems (Brown et al., 1998).

Recently, LRP has been found to be involved in
calcium mobilization, and a G protein-linked signaling
has been shown to be involved (Bacskai et al., 2000). In
the present investigation, we found that MK-dependent
survival of embryonic neurons was inhibited by PTX, an
inhibitor of G protein-linked signaling (Tsai et al.,

1984). PTX was previously found to inhibit MK-
induced mobilization of intracellular calcium in neutro-
phils (Takada et al., 1997). It is possible that PTX
inhibits the LRP-associated action of a G protein. PTX
can also inhibit the downstream signaling of PTP (,
since GIT1/Cat-1 (G protein-coupled receptor kinase-
interactor1/Cool associated, tyrosine-phosphorylated 1)
has been identified as a substrate of PTP { (Kawachi et
al., 2001).

The inhibition of MK action by vanadate, an
inhibitor of PTP cannot be interpreted simply. It is
thought that ligand binding leads to downregulation of
PTP { (Kawachi et al., 2001; Meng et al., 2000). In the
presence of vanadate, this signaling process of PTP
would be stopped, in addition to the other protein-
tyrosine phosphatase.

PP1, a specific inhibitor of src protein kinase (Hanke
et al., 1996), also inhibited the anti-apoptotic activity of
MK. PPl also inhibits MK-induced migration of
osteoblasts (Qi et al., 2001) and MK -dependent adhe-
sion of oligodendrocyte precursor cells (Rambsby et al,,
2000). The downstream signaling system of MK has
been identified as PI3 kinase followed by MAP kinase
both in the present system (Owada et al., 1999) and
promotion of osteoblast migration (Qi et al., 2001).
Since src is often located upstream of PI3 kinase (Lee
and States, 2000; Versteeg et al., 2000), it is possible that
the MK signal received by the receptor complex contain-
ing LRP and PTP ( is transmitted to PI3 kinase via src
protein kinase.
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Cholesterol Paradox: Is High Total or Low
HDL Cholesterol Level a Risk for

Alzheimer’s Disease?
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Cholesterol is an essential component of membranes for
maintaining their structure and functions. The discovery
that possession of apolipoprotein E (apoE), allele €4 is a
strong risk factor for Alzheimer’s disease (AD) leads us to
focus on the role of cholesterol in the pathogenesis of
AD. Accumulating epidemiological and biological evi-
dence suggests the link between the serum cholesterol
level and the development of AD, and the potential ther-
apeutic effectiveness of statins for AD and mild cognitive
impairment (MCI), whereas other lines of evidence show
controversial results. Cholesterol is known to interact
with amyloid B-protein (AB} in a reciprocal manner: cel-
lular cholesterol levels modulate AR generation, whereas
Ap alters cholesterol dynamics in neurons, leading to
tauopathy. In this review, the relationship between the
cholesterol levels in serum or cerebrospinal fluid (CSF)
and the induction of AD is discussed. The mechanism(s),
if this is the case, of how cholesterol in the central ner-
vous system (CNS) is involved in the induction of pathol-
ogies of AD including A generation and tauopathy, and
how statins prevent it are also discussed.
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Studies of lipid metabolism have been focusing on
that in the systemic circulation using non-neuronal cells
for decades; however, knowledge regarding cholesterol
metabolism in the central nervous system (CNS), the most
lipid-rich organs, is very limited. The cholesterol metab-
olism in the CNS is postulated to be regulated indepen-
dently and uniquely, because CNS is segregated from
systemic circulation by the blood—brain barrier. The cho-
lesterol transported in the systemic circulation by serum
lipoprotein cannot be available to the CNS. Furthermore,
the morphology of neurons is quite different from that of
other cells, in that neurons have many long, complicated
processes, which have an area of membrane that is 10- to

100-fold that of the cell body (Craig and Banker, 1994).

© 2003 Wiley-Liss, Inc.

