N A EEOFEFBMN L v —X

FYX VI F VEROKRIBEEL L -TWVWS, #-T, FVA V2 F vORIIOA X,
WHAICHEERRWEL, PRI GELZEEIYIZ LB TEEILTLPL->TWVS,

42 BEPPILLBTYFIOIFY

BEByVRUEYVOEBLavEF Y PrPAHBALB/cw v RABWT, bIHThH3
B, FVAVYIIFvELTCEBRYREAR LI EEREL 2, FEEEO BALB/c v v 2
WEM-1 79 4 v EERNICBRSEZ L, ThoD vy 2 I3REEN 291 HEB TRIEL
2 (B3A), =9 RLavEF Y PrPRBELTDS, BEERRLALEDONY, 7Y
A VIRORERBIESBES b (B3A), COBRIE, v AvavEd v PrP v
YRACBOWTHREEATHELE—B L, —F, vVRUevYravEsr v PrP %%
Eliz<y 2 TR, BEAAKRTE <Y R PrP ERIGT 2 BCRKOEESRD b, $H

A
— WP o
B 7 RPrP © oe8se 00
i
B PP e e o
£ SPrP ee e ®
C/ | | ] ; I ! | | [
250 300 350 400 450
B (|
B 23 231
T ZPrP : |

evope | I [l i I “l
seee | | | Ll 1 LT 111

= 3

AEBvaovEFVE PrP &It v 7 F VIR, ehfhovavyE+ v PrP % BALB/c < v
ZAOEENI 2 ERBE R EEELAE BRE-17VA v E2EBRCBRESE, 29X 1o
YEFVRNPIPAERELTY, FEFEIRELENT, TYVYFVEOREEEZIBEES L
Hhot, =K, vvFREUe v PEBULIVYEF Y PrPERESOLEYYRTCR, 7
A VIRORIEEBENZED SN o

B: B¥MBREEBISIPPOT I/ BOEL, Yy YVRUEY PPy X PrP it GRS
ARToULHL, WSohoT I/ BRBITUNTHOBRIXDVENS, v TR PrPEER 3
TI/BEBHRECTELTVL S,
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REWZ &I, v LvavEFr v PrP2BFELAYY R, )4 Vv EBEIE S EELRE
22 BRIRTT YV A VIRERIEL, BENREELEZRRL (=0.0008) (KI3A), £/, &
JLaveEF VY PrPEGE LY 20 T0% (TIEH5IT) T, 74 VKOREEE
MBSt ([3A), BT &, Zoho 103 450 BEEZBL TS YA VEERIEL,
EWR v o F vHREMED SN (’3A)
BEEEHEIRAULAT 3/ BlERAR ARIER, ToBEEHELRIGT 2 HOhik%s
FET 2%, PrP BRI B O CHEEBRESNAEDTFTH B, 731/ BLLT %L
otEHERT (K3B). Lrl, BRI LD 7/ BBHEESDOTPIELSS (R3B), -
T, v¥PeyYrarver v PrP PHEEEUEEN L CHOHREEEZFEL, 7V 4 ViF
LT 2 F vHIRERE L LOTRIEWMAEEI N, #-T, PrP OhiEHEEL2 s
KE®WATEIRLD, bo tHBHRT YA YT 7 F v OBIRMTREE K5 LI,

43 REEFaAL—F—ERWETUFUOIFY

CpG# Y IR LA F Fid Toll-like ZEK LA LABENRIGEZEMT 2 0BFEEFaL—5 —
TH 59, EBE, CpG % PrP LREIFFICHET 5 &, PrP i 2 REEAGBOMCES h
HOWAEDPEES NS Z EBMESh TV ™Y, FREERVC &K, CoG BRI T Y A
YERETHR»OEH B THRIRLEELLEY T, )4 vEBEEEH IR TE5C
EBBEENL®, a3 bo— v Y RICRML 7 ) 4 v RBERE ¥ &, < v RI2EGE 181
BRIBETT VA VIRERRF LY, LrL, CpG2R53Nv vy RAE B EBBEBLTL 7Y
*VBOERER LD - 1P, ThoOREERE, CpG 5k 5 HRBEOERLLST Y +
VIROFHIHRNTH S EERB L, ULk, CoG oY RLEBSREERGICE
ZEis@EhakhiRila (follicular dendritic cell ; FDC) 0D % b1z 54 & RES N,
FDC 7Y # vHiAIBATEETOT ) 4 VEEOTERIETH 5, -7, CoG ORT
JAVEREBRUERLESICLY SRLENLFDC oMH D LEZ ST,
DNAJZ7FVEDWVWTHHESNTVE, PrPESA VY —ARKBHET AL IBY I v%
AeSEE0EO DNA 2~y 2AOHNICHERET 5 &, PrP icdd 2 HoiisFEsh, £
72BSE1 7 V4 yOREcH LFHRER LS EBRMESNLD, DNA VI F 25X
Nl o R, IV o= e R EENRT, FY 4 VEORENH 13 BENKY, —F, PrP
K3 %HHET 2 DNA TS FyoBE5TlE, RAEEIED SN, -7k E-T, RNK
DNA v 7 F v RBIFT 5 12¥I1cid, PrP ONBEMTEMSKNETSH 5 I LWRBE NI,
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44 PrP DIESRICKBTYF VI IFY

Gilch 513, w9 RPrP %27 VFLRODBWESFA2—PrP B CSHTBL/6 =Y RICBWVWTEH
WHE#AE L, PrP 4 2 OB EHRET 2 L E2ME LY, L LR/ V-7
Kk, D54 <—PrP 3ESICHEHEZFEET S, RML 7V 4 vogicg LTy
7 F VHBRERSEOEBRES LD, 2D, 51— PrP KLV FBShHOHE
BFIPiE & U CHEE L WETREESE R S i, '

BMya .y 7 BRERBNBGRET VaV b 0T TH5, EE, By a v 7BHEO—DTH
% DnaK % PrP ¢ B X ¥ 7-EXHE% BALB/c = v RICHET 5 &, PrPicxid 3 HIOHEH
EEXNZCEBPEINLD, £/, VANVIROI 7Y FEHERESL Y4 VBT
(virus-like particle ; VLP) %Wk d 5, VLP BRBERIGEHE BT 5, Nikles 513, < v
ABEMELY bo A4 0 VLP OFRFIC PrP © CEEBEHRB T 2 va v v VLP 24
L9 RIBELLET S, PrPicd 2 BEHRBEPEESND I EEZMEL LY, 1510
T—71, <Y ZPrPHEXOIBEOT I/ BPSIEE<TF F (DWEDRYYRE) %2V ¥/¥
Eo—<94R-1VLP KEHEELETAH, ARCBCRBEBEESN D EE2REL LY,
IhOOERIT, PrPASIRNICEHT AT itk Y, PrP it Y 3 REEA RN ICIE
TEBTEARLI, LPLESEMNE, ThoDv s F YR ) 4 VEEIHENTS 500,
B HOWIERT - 755180,

5 - FUFUEEDIF Y

5.1 $EIIFUDFE

CNFTOBEOTIF VIERENMEZAVCTHARAKERET230TH 5, COD, EERHI
Bk, BECZOMOREDBERANIN» B, £, Y/ F vERCIBEEEST S, —
W, By 77 vRBEOSFEORERBEST 350 T, EERORES LI, BHHE0
BRLDLOLEV, 17, BEELVLRY, TOLIT, BEVIFvRIhETOT 25V
LHNRT, BLOFEEETEY, S0k, MEVI/F YRIEEFNCSIhETOTIIF Vv iIT
BoTwa, chETo72F ik gGA2HET KT TH S, LL, HE77 5 i 1eG
DOBTEL IgA bFEETE S, IgA A VI NVT Y HF I AL VR EDHEEN LIz REOTFH
KRR TH 3, #-T, HEY 7 F ¥ BRI CHEZ N LI BEOFH IR TS 5,

