34. Beck AT, Ward CH, Mendelson M, et al: An inventory for mea-
suring depression. Arch Gen Psychiatry 1961; 4:561-571

35. Riker RR, Shehabi Y, Bokesch PM, et al: Dexmedetomidine vs
midazolam for sedation of critically ill paticats: a randomized
study. JAMA 2009; 301:489 - 499

36. Pierpaoli C, Basser PJ: Toward a quantitative assessment of diffu-
sion anisotropy. Magn Reson Med 1996; 36:893-906

37. Pierpaoli C, Jezzard P, Basser PJ, et al: Diffusion tensor MR
imaging of the human brain. Radiology 1996; 201:637-648

38. Friston K], Holmes AP, Poline JB, et al: Analysis of fMRI time-
scries revisited. Neuroimage 1995; 2:45-53

39. Hirata Y, Matsuda H, Nemoto K, et al: Voxel-based morphometry
to discriminate early Alzheimer's disease from controls. Neurosci
Lett 2005; 382:269-274

40. Mori T, Ohnishi T, Hashimoto R, et al: Progressive changes of
white matter integrity in schizophrenia revealed by diffusion
tensor imaging. Psychiatry Res 2007; 154:133-145

41. Zhang Y, Schuff N, Du A-T, ¢t al. White matter damage in fron-
totemporal dementia and Alzheimer’s disease measured by diffu-
sion MRI. Brain 2009; 132:2579-2592.

42. Meier-Ruge W, Ulrich J, Brithlmann M, et al: Age-related white
matter atrophy in the human brain. Ann N Y Acad Sci 1992;
673:260-269

43. Tang Y, Nuengard JR, Pakkenberg B, et al: Age-induced white
matter changes in the human brain: a stereological investigation.
Neurobiol Aging 1997; 18:609-615

44. Marner L, Nyengaard JR, Tang Y, et al: Marked loss of myelinated
nerve fibers in the human brain with aging. ] Com Neurol 2003;
462:144-152

45. Bartzokis G, Beckson M, Lu PH, et al: Age-related changes in
frontal and temporal lobe volumes in men: a magnetic resonance
imaging study. Arch Gen Psychiatry 2001; 58:461-465

Am ] Geriatr Psychiatry 18:8, August 2010

Shioiri et al.

46. Sowell ER, Peterson BS, Thompson PM, et al: Mapping cortical
change across the human life span. Nat Neurosci 2003; 6:309 -
315

47. Steriade M: Awakeing the brain. Nature 1996; 383:24-25

48. Barth DS, MacDonald KD: Thalamic modulation of high-fre-
quency oscillating potentials in auditory cortex. Nature 1996;
383:78-81

49. Mesulam MM: large-scale neurocognitive network and distrib-
uted processing for atttnetion, language, and memory. Ann Neu-
rol 1990; 28:597-613

50. Corbetta M, Miezin FM, Shulman GI, et al: A PET study of

visuospatial attention. J Neursci 1993; 13:1202-1226
. Nobre AC, Sebestyen GN, Gitelman DR, et al: Functional local-
ization of the system for visuospatial attention using positron
emission tomography. Brain 1997; 120:515-533

52. Trzepacz P, van der Mast R: The neuropathophysiology of delir-
ium, in Delirium in Old Age. Fdited by Lindesay J, Rockwood K,
Macdonald A. Oxford, England, Oxford University Press, 2002,
pp 51-90

53. Jurado MB, Rosselli M: The elusive nature of executive functions:
a review of our current understanding. Neuropsychol Rev 2007;
17:213-233

54. Monsch AU, Bondi MW, Butters N, et al: Comparison of verbal
fluency tasks in the detection of dementia of Alzheimer type.
Arch Neurology 1992; 49:1253-1258

55. Kubicki M, McCarley R, Westin CF, et al: A review of diffusion
tensor imaging studies in schizophrenia. J Psychiatric Res 2007;
41:15-30

56. Gunning-Dixon FA, Hoptman MJ, Lim KO, et al: Macromolecular
white matter abnormalities in geriatric depression: a magnetiza-
tion transfer imaging study. Am J Geriatr Psychiatry 2008; 16:
255-262

5

—

753

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

—320—



AR B EHEES %% (Jpn. J. Neuropsychopharmacol.) 30 : 201-206 (2010)

U5 MEKRBEI VY I VBRGEEDERKFR & BRG]

g figk!
* HRERER AR E SRR TR 5 5

E: 7= %A 2 ) Y (phencyclidine: PCP) Z#]% &3 3 NMDA Bl 'L 4 ¢ VvEEZEAERED, Z0
THEITHA U - RS ERE OBt - FRMEER & RAEREREE 25| 22T 92 & 5, NMDA ZEBHEEE(2E
THRRBEERERICL Y, BEORBERECRIGT ABHERIZ I TE L, BEUoEROWET I L
Fillah s, EEIC, NMDA ZAK ) v v BEEEL 2 RE L XZEEEEL(RET 2 EYH, NMDA ZEHK
FERTE A RS L - B OV R IR 0 RETH A S L, SUEEREIRA TR ORSKBIEERE OBREER

FHIEEEERRET S L LBREINATVWS. L L, BEBREE»TOATWE, 7)) vy, D&Y v,
D-T7TI=Y, D¥A ok y, 7Y yBGAEERR SO S v v EEHLOFEEE, WOBITH, ER
M, BEl, 550V RIMAEHEL L TOEEREOMELS S », NMDA ZHAEBKEEREEREF ICE Y 723l0E
BAaRkDohTWS, COEHLEBINREND 15 LT, REKED-tY v O « BiEY 2 7 A0358 T 5
N3, Tabb, DY vid, (1) 7)) vrrEEbic NMDAZSEHKS ) & v 2R 3 KXZH/HED 2
TI=RMTH BN, 7y rERFRITD NMDA ZHE~NDERPELSE L, (2) ERT Y » o BHEE
MESEELBULSHEETT, B) =a—nv-7Y TRMEEERCEST 5, 0555, NMDA ZEEF
KL BRG] « RN ET Ho0icld, REED-+ ) v v 7+ v a#iEd 2 HEAXHEET 2008881 E
Zoh, #iaAD-& ) VEEXHEET S, 7)) THEFSUS FREBECHEBAMSENNS. ORI, K&
SPFEFEDORECHEMIC b BESE b7 O T Ok S 5.

