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Abstract

The present study aimed to investigate a role of the cellular prion protein (PrPC) in the neurovascular unit
(NVU) including neurons and microvascular endothelial cells.

First, atorvastatin, a strong 3 -hydroxy- 3 -methyl glutaryl coenzyme A (HMG-CoA) reductase inhibitors, induced
neurite outgrowth and increased PrP€ levels in Neuro2a cells in a time- and dose-dependent manner. PrP¢ mRNA
expression was also increased by atorvastatin. Farnesol, a non-sterol mevalonate derivative, attenuated the atorvas-
tatin-induced neurite outgrowth and PrP¢ expression. Neuro2a cells overexpressing PrPC showed a remarkable
enhancement of the atorvastatin-induced neurite outgrowth compared with mock cells transfected with empty pCI-
neo vector. These results suggest that PrPC contributes, at least in part, to atorvastatin-induced neurite outgrowth.

Second, we examined the effect of tumor necrosis factor-o. (TNFa) on the function and expression of the beta-
amyloid (AP) transport-related proteins including PrPC in the mouse brain microvascular endothelial cell line
MBEC4. TNFa decreased PrPC levels and intracellular accumulation of the radiolabeled AP exposed to MBEC 4.
Similarly, anti-prion protein antibody also decreased this accumulation of the radiolabeled A. These results suggest
that TNFo. lowers PrPC€ levels, which in turn, reduces A in the brain endothelium.

In conclusion, PrP€ in the NVU may be involved in the regulation of neurite outgrowth and endothelial AP accu-
mulation and consequently may lead to decreased risk for the TNFa-related neurodegeneration including
Alzheimer's disease.
keywords : cellular prion protein, HMG-CoA reductase inhibitors, neurite outgrowth, beta-amyloid, tumor necrosis

factor-a.
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Tk EHBEICE, WEEO R WVIEFER T 4 2 & HE PrPC (Cellular prion protein) & JFIEED H S
A7) & VB - PrPSe (Scrape prion protein) @ 2 FHAADFAE L, PrPSe i PrPC O & ki 2 b2 & -
TR END 1D o PP IRFETROONLZ SR MBI L2704y 7o)V b - Y aATRHRe LD
VA VHOERYEDO—DTH L EPMESNTB Y, OMI#EER &AM EZETI2owTid
HIHNZHIZEA D i, £ ORREEFERRII S PIZSNo2H b —T5, PIPCOAERBEREIZOWT
WA T05% e PrPCidd H W AEARICHEI L TB Y, FRITHEEMRICS C BHPRBO LN TV S,
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FREHI AL TR O ML N EL D AR LIS 72 SIS 5 2 EHIE ST B39 T2, Kiifse
(ZHEA s, SRR T PPC N IMAE N MIBICEE L, ZofMlaoiEEmiERcEE5 352 L 25
PZL72Y o TNHOT EHS, PreC XM, ME NI B CEBERZRL, 20538
ZALIZ S NS ML OREREIC R & C BT 5 2 L AURE S L7z, ARG & M5 A Rz A AR %
HEFFICHEZCTH MR M ERE OB TH D, o oMl B T % PrPC OFEB % MEi§ 2 KF
%% 5 N PrPCFEBIAEAL L 7B O Mg bR 2L 2 1 2 5 T & AT R I B TR R R0 2 O S WG
W OMHIZEND EEZ NS,

Z 2T, AW TIPS & B IE N R IZ BT 2 PrPC O EZIH O 22T 52 & a2 Tl 6
1 B TIEAFERINEIZ 31T % atorvastatin |2 & 2 fIFEZSEM &K & PrPCFEBLUZ DWW THE 21T o 72, F2FTIE
I B2 AR LS 350 B BEBESE R F- o (Tumor Necrosis Factora ©: TNFa) @ B-amyloid (AB) HiikaE &
PrPC S BT § A MEIZ OV THRE 21T o 72

W13 atorvastatin IZ & 2 fREEEMZICKIF 5 7Y & VERATE OB

(75t - HiY)