52 HWEEFESVYERBWETUSUREBEOIFY
avrsrEYY (CT) PABESEoEEM T yFob+Y Yy (UD) @EAGHKETY Yasv b
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TH P, WFR, BLL>UHBEERD, BREUEES 12FOAY 72 =y  LillaX
frvery— (GM1AVYZ VA YF) ~OERBEGT250FOBYT2=y M oBKE
NTW3, AV 7=y b 3FEWRIEASTE ADP YR YAV PFI VR T =5 —¥ERERELTY
%o MREZEDO V7Y —ICHERT B EMBEET V2 vy MEWRICKETH 54, FHlEA N
ZRLEFIAREHATH B,

Bade 53, =¥ RV 3 vEF ¥ PrP90-231 % CT &3kic BALB/c = v R DEEKEET
6&,&?Kﬁ?%%§h&h&kAﬁ§iéh,EQATUiV@%bemﬁﬁéﬁ B
T2 F VHBARLETEAMELLD, a v bo—e 2 I3RGE 28 BRI TSV A VK
ERIE L0 L, %EY X 266 BICRE L,

HExz, LTOBY72=y b (LTB) 2vv AL yEF VI PrP120-231 RO YLy
v v+ PrP132-242 IS S B BAEEMER L, ThZhofEGREE%Z BALB/c =7 X
OEFEMNICERE LI~k (4A)°, EfE&<vRvavyES v b PrP120-231 BBEERD
f-OPRELEAFZE L -7z (J{4B)Y, LiL, LTB LESEE S L, =YX LavEsS
v b PrP120-231 oBBEMMB ER L, I, TH 2 NFERAGKEEEZRLE (R4BY, %
F, v¥LvaveF vk PrP132-242 04 THHEED [gG EEVFE S WD, LTB LEG
TE5IEIED, LVELDIgGRU IgA BEESFES L (H4BY LAL, YR PrP
LRIEY 2 BEHE OB IRED - 12

53 YHNERSEERNII—LTETUFTVHEDIF Y

AEBARE LI VE X SHE EOBE W IET 2HMBEIMEREO~s F - L LTEATHSC
EDHHOMPER>TETVED, Gofi B, BTV F YHTH B XX IF 7 RH (Salmonella
typhimurium LVR 01 LPS) 1o~ v X PrP LBHER L + v v OIkFERT7 574 v+ C LORIS
EAFRBESYE, CD-1 vy ABOMTHRE LEL?, Z0ER, PrP KBRENIRIEY 5 1gG
CRU IgA OEAEZED Y, EHEEEVC LR, Tho0TYIII9A T Y 4 v EREON
R LR, K30%0<y A TEHLTEBREOERMSED 51, 500 HEALTHT U4~
FIERERMBERD o0k - kP, COBRYPOER BEL SNk PrP Flf 07l & 3E
BB LY, —F, 3 v bo—=y 7 )4 G 300 HRICA TR L 7%,

72 F vHTHSLVROL LPS # X ¥ 7 7 2B RBE AT 5, #-T, PrP RBEENT
EPRZ LTABREEINBZLEI OGNS, TOLSICAKRO PrP HEREBBENICEES
BT LIy, HERESIBESNZOTREOIEEIONS, £, 75374V FCRE
WHEREE TS, 5T, 7374V N CLBAT AT LICXD, PrP ORHURMHER
ShiTRElbEZ 5N5, LhL, BOON%DO<YRTH, 77F VHREIOTHLTHS

381

_39._




NA FEREOBIFRBIN & v — X

A
LTB-moPrP120-231 | 1TB  |vRPrP120-231]
LTB-boPP132-242 | LTB | HoPiP132-242 |
moPrP120-231
boPrP132-242
B .
=f\== moPP120-231 ++ (e bOPrP132-242 +a s bOPIP132-242
== LTB-moPrP120-231 = LTB-bPP132-242 —@- LTB-bPIP132-242

Specific absorbance (0D 405)

[[X ] SETINY, URIOPRRETRIYPIIvRIITN | BT

. . 0
x8 =64 x512 X100 x1000  x10000 x100 x1000  x10000
Serum dilution Serum dilution Serum dilution
4

A I LTB &R UIERA PrP O, CERO¥ENORMICHEY T 5 <v 2 PrP120-231 & v &~ PrP132-
22 % LTB LA s B i,

B:LTBRIGIKL 3v 9 xRV Yy v PrP OKEREH 0K, LTBRA <Y ARV Y v PP %
BALB/c= v 20 RN 2AMB 2 3EERE L, MBIGRU IgCOELEELH N,
LTBFREA~ v 2 PrP120-231 TRIRABELELED O b - o, LTBEIAS < ¥ X PrP
120-231 THRHEERENLI-MAEEESED O N/ o, B, LTBRE2ESLELY v
PrP132-242 0 5 W ERE & v ¥ PrP132-242 X 0 b S A ICHEREELEL, kv EFvH
MO IGRTIgADELEXFEL /-,

P, FREEEALTEDSNE D ol > T, FRLABEROETICWHAKRSR IS EHED
HAREEATETE LN TEXEDD, TOUIFrOEBORETH S,

6 TUFVDIFUOEESESEDOER

PrP° REFEAETH 5, H-T, PP ERINT 22 FEST I 7 7 Vi3, BOEER
BEFERTILOLIBY, U RCBVTRE, BHOEBECEETHSOREHAIHRESH
TVWIEV, L, E b TREDEIVTEBECZOMFRCELR VL, BEERETHS T3
o4 FRERECEEKD ABRTF FEHWET VYN R—RI 7 FVTh, <9 R TIEA
SEMERRBESATLRWS®, Lal, b5 dT23E, —HoL M cHEoBELEE
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MR 3 T EMBMESNESD, 5T, PrP®%2 4 —F o b &Lk 2F v i b, PrPe %
=T wbE LTI F Y EROENEE LLOhd LA,

PrP® & PrP* REHEHEENEL 2, Cashman 5D/ NV—7 R0 EAFHLT, Pre°
TREFEARIKELNh TV RTINS, PrP> TRABICBHLTWVWS EEL LA 3HUEREE
L, Z20WHORTF FE- I REOEREYICEEL T, Pro> KEENRRANEE L2
DOPIRFTL 722, BEREWC &, HooMBLAZE T, BE LB, S ik Pres By
RIS BMEBE LN, LhL, TOXIBTIF BT )4 VERIENS 200, B9
EHWIEREITO BLENS B,

BEOY A WVARGEEREBEI, U3 VEBBRIEBVWTATEE VS ERMBEET 359, —-
OENRLT YA VHREBRREEEE, =007Vt IO 7 ) 4 v ORSEREESTZ, AN
RBROFER, 19— 720 v PEECEEEZE-TVWS, LiL, 71U 4 vOiBAKiE,
HEVREELTVRVWEEZONTVE, TOT VA v FBORFAH =X b%FHT5C &3,
FRO7 VA Y97 F v OBRICEL ZAREM 250 TV 3,
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Abnormal forms of prion protein (PrP%°) accumulate via structural conver-
sion of normal PrP (PrP%) in the progression of transmissible spongiform
encephalopathy. Under cell-free conditions, the process can be efficiently
replicated using in vitro PrPS° amplification methods, including protein mis-
folding cyclic amplification. These methods enable ultrasensitive detection
of PrP>; however, there remain difficulties in utilizing them in practice.
For example, to date, several rounds of protein misfolding cyclic amplifica-
tion have been necessary to reach maximal sensitivity, which not only take
several weeks, but also result in an increased risk of contamination. In this
study, we sought to further promote the rate of PrP>° amplification in the
protein ‘misfolding cyclic amplification technique using mouse transmissible
spongiform encephalopathy models infected with either mouse-adapted
bovine spongiform encephalopathy or mouse-adapted scrapie, Chandler
strain. Here, we demonstrate that appropriate regulation of sonication dra-
matically accelerates PrPS® amplification in both strains. In fact, we reached
maximum sensitivity, allowing the ultrasensitive detection of < 1 LDy of
PrP% in the diluted brain homogenates, after only one or two reaction
rounds, and in addition, we detected PrPS in' the plasma of mouse-adapted
bovine spongiform encephalopathy-infected mice. We believe that these
results will advance the establishment of a fast; ultrasensitive diagnostic test
for transmissible spongiform encephalopathies.