F—T— K HAKEE PURBMREERMER 7= vv429 Yy, NMDABIZ VY L v BRRER, Dt

No.27

201

NMDA ZZ5{&-D-t V) Vv RAEEH & LI G R AR FEE DT

l) )74

7y 3 v (Gl RPMERFEOKREICEEL T
WAEREME R, AEOMEHKS Glu BEORDZ RV
7ZL7-Kim 5 (1980) 2L - THID TRIEShiz. £D
s, EEDS (1983) PHEEKRAEBREBRERNTHA = VB
B Glu 2BFHEE0 EREBREB L2 Ep, KICBIT 2 Gl
EEBESFOEBHRES N, COREVIRFINL.
B UL, BARBEFRDOBY « BRHEERK & RKGERES
AIERITEYE L TI19B0ERr MO0 TV, 7=
Y44 2 Y Y (phencyclidine: PCP) %3, #8777 NMDA
B Glu ZBAREMEREEZ b DT LM MicEh, RD
FOBHEEEADLET, MEKRBETRDULL LOAEARE
BHEESETLTVWSE, RKEAONBLIILE -1
(FEJ1l, 2005, 2006): OPCP D iF#4>, ketamine, dizocilpine
A% &3 % NMDA S5 REREE 3F)5 13 < RERFAE
BoMBr o icEEERET 224 (KD, O
BEEAFEFKT 57712 NMDA SSEAEEWEH L HEBEL T
B0, BlZd ketamine 13, NMDA ZAFERER DR
THEEME (SE>>RE) OFPRFHEFEZFERLPT

* R EF 39 BB AR EY 2 (009 F 11 A, &)
BBy v RYY ABEDIRBRTH 5.

* F113-8510 REH NREXEE 1-5-45
E-mail: tnis.psyc@tmd.ac.jp
(RlRIEESRSE - /I 0

W, OEKRAERE R, BEE XD NMDA A FERT
EiiEZEENEBHEZESAELCPTV, @PCP MEH
BEOCAZ5|ZRI L, KEBMER « BREELZ RS TV
DOIMHBEE1Z, NMDA ZAEFEUN O MEmERICIIIER
LITWEL~NLVTH 3.

PEomRRicESWT, NMDA ZAFEEHEK - 2
MR ESOBIE R SRABIER DR EEMREOEN &
LTEBsh, EE -« BROAASBINICED SN T
W5 (Kantrowitz and Javitt, 2010; Labrie and Roder, 2010;
gajl, 2005; thA 5, 2007). AFETIE, ZOFREIME
REBEL, NMDA ZBERONEXREHRTFO1>TH
5Dt YOREAHN S, SEROHMBICIOVWTHRTHL
Wy,

I EBRFHNICRICHSRBECRELETS
NMDA ZR&FHEREOMNE DT

ek, HERBEDEERE GUEHRE PEEERE
HWET SN E D2BI N —s¢ 3 v (DA) SZEEEMER
PIEFI L, DA fEBEIKSRBERGHEREELT
3720, BEHERICRECD2ZEEZNT 2 DAZED
TLEMBS T 5 C EAMAlEhTE A (I, 2006).
T, EtHRoMBEMEEL LD = G-

B& & DA: dopamine ( F —~¥ 3 »), DAO: D-amino acid oxidase, Asc-1: alanine-serine-cysteine transporter 1, dsr-2: D-serine responsive
transcript-2, dsm-1: D-serine modulator-1, Glu: glutamate (7' V' ¥ ¥ »E&), 5-HT: 5-hydroxytryptamine (£ © b = ), PAPST-1:
3’ -phosphoadenosine 5’ -phosphosulfate transporter-1, PCP: phencyclidine (7 = 4 4 2 1) ¥ ), NMDA: N-methyl-D-aspartate

F) K2odTERLBERR 2 0mFZSR,
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[ TILRE KRS J
NMDA F—sX=y
2K TIASUBTEIRT: (3 E
R d[NMDA%@ﬁWﬁ“b T ]h AMP
PCP MAP
razy ANnAY
!gﬁg;ﬁﬁ;! E A= ARETTE j
I \ T B
FoHi ERi:gLd
r) HRRE w[ R mRE J

(ETEF#: iﬂ#&ﬁ“&%ED C

WL RISt
BEER

B1 FEFICRAHEESKAE S MREERE OBE (RF). NMDA 5k, DAGER, €0 b= VIZERB LU GABA (%

R EERT AEYOERHICE SV,
Glu ZEEE DBEER IO VW TEREFED R AR AL,

RERTEROREEF L IBENROENAERNTIR L GIHREXSR). tHn
RERBECRELIRAL S BHOKENEENE EEIONBT

tho (REW, FARORGIITNTORESRBEEE S THEILbOTRBVI L LBETILEDH 5.

hydroxytryptamine: 5-HT) fziEfRic bW ilEIER % &
&5 (5-HT2 ZEMHMEMEM, 5-HT1A ZEKRIE/E
%), 5-HT mZER DT bHEKFERO—EIcBEFR
THEREMEN D 5. FEBE, 5-HT2A ZEMGERNI I EEE
@ N, N-dimethyltryptamine ® —E 5% =8 (Gouzoulis-
Mayfrank et al, 2005) T3, BEXS v 5 1 7T ICHhESLH
fE#% @ formal though disorder ® ABEY) 73 BB F H 2529
ohifERMRES LTV S,

EEDERRK « EREITE X, NMDA SEEKEEET
L& - T, MERBEFDOBHE - BRHEER & BAkiEEE
DHETEEE, FlRL7, FETHTIN S DA (2
% SHT EROBEEICHEBEES S5 EA2RELT
W3, 34bEL, PET 2HVEHEICBWT, KEEH
fiE B3 T (3 amphetamine 35 F D A DA HEEA R EE
DBV LDBERHEN TS558, NMDA & (A EN =
O ketamine ZREINIBELR T v F 4 7T, HEE
RIERDOBEMERP RSN 2720 T L, T D amphet-
amine 5% O DA #EBE D LA E N2 (Laruelle et

al, 2005).
T 5T, EREYTIR, NMDA REHEMEL K
ZETHL, RIMEREZHLIKDARENLEL

(Kantrowitz and Javitt, 2010; Umino et al, 1998), BISEZERZ
B R - QI EOMIESN 5-HT ik A3 md 5
(Yan et al, 1997). DA fz#RIcoW\ T3, NMDA W%
=REHRE T 5 LETHHERE O DAREBMHZ - TETT
BLVHHE S H B 05, amphetamine F v L v U Lol
O DA BRI, MEKRBEEZICHEMUL T, FEEEREL
BREEDWH T L TV 5 (Kantrowitz and Javitt, 2010).