HMG-CoA BTCREEEH] (A& F2) 1R TOaL A7 0 — VERHEFENZA L, IaEREER
EANRIL RSN TS, —F, A% F Vi Alzheimer's disease (AD) DHEfT) A 7K FICHE G952
EPRERESNTNL0Y Zepn, AYF VIEPIRMEREBICOAATH L I LATRBE S NI,
MR 2 W7o WFZETlE, A8 F 3 EEER 2B EOH ML RhoA ¥ 7 )V O il % /- L T
HRISEMEZMMET S 2 MG SN TV D910 5 FREZ0OFHMARBT IS 2 TIE RV, fikgse
MR 2R MR RCR K F I E PrPC S BN A FF8 5 2 2 L ARE ST B 728, A5 F 2 HSPrPC
FBUAEH L, ZOMBEEEMREICEAG T2 EPEREING, €2 T, KETIHEKRTLCHEHI N
TWb A F v F¥H] atorvastatin @ PrPC 58I 0 9 4 7EH & PrPC @ atorvastatin 75 5 2SR 12009
bR R BET L7z,

Neuro2a (N2a) Mifg (=7 A3 MALNE) |2 atorvastatin & ULIE L 724528, BER - REEAKAEA9 I HIAE
e R OB 2 BN S 72, £ 72, atorvastatin [ EEAKAF Y IC PPCHEBIE 2 NS &, 10upM A B H
BRI RS 517z (Fig. 1) o

ANt RO AW TH D 7 7 )V V2 1) Yk (Farnesyl pyrophosphate : FPP) OfHfIL A %
FVREFN X HAREERME 2 NS 5 2 EHE SN TB Y, FPPORA PR ISEMRICEZETH
B 2 EMRIZ ST B, atorvastatin |3 A/ NE VEREEEE WIS 5 2 LS, AT O EREEEE R A
DWW Td % farnesol T L, A/N0 U ERAEERO A 217 o 724G, atorvastatin FH3EAREZE MR 1L
s, PrPCEEBlE IR L7z, £ 2T, atorvastatin 75 SRR ZSENM K 12 PrPC 5B 5§ 2 2o a4
%728, PrPC % i 58 X272 N2aflig (NPO1, NPO3) | atorvastatin DHLE % 175 72 mock #lliE (PrPC
EHRTEEAL TR WN2aMife) & e Uiz EMia i A =12 L 72 (Fig.2A,B) -

LM O 2T 572012, MEREI#EO > 7 VI % Rho family G &H O FEH I
DWTHRE 21T 5720 ZOHDORhoIZA ML AT 7 A N—ZJEH L, MFREZEEIIENIAEH T %0 Racld 7
AN RT AT R, Cded2i37 4 BRT 1 7 2 LMEEZGEMRIERT 2 2 &Moo Twb,
Z 2T, N2afilgi2B1F % atorvastatin WLiE |2 K 5 2 S GEHDFEH &% T L 72 atorvastatin L& |2 T
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Fig. 1 Dose-dependent increases in PrP€ induced by atorvastatin in Neuro2a cells. Neuro2a cells

>

% of cells with neurites

(relative to mock cells)

were treated with atorvastatin at concentrations ranging from 1 to 20 uM for 24 h (n =8
each). Representative western blots (top) and densitometric analysis (bottom) of the PrP¢
levels. Band intensities were quantified by scanning densitometry (using B-actin as a load-
ing control) and the data are expressed as percentages of control values (vehicle (DMSO)
-treated cells). Values are means *+ S.E. *P < 0.05 and **P < 0.01, significantly different
from vehicle (DMSO).
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Fig.2 Enhancement of atorvastatin-induced neurite outgrowth in PrPC-overexpressing cells (NPO1

and NPO3 cells). (A) Neurite outgrowth of NPO1 and NP03 cells after treatment with 20
uM atorvastatin for 24 h (n = 12 each). Neurite outgrowth of cells is expressed as a ratio to
control values (mock cells). Each bar indicates the mean * S.E. **P < 0.01, significantly
different from mock cells. (B) Representative photographs showing at low and high magni-
fication neurite outgrowth of mock and NPO3 cells after treatment with 20 pM atorvastatin
for 24 h. Scale bar = 50 um.