Transmissible spongiform encephalopathies (TSEs), or
prion diseases, are a. series of fatal neurodegenerative
diseases that include Creutzfeldt-Jakob disease (CID)
in- humans; scrapie- in- sheep and: bovine spongiform
encephalopathy (BSE) in cattle: In the late 1990s, con-
tamination of the human food chain by BSE-infected
cattle caused variant CID (vCID), mainly in the UK
[1,2]. Moreover, it has been reported: that vCID may
be transmitted - by blood' transfusion [3], probably
because the species barrier between cattle and humans

Abbreviations

is: markedly-. diminished . at secondary- transmission.
Hence, a blood screening test is urgently needed. to
prevent  the spread - of vCID: infection. In' addition,
early diagnosis is required to provide the opportunity
for treatment of TSEs.

The key molecular event in the progression of TSEs
is the continuous conformational conversion of the
normal cellular form of prion protein (PrPC) to the
abnormal isoform (PrP%). According to the seeding
model hypothesis for prion propagation, PrPC converts

BH, brain homogenate; BSE, bovine spongiform encephalopathy; CJD, Creutzfeldt-Jakob disease; mBSE, mouse-adapted BSE; NBH, normal
brain homogenate; PK, proteinase K; PMCA, protein misfolding cyclic amplification; PNGase F, peptide: N-glycosidase F: PrPS, normal
celtular form of PrP; PrP®¢, abriormal forms of prion protein; tMoPrP, recombinant mouse PrP; TSE, transmissible spongiform

encephalopathy; vCJD, variant CJD:
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to PrP%° only at the end of PrPS° polymers [4], indicat-
ing that the PrPS° accumulation rate is regulated by
the number of polymers. An increase in the number of
PrP* polymers is acquired mainly by breaking large
PrP* polymers into smaller units. Although the in vivo
factor remains unknown, the use of sonication to
mimic the fragmentation process has been successfully
applied in the development of an in vitro PrPS° amplifi-
cation technique, designated protein misfolding cyclic
amplification (PMCA) [5]. Using this technique, ultra-
sensitive PrP> detection in easily accessible specimens
such as blood and urine was first achieved in a ham-
ster model infected with hamster-adapted scrapie,
263K strain [6-8]. The results suggest that PMCA is
one of the most promising approaches for the develop-
ment of a blood screening test and the early diagnosis
of TSEs. However, a number of PMCA rounds are
needed to reach maximal sensitivity [9], which not only
takes several weeks, but also results in an increased
risk of contamination. Furthermore, although mild
amplification has also been demonstrated in other
mammalian species, such as mice, cervids and humans,
the amplification levels in- these species are lower than
those in hamster [10-13]. More recently, the addition
of a synthetic polyanion, polyadenylic acid, was found
to enhance PrP% amplification in the PMCA, but
spontaneous PrP5® formation was observed affer sev-
eral reaction rounds, which may make it difficult to
detect genuine PrPS in specimens [14,15]. The use of
recombinant PrP as the amplification substrate enabled
faster and simpler detection than conventional PMCA
methods using brain homogenate [16-20], but attempts
to use blood from. TSEs-infected animals as a seed for
the' amplification assay have not yet been successful.
Thus, further studies are required to establish these
amplification methods as practical diagnostic assays.
The aim of this study was to find the conditions that
promote PrP*¢ amplification using the PMCA tech-
‘nique. We' chose ‘mouse-adapted BSE (mBSE) and
mouse-adapted scrapie, Chandler strain, as animal
models for TSEs. Here, we describe a hyperefficient
amplification of PrP% in the two strains, which® was
achieved by modulating the sonication conditions.

Results and Discussion

Effect of EDTA and digitonin on PMCA

Prior to starting PMCA, we confirmed the presence of
PP in mBSE-brain homogenate (BH) and Chandler-
BH by western blot analysis. PrP5® accumulation was
detected with mouse anti-(PrP- ICSM35) mAb in both
mBSE-BH and  Chandler-BH, whereas none was
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MoPrP (ng)
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‘ tMoPrP (ng)
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mBSE

Chandler = &

Fig. 1. Estimation of PrP®® concentration in mBSE-BH and Chan-
dler-BH: by dot-blot analysis. {A) Detection of PrP in NBH, mBSE-
BH and Chandler-BH without (-} or with {+} PK’treatment using
western' blots with. anti-PrP mAb ICSM35. Each ' lane 'contains
50 ug total protein. {B).The. designated amounts of recombinant
mouse PP’ (rMoPrP) were. used as standards for' the - dot-blot
analysis. Linear regression between: dot. intensities {arbitrary units}
and rMoPrP is shown {n =3, average + SD, 1% = 0.967). (C} NBH,
mBSE-BH and Chandler-BH without {-} or with {+) PK treatment
(40 ug'mi=* "at 37 °C for 1 h)" were "analyzed {n'=3). All three
panels were obtained from' the same membrane. The regression
ling in {B) represernits the concentrations of PrpSe.

detected in normal BH (Fig. 1A). The PrP% concen-
trations. in these BHs were estimated by dot-blotting
analysis using  recombinant mouse PrP as: standard
(Fig. 1B,C). The average PrpPSe concentrations in
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mBSE-BH and Chandler-BH were 1.21 and
1.86 pgmg™! of total protein, respectively.

When conventional PMCA is performed on BHs,
EDTA is usually added to the reaction mixture [9]. In
addition, imidazole has been reported to stimulate
PrP amplification in PMCA using PrP€ purified from
normal BH (NBH) as the substrate [21]. Divalent
metal ions, in particular copper and zinc, are known
to inhibit conversion to PrP5 [21] and fibril formation
in recombinant PrP [22], and EDTA and imidazole are
presumed to minimize the inhibitory action of metal
ions. Accordingly, we conducted PMCA with or with-
out these chemicals to examine the effect on amplifica-
tion. As shown in Fig. 2A, 1-10 mM EDTA was
needed for the efficient amplification of Chandler-
PrP%, whereas 10-100 mM imidazole had little effect.
Similar results were obtained for mBSE-PrP% (data
not shown). It is possible that many impurities in
crude BH interfere with the action of imidazole, which
binds weakly to divalent metal ions, but do not inter-
fere with the action of EDTA, a powerful chelating
agent.