NMDARL # 72 = + DREBEET <Y 2 T3, DAEH
EAOBEZUENEFELTWVWSE & (Mohn et al, 1999) %
ZiabeE 3L, NMDA ZEMEHEENSET LkEET IR
DA fEMTTE L P L LR E N 3.

INoDF—21d, —BEOKEKIAIETIZ, NMDA 3%
BEENT 5 Glu =ZEWREET 5 7%, DA ZENBEIC
12 o 1 AERBYWER S HIE L, 5-HT 2484 DA RIS
DHFH R — FDOREIC K D MR P RAEIEREE
FlEEEC SN BaEEERE L TWS (1) @I, 2006).
37505, NMDA ZAFEEE(EERIZ, BETH, B
5 DA B LU S-HT HE0MEHEE L T, BEED ISR
EIcRIGT 2ERCHEEZRL, 20MmOSFH A —F
DEEZBET 2 LIk » THEMBEEIEEER 2%
ETHIENEFEINS,

II. NMDA ZEGHAEIRERE DS KM IC
X419 B ERERA B

NMDA A HAE(EEER 13, EBREWIc BV THEE
AEEFNEEALONDS, BArOBEEICHT 2RENE
B ®» 51 (Contreras, 1990; Hashimoto et al, 1991;
Kantrowitz and Javitt, 2010; Tanii et al, 1991, 1994), /iR
BiEns, BRERICBVTS, EROTIBHRENESY
LI WIRHEREIR PR AIMEERE IC B TH 5 T R &
LTV 5 (Kantrowitz and Javitt, 2010; Kantrowitz et al,
2010; Labrie and Roder, 2010; Lane et al, 2010).

MEOERFILE LT, FESE, Op-+Y vy D7
7 =vid, PCPOHFERT2EETHORBAERED DA
ETLED 5 12 DA fEENEE MAP 1T & 2 P ES) &1
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ABET AN, IhoDT7 I/ BOLEIENSC
(Kanematsu et al, 2006; Tanii et al, 1991, 1994; LA 5,
2007), @NMDA Z&ES ) & v FHEIEAL O BEIRAIBE R
L D QOBEHREIIEES NS T & (Tanii et al, 1994)
EARBASHICL, 1ZIXEREIC NMDA 7 A HE 3R
HUEEETHICHT 2D vOBRMEAE®RE L.
Contreras (1990) & & iz, 271 v v FHEEAL O FEHER
(NMDA Z&fka7I=2 +) BEREOENL O ENIH
FBHREIC S AR ER T — 7 ICESWTIRIBL /2.
FEERIyICIE, #0%, 7V vy, D-&J ¥, D-7T 5=
Y, DA ek, By 5 AR -5 —fH
EHEF Loy vBEoVTr%E, BFEOTREHRELR
HAhoBEEIRE 5 [Add-on i5E ] OBRKRAFRELITO
7. Risperidone, quetiapine, olannzapine, & —tH#L
BRI & LG L72BE 1R, BREER - BAIEReEE
DRI7OREESEFEREMLDERCS» - (X
1) (Kantrowitz et al, 2010; Labrie and Roder, 2010; Lane et
al, 2010; LLAR S, 2007). # s CTHEELZIHIN
TW5H (Tuominen et al, 2006), FhEFEVLEFE AT,
EHRESHABRTREENLFEROIMESI N TV S (Labrie
and Roder, 2010; LUZA &, 2007). &7z, clozapine & D
HTREMMERED SN Wiz (Labrie and Roder,
2010; LA &, 2007), clozapine & NMDA SEKKEREE D
WEERAO®RTGEELEZ 5N D, —F, &RATbOT
SHEO Dt vEBRERRICEVL TR, BREECERD
SEEINTVWABREESR O EEIPREINTS
v (Kantrowitz et al, 2010), ERIRER~OEEELIER 5.4
Ehp b, LEROBERARIIBNATITONIL D TH 3H,
BHE, BrECTOHFROIM 7Y v b v AR -5~
EEP D YA 7 vt ) vOBRKABRSETHTH 3.
BEE TIERSNW TV 2EBREICE, MANDERITHE
NMDA ZEE~DEA O IEZER# (Labrie and Roder,
2010; #&J11, 2005) <, WHIEEFETDH 3 - DESMEH
X OB EEFE Ok S (Labrie and Roder, 2010; P81,
2005), BEEOVIBMREL ZIEL 2EHENEORWEHD
Zh (Kantrowitz et al, 2010) E0RESH 0, MRS+
ATRVI LD, BEHFAOREESEREATLRVE
EORREL-Tw B EHERIEN S (RD. £72, NMDA
SERES ) v VBT BEEST 5 54 TOEYIIH

RTREMMICHEENRE L ¥MrsnTws. 22T, 4
BOBMREHE TR 2D FENERNT LBV H 5.

Il D-EUYYRFLDBEEHREENE LTDES

FEKFAREICB T 5 NMDA SEMEEEEEE L T 0AKE
EOMAT, FESNIEEEWMED12& LT, £%
BIEOHENER % b OWMOANEK D-& ) ¥ BT 5N 5.
TCZTE, e vEZTOREPEEOTFERBCOL
T, FREEERRCBIIBEREEET 5.