More than 20% of clusters of postsynaptic density turn
over within 24 hr in the hippocampal neurons (Okabe et
al.,, 1999). These findings suggest that, in addition to
cholesterol transportation from the cell body to nerve
terminals, local metabolic processing of cholesterol at the
nerve terminal must play a critical role in the development
and maintenance of neuronal plasticity and functions. In
accordance with this notion, it has been shown that cho-
lesterol supplied as a lipoprotein complex, i.e., high-
density lipoprotein (HDL), is critical for the maturation of
synapses and the maintenance of synaptic plasticity
(Koudinov and Koudinova, 2001; Mauch et al., 2001).

ELEVATED SERUM TOTAL AND LOW-

DENSITY LIPOPROTEIN CHOLESTEROL

LEVELS ARE A RISK FOR ALZHEIMER’S
DISEASE

There are increasing bodies of evidence showing that
the pathophysiology of Alzheimer’s disease (AD) is linked
closely to cholesterol metabolism. Recent epidemiological
studies have revealed the plausibility of a link between AD
and cholesterol metabolism based on an association of an
elevated serum total cholesterol level with a risk for the
development of AD and mild cognitive impairment
(MCI) (Notkola et al., 1998; Kivipelto et al., 2001). Re-
cent findings that cholesterol levels in membranes modu-
late the association of AP with GM1 ganglioside (Kakio et
al., 2001, 2002; Yanagisawa and Matsuzaki, 2002), which
is thought to be involved in the aggregation of soluble A
in AD brain (Yanagisawa et al., 1995), also suggest a link
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between AD and cholesterol. The mechanism through
which a high serum cholesterol level results in the devel-
opment of AD remains to be elucidated. This relationship,
however, correlates well with the finding that the posses-
sion of the apoE allele €4 is a strong risk factor for AD
development, because there is a stepwise increase, as a
function of alleles (€2 to €3 to €4), in serum total and
low-density lipoprotein (LDL) cholesterol levels
(Bouthillier et al., 1983; Davignon et al., 1988; Lehtinen
et al., 1995; Braeckman et al., 1996; Frikke-Schmidt et al.,
2000). The observation that statin treatment decreases the
prevalence of AD (Wolozin et al, 2000) seems to
strengthen this notion, because it implies that decreased
levels of serum total cholesterol and LDL-cholesterol
might lead to a reduced cellular cholesterol level in the
CNS, which in turn inhibits the synthesis of amyloid
B-protein (AP) in neurons (Simons et al., 1998) and
secretion of AP from cells into the cerebrospinal fluid
(CSF) (Fassbender et al., 2001). A recent study has shown
that the use of lipid-lowering agents other than statins is
also associated with a lower risk for AD in individuals less
than 80 years old (Rockwood et al., 2002). These obser-
vations raise the hopes that a medicine already in common
use may become a “novel” drug for prevention and treat-

ment of MCI and AD.

RELATIONSHIP BETWEEN SERUM AND
CSF CHOLESTEROL LEVELS

These data, however, must be interpreted with cau-
tion. There seems to be several issues that need to be
answered before the idea that high serum cholesterol levels
and thus high cholesterol levels in CNS cells are respon-
sible for the development of AD can be accepted fully.
Recent studies have shown that there is no significant
correlation between CSF cholesterol levels (cholesterol in
the CSF exists as an HDL complex) and serum total (or
LDL) cholesterol levels (Fagan et al., 2000; Fassbender et
al., 2002). It was also shown that the serum cholesterol
levels have no effect on the level of HMG-CoA reductase
mRNA and its activity in brains (Jurevics et al., 2000).
These lines of evidence cannot explain why, in terms of
the difference in CNS cholesterol metabolism, signifi-
cantly higher levels of serum total cholesterol lead to a
higher prevalence of AD. With respect to the inhibitory
effect of statin on the development of AD, the membrane
cholesterol was shown to play a critical role in amyloid
B-protein (AB) generation by modulating secretase activ-
ity (Simons et al., 1998; Kojro et al., 2001). Consistent
with these results, the levels of AP decreased in the CSF or
brains of animals treated with a high dose of statins (Fass-
bender et al.,, 2001; Petanceska et al., 2002). It also was
shown that diet-induced hypercholesterolemia in animals
resulted in significantly increased levels of brain AP
(Sparks et al., 1994; Sparks, 1996; Refolo et al., 2000), and
that a cholesterol-lowering drug ameliorates the AR pa-
thology with a positive correlation between the level of
serum cholesterol and AR accumulation in a transgenic
mouse model of AD (Refolo et al., 2001). A recent study,
however, has revealed that even though statins at thera-