We tested the effect of digitonin on the PMCA reac-
tion, because it has been shown that proteinase K (PK)-
resistant PrP fragments form in mouse NBH; and this
formation is inhibited by the presence of 0.05% digito-
nin [11]. We observed that PK-resistant PrP bands in
NBH were clearly detected by SAF83 antibody, which
has an epitope located within PrP residues 126164, but
hardly detected by ICSM3S, the epitope of which is
located at residues 92-101 (Fig. 2B). By contrast, both
antibodies recognized mBSE-PrP5¢ amplified by PMCA
(Fig. 2B). The main fragment of the PK-resistant PrP
in NBH, designated PrPres™BH). was ~25 kDa, ie.
smaller than the 27 kDa fragment typical of diglycosy-
lated PrPS¢. Following serial treatment with PK and
peptide:N-glycosidase F (PNGase F), a single 16 kDa
band of nonglycosylated PrPres™B was detected; the
fragments of nonglycosylated- mBSE- and Chandler-
PrP5 were estimated to be 17 and 18 kDa, respectively
(Fig: 2C). The: results indicate that the PK-cleavage
point of PrPres™ is positioned closer to the C-termi-
nus than the PK-cleavage point of PrP>, Moreover, the
amount of PrPres™BW could be decreased by repeating
the sonication, particularly in the presence of 0.05% dig-
itonin (Fig. 2B). By contrast, the amplification and final
quantity of PrPS¢ were not affected by digitonin
(Fig. 2B,C), indicating that PrPres™") does not inter-
fere with PrPS¢ amplification and is quite distinct from
the spontaneous formation of PrP% reported previously
[14,15]. We also found that formation of PrPres™P)
was: promoted by the presence of EDTA and detergent
(A. Fujihara and R. Atarashi, unpublished data).
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Fig. 2. The effects of EDTA and digitonin on PMCA reactions. {A)
The effect of the indicated concentrations of EDTA and imidazole
on the PMCA reactions using diluted Chandler-BH containing 1 ng
PrP*® as seeds. Sonication was performed over 24 h with 40-s
pulses every. 30 min at 60% power. Samples were digested with
PK and probed with ICSM35. (B} The effect of 0.05% digitonin on
the PMCA reactions and the formation of PK-resistant PrP in NBH
{PrPres™B™), No seed, reaction mixtures containing only NBH were
incubated for 24 h, without {~) or with (+) periodic sonication.
mBSE, PMCA with {+} or without (-} digitonin was carried out
using dilited MBSE-BH ‘containing 1 ng of PrPS as seeds. Sonica-
tion was performed as in {B).- PK-treated samples were analyzed by
western blotting with ICSM35 (epitope located at mouse PrP amino
acids 92=101) or SAFB3 {epitope’ located within amino acids 126—
164). (C) Size differences between PrPres™B" and mBSE- and
Chandler-PrpSe amplified by PMCA with {+} or without {-) digitonin
after consecutive treatments with PK and PNGase F. Samples
were probed with SAF83. Molecular mass markers are indicated in
kDa on the left.

Of note, small amounts:- of detergent-insoluble and
PK-resistant PrP aggregates have been reported in unin-
fected human brains in the presence of EDTA and deter-
gent [23]. However, the exact mechanism by which these
PK-resistant. PrP conformers are generated in NBH
remains to be determined. Digitonin does not appear
to enhance the amplification of PrPS°, but it does help
clarify the PMCA results, especially when an antibody
that recognizes the C-terminal part of PrP is used. After
reviewing the results shiown in Fig. 2, we decided to add
I'mM EDTA -and 0.05% digitonin- to the reaction
mixture in subseqiient experiments.
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The influence of sonication times on the rate
of PMCA

To investigate how sonication conditions influence the
PrP% amplification rate, we carried out PMCA at
various somnication times (5, 10, 20, 40 and 60 s) per
cycle, using serially diluted mBSE- or Chandler-BH
containing any one of 1 ng (107 g), 10 pg o g,
100 fg (107 g) or 1 fg (107" g) of PrP*° as seeds for
the reaction. Surprisingly, the rate of PrPS® amplifica-
tion varied dramatically according to the sonication
time (Fig. 3A,B), peaking at 10 s sonication for mBSE
and 20 s for Chandler, every 30 min. Under these

A. Fujihara et al.

conditions, all dilutions. of mBSE- or Chandler-BH
(from I ng to 1fg PrP) were readily detectable in a
single reaction round (96 cycles, 48 h) (Fig. 3A,B).
The results were reproduced in three independent
experiments (data not shown). To determine the mini-
mum amount of PrP> detectable by PMCA under
optimal conditions, further dilutions of mBSE-BH
and Chandler-BH to 1-10ag (107 to 1077 g) of
PrP5¢ were tested. When seeded with mBSE-BH, two
of four replicates with 10 ag PrP% and three of four
replicates with 1 ag PrP5 were detected after one
48 h reaction round (Fig. 3C). With Chandler-BH,
however, only one of four replicates with 10 ag PrP5°

A
60 s-30 min-? 40 s-30 min-1 20 5-30 min—! 5 §-30 min-1
- o 2
g 2 gose,
mBSE =
B
5 8-30 min—!
o 2
o882,
Chandler %
C
Chandler
0
Round 1 5
20=
Round 2

Fig. 3. Influence of sonication time on the rate of PrPSe amplification. PMCA was performed at various: sonication times {5; 10, 20 40 and
60 s) every 30 min at 60% power for 48 h using serially diluted mBSE-BH (A} or. Chandler-BH (B} cantaining the designated amount of PrpSe
as seeds. For reference; 1 ng PrP®c of mBSE and Chandler correspond to 4.7 x 1074 and 6.5 x 10~ dilution of infected BHs; respectively. F,
frozen control containing 1 ng PrPSe. (G} PMCA was performed with a 10-s sonication pulse for mBSE and a 20-s pulse for Chandier every
30 min for-48 h. Round 1, first-round of PMCA using: serially difuted mBSE-BH:or. Chandler-BH ‘containing 1 or 10 ag PrPS° as seeds. No
seed, the same volume of PMCA buffer was added to the reaction mixture as a negative control, All reactions were performed in quadrupli-
cate. Round 2; 10% of each first round reaction volume {8 jL). was used to seed a-second round of PMCA: All samples weré digested with
PK and analyzed by western blotting. with ICSM35.
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and none of the replicates with 1ag PrP%° was
detected (Fig. 3C). After a second serial PMICA reac-
tion, another of the two replicates with 10 ag PrP% of
mBSE-BH, which were negative in the first round,
became positive; the other remained negative
(Fig. 3C). Moreover, further rounds did not increase
the sensitivity of PrP% detection (data not shown).
None of the negative controls (no seed) produced
detectable PrP% bands after a second round of reac-
tions (Fig. 3C), or after third and fourth rounds (data
not shown), indicating that there was no spontaneous
formation of PrPS° in our PMCA reactions. Although
the PMCA experiments were performed very carefully
to obtain consistent data, some discrepancies existed
in the results shown in Fig. 3C (two of four for 10 ag
PrPS versus three of four for 1 ag PrP% in the first
round seeded with mBSE-BH, etc.), which may have
resulted from positional influence on the delivery of
vibrational energy to the samples when very low
amounts (1-10 ag) of PrP5® were used as seeds. None-
theless, these results provide evidence that the one
48 h reaction round almost reached maximum sensi-
tivity. The efficiencies of PrPS® amplification in this
study were greatly improved compared with previous
studies using Chandler strain, which detected PrPS° in
only 107> to 107“diluted infected BHs after one
round of PMCA [10,11]. Indeed, we were consistently
able to detect 1fg of PrPS® (6.5x 107" dilution of
Chandler-BHs). Thus, the increased amplification: rate
was at least > 10%fold (Table 1). We believe that this
increased amplification rate will contribute to reducing
the time required for ultrasensitive detection, and-also
minimize the risk of contamination.

The approximately 10-fold difference in the sensitiv-
ity between mBSE and Chandler may be caused by dif-
ferences between the minimum size of PrPS¢ polymers
that can act as seeds for PMCA reactions. Filtration
studies  have shown that type 1 and type 2 human
PrP5° have different-sized aggregates [24]. Moreover, it
is noteworthy that the quantity of PrP> per unit of
intracerebral LDsy in mBSE-BH was 7.5-fold less than
that in Chandler-BH (4 versus 30 fg PrP%), according
to our end-point dilution  bioassays.These findings

Hyperefficient mouse PrPS® amplification

may reflect differences in the size distribution of PP
between the two strains.