D-tV Vi, FYvy, D-T 5= vEEERIT, BT
i3 NMDA SEG %N 2 MEEELHE LKL VA, Glud
44712 NMDA A& %2 EHALT 2 7o DI ATRTH 3
EMNESN, NMDAZEED 37 I =2 b (coagonist)
N TVE (K2 (FE)I, 2005, 2008). #EHS
(Hashimoto et al, 1991; Tanii et al, 1991, 1994; (L7 5,
2007) 13, BPETHE~NIE SIS, BYER THBHRIER
2 bOmEEEE R WS LS, CoBETD-TI/ EBE
L TifiIsnegic, Eduoic iR oMEBiIc—E D&
BEAFE-SCTEAEFER LA (A, 2005 2008). =51,
NMDA & Z1{% GRIN2B (NR2B) % 72 = b EEEUIL 72
o7 (BT IRAINENEL) 2R9 L EZBHORICL,
WD NMDA XA A FHIHEAFTH 2 T LERIEL L
(A1, 2008). %k, RIAMERAHMED D-€ ) v %2ERY
LafRET B L, U v VEERMICEET A 120R
EUEMBEDO ) v v DEENSZE L &b, NMDA %
BHEEENMETT 2 VI ERBRIHESH, DL
bRINERTId D-+& Y v A5, NMDA ZEEDOEELANEM
ATT=RMTHBEEELSNTWVWS (FE)I], 2008).

S5z, Op-€ Y voffasmtid, RosilEs -
TEMETICLA > TRDL, BES v/ ov20EMICK
DIEMT 2D%1E L, HHASHEREVEEIIELS
ER a2 cET S (A, 2008), @7V 7EIRNER
Wk 7Y THIBOEEMET L 7oREET I3 Mias D-+
) VIEBEMNEEICETT 3 (Kanematsu et al, 2006),
@NMDA ZFEI/EAT A2 Dk Y YHT7Rba sy 7h
SittHans T LA RET 2 RAH 5 (Henneberger et
al, 2010; Panatier et al, 2008), @#F(LEHIZD-& ) v
F=a2—or&s) 7o FcmEiEns (), 2008),
E0EHS, DY vidVF IS Z-7) THEFHICES

=1 DBEEREDENERAICHRITEN TV S NMDA SEE 7 ) v v BEERA/EE)E
7I=x+ (1HER) FTI=RELTOWE  EBIRE* ~of#iT  BIfER
V% Full agonist IEEIR Y i FONAREET ?
D-%4 7ok v Partial agonist FEEIRK =1 EER GHEB

GRERBRE S HRV)

D-kY v Full agonist EIRE & BEEH?
JYV o5 v AF—8 —BAESE (Sarcosine)  Full agonist JEERI?  EWVW? FONABHEET ?
D-75=V Full agonist IR KW ?

* NMDA &k & v BEEAIC N 5 # R
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L-Ser

Gly l_ GRIP
S shn
GCS/ l’
D-Ser

!

AMPAR.~_ &

Dsm-1/___"
PAPST1 ok

Ca?*, SNARE

4

SRR— 7%

DAO

GRIN1
P

spermine
f spermidine
| GRIN2

ABDs

CTDs PDs

B2 D-+ Y vOR#HBIEL GRINI/GRINZ (NRI/NR2) B NMDA Z5{EA # v F + 2. Dt v ORBEMOSFHEE IS
TRy, BEENSNTO2BREEET 3EMSTECH L., EREEZOBREATRIERF— /052 &%, MR
MEHEEIEAMRKES NS I & %KY, NMDA ZAKE, #MEas» 5 Na- © Ca” 2HASE, MIaN2» S K™ 28852344~
FrAVERBKLTEY, GuBEEM (GLU), 7Y v v#E&EA (GLY), =7 % ¥ 9 ad+ VEESHMN Mg, 7= 4472
VY UREEEAL (PCP), 1) 7 3 VEESIAL (Poly) B ED, A ORBELA % d>. GRINLY 72 = b (BHEEEANY T v b
Fh) LABOGRINZ Y 72=y b A~ND O &b 1AL S s onTF oA Y o 7 ELSKAEERT B EHREENT
0, GLY {3 GRIN1 kic, GLUIR GRIN2 Lich 5 EEZ S5h T3, NMDA SEEOERK I Pacletti & Neyton O#2%z (Curr
Opin Pharmacol (2007) 7: 39-47) @ Figure 1 %, % 7-N&fFI3EE OB (L2 80: 267-276) ORI 1 2K Z.

ABDs: agonist binding domain ({FEjZ#E& N # 1 ), CTDs: C-terminal domains (C 5K ¥ # 1 »), GCS: glycine cleavage system (2’
U v v BZEE5RR), NTDs: N-terminal domains (N 33 I # 4 ), PDs: pore domains (BEBHO%B ¥ # 4 »), SRR: serine racemase (+

Y v 7ev—+), [ fe@hs, D220 mHeE.

FThEHEREND. 7)) THRZE Y F S REEEMT S
BE b2 EMBHAOLICK-TETEY, =2 —o vl
DIZED 7 74 VF a—= v 7% > TV 5 EEEMEH 5T
IhTw3,

CDLSB DY vOR/FEE, NMDAZEHKR S ) v v
TREERAL ORI A EE MR S RBERZ N ET 2, O R
&, Dt v OMBSNEE BT 55 THIaRE
BHELT, ZOv 7+ eEH 5181505, NMDA 4
BHEEED 7 7 4 v F 2 — = v V2 ERT 2 15E 8B
ADEEZILNB,

AT, NEMED-+ ) v OEAK, I, Miass
B, H0AD, L EORFBENSTEEST S EHHES
DI - THY, EENTESEK, BDAZB X ISR
B5d2BHNFELT, %0, LEDEY) v %2 D&
CEH T EY) 5w —+¥ (SRR), 75=v-+1) v-
VRAFAVHHET I VBN VY RAE—- S —
serine-cysteine transporter 1: Asc-1) BL U D-7 I / Bl
{tEB% (D-amino acid oxidase: DAQ) DT HAED ST
W3 (P, 2008). D-t Y v OMIGSEE A= H R
DHEEINBEDIE, D&Y YORALPAEDOEREE
FETZ2YETHY, BRHERMESEE-TW5E, EE

(alanine-

MWy bTimoiwo 547 ) VREEFE-TEBLI-EC
5, INEXHEITE7-44LLT, DAO, -t v %
D3AT PAT1 (proton-coupled amino acid transporter 1) %
DEEEHA%2b>oD- %427 otV (Frecking and
Hoeprich, 1966; Metzner et al, 2005) 75, BIZAEERZE D #H
N D-+Y vEEE LREE 3 Ebbh o7 (Fujihira
et al, 2007). X 51T, Asc-l 2fHET 2YE bRHEDOIE
ZooOI EuRBEEn (@IS, 2008).