Rac DFEHEZILIZFAD LN h o> 720 RholZB L CIXEHEOMIMATED S /zh, 12EFH IR S 5
7 HHENNEFED & 7 22 o 72, atorvastatin (X 2SR RARENEH %2 7R 9 Cdc42 DI = % BN S &, farnesol
OHALE X Cdec42 = % D S 872 (Fig.3A). & 512, atorvastatin & L& L 72NPO1 & NP03 1%, [A]4L
1 @ mock Mg & Fit L C Cde42 3Bl DO INAFED H 7z (Fig.3B)o

PLEX D, atorvastatin IZPrPC B2 WM& L 2 &, F72, PrPCEHE OB atorvastatin 12 X 5 i
RERME RS 22 EDNHL P E R o7 F 72, PrPC3SBISCdc 42 38BN % 8 & ek
BARAET 2 2 L ATVRIE S N7z, PrPCIC & A Cde 2 S EIIRF IEAHTH 5 720, PrPC & Cded2 & %%
YT F VRS HBOWMBRETH D, AFF 12X 5 AD#EITY AV TEEFIZOWT, AHFZeHE
B 6 PrPC & i L 72 R ZS I R ATAD TRAD 5 N2 MR 5 1k L CeB I 59 5 2 L 054
£Tx%,

[ S S Cdc42
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Fig.3 (A) Farnesol-induced inhibition of atorvastatin-facilitated Cdc42 expression. Each bar indicates
the mean * S.E. **P <0.01, significantly different from vehicle (vehi). Representative immuno-
blots (top) and densitometric analysis (bottom) of Cdc42 and B-actin levels. (B) Representative
western blots of Cdc42 levels in mock, NPO1 and NPO3 cells. Each bar indicates the mean £ S.E.
*P <0.05,**P <0.01, significantly different from mock cells. Representative immunoblots (top)
and densitometric analysis (bottom) of Cdc42 and B-actin levels.



W2 BRI D AR X IZ 51T 5 PrPC D% b L PrPC FEBLICH 3 % TNFa O1EH

[H5t - HW]

ADEBEDIME TIXTNFa % &89 14 b7 4 Y EOMIAFED 5T 512, JFLTNFafiik o513
ADBIRIERIFZE I B W TR E 2R L, ADETFT VY T ATEEAZ WL SR8 W, Zhs
DFHED S, TNFolZEABOEE ST CTH D APOMNBRE A EE, AL KT S8 5 2 LAHURIE
ENb, LAL, INFaABDERFEIZED L ) IZF 5 LTV A2 IEH L2 TIE RV,

FPIAB DERIC 1L, BT AP LRI & A~ D ABFEIIE T I2 £ 2 2 L ARE ST d, i
1M NI IO AR B T T2 BBLTED, BN S AR EZMBENICIY AAZZD L, /i~
AR ZHEH T 5 2 &L TAR MM SN E BRI L T b, F72, I 2 553 2 MM A R M A 1o
HEHIZHIN L 72 INFa D ERIZMRTH L 2 EEZbNb, TOI L5, TNFo ORI N E AR
xS AE S AP S Z THE L, WA~ O APHEHIE T 2R < i s b,

AP B 55T XA 2 3559 % P-glycoprotein (P-gp) XA Y JARIZ255-3 % low density
lipoprotein receptor-related protein 1 (LRP1) OFFAEDZED ST WA 15-19 0 F 72 JEEMIALIZ 33> C PrPC
BABEREET A I EHMONT V52020 25 BRI R MO AR #1238 1T 5 PrPC o & I i <
NTWhv, 22T, RECTIEIMMENEMIEO APH%IZHEH L, TNFoa®PrPCFH x4 2 /EH &
PrPC @ AR ik~ DR % it L 720

[RSR - B%E)