Fragmentation of PrP% polymers by sonication is
generally considered to lead to an increase in the num-
ber of PrP5® polymers, resulting in enhanced amplifica-
tion [5]. However, at the same time, sonication may
partially disrupt the PrPS® aggregate, so that the ampli-
fication rate is suppressed, in proportion to the disrup-
tion. In keeping with this assumption, it has been
reported that the infectious titer of sonicated Chan-
dler-BH is significantly decreased [25]. In addition,
studies using flow field-fractionation revealed that the
infectivity and converting activity of PrP purified
from 263K-infected hamster brains peaked in oligo-
mers consisting of 14-28 PrP molecules, whereas both
activities were substantially absent in oligomers of < §
PrP molecules [26]. Therefore, hyperefficient amplifica-
tion of PrPS® appears to be achieved by an appropriate
balance between the two opposing effects of sonication
on the amplification of PrP*,

Ultrasensitive detection of PrP®° in plasma from
mBSE-infected mice

Because plasma is one of the most accessible speci-
mens, and presumably contains only a very small
amount of PrP%, we collected plasma samples from
four mBSE-infected mice showing clinical signs of
TSEs and four uninfected control animals, and per-
formed PMCA to compare. seeding activity. In the
control reactions, no. PrP was seen in the first and
second rounds (Fig. 4, lanes. 5-8). By contrast, after
only one reaction round seeded with mBSE plasma,
two of four samples generated clear PrP>° bands
(Fig.-3A, lanes 1 and 2) and a further sample exhibited
less distinct bands (Fig: 4A; lane 3). After the second-
round reactions, three samples produced strong PrP%°
bands (Fig. 4B, lanes 1-3), but the remaining sample
lacked PrP> (Fig. 4B, lane 4), and further rounds did
not improve the sensitivity (data not shown). The exact
reason for the existence of the one negative sample
seeded with mBSE-plasma is uncertain, but it is possi-
ble that there may be variation in the amount of PrP>

Table 1. Comparison of the sensitivity of one-round PMCA to detect Chandler-PrPS® with the results of previous studies:

Sensitivity® Sonicator Sonication conditions References
65%x 107" Misonix, Model 3000 20 s every 30 min at 60% power This study
2.0%x107° Bandelin Electronic, Model Sonopuls Five pulses of 0.1 s at 0.9-s intervals every 10

hour at 40% power
1.0%x107* Elekon, ELESTEIN-G70-GOT Five pulses of 3 s at 1-s interval every 30 min 11
8 Sensitivity is shown as a dilution of Chandler-infected BH.
FEBS Journal 276 (2009} 28412848 © 2009 The Authors Journal compilation ® 2009 FEBS 2845
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Fig. 4. Amplification of PrP®e in plasma of mBSE-infected mice by
PMCA. {A) Aliquots (4 pl} of plasma from mice in the clinical phase
of mBSE {n = 4) or normal mice (n = 4) were used to seed PMCA
reactions. To avoid cross-reaction to mouse immunoglobulins in the
plasma, the PrP Fab D13 {epitope amino acids 96-104) was used
to detect PK-digested samples. (B) Second-round reactions were
seeded with 10% (8 uL} of each first-round reaction volume and
analyzed as in {A). tMoPrP, 50 ng rMoPrP without PK treatment.

in plasma among different. animals. Furthermore,
because we observed that diluted BH frequently lost its
seeding activity following freezing and thawing, espe-
cially when it contained very low concentrations of
PrP% (< 1fgul™), freeze-thawing of the plasma
may have affected the activity. Nevertheless, these
results indicate that, under: optimal sonication condi-
tions, PMCA is capable of detecting PrPS° in' plasma
from mBSE-infected “mice * within' a single - reaction
round, or two rounds at the most.

Collectively, our findings suggest that ultrasensitive
detection of PrP5° is achievable by one-round PMCA,
thereby greatly promoting the opportunities for the
development of practical “assays for TSEs including
CJD and BSE.

Materials and methods

Substrate preparation for PMCA

Normal brain tissues were isolated: from healthy ddY mice
(8 weeks old; male), and were immediately - frozen and
stored at =80 °C. Frozen tissues were homogenized at 10%
(w/v) in PMCA buffer (150 mM NaCl, 50 mm Hepes pH
7.0, 1% Triton X-100 and EDTA-frec protease inhibitor
mixture; Roche; Mannheim, Germany) using a Multi-bead-
shocker.: (Yasui Kikai, Osaka; Japan). After centrifugation
at 2000 g for 2 min, supernatants were collected as NBH
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and frozen at —80 °C until use. Total protein concentra-
tions in NBH were determined by the BCA protein assay
(Pierce, Rockford, IL., USA).

Prion strains

The origin of mBSE was as described previously [27].
mBSE and Chandler were serially passaged into ddY mice
by intracerebral inoculation. Infectious titers were estimated
by endpoint titration studies to be 10%° and 107% LDs
units~g" of brain tissues infected with mBSE and Chandler,
respectively. The brains of terminal-stage mice were col-
lected and frozen at —80 °C until use. All animal experi-
ments were performed in accordance with the guidelines for
animal experimentation of Nagasaki University (Japan).

Seed preparation for PMCA

BHs derived from mice infected with either mBSE or Chan-
dler strain were prepared as described above. Dilutions of
the seed-BHs were carried out in PMCA buffer immediately
prior to the PMCA reactions. For plasma collection, blood
was collected from the hearts of normal or mBSE-infected
mice using a syringe containing EDTA. Blood samples were
centrifuged at 2000 g for 10 min, and the plasma fraction
was recovered and stored frozen at —80 °C.

Dot blots

BHs and recombinant mouse PrP(23-231) were plotted on
nitrocellulose membranes under mild vacuum-assisted condi-
tions using a bio-blot (Bio-Rad, Hercules, CA, USA). Mem-
branes were treated: with: 3 M guanidium' thiothyanate for
10 min to denature the proteins: After washing with NaCl/
Tris buffer (10 mm Tris/HCL pH 7.8, 100 mM NaCl) and
blocking with: 5% skimmed milk in NaCl/Tris buffer plus
0.1% . Tween 20 for 60 min, membranes were probed. with
SAF61 anti-PrP mAb (SPT bio, Montigny le. Bretonneux,
France); and the immunoreactive dots were visualized using
ECL-plus reagents (GE Healthcare, Piscataway, NJ; USA).
Dot intensities: were measured: for  the unit. area on the
mémbranes using LAS-3000 mini (Fujifilm, Tokyo, Japan).

Protein misfolding cyclic amplification

To - avoid ~contamination, preparation of noninfectious
material was conducted inside a biological safety cabinet in
a prion-free laboratory and aerosol-resistant tips were used.
Substrates (NBH; 7 mgmL™") and seeds were prepared in
0.2mL PCR: tube strips as 80 pL- solutions: containing
1 mM EDTA and 0.05% digitonin, except in the experi-
ments shown in Fig. 1 in which EDTA and digitonin were
omitted as a ‘control. Diluted mBSE- or Chandler-BH. and
plasma: were ‘used- ay’ seeds: for the PMCA redctions: To
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circumvent the influence of sample position on the delivery
of vibrational energy to the samples, up to three PCR tube
strips (24 samples) were placed at the same time in a float-
ing 96-well rack in a sonicator cup horn (Model 3000 with
deep-well type microplate horn; Misonix, Farmingdale,
NY, USA) and immersed in 600 mL of water in the sonica-
tor bath. The cup horn was kept in an incubator set at
40 °C during the entire PMCA reaction. Sonication was
intermittently performed every 30 min at 60% power. Soni-
cation times are described in the figure legends.