—7, Dt ) v Offfastikd v ~ v NMDA Z &K
GRIN2B# 7 2= b EEBHLASHERTIED, D&
) v 13 NMDA 2547 ) v v FAEEALERASIEA % b
SH&D, Dt VEROMASTEAR SN S D-€ ) VB
ENFEERETEIEIcL Y, NMDA ZSEKICL D E
REOEVIREENLETNE I ELEFETX S, C08EA
o, BEONHIu—=v I LIz, D-+ Y VERKILE
% & dsr-2 (D-serine responsive transcript-2) (Taniguchi et
al, 2005) ®HMEAD-€) YIEEEEFHSE 5 dsm-1 (D-
serine modulator-1: £ b PAPST-1 (3’ -phosphoadenosine 5'-
phosphosulphate transporter-1) @ 5 v b orthologue) (Shi-
mazu et al, 2006) &, D-t ) v HBOMNSHETRT
MTHKELS, D-v ) vy /7 F VEEICET 20K
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TAEED TS,
IV. 8bhVIC

AT, EBER - BRI H» S, DA SZEEENE
LOWET BIERD RN + 5 ADEVHRKES RAER
BEELT, vF72-7) TEBEEEEA2XZ 5 SHER
ENBD-tY VYU RTLRENETET &Ik D, NMDA
SHEBEEED T 7 4 v F 2 —= v T X BBE S IEHE LS
BonsaWESERESNTVWEEEZTLICH L. 20k
»IziE, NMDA ZAKEEEICEHERZE T 285 p-t Y
v I FVEEIEIT 20 FHIEA A = X LD, BEHICHRRA
SNBETEDBRARTH B, HERBETIE, D-&Y v
DRI Y 7 F VMET T 5 T & 55 NMDA 25 (KiRE
et b ST aRElEBH 2 DS, TD &S EIEE
AR, MAEAEICB T3 D-€) v YR TF LDHF
MY IREST R, £0EFVEYOMAEEER
¥, LOAENTEL2EDOFV D1 ) v v X7 AEH
HIREEAE 2 {2 ET 5 C L0 HifFE N 5.

ARETHENLAEE SOOI, EIIEH - v v 5 -
MR B L CRAEERERAFRERFHRTHERESFIC B
T, ROKF42 EEFTIT - b0 T (B IFEREHELYE)
EIEH - Mgt vy —, BREKA BERKRY BHEZ (K
N), BEES], # BE GA), B BHE R 5 =D
B, FUSE, SREBE, K XE, LRBEf* fHEA 72
FIER, BOESE, FMEES . BRRERERAE C250), #
FE—ER, B &, B0, FRFEKE, BEEA, MK
3, BAESE, MME E iRk, BHEFRE (BAMISHET
T, BHIET FERE), €Hi— BHRERIKE). PCP
EREE s TS LS - L FEREERAR B L O ILZ NEERR
FriciESt i LET.
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Abstract: Toru NISHIKAWA (Division of Psychiatry and Behavioral Sciences, Graduate School of Medical and Dental Sciences, Tokyo
Medical and Dental University) Development of @ novel pharmacotherapy targeted at the N-methyl-D-aspartate receptor-D-serine system for schizophre-
nia. Jpn. J. Neuropsychopharmacol., 30: 201-206 (2010).

Based upon the evidence that N-methyl-D-aspartate (NMDA) type glutamate receptor antagonists including phencyclidine cause schizophre-
nia-like treatment-resistant negative symptoms as well as antipsychotic-responsive dopamine-related positive symptoms, the facilitation of the
NMDA receptor function has been considered to be a rational therapeutic approach to ameliorate both of the above schizophrenic
symptomatologies. However, the direct stimulation of the NMDA receptor glycine modulation site by glycine, D-serine, D-alanine and D-
cycloserine to perform the facilitation appears to run into difficulties due to their poor permeability to the brain, lack of selectivity to the receptor,
or side effects such as peripheral toxicity. Because D-serine is a selective endogenous co-agonist for the NMDA receptor acting at the glycine
site with a NMDA receptor-like distribution in the brain, we have alternatively been trying to find suitable target molecules or cells that are in-
volved in the metabolism and functioning system of glia-derived neuromodulator D-serine to increase its signal for the NMDA receptor. To this
end, we have been investigating the molecular and cellular mechanisms controlling the extracellular contents of D-serine and have found that the
substances that are able to inhibit the transport or degradation of D-serine moderately elevated the extracellular D-serine levels in the rat frontal
cortex.

Key words: Schizophrenia, Antipsychotic-resistant symptoms, Phencyclidine, N-methyl-D-aspartate type glutamate receptor, D-Serine
(Reprint requests should be sent to T. Nishikawa)
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Abstract

Methamphetamine (METH) use is one of the major public health concens worldwide. Long-term use of METH induces not only
dependence but also psychosis which is associated with METH-induced brain damage, including neuroinflammation produced by activated
microglia. We report the case of a female patient whose psychotic symptoms in METH use disorder were successfully improved by anti-
inflammatory drug minocycline therapy. Although the precise mechanism(s) underlying the efficacy of minocycline in METH use disorder
are currently unclear, minocycline appears to be a good candidate for future investigation clinical trials for medication development in METH

using populations.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Methamphetamine use is a major public health concern
worldwide. Long-term use of methamphetamine induces not
only methamphetamine dependence but also adverse psy-
chiatric symptoms, such as hallucinations, delusions,
aggression, anxiety and insomnia. These psychiatric symp-
toms can persist for months or even years after the cessation
of drug use [1,2]. Although such symptoms have been
suggested to be associated with methamphetamine-induced
brain damages, [3.4], several longitudinal studies have
suggested that such brain damage is reversible and that
methamphetamine-related psychotic symptoms are typically
transient phenomena [5,6].

Activated microglia may produce neuroinflammation,
which potentially hastens brain damage [7,8]. We previ-

* No authors had any disclosures to make.

* Corresponding author. Department of Psychiatry, Chiba University
Graduate School of Medicine, Chiba 260-8670, Japan. Tel.: +81 43 226
2149; fax: +81 43 226 2150.

E-mail address: aguadebeber! 1@yahoo.co.jp (Y. Tanibuchi).