Jii I A R AR 35 0) B TNFa O R R Z RS 4 72012, ~ 7 AR TEH A N R i iE ik (MBEC 4 #
Jld) |2 TNFo ZALiE L, 3WER, 18HEf{#IZY) 7V ¥ 4 ART-PCR % HVC, TNFa il £ % PrP mRNA O
FEHLE & T L72o PrPmRNA OFEBIEIL, 3KRHMEISAERNZR L, 18R HRIITH BRI
57z (Fig.4A)o KIZ, 242124 H % BT L Western bloti£ % 1T - 72 &H=IZF L Tid, TNFa
1 ng/mL £ V) PrPC DB AEEIZHD L7z (Fig.4B)o ARG T ICGT5EE2 0N 5P-gpB L
LRP1 DFEB R TNFa DG 2 5 B Z BNT$ 5 72012, 24 B #2122 1 % [AIX L Western bloti: % 7o 72,
P-gp D 5B E 1L, non-treatment (NT) & F-~_XTNFa 1 ng/mL & D AEIZHEML 720 —H, TNFalliElZ & -
TLRP1 OFEBEIHEIIZDO N h o 72,

TNFo S AB#iEIZ G- 2 A 2% 5§ 4 72912, TNFa % WLiE L 24 B £12 1253 — FTIN VL 7z
AR HLE L, €D 6075t IZHINg 2 B L, MfEPICERE L 727 XWALAR &y 1w » 5 — THIEZ AT - 720
ZORER, ABOMIENEH=IINTH & X, TNFa 1 ng/mL £ ) BERBIRD Lz, 72, ABD
N ER =MD DI TNFoll K AMEIIC L > TSR I SN D TIE LW L 2 MERRT 5729,
TNFo MLiE 24 R[] 7% 12 WST assay & 17 720 NTHEE L L, TNFo L& # CH B 2 Mg A A=K T IR
SNz,

TNFa L& 12 & % AR OMIENERE E AL, P-gp BRI X 2 /MRS INC X 2 b DR h,
PrPIEHLE A & MBI ) AR X B DO NEZ SN 7, P-gpll & AHEHEMD
FHHEWMET 5720, P-gpHEHITH % verapamil & L& L P-gp FERE % [HE L 72BN AR B =
T L 720 TNFo LE 24 412 P-gp DEEE TdH 5 caleein & & b 12 verapamil L& L 30 73 7% 1 ZHAD 2 1]
WLEIGHIE R IT - 720 ZDOFER, TNFOALEIZ L > TP-gp DFEMEDIEMT 5729, calcein DEFHEDS
WA TR B T275, verapamil ILE 2 & > TZ OWAIIIHE S 7z (Fig.5A) o #Ev> T, TNFa DALE L
24 I #412 AR & verapamil Z L& L, Z® 6055 Mg Z B L y 47 » ¥ — |2 CTll%E % 17> 72 TNFa
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Fig.4 (A) TNFa-induced a time-dependent decrease in PrP¢ mRNA levels in MBEC4 cells. mRNA expres-
sion was measured by real-time RT-PCR 3 and 18 h after treatment with TNFa. (2 ng/ml) (n=6). PrP€
mRNA levels were normalized to GAPDH. Values are means = SE, *P < 0.05, significantly different
from 0 h (just before treatment). (B) TNFa-induced changes in PrPC expression in MBEC4 cells.
Protein expression was examined 24 h after TNFa treatment (0.1-2.0 ng/ml, n = 12 each). The data
are expressed as percentages of control values (NT). Each bar indicates the mean = SE, ***P <0.001,
significantly different from NT. Representative immunoblots (right) and densitometric analysis (left)

of PrPC€ and b-actin levels.
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Fig.5 (A) TNFa-induced changes in the intracellular calcein levels in MBEC 4 cells treated without or with
verapamil. Cells were treated with TNFo. (2 ng/ml) for 24 h and then incubated with calcein-AM in
the absence or presence of verapamil (100 uM) for 30 min (n = 4). The data are expressed as per-
centages of control values (NT without Verapamil). Each bar indicates the mean = SE, *** P <(0.001,
significantly different. n.s.: no significance (B) TNFa-induced changes in the intracellular '251-AB
accumulation in MBEC 4 cells treated without or with verapamil. Cells were treated with TNFo. (2 ng/
ml) for 24 h and then incubated with '25I-Af in the absence or presence of verapamil (100 uM) for
60 min (n = 18). The data are expressed as percentages of control values (NT without verapamil).
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Each bar indicates the mean = SE, **P <0.01, ***P <0.001, significantly different.