Proteinase K digestion, SDS/PAGE and western
blotting

After the PMCA reactions, all samples were digested with
20 pgmL™' PK at 37°C for 1 h. In some experiments,
PNGase F (New England Biolabs, Ipswich, MA, USA)
treatment was performed after PK digestion. A fourth vol-
ume of 5x SDS sample buffer (20% SDS, 10% B-mercapto-
ethanol, 40% glycerol, 0.1% bromophenol blue and
250 mMm Tris7/HCl pH 6.8) was added. Samples (final
volume, 32 pL) were then boiled for 5 min, loaded onto
1.5mm, 12 or 15% SDS polyacrylamide gels, and trans-
ferred to polyvinylidene difluoride membranes (Millipore,
Billerica, MA, USA). The membranes were probed with
ICSM3S (D-Gen, London, UK), SAF83 (SPI bio, Monti-
gny le Bretonneux, France) or D13 (kindly provided by
B. Caughey, Hamilton, MT, USA) anti-PrP mAbs, and
visualized using Attophos AP Fluorescent Substrate system
(Promega, Madison, WI, USA), in accordance with the
manufacturer’s recommendations.
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Abstract

Design and methods: The adrenal cortex is not considered to be an intrinsic part of the diffuse
neuroendocrine system, but adrenocortical neoplasms possess neuroendocrine properties. In this
study, we examined synaptophysin (SYP) and neural cell adhesion molecule (NCAM) expression in
adrenocortical adenomas in relation to adrenal function.

Results: Immunohistochemical analysis showed that 50.7 and 98.6% of the cortical adenomas showed
SYP and NCAM immunoreactivities respectively. There was no apparent difference in NCAM
immunoreactivity among the adenomas. However, the immunostaining for SYP was significantly
stronger in cortisol-producing adenomas (CPA) than in aldosterone-producing adenomas (APA),
nonfunctioning adenomas {NFA), showing no clinical or endocrinological abnormality, or adenomas
associated with preclinical Cushing’s syndrome (preCS). Western. blotting and real-time PCR
demonstrated that the expression level of SYP protein and mRNA was significantly higher in CPA
than in APA or NFA. Additionally, the SYP mRNA level showed a positive correlation with CYP17A1
mRNA. In addition to the plasma membrane, mitochondria, and smooth endoplasmic reticalum, SYP
immunoreactivity was detected in the Golgi area, which is known to be involved in the regulation of
mitochondrial cholesterol and the fransport of steroid intermediates. It was unexpected that the ratio
of positive cells for SYP in preCS was less than that in APA and NFA. However, further examination is
required, because the number of preCS cases we investigated was very small.

Conclusions: We propose that SYP expression in adrenocortical cells may be involved in some aspect of
adrenal function such as transport or secretion of glucocorticoids.

European Journal of Endocrinology 161 939-945

is encountered in some adrenocortical tumors (9-13).
An' integral membrane protein, : synaptophysin  (SYP;

Introduction

Hyperfunction of the adrenal cortex is  associated with
either hyperplasia, adenoma, or carcinoma: There are
principally three forms of adrenocortical hyperfunction;
namely, primary - aldosteronism . (PA); Cushing’s syn-
drome: (CS), ‘and congenital adrenal hyperplasia,
although extremely rare cases such as androgen- or
estrogen-secreting adrenocortical tumors have been
reported (1, 2). Immunohistochemistry (3-5) and
in situ hybridization: (6; 7) for steroidogenic enzymes
have been attempted, as it is difficult to determine the
adrenal function from the histological findings alone.
However, the mechanism involved in the release of
steroids from the cortical cells remains unknown; due to
the absence of obvious secretory granules in.the cells.
Although the adrenal cortex is not an intrinsic part of
the diffuse neuroendocrine system (DNS) (8), neuro-
endocrine differentiation, as evidenced by immunohis-
tochemical detection of neuroendocrine markers,
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molecular. weight, 38-kDa) is involved in synaptic vesicle
formation (14) and is well accepted as a neuroendocrine
marker (15). On the other hand, the expression of the
SYP gene family is not: restricted to neuronal and
neuroendocrine differentiation in rats or humans: (16,
17): Neural cell adhesion molecule (NCAM) is a cell
surface glycoprotein involved in. cell-cell interactions
and is thought to play a role in axonal growth and cell
migration (18, 19). NCAM expression is noted not only
in neuronal and neurocendocrine tissues, but also in
endocrine tissues (20): In the adrenal cortex, staining
for NCAM is restricted to the definitive zone (DZ) in the
fetus and the zona glomerulosa (ZG) in adalts, both of
which express aldosterone synthase (12, 21). Although
two: large. NCAM . protein isoforms, with apparent
molecular masses of 180- and: 140-kDa,. have been
characterized, the 180-kDa isoform is more common in
neuronal tissues and: the 140-kDa isoform has been
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noted in endocrine tissues (20). Hence, it is possible that
NCAM may play a different role in neuronal and
endocrine tissues.

These observations led us to the suggestion that both
SYP and NCAM may be involved in some aspect of
adrenal function. In this study, we examined the
expression of SYP and NCAM in association with
endocrine function in adrenocortical adenomas by
using immunohistochemistry, western blotting, and
real-time PCR.

Materials and methods

Tissue samples

Of the human adrenal tissues listed in Nagasaki
University Graduate School of Biomedical Sciences
between 2001 and 2008, 29 cases of aldosterone-
producing adenomas (APA), 20 cases of cortisol-
producing adenomas (CPA), two cases of APA with CS,
two cases of APA with preclinical CS (preCS), two cases
of adeniomas associated with preCS, and 16 cases of
clinically silent nonfunctioning adenomas (NFA) were
identified (see Supplementary Table 1, which can be
viewed online at http://www.eje-online.org/supple-
mental/). The plasma aldosterone concentration
(PAC)/plasma renin activity  (PRA) ratio (=>25) was
used in screening for PA. Subsequently, PA was
diagnosed on the basis of an elevated PAC and
suppressed PRA. The diagnosis of CS was based on
specific clinical symptoms such as obesity, moon face,
buffalo hump, abdominal striae, etc. elevated plasma
cortisol concentration with lack of diurnal rhythm; and
a suppressed plasma ACTH level. A diagnosis of preCS
was made on the basis of: a) the presence of adrenal
incidentaloma with lack of specific clinical symptorms of
CS; 'b) abnormal’ circadian ‘rhythm- (normal plasma
cortisol levels at early morning and elevated plasma
cortisol levels at late' evening), -¢) demonstration  of
autonomous secretion of cortisol by the overnight mg
dexamethasone suppression test, d) inhibition of ACTH
secretion, ‘e) postoperative adrenal insufficiency or
atrophy of the attached adrenal cortex; etc. Clinically
silent adrenal incidentalomas showing no signs of PA,
CS, or preCS were classified as' NFA. Imaging of the
adrenal glands with computerized tomography and
scintigraphy was done for detection of adrenal masses.
Furthermore, all patients were examined by adrenal
venous sampling to determine the aldosterone-to-corti-
sol ratio on the right and left sides. Adrenocortical
adenomas were diagnosed according to the histopatho-
logic criteria proposed by Weiss ‘et al.” (22, 23). ‘As
controls, we used adrenal glands obtained from patients
undergoing adrenalectomy together with pancreatect-
omy or nephrectomy for parcreatic or renal cancer,
who did not reveal any endocrine abnormalities.
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Immunohistochemistry

Paraffin-embedded tissues were cut on a microtome to a
thickness of 4 um. After deparaffinization, heat-induced
epitope retrieval with Dako target retrieval solution (pH
6.0; DakoCytomation, Kyoto, Japan) was performed.
The tissue sections were allowed to react overnight at
4 °C with anti-SYP (SY38 clone, dilution 1/20; Dako),
anti-NCAM (123C3 clone, dilution 1/20; Zymed Corp.,
South San Francisco, CA, USA), or anti-Golgi apparatus
protein 1 precursor (GLG1; dilution 1/75; Sigma-
Aldrich) antibodies. Double staining with SYP and
GLG1 was also performed using the HISTOSTAIN-DS
KIT (Zymed). For determination of antibody specificity,
immunostaining was prevented by preincubation of
anti-SYP antibody with an excess of recombinant
human SYP (Thermo Fisher Scientific, Fremont, CA,
USA), and nonimmune mouse or rabbit sera were
substituted for anti-NCAM or GLG1 antibodies respect-
ively. The data obtained were expressed as scores
ranging from 1 (<10% positive cells) to 2 (10-30%
positive cells), to 3 (30-50% positive cells), and to 4
(50-100% positive cells). In cases with no reaction, a
score of O was recorded.