0163-8343/$ — see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.genhosppsych.2009.12.005

ously reported that an antibiotic agent possessing anti-
microglial activity, minocycline, attenuated behavioral
abnormality and/or dopaminergic neurotoxicity after the
administration of methamphetamine to animals [9,10]. In
addition, a recent human PET study demonstrated that
methamphetamine activated microglia in the brains of
methamphetamine users [3]. Such findings, taken together
with the present observations, led us to conclude that
treatment with minocycline might ameliorate the severity of
methamphetamine-related psychotic disorders. Here, we
describe the course of illness of a patient with metham-
phetamine-related psychotic disorder who responded well to
treatment with minocycline.

2. Case report

Ms. A was a 17-year-old Japanese female. At the age of
12, she started to use methamphetamine by daily intravenous
injection. A few months after the onset of drug use, she
experienced hallucinations (e.g., seeing insects and hearing
voices) and exhibited unstable emotions and aggressive
behaviors. This led the patient to stop using methamphet-
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amine for 5 months, after which the troubling symptoms
disappeared (i.e., within several months). At the age of 15,
the patient again started to use methamphetamine intrave-
nously. The frequency of methamphetamine injection
quickly increased up to four or five times a day. At the age
of 17, the patient’s hallucinations had substantially wors-
ened, and she again stopped using methamphetamine.
However, the hallucinations persisted after this second
cessation of drug use. Under the influence of these
hallucinations, the patient exhibited aggressive behaviors
and withdrew socially. As a result, the patient’s mother
brought her to our clinic, 7 months after the patient had
stopped using methamphetamine.

Ather first visit, the patient expressed having a chronically
depressed mood, suicidal ideation, appetite loss and insom-
nia, in addition to the psychiatric symptoms noted above. She
had no history of psychiatric disorder prior to the use of
methamphetamine. No abnormalities were identified on
physiological or neurological examinations, nor were there
any abnormal findings from routine laboratory examinations.
The patient was diagnosed with methamphetamine-related
psychotic disorder according to the JCD-10 criteria. The total
score on the Brief Psychiatric Rating Scale (BPRS) was 38.
We started risperidone treatment at 3 mg/day, sulpiride at 150
mg/day and nitrazepam at 10 mg/day. However, this
treatment protocol induced adverse reaction (e.g., akathisia)
in the central nervous system (CNS), and therefore
risperidone was switched to olanzapine at 10 mg/day.
Furthermore, trazodone (50 mg/day) and lorazepam (3 mg/
day) were added to treat the patient’s unstable emotions and
insomnia; this resulted in an improvement of the insomnia,
but not of the remaining symptoms, in particular, the auditory
hallucinations. We then attempted to increase the dose of
olanzapine, but CNS adverse reactions once again appeared,
and we were therefore unable to increase the olanzapine
dosage. Although the patient tried taking sertraline, it was not
an effective treatment for her symptoms. At this point, 2
months since the initial administration of olanzapine, the
patient’s BPRS score was 34. Therefore, we added
minocycline to the treatment regimen (100 mg/day bid,
morning and evening). Two weeks after the addition of
minocycline, the patient’s hallucinations had gradually
improved. Moreover, with the amelioration of these symp-
toms, the patient’s social withdrawal and aggressive
behaviors also gradually disappeared. No new adverse
reactions to minocycline were observed. Three months after
the addition of minocycline to the patient’s treatment
regimen, her BPRS scores had decreased to 24.

3. Discussion

In this case study, we report that minocycline was an
effective treatment for a Japanese female patient with
methamphetamine-related psychotic disorder. To the best
of our knowledge, this is the first report demonstrating that

minocycline could be effective against methamphetamine-
related psychotic disorder. In the present patient, the
dominant symptoms were hallucinations that had appeared
with methamphetamine use; these symptoms persisted long
after the patient had stopped using methamphetamine. In
spite of the administration of various antipsychotic drugs,
the patient’s symptoms did not improve. It should be noted
that the antipsychotic dosages were limited due to adverse
side-effects. However, minocycline was found to success-
fully treat the patient’s symptoms over the course of
several weeks.

The course of illness and symptomatic profile of the
present case meet the JCD-10 criteria for methamphetamine-
related psychotic disorder, since the primary symptom,
auditory hallucinations, appeared during and after cessation
of the use of methamphetamine, and there were no apparent
delusions. However, it should be noted that this patient could
have schizophrenia. Furthermore, the alleviation of symp-
toms seen in this case might have been due to some
coincidental event or to the concomitant use of antipsychotic
medications, rather than to the direct effect of minocycline. It
has also been shown that minocycline significantly reduces
hallucinatory symptoms observed in patients with schizo-
phrenia [11,12]. To clarify this important issue, larger studies
will be needed to investigate the efficacy of minocycline
monotherapy to treat the symptoms of methamphetamine-
related psychotic disorders.

At present, the precise mechanism(s) remains obscure
which might account for the efficacy of minocycline at
treating methamphetamine-related psychotic disorder. How-
ever, the findings of the present case suggest that
minocycline could serve as a candidate therapy in clinical
trials to develop novel treatment regimens for methamphet-
amine-induced disorders [13].

4. Conclusion

Minocycline, a safe drug currently administered world-
wide, could serve as a novel therapy for the treatment of
methamphetamine-related psychotic disorder.
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Accumulating evidence suggests that the a7 subtype of nicotinic acetylcholine receptors
(nAChRs) plays a role in the pathophysiology of neuropsychiatric diseases, including
schizophrenia and Alzheimer’s disease. Currently, there are no suitable small molecule
radioligands for «7 nAChRs in the brain, although [***I)a-bungarotoxin has been widely used as
a radioligand for a7 nAChRs. In the present study, we characterized a new radioligand, 4-[*H]
methylphenyl 2,5-diazabicyclo[3.2.2Jnonane-2-carboxylate ([PHJCHIBA-1001), a derivative of
the selective a7 nAChR agonist SSR180711, in brain membranes from rat, monkey, and human.
Scatchard analysis revealed an apparent equilibrium dissociation constant (Kd) of 193.4 nM in
rat brain membranes at4 °C, and the maximal number of binding sites (Bmax) was 346.2 fmol/
mg protein. The order of drugs for the inhibition of PH]CHIBA-1001 binding to rat brain
membranes is SSR180711>A-844606 >MG624 >epibatidine>DMAB>A-582941, suggesting a
similarity of o7 nAChR phammacological profiles. In contrast, a-bungarotoxin, MLA, and
nicotine were found to be very weak. The distribution of [*H]CHIBA-1001 binding to crude
membranes from dissected regions of rat, monkey, and human brain was different from that of
[**IJa-bungarotoxin binding, suggesting that [°H]CHIBA-1001 binding sites may not be identical
to [***IJa-bungarotoxin binding in the brain. In summary, PHJCHIBA-1001 would be a useful
radioligand for «7 nAChRs in the brains of rodents, non-human primates, and humans.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

suggests that a7 nAChRs play a role in the pathophysiology of
a number of neuropsychiatric diseases such as schizophrenia

