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Deposition of insoluble amyloid fibrils in tissues is a common hallmark of a wide range of human diseases referred
to as amyloidoses, including Alzheimer’s disease, type II diabetes mellitus. The amyloid deposits cause cell dysfunction,
death, and subsequently severe impairment in tissues. Elucidation of amyloid formation mechanisms is essential for
prevention of the onset and development of amyloidoses. Accumulated experimental evidence demonstrates that mem-
brane lipids enhance the fibril formation of amyloidogenic proteins. Our group demonstrated that amyloid formation by
amyloid B-protein (AfB) was facilitated by gangliosides in lipid raft-like model membranes. Phosphatidylserine and
phosphatidylglycerol were also reported to trigger fibril formation by human islet amyloid polypeptide (hIAPP).
However, it is not verified whether the proposed lipid-protein interactions can occur on plasma membranes of live cells.
The author developed a method for visualizing amyloid fibrils on live cell membranes and investigated the roles of gan-
gliosides and cholesterol in lipid rafts for amyloid formation. Congo red, an amyloid-specific dye, was found to be a
promising compound for staining amyloids in live cells. A was accumulated on cholesterol-dependent ganglioside-rich
domains in PC12 neuronal cells in a time- and concentration-dependent manner, leading to cell death. Nerve growth fac-
tor-induced differentiation of PC12 cells increased both gangliosides and cholesterol and thereby greatly potentiated the
accumulation and cytotoxic effect of AS. Amyloid formation by hIAPP was also facilitated by gangliosides in lipid
rafts. Membrane lipid compositions, in this case, gangliosides in lipid rafts, actually caused striking change in amyloid
formation on cell membranes.
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[Figs. 1(a)-(D]. Xic, ij‘c@?ﬁ? Fluorescein T <
N)V L 7= Ap (FL-AB) 7% PCI2 fiflic# 5 L,

Congo red ICX DR ZE{T>7/=& T A, Congo red
DHEIEIZ FL-AB D #IENIEF TR W I D A3k
JRfE L 7= [Figs. 1(g) and (h)]. Z O#i%I% FL-AB
M—EREMEL, 7I01 MEEZE & IO A
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W5 ZET, BRI Z LTSI A M
RICERUZY 204 M2 R RIITRA - Bl
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and (N]. H>Z7UFT R, abxsFo—)LEEH
WWIRES 7 h 2L TWEEZEZSNTNWEAT
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Fig. 1. Screening of Amyloid Specific Dyes

(a)—(f) PC12 cells were incubated with 2.5 um ThT ((a) and (d)) or 0.05 w/v % ThS ((b) and (e)) for 8 min, or 20 um Congo red ((c) and (f)) for 30 min in
the absence of AB. (a)—(c) and (d)—(f) Fluorescence and differential interference contast (DIC) images, respectively. Bar represents 20 um. (g) and (h) Validation
of Congo red staining for visualizing amyloids on cell membranes. PC12 cells were incubated with 25 um FL-Ap for 24 h, and subsequently stained with 20 um Con-
go red for 30 min. FL-AS and Congo red images are shown in (g) and (h), respectively.

CTX-B fPEG-chol

NGF (+)

AB 10 uM
6h

Fig. 2. Distribution of Gangliosides and Accumulated-Af on Live Cell Membranes

(a)—(d) Colocalization of ganglioside-rich domains with cholesterol-rich domains. Untreated ((a) and (b)) or NGF-treated ((c) and (d)) were stained with
10 ug/ml of CTX-B for 20 min and 1 um fPEG-chol for 5 min. Arrowheads and arrows indicate the colocalization of ganglioside-rich domains with cholesterol-rich
domains in cell bodies and distal neurites, respectively. (e)—(h) Selective accumulation of AB-(1-42) on ganglioside- and cholesterol-rich domains. Untreated ((e)
and (f)) or NGF-treated cells ((g) and (h)) were incubated with 10 um AB-(1-42) for 24 h or 6 h, respectively and the accumulated AB- (1-42) amyloid and cell
surface gangliosides were stained with 20 um Congo red for 30 min and 10 ug/ml of CTX-B for 20 min, respectively. Arrows show the colocalization of Congo red
fluorescence with ganglioside-rich domains, in which ganglioside was brightly stained with CTX-B.
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Table 1. Gangliosides and Cholesterol Contents of PCI12
Cells

NGF- and
Untreated  NGF-treated compactin-
treated
Gangliosides *¢
(per cell, an) (D193£38  (98I1£78  (3)517+120
Cholesterol®

(ug/mg protein) (4)21.7+1.0 (5)48.3+13.4 (6)20.7£2.6

The data shown are the mean=+S.D. p (1 versus 2), p (2 versus 3), p(1
versus 3) <0.003. p (4 versus 5) , p (5 versus 6) <0.02. The statistical analy-
sis was performed by the two sample ¢-test. 2 n=4, > n=3, < GMI contents
were estimated from CTX-B fluorescence intensity. See MATERIALS
AND METHODS for details.
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WHEICRE T2 2 &EMenNTHED, D a2 )7 F
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Fig. 3. Accumulation of Af Amyloids and the Cytotoxic Effect on NGF-differentiated PC12 Cells

((a)-(@i)) Enhanced accumulation of AB- (1-42) on NGF-differentiated PC12 cell membranes and reduced accumulation by inhibition of cholesterol synthesis.
Untreated ((a)—(d)) or NGF-differentiated ((e) - (h)) PC12 cells were incubated with 10 um AB- (1-42) for 6 ((a) and (e)), 24 ((b) and (f)), 48 ((c) and (g)), or
72 h ((d) and (h)). Arrows indicate disrupted neurites. (i) NGF-differentiated cells were treated with the cholesterol inhibitor compactin (1 um) for 48 h, and fur-
ther incubated with 10 um AB- (1-42) for 24 h. The cells were subsequently stained with 20 um Congo red for 30 min. Congo red and DIC images in each set of con-
ditions are shown. Bar represents 20 um. (j) Potentiation of Af-(1-42)-induced cytotoxicity by NGF-differentiation and reduction by compactin-treatment. NGF-
treated cells (filled column), untreated cells (gray column), and NGF- and compactin-treated cells (open column) were incubated with 10 um AB-(1-42), and
stained with 0.4 um Calcein-AM (live cells) and 0.4 um EthiD-1 (dead cells) for 30 min. Stained cells (200-500) were counted in 8—11 images. Data are represented
as mean+S.D. *p<{0.001, *p<<0.0002and ***p< 0.005 relative to the Untreated (NGF (—)) groups, p<0.001 (two sample f-test).
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red efaz17, 7 I 04 REHEOMILE L\DF
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ZENHASMNERS - [Fig. 4(a)]. /=, 5B
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IR Y01 R EEA NS, £z, B
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falz# 5 L TH, hIAPP O BRIIBRINA
WZ &5, hIAPP #RiE D A & [FAEH NI 2
LT END Z ENBHSINETRo 72 [Fig. 4(0) .
K2, W7 U4 T R2a L A5 0—)L 7 hIAPP
DFHERRICINETH B E D N EfERT 572012,
D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol (PDMP), Xi3a>N\7 F 5T 5
ETENENA T UL RER, IV AT0—
IVE Rk ZEHE L 2 PC12 fifgicxt L& 9 5 hIAPP
=8 L7-. PDMP ALEIZL D, PCI12 flifaiE
HDT 7 F T REIEK 43% 125D L [Fig. 5
@]. TN FUNHIZED, JLATO—)LE
EMfTLTH 7 U AL RENEADT S Z &1 Bl
L72EBODTHS (Table 1). PDMP, > )80 F
SALERIZ XU hIAPP i OFEFEEITEZE AL,
Congo red DHENEMEZ S CICREL > =/MlEd /-
D OFFEEERIL, RUE O\ OZER-EITH L
TENTNHKI28%, 36% ThHo7z [Fig. 5b)]. %
7=, W27 0F T REFHL TV Chinese ham-
ster ovary (CHO) #ifi@ [Fig. 5(a)] IZ hIAPP %%
HLTH, BRI EINLNr> & [Fig. 5
], DUEofERIEZ, HoZ7UFTR, aJLZXT
0O—)L 7 hIAPP @7 2 O REEHEERICBWTH
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hIAPP 7 2 O 1 R DS DK Rk
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Fig. 4. Accumulation of hIAPP Amyloids on PC12 Cell Membranes

(a) PC12 cells were incubated with 10 um hIAPP for 24 h and stained with Congo red and CTX-B. (b) PC12 cells were incubated with hIAPP at the indicated
concentrations for 24 h and stained with Congo red. (c) Ten micromolar hIAPP was preincubated in culture medium for 24 h, and then applied to PC12 cells for 30
min.

accumulated
IAPP amyloid

a ganglioside Congo red (per cell, a.u.)
contents
CTX-B DiC (per cell, a.u.)
Pe12 936 + 185
untreated
pe12 - 1670 + 160
untreated =
262 + 58
PC12
PDMP 729 + 82
() A
PC12
compactin 33672
(+)
CHO
untreated N.D. -
CHO
N.D.
untreated

Fig. 5. Gangliosides- and Cholesterol-dependent Accumulation of hIAPP Amyloids on Plasma Membranes

(a) Cell surface gangliosides of PC12 or CHO cells in the indicated conditions were stained with CTX-B. Ganglioside contents were estimated from CTX-B
fluorescence intensity. The data shown are the mean+S.D. (n=4). p (untreatd versus PDMP-treated) <0.01 (two-samle -test). (b) PC12 or CHO cells in the indi-
cated conditions were incubated with 20 um hIAPP for 24 h and then stained with Congo red. The amount of accumulated hIAPP amyloid was estimated from Con-
go red fluorescence intensity. The data shown are the mean+S.D. (n=3). p (untreated versus PDMP-treated) <0.02, p (untreated versus compactin-treated)
<0.02 (two-samle r-test) .
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