Western blotting

Five cases of APA and seven cases of CPA were used for
the detection of SYP and NCAM proteins by western
blotting. Frozen adenoma tissues were homogenized on
ice for 1 min in lysis buffer containing protease inhibitor
cocktail (Nakarai, Kyoto, Japan). To obtain detailed
information on the subcellular distribution of SYP
immunoreactivity, homogenates of adrenal tissues
were also fractionated into mitochondria, microsome
derived from fragmented smooth endoplasmic reticu-
lum (sER), and plasma membrane, as described
previously  (24). The protein extracts (40 pg each)
were subjected to SDS-12% PAGE. After: the proteins
were transferred onto- an Immobilon-P. membrane
{Nihon  Millipore Ltd, Tokyo, Japan), the membrane
was reacted with anti-SYP (dilution 1/50; Dako) or
anti-NCAM' (dilution 1/50; Zymed) for ‘1 h ‘at room
temperature. The optical densities were measured by
NIH image and were standardized by B-actin.

Real-time PCR

To examine the expression: of SYP, 140-kDa NCAM,
CYP11B2, and CYP17A1 mRNAs, we performed real-
time PCR amplification in seven cases of APA, 13 cases
of CPA, and four cases of NFA. Total RNA was collected
from frozen adenoma tissues using GenElute Mamma-
lian Total RNA kit (Sigma—Aldrich). After the reverse
transcriptase reaction, LightCycler Quick System 330
(Roche Diagnostics: K" K) was used for the real-time
PCR (7). Sequence-specific - primers were  designed
and assigned - the following GenBank accession
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numbers: SYP (X06389: 225-249 and 357-333),
140-kDa NCAM (M17410: 919-937 and 993-972),
CYP11B2(X54741:2637-2658 and 2724-2699), and
CYP17A1 (M14564: 1203-1226 and 1339-1315).
Expression levels were standardized by 185 rRNA
(M10098: 124-148 and 256-232). All products were
checked by electrophoresis using 3% agarose gels and
ethidiwm bromide staining with w.v. visualization to
ensure the specificity of the PCR products and the
absence of nonspecific bands. Relative quantitation of
gene expression was performed using the relative
standard curve method.

Ethics

All patients signed a form of informed consent prepared
in accordance with the rules outlined by the Nagasaki
University Ethics Committee.

Statistical analysis

Differences were analyzed with Spearman’s correlation
coefficient by rank test, Student’s t-test, Pearson's
correlation coefficient test, and x> for independent
test. Results were expressed as the mean +5s.E.Mm.

Results

In the control adrenal cortices, immunoreactivity for
SYP was present in the nerve fibers, appearing as small
dots, while NCAM immunostaining was present in the
7G and outer zona fasciculata (ZF) (data not shown).
In the adenomas, SYP immunoreactivity was detected
along the plasma and lipid membranes (Fig. 1a), and
cytoplasm. Immunoreactivity manifesting as large dots

Figure 1 Immunohistochemical staining for SYP and NCAM

with hematoxylin counterstaining in adrenocortical adenomas.
Immunoreactivity of SYP s located along the plasma and lipid
membranes. (a) SYP staining is also present in the perinuclear
Golgi'area. Double staining for SYP (red color) and GLG1 (blue
color) indicates that SYP and GLG1 are colocalized in the Golgi
area. (b) The immunoreaction for NCAM was limited to the plasma
membrane (c): In (d), a negative control is indicated. (a), (c)and (d),
X 100; (b}, X 400; squares in (a) and (c}, X200.
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Table 1 Immunoreactivity for synaptophysin in adrenocortical
adenomas.

0+ 1+ 2+ 3+ 44 Total
APA 16 12 0 1 0 29
CPA 0 0 0 4 16 20
PA-+preCS 2 0 0 0 0 2
PA+CS 0 0 1 1 0 2
preCS 2 0 0 0 0 2
NFA 15 0 1 0 0 16

Staining score: 14, <10%; 2+, 10-30%; 3+, 30-50%; 4+, >50%.
Intensity of staining: CPA>PA+CS>APA=NFA>PA+preCS=preCS
(P<0.01).

was also observed in the perinuclear Golgi area, which
well accorded with the localization of GLG1 staining
(Fig. 1b). The immunoreaction for NCAM was limited to
the plasma membrane (Fig. 1c). There was no evidence
of positive immunostaining in the negative control
sections (Fig. 1d).

The results of staining for SYP and NCAM are
summarized in Tables 1 and 2. Of the 71 cases of
adrenocortical adenomas, 36 (50.7%) and 70 (98.6%)
showed SYP and NCAM immunoreactivities respect-
ively, although the component cells of adenomas were
not all positive for SYP or NCAM. With the exception of
one case where a staining score 3 was recorded, the APA
showed only a faint (staining score 1) or no SYP
immunoreactivity. All cases of preCS (containing APA
with preCS) and 15 out of 16 cases of NFA also showed
no SYP immunoreactivity. On the other hand, intense
staining of SYP was observed in all cases of CPA
(staining score 3—4). The intensity of staining for SYP
was significantly stronger in the adrenocortical adeno-
mas associated with overt CS than in the adenomas not
associated with overt CS (Spearman’s correlation
coefficient by rank test, P<0.01). Unexpectedly, the
intensity of SYP immunoreactivity in preCS was:less
than that in APA and NFA. A significant relationship
between the intensity of staining for NCAM and clinical
symptoms was not' observed; although there was a
tendency to intensely stain among the APA.

Western blotting demonstrated a 38-kDa SYP band in
the control adrenal gland (containing adrenal medulla)
and all cases of CPA, but not in the APA cases (Fig. 2a).
Immunoreactivity was present in. all' the subcellular

Table 2 Immunoreactivity for neural cell’ adhesion molecule in
adrenocortical adenomas.

0+ 1+ 2+ 3+ 4+ Total
APA 0 0 0 2 27 29
CPA 0 1 5 6 8 20
PA-+preCS 0 0 0 1 1 2
PA+CS 0 0 0 0 2 2
preCS 0] 0 1 1 0 2
NFA 1 1 4 4 6 16

Staining score: 1+, <10%; 2+, 10-30%; 3+, 30-50%; 4+, >50%.
Intensity of staining: no significant difference was obsérved.
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Figure 2 Western biot analysis. A 38-kDa SYP band is detected in
the control adrenal and all cases of CPA, but not in APA (a, upper
paneél; ¢, left panel). SYP immunoreactivity was present in the
fractions of mitochondria (Mit), microsome (Mic), and plasma
membrane (Plas) (b). All cases demonstrate 140-kDa NCAM band
(a, middle panel), but the optical density of the band standardized by
B-actin (a, lower panel) is slightly higher in APA than in CPA (¢, right
panel). Dotted lines show the mean value in APA and CPA tissues
respectively. *P<0.01, **P<0.05. Cn, control adrenal (containing
the medulla).

fractions - of mitochondria, - microsome, and  plasma
membrane (Fig. 2b). Meanwhile, all ‘cases examined
showed mainly a 140-kDa band reacting with MAB
against NCAM (Fig. 2a), and the optical density of the
band was slightly higher in APA (n=5;"1.06+0.03)
than in  CPA  (n=7; 0.76+0.11) (Student’s t-test,
P<0.05; Fig. 2¢).