One of the subtypes of nicotinic acetylcholine receptors
(nAChRs) is composed of a7 subunits, which are pentameric;
this subtype is distinguished from other nAChRs by its
relatively high permeability to Ca?*, which rapidly activates
and desensitizes ligand-gated ion channels expressed in the
mammalian central nervous system. Accumulating evidence

* Corresponding author. Fax: +81 43 226 2561.
E-mail address: hashimoto@faculty.chiba-u.jp (K. Hashimoto).

and Alzheimer’s disease (Freedman et al., 1995; Simosky et al.,
2002; Hashimoto and Iyo, 2002; Martin et al., 2004; Hashimoto
et al, 2005; Olincy and Stevens, 2007; Adams and Stevens,
2007; Dziewczapolski et al., 2009; Wang et al., 2009; Toyohara
and Hashimoto, 2010). Some studies using postmortem
human brain samples have demonstrated alterations in the

0006-8993/$ — see front matter @ 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.brainres.2010.06.008

—330—



BRAIN RESEARCH 1348 (2010) 200-208 201

levels of o7 nAChRs in the brains of patients with schizophre-
nia (Freedman et al., 1995; Marutle et al., 2001) and Alzheimer’s
disease (Hellstrdm-Lindahl et al., 1999; Burghaus et al., 2000;
Court et al., 2001; Wevers et al., 2000), In the brain, a7 nAChRs
are widely expressed, with expression levels being particularly
high in regions involved in cognitive processing, especially the
hippocampus and cerebral cortex (Séguéla et al., 1993).
Furthermore, animal studies using a7 nAChR knockout mice
have demonstrated that «7 nAChRs might be involved in
mediating the attentional effects of nicotine (Young et al,
2004, 2007). Moreover, a number of a7 nAChRs agonists such
as PNU-282987 (Bodnar et al., 2005; Hajés et al., 2005), PHA-
543613 (Wishka et al., 2006), AR-R17779 (Levin et al., 1999; Van
Kampen et al, 2004), tropisetron (Hashimoto et al., 2006),
SSR180711 {Pichat et al., 2007; Hashimoto et al., 2008a; Barak
et al.,, 2009; Thomsen et al., 2009), and A-582941 (Bitner et al.,
2007; Tietje et al., 2008) are reported to improve performance
in animal models of cognitive deficits. It is therefore likely that
o7 nAChR agonists are one of the potential therapeutic drugs
for cognitive deficits in several neuropsychiatric diseases
(Toyohara and Hashimoto, 2010).

It is, therefore, of great interest to determine whether o7
nAChRs are altered in the living brains of patients with these
neuropsychiatric diseases. CHIBA-1001, 4-methylphenyl 2,5-
diazabicyclo[3.2.2]nonane-2-carboxylate, is a derivative of the
selective o7 nAChR agonist SSR180711 (Biton et al., 2007; Pichat
etal., 2007) (Fig. 1), Previously, we reported that the ICs, values
of SSR180711 and CHIBA-1001 for [**]]a-bungarotoxin (0.5 nM)
binding to the rat brain homogenates were 24.9 and 45.8 nM,
respectively (Hashimoto et al, 2008b). Furthermore, CHIBA-
1001 (1 uM) was found to be devoid of activity (inhibition lower
than 50%) for a 28 standard receptor binding profile
(Hashimoto et al., 2008b), indicating a high selectivity at o7
nAChRs. At present, it is not examined whether CHIBA-1001
is an agonist or an antagonist at o7 nAChRs. Recently, we
have reported that [*'CJCHIBA-1001 might be a potential new

SSR180711

/& Sn(n-C,Hy)s
o

[3H]CH31
Pd,(dba),
(o-Tol);P
Cu(nci

K;CO,

positron emission tomography (PET) ligand for labeling in
non-human primate {Hashimoto et al., 2008b) and human
brain (Toyohara et al.,, 2009). Clinical PET studies using [**C]
CHIBA-1001 in patients with schizophrenia or Alzheimer’s
disease are currently underway (Toyohara et al, 2010). In
addition, a number of new radicligands for a7 nAChRs,
including [PH]A-585539 (Anderson et al,, 2008), [“**IJI-TSA
(Ogawa et al., 2006), [*'C)(R)-MeQAA (Ogawa et al,, 2009), [**C]
GTS-21 (Kim et al, 2007), [**F|NS10743 (Deuther-Conrad et
al., 2009), [**C]A-582941 and [1!C]A-844606 (Toyohara et al.,
2010) have been reported (Toyohara et al.,, 2010). Although
the radiolabeled peptide [***]ja-bungarotoxin and the alka-
loid [*H]methyllycaconitine (MLA) have been widely used in
in vitro receptor binding studies, these a7 nAChRs antago-
nists are substantially larger molecules than the endogenous
agonists acetylcholine and choline, Detailed characterization
of [*HJCHIBA-1001 binding to brain membranes i vitro has
not yet been reported, although a clinical study using [*'C]
CHIBA-1001 has been started. In the present study, we
performed a detailed characterization of [PH]CHIBA-1001
binding to brain membranes from rat, non-human primate,
and human. Furthermare, the regional distribution of [*H]
CHIBA-1001 binding in the brain was compared to that of
[**1]e-bungarotoxin binding.

2, Results
2.1.  Synthesis of [*HJCHIBA-1001

[PHJCHIBA-1001 was synthesized by methylation of the
precursor (Fig. 1). The radiochemical purity and specific
activity of {°HJCHIBA-1001 were approximately 99.2:0.4%
(n=4) and 2960 GBg/mmol (based on the specific activity of
(PH)methyl iodide), respectively. The radiochemical yields of
[PH]JCHIBA-1001 were 14.8+6.8% (n=4).