BLE 2 X > TP-gp DFEBEDIEINT 5720, ABOMPEAERE = TRV 2RO 57z, 512, verapamil
WEDSHIEAN ABBEREEZ NS 2 2 &5 5, P-gpDPABHEEIA/EH L TWA Z LS b7z, LAl
verapamil JLiE Z 47\, P-gp DFERE X [HE L T4 TNFall X 2l ABE =W IIHE SN Lo 72
(Fig.5B) o

Z DML AR B EIRA X P-gp FEHIEINC £ 2 ABMAZYMHE & PrPC S8 = 8 12 & % AR MIFEN
B AAARDEFG L TnDE 2 AR SN, £ 2T, P-gp DHEHITH % verapamil Z ALiE L, ML AR
LEHEZNE L7z, P-gpEETH 5 calcein & W 2HET 2 5, P-gp 25[IHE S 5 verapamil % i L
72 verapamil (LFHfE N AR E /= & BN S H727%, TNFall & 2 ARER A IR EN-FETH o7,
Z DA I PrPC S BRI ANTER § 5 2 L AURE S 727295, MBEC 412 35> T PrPC€ 2% AR Al i L
) IASINBIG-S B DPUPPHUE (SAF32) & VTGRS 2172720 SAF3212 X 5 PPCO~ A % 7 I3ilig
WAR & E Z A &7 (Fig.6) o

Db Z &5, TNFall & %5 MBEC4AHaN AR E & kA O —#BI, PrPCFsBim Az & % AR D
JAEL) AR DT IEE T 5 2 LRI S 7z. MHIME AT O ABKIIZAIEL 1 A3 AR NS EIE
DRI E %2 b 720, TNFall & 5 PrPCsEIm A % /i L 72 ABMITBINELY JAAA DT L, AR DRNNFERIZ
KELFGTHEZEZOND RIFFERERIZAD IZBIT 2 PLTNFaitiRIGE O 72 2 E T 2 %3 5
bOTH 5L,

*k

cell / medium ratio
(% of NT)

NT SAF32

Fig.6 Anti-prion protein antibody-induced reduction of intracellular '>>I-Ap accumulation in MBEC4
cells. Cells were treated with anti-prion protein antibody (SAF32, 1 pg/ml) for 30 min and then
incubated with '25I-A for 60 min (n=9). The data are expressed as percentages of control values
(NT). Each bar indicates the mean * SE, **P <0.01, significantly different from NT.
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AW T, MR A iR e Ceieifie - MM N AIE) 123817 2 PrPC & 2 B 5 A0 12
T5HZExAAT, BIETIE, ADOHMIT) A7 2K TS A5 F U 0SPrPC BB ZME S, X ¥
F VBRSSP RIS L CPrPC B MR ER I EH T2 2 2O I Lz, 28T, i
MM AMAZIZ BT 2 ABHAZELYD AARDPIPC & /- L TiTbits 2 & 2B 520 L, TNFalZ & % PrPC€
BHER S ABHIIAI Y AR ZKTERLZ E2RELL. D EOZ 205, ADICTERUEN D
55 AR ADIERE T CEEAFRD & N5 AR5 F A PrPC A L 2 /i L T, ADRIEDLE I
T D T EHIURE S NIz, RIPFERE R, TR M RS SO 2 B 1) 5 PrPC DR El O —D & L T,
ADJRREIR L CORERICH < WREMEZ RET 25D TH 5,

(]

Az bbI2H72), WIRRY) 7% 5 HEE & MHHEZ O £ U AR R S 3R A T I 3R 2 =
Bz TAREERER el O NIIARMIEOZRITICH ) A O ER 2 HBE LEREL B ) L2
R AREIEEN AR BEHEHE B AREC BAECERIEHEL T KmLoFREIZDH
720, ARalHEeh 0 T LERREESAR BRRESEEAHE B Alrdd JohEIZE <
BIHL DT LT AFRET) ICH72) ZREMYE L HREZED £ LERRASAE el
EHSAHE MBI R oA MBEC EARE SBACER QBB 9. ARIEE BT
HIZd72l), ZREMIE L)% T 72 AR R E SR A B B B R O ARG L T 5
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