peutically relevant doses interfere with CNS cholesterol
metabolism and reduce the cholesterol level by inhibiting
cholesterol synthesis, at these doses statins do not alter
intrathecal secretion of Af in patients (Fassbender et al,,
2002). This suggests that statins in the therapeutic dose
range may prevent development of AD by modulating in
a way other than inhibiting AP generation. This incon-
sistency may arise from the difference in the species used,
transgenic model mouse and human, the higher doses of
statins used for animals than the clinically relevant doses,
and the higher levels of cholesterol in the diet used for
animals than in the diet used for humans. These results
indicate that we should evaluate further the effect of statin
treatment at relevant doses on MCI and AD biomarkers by
carrying out prospective, randomized, placebo-controlled
trials, and also elucidate the mechanism, if any, of under-
lying statin actions.

ALTERNATIVE INTERPRETATION OF
RESULTS LINKING PLASMA HDL
CHOLESTEROL WITH A RISK FOR AD

If levels of serum total and LDL cholesterol have no
effect on the cholesterol level in the CSF, does it mean
that cholesterol in the CNS is not involved in the patho-
genesis of AD? With respect to this, another possible
interpretation of previous data is proposed. The major
concern with previous reports is that the relationship
between serum cholesterol levels and AD or MCI were
discussed, and HDL cholesterol levels were not focused on
(Jarvik et al., 1995; Notkola et al., 1998; Evans et al., 2000;
Kivipelto et al.,, 2001). As described above, the order of
the LDL and total cholesterol levels in the serum with
respect to the apoE genotypes is apoE2 < apoE3 < apoE4
(Bouthillier et al., 1983; Davignon et al., 1988; Lehtinen
etal., 1995; Braeckman et al., 1996; Frikke-Schmidt et al.,
2000). When one notes the HDL cholesterol levels in the
serum, however, as has been shown in these same reports,
they are in the opposite order: apoE2 > apoE3 > apoE4
(Lehtinen et al., 1995; Braeckman et al., 1996; Frikke-
Schmidt et al., 2000), which can be explained by the
isoform~dependent apoE ability to release cholesterol from
cells to generate HDL particles (Michikawa et al., 2000;
Gong et al., 2002b). This apoE isoform-dependent HDL
cholesterol level is found also in AD patients in whom the
serum HDL cholesterol level is correlated inversely with
the dose of the apoE allele €4 (Hoshino et al., 2002).
Although CSF lipids remain to be analyzed completely,
one study has shown that the level of HDL cholesterol in
the serum of AD patients is lower than that of controls and
the decreased level is correlated with the severity of AD
{Merched et al., 2000). Thus, it is reasonable to conclude
the opposite relationship between cholesterol levels and
the risk for AD; that is, a low serum HDL cholesterol level
is a risk for AD development. Importantly, one should
note that the cerebrospinal fluid contains only HDL but
not LDL or very low density lipoprotein (VLDL) (Ro-
heim et al., 1979; Pitas et al., 1987a,b; Borghini et al,,
1995). It has been reported that the HDL cholesterol level
is lower in the CSF of AD patients than in the CSF of
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Fig. 1. A hypothetical schema showing a putative role of cholesterol in
the amyloid cascade, which is a widely accepted hypothesis on the
pathogenesis of AD. Increased levels of cholesterol in cell membranes
result in the increased levels of generation and secretion of AB, leading
to formation of oligomeric and aggregated As. Oligomeric A then
reduces the cholesterol level in neurons by promoting cholesterol
release from neurons to generate HDL-AB complexes (Michikawa et
al., 2001) and inhibiting cholesterol synthesis (Gong et al., 2002a). The
disruption of cholesterol homeostasis in neuronal membranes caused by
oligomeric A may induce AD pathological alterations including en-
hanced phosphorylation of tau (Fan et al., 2001b; Koudinov and
Koudinova, 2001), inhibition of dendrite outgrowth (Fan et al., 2002),
impairment of synaptogenesis and synaptic plasticity (Mauch et al.,
2001), and neurodegeneration (Michikawa and Yanagisawa, 1999;
Koudinov and Koudinova, 2001). ApoE is isoform-dependently in-
volved in this cascade as an HDL generator by supplying cholesterol to
neurons (Michikawa et al., 2000; Gong et al., 2002b).

controls (Mulder et al., 1998). In addition, it should be
noted that treatment with statins reduces the total choles-
terol level but increases HDL cholesterol level, as well as
the HDL/LDL and HDL/total cholesterol ratios (Hess et
al., 2000; Chong et al., 2002; Gagne et al,, 2002). A
previous study demonstrated a strong correlation between
CSF and serum HDL cholesterol levels, but not between
CSF and serum total or LDL cholesterol levels (Fagan et
al., 2000). These lines of evidence suggest that the de-
creased level of HDL in CNS may be associated with a risk
of AD development, which is also linked to the decreased
level of serum HDL cholesterol, and that statin treatment
may help reduce the risk of AD by increasing serum HDL
and CSF cholesterol levels. In accordance with this notion,
a recent study has shown that in the white matter of brains
with AD, the AP level increases whereas the cholesterol
level decreases (Roher et al., 2002), suggesting the de-
creased level of cholesterol is associated with neurodegen-
eration in AD. A recent autopsy-based study has revealed
results inconsistent with the above results, however, in
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that it is not total or LDL cholesterol level but high HDL
cholesterol level in plasma that is associated with the
increased number of neuritic plaques and neurofibrillary
tangles (NFTs) (Launer et al., 2001). Because statin treat-
ment not only reduces total and LDL cholesterol levels,
but also increases HDL cholesterol level, further studies are
required to better understand how the lipoprotein choles-
terol level is associated with the pathogenesis of AD.

ROLE OF CHOLESTEROL IN
AMYLOID CASCADE

It was postulated that hyperphosphorylation of tau is
a requisite step for the formation of NFTs, one of the
major pathological hallmarks in the AD brain. The mech-
anism underlying accelerated phosphorylation of tau,
however, and the subsequent formation of NFTs in the
AD brain remain unclear. It is interesting to note that a
perturbation of cholesterol metabolism and NFT forma-
tion coexist in brains with Niemann-Pick type C disease
(Auer et al., 1995; Love et al., 1995; Suzuki et al., 1995);
this suggests another possibility of a link between choles-
terol and the pathogenesis of AD including tauopathy.
Our recent study has shown that tau in the brains of NPC
model mice is hyperphosphorylated in a site-specific man-
ner, accompanied by enhanced activity of mitogen-
activated kinase (MAPK) (Sawamura et al., 2001). An-
other line of evidence demonstrated that cholesterol is
accumulated in tangle-bearing neurons (Distl et al., 2001).
These results may suggest that increased levels of cellular
cholesterol promote tau phosphorylation in neurons. It has
been found previously, however, that reduced levels of
cellular cholesterol promote tau phosphorylation in cul-
tured neurons (Fan et al.,, 2001b) and in vivo (Koudinov
and Koudinova, 2001). In addition, it was found that
cholesterol deficiency in lipid rafts (Simons and Tkonen,
1997) is responsible for the induction of tau phosphory-
lation in NPCl1-deficient cells and in cholesterol-deficient
neurons (unpublished data), indicating that the state of tau
phosphorylation is modulated not by the total cellular
cholesterol level but by that of a specific cellular compart-
ment such as lipid rafts, leading to alteration in the intra-
cellular signaling. Interestingly, a deficiency in cellular
cholesterol or a deficiency in cholesterol supply to neurons
was shown to inhibit dendrite outgrowth (Fan et al., 2002)
and synaptogenesis (Koudinov and Koudinova, 2001;
Mauch et al., 2001), and to induce neurodegeneration
(Michikawa and Yanagisawa, 1999) as well as tauopathy
(Fan et al,, 2001b; Koudinov and Koudinova, 2001;
Sawamura et al., 2001). Although many issues require
clarification, particularly regarding various downstream
events in the amyloid cascade, these lines of evidence
suggest the possible role of cholesterol in this cascade,
modulating the processes that induce AD pathologies. In
this context, it is noteworthy that oligomeric A affects
cellular cholesterol metabolism (Liu et al.,, 1998;
Michikawa et al., 2001) by generating AB-lipid particles
with a density identical to that of HDL, which cannot be
internalized into cells (Michikawa et al., 2001). Impor-
tantly, oligomeric but not monomeric AP reduces choles-



144 Michikawa

TABLE I. Lipoprotein-Dependent and apoE-Genotype-Dependent Cholesterol Levels in Serum and
CSF of Human Subjects and in Conditioned Medium of Cell Cultures*

Lipoprotein Cholesterol level

References

Serum total apoE2 <C apoE3 < apoE4

Serum LDL Control << AD and MCI

apoE2 < apoE3 << apoE4

Control << AD
Serum HDL apoE2 > apoE3 > apoE4
Control > AD
Control << AD

CSF HDL apoE2 > apoE3 > apoE4
Control > AD
CM HDL apoE2 > apoE3 > apoE4

Bouthillier et al., 1983; Davignon et al., 1988; Lehtinen
et al., 1995; Braeckman et al., 1996; Frikke-Schmidt
et al., 2000

Notkola et al., 1998; Evans et al., 2000; Kivipelo et al.,
2001

Lehtinen et al., 1995

NR

Lehtinen et al., 1995; Braeckman et al., 1996; Frikke-
Schmidrt et al., 2000

Merched et al., 2000

Launer et al., 2001

NR

Mulder et al., 1998

Michikawa et al., 2000; Gong et al., 2002b

*CM, conditioned medium of cultured cells; CSF, cerebrospinal fluid; AD, Alzheimer’s disease; NR, not reported;

MCI, mild cognitive impairment.

terol levels in neurons (Gong et al., 2002a). These findings
imply the central role of cholesterol in the amyloid cascade
(Fig. 1); that is, the increased level of A3 oligomers affects
cellular cholesterol metabolism, resulting in the reduction
in cholesterol levels in neurons, which in turn induces
hyperphosphorylation of tau, impairment of synaptic plas-
ticity, and finally, neurodegeneration.

The last question to be addressed 1s how apoE, which
modulates cholesterol metabolism, i1s involved in this cas-
cade. Our recent studies have shown that the ability of
apoE to generate HDL particles is isoform-dependent.
The amount of cholesterol released as HDL particles from
apoE3-expressing astrocytes was ~2.5-fold greater than
that from apoE4-expressing astrocytes with a similar num-
ber of each apoE molecule (Gong et al., 2002b). ApoE
dependency in the promotion (apoE4) or prevention
(apoE3) of AD pathologies can be explained by its
isoform-dependent ability (apoE3 > apoE4) in cholesterol
release from cultured astrocytes generating HDL-like par-
ticles, which could supply cholesterol to neurons
(Michikawa et al., 2000; Gong et al., 2002b). Taken all
together, it may be possible that the level of oligomeric A
that can increase in an aged brain affects brain cholesterol
homeostasis, which is compensated for mainly by the apoE
isoform-dependent HDL cholesterol supply from astro-
cytes. The lower ability of apoE4 to generate HDL may
result in earlier disruption in cholesterol homeostasis in
neurons, leading to tauopathy. In this context, it may also
be possible that the decreased HDL level in the CNS
linked with a decreased level of serum HDL cholesterol is
a risk factor for the development of AD. Statin treatment
may contribute to the reduction in the AD prevalence by
increasing serum HDL levels, and subsequently, CSF cho-
lesterol levels. Recent studies, however, showing that the
cholesterol-lowering effect of statin depends on the pres-
ence of functional apoE (Eckert et al., 2001; Wang et al,,
2002) may imply an alternative involvement of the apoE
genotype in the inhibitory effect of statin on AD devel-

opment. Further studies are required to characterize cho-
lesterol metabolism in the CSF and brains of human sub-
jects and animals with or without statin treatment, and to
clarify the relationship between cholesterol and AD patho-
genesis. The different viewpoints presented here might
give new insights into the strategy for elucidating the
mechanisms underlying the link between cholesterol and

AD.
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