2 O
@ (o]

N

DMF

N

80°C 5 min

Precursor

[PHICHIBA-1001

Fig, 1 - Synthesis of PHJCHIBA-1001. PH|CHIBA-1001 with a high specific activity was synthesized by N-methylation of the
precursor, 4-(tributylstannyl)phenyl 2,5-diazabicyclo[3.2.2]nonane-2-carboxylate and [*Hlmethyliodide.
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2.2. Equilibrium saturation binding of [*HJCHIBA-1001 to
rat brain membranes

First, the kinetics of [HJCHIBA-1001 binding to rat brain
membranes at 4 °C were studied. Specific binding reached
equilibrium after 30 min (Supplemental Fig. 1). For saturation
binding isotherms, six grade-diluted concentrations of [*H]
CHIBA-1001 (35-410 nM) were used. Specific binding of [*H]
CHIBA-1001 to rat brain membranes was saturable, and repre-
sented 40 to 50% of total binding over the concentration range
examined (Fig. 2A). In saturation binding isotherms, nonlinear
regression analysis of specific binding revealed an apparent Kd
of 193.4243.75 nM and a Bmax of 346.2=33.28 fmol/mg protein
(n=3) at4 °C (Fig. 2B). Nonspecific binding ranged from 15 to 50%
of total binding for the range of [*H|CHIBA-1001 concentrations.

2.3.  Pharmacological profiles of [*HJCHIBA-1001 binding
to rat brain membranes

The pharmacological inhibition of specific [*H)CHIBA-1001
(30 nM) binding to rat brain membranes was studied at 4°C.
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Fig. 2 - Specific binding of PH]CHIBA-1001 to rat brain
membranes. Membranes were incubated with various
concentrations of [PHJCHIBA-1001 (35410 nM) for 150 min at
4 °C. Nonspecific binding was estimated in the presence of
50 uM SSR180711. The results are from a typical experiment,
and values are the average of duplicate determinations.

(A) The saturation binding isotherm shows specific binding.
(B) Scatchard plot analysis of PH]CHIBA-1001 binding gave a
Ka of 193.4 nM and the B, of 346.2 fmol/mg of protein.

Seven kinds of a7 nAChR compounds, including A-582941, PNU-
282987, DMAB-anabaseine dihydrochloride, (+)-epibatidine,
MG624, A-844606, and SSR180711, were found to displace [*H]
CHIBA-1001 binding to rat brain membranes (Fig. 3). The Ki value
of SSR180711 was lowest, as expected, although epibatidine had
low affinity at [PH|CHIBA-1001 binding (Table 1). Other nAChR
ligands such as (~)-nicotdne, a-bungarotoxin, and MLA did not
appear toinhibit [PH]CHIBA-1001 binding to rat brain membranes.

2.4.  Regional distribution of [*HJCHIBA-1001 binding in
the rat brain

Fig. 4 shows the regional distribution of specific bindings of [*H]
CHIBA-1001 in the rat brain, indicating no regional differences in
[*H]CHIBA-1001 binding. In contrast, regional distribution pat-
tern of [**TJa-bungarotoxin bindingin the rat brain was similar to
that reported previously (Davies et al, 1999). The binding of
[**TJa-bungarotoxin was relatively higher in the hippocampus
and thalamus, while low binding density was shown in the
cerebellum and striatum (Supplemental Figs. 2A and B). Further-
more, although the binding of [***lJa-bungarotoxin to rat brain
membranes was displaced by MLA, the binding of [°H]JCHIBA-
1001 to rat brain membranes was not displaced by MLA (Table 1).
In addition, specific binding of [**Ija-bungarotoxin determined
in the presence of SSR180711 and by MLA for nonspecific binding
was very low in the striatum and cerebellum, although these
data are preliminary (Supplemental Figs. 2A and B).

2.5.  Regional distribution of [°H] CHIBA-1001 binding in
the monkey brain

The regional distribution of [*H|CHIBA-1001 binding in the
monkey brain was homogenous (Fig. 5). In contrast, regional

40 -

Specific Binding (%)
A,

L=
L

T T T

10 8 I 4
Log [Compound] (M)
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Fig. 3 - Competition curves of PH|CHIBA-1001 binding to rat
brain membranes. Inhibition curves for the displacement of
FH]CHIBA-1001 (30 nM) binding to ratbrain cortex membranes
by (x)-epibatidine, DMAB, A-58294, MG624, A-844606,
SSR180711, PNU-282987, (~)-nicotine, a-bungarotoxin, and
MLA. The K; denotes the affinity constant forbinding to a single
state of binding sites. The results are means=S.E.M. of three
separate experiments performed in duplicate.
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Table 1- Drug inhibition of ’H]CHIBA-1001 binding to rat

brain membranes.

Drugs Ki (nM)
SSR180711 314
AB44606 827
MG624 1625
Epibatidine 2195
DMAB 2506
PNU-282987 3529
AS582941 5161
a-Bungarotoxin >100,000
MLA >100,000
Nicotine >100,000

The inhibition of [PH]CHIBA-1001 binding by various drugs was
determined with {PH]JCHIBA-1001 (30 nM). Nine concentrations of
the drugs were used for each determination. Ki values for the
various drugs were determined as described in Materials and
methods. The values represent the mean of three determinations
done in duplicate.

distribution of [**1ja-bungarotoxin binding in the monkey
brain was not similar to that of ’H|JCHIBA-1001 binding (Figs. 5
and 6). The differences in binding between [*H]CHIBA-1001
and [**IJa-bungarotoxin were seen in the thalamus and
striatum, both of which were found to have fewer binding
sites of ['*IJa-bungarotoxin (Fig. 6).

2.6.  Regional distribution of [PHJCHIBA-1001 binding in
the human brain

The regional distributions of [*HJCHIBA-1001 binding and
[*®1}a-bungarotoxin binding in the postmortem brain samples
from 2 human subjects are shown in Fig. 7. The regional
distribution of [*H]CHIBA-1001 binding was homogenous
(Fig. 7A), while low binding of [**IJe-bungarotoxin was
detected in the thalamus, cerebellum, and