Real:time PCR (Fig.” 3a) demonstrated that the
expression level of SYP mRNA was about tenfold higher
in CPA (n=13;1.20+0.12X 10~ %) than in APA (n=7;
0.1040.03X107% and NFA (n=4; 0.11+0.05
X10™* (Student’s t-test, P<0.001). On the other
hand, 140-kDa NCAM" mRNA was more highly
expressed in APA (n=7; 0.97+0.05X 10~ °) and NFA
(n=4; 1.054+0.08%X107°) than in CPA (n=13;
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0.80+0.03X107% P<0.05). To determine whether
or not the expression of SYP or NCAM mRNA correlated
with steroidogenesis, we also examined the expression
of CYP11B2 and CYP17A1 mRNAs, encoding aldoster-
one synthase, the enzyme for the final step of
aldosterone synthesis, and 17a-hydroxylase (17«-OH),
the limiting enzyme in cortisol synthesis respectively. As
expected, high levels of CYP11B2 and CYP17A1
mRNAs were observed in APA and CPA respectively
(data not shown). High expression of CYP17A1 mRNA
in CPA was also confirmed by in situ hybridization
(see Supplementary Table 2, which can be viewed
online at http://www.eje-online.org/supplemental/).
The expression level of SYP mRNA correlated positively
with that of CYP17A1 mRNA (Pearson’s correlation
coefficient test, n=24; r=0.8532, P<0.001; Fig. 3b).
No significant correlation was found between NCAM
mRNA and endocrine function.
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Figure 3 Analysis of SYP; 140-kDa NCAM and CYP17A1 mRNA
expression by real-time PCR. (a) The results are shown as the ratio
of SYP (left panel) and 140-kDa NCAM (right panel) to. 18S rRNA.
Dotted lines show the mean value in APA; CPA, and NFA tissues
respectively. *P<0.01, **P<0.05. (b) A correlation between SYP
and CYP17A1 mRBNA expression. The expression level of SYP
mRNA shows a positive correlation with CYP17A1 mRNA
(P<0.01).
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Discussion

Previous studies (9—13) reported that SYP and NCAM
were ubiquitously expressed in adrenocortical tumors,
but detailed examination of the differences in the
expression among adrenal disorders has not been
extensively performed. In this study, we examined SYP
and NCAM expression in adrenocortical tumors using
immunohistochemistry, in relation to adrenal function.
The specificity of the immunoreactivities was confirmed
by a preabsorption test or by substitution of nonimmune
mouse sera in place of the primary antibodies. Western
blotting, using the same antibodies as in the immuno-
histochemistry, also demonstrated a specific band:
38-kDa in SYP (12, 14) and 140-kDa in NCAM (12).
Hence, the immunostaining in this study was specific
with no false positives.

The implication of the finding that adrenocortical
adenomas exhibit neuroendocrine properties such as
SYP and NCAM, despite the fact that the adrenal cortex
is not an intrinsic part of the DNS, is as yet little
understood (8). Haak et al. (10) suggested the possibility
that the staining cells might be derived from remnants
of the fetal adrenal cortex and that silent genes might
emerge under physiological conditions, as a result of
dedifferentiation of adrenocortical cells. The DZ cells in
the human fetal cortex are thought to be a progenitor
(stem) population, capable of migrating into other zones
(21). Aldosterone synthase and other steroidogenic
enzymes are expressed at late gestation by DZ cells, like
7G cells in the adult adrenal (10; 25). Additionally, as
NCAM protein and mRNA are expressed in DZ cells as
well ‘as ZG cells (12; 21), this hypothesis could explain
why NCAM expression was present in most of the
adenomas, especially APA. However, the hypothesis fails
to account for the significant: difference in: SYP
expression among the-adenomas. In this study, CPA
exhibited a high ratio of positive cells for SYP, whereas
APA, the adenomas associated with preCS, and NFA
showed few positive cells. Our result differed from the
report of Li et al. that there seemed to be no correlation
between: SYP expression and endocrine clinical ‘syn-
drome (13). However, our findings were supported by
the results of western: blotting and  real-time PCR,
demonstrating that the expression level of SYP protein
and mRNA was significantly higher in CPA than in APA
or NFA. In general, a nonspecific- or over-staining
sometimes ‘appears, - depending on’ the ‘antibody
(especially polyclonal antibody), 'in the kidney and
adrenal gland. Li et al. used a SYP polyclonal antibody
in- addition to monoclonal (13), whereas we used only
monoclonal to avoid nonspecific binding as much as
possible. Therefore, the type of antibody: used may
account for the differing results.

SYP is one of the major polypeptide components. of
the small electron-translucent vesicles of neurons and
DNS cells (14, 16), and its presence in endocrine tumors
correlates with the presence of cytoplasmic dense core
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granules (26). Furthermore, SYP is thought to contrib-
ute fundamentally to controls of the exocytotic process
in non-DNS cells, such as thymic epithelial cells (16,
17). In adrenal glands, the biosynthetic steps involved
in steroidogenesis are well elucidated (4, 27), but the
secretory mechanism involved in the release of steroids
from the adrenocortical cells is little understood,
because the intracellular localization of the steroids is
obscure. In addition to the plasma membrane, SYP
immunostaining was present in the cytoplasm. Western
blotting using subcellular fractions indicated that the
immunoreactivity was localized in fractions containing
mitochondria and microsome deriving from fragmented
sER expressing the P450 enzymes necessary for steroid
hormone production (27). Additionally, we demon-
strated in this study that the SYP mRNA level showed a
positive correlation with the mRNA level of CYP17A1
encoding 17¢-0OH, but not CYP11B2 mRNA encoding
aldosterone synthase. Furthermore, of particular inter-
est is the observation that the staining for SYP was
detected in the Golgi area, as proved by GLG1 staining.
The Golgi apparatus in the adrenal cortex has been
thought to be involved in the regulation of mito-
chondrial cholesterol, the transport of steroid inter-
mediates, and the regulation of plasma and lysosomal
proteins {28, 29). Bassett & Pollard (30) reported that
Golgi-related coated vesicles in rat ZF cells might be
related to the transport of corticosterone (corresponding
to cortisol in human) to the plasma membrane, based
on the correlation between the vesicle numbers and
plasma corticosterone concentration. Similar vesicle-
like structures have been reported to be present also in
human adrenocortical tumors and in primary pigmen-
ted nodular adrenocortical disease (9, 31, 32). The data
thus far collectively imply that SYP expression may be
involved in adrenal function, stich as in the transport or
secretion of glucocorticoids.

The expression level of SYP may be dependent upon
the ‘amount of steroid production in each' cell. This
would also explain. why SYP was undetectable in
adenomas. associated with preCS.  Additionally, it was
no surprise to find heterogeneity of SYP staining in the
same adrenal tumior, because the component: cells of
tumors do - notall ‘consistently synthesize or secrete
steroid hormones at the same level. However, it was
unexpected that the intensity for SYP staining in preCS
was “weaker than that in APA or NFA. Fuarther
examination: is required: to confirm whether there is
actually any difference among APA, NFA, and preCS,
because the number of preCS cases we investigated was
very small. On the other hand, the real-time PCR
showed that APA and NFA expressed SYP mRNA at the
same; albeit very low, level, which is consistent with: the
fact that both APA and NFA have the potential for
cortisol synthesis within the normal range (33).

Although we found no evidence of any relationship
between. NCAM: and adrenal function,: the results:of
immunohistochemistry, western blotting, and real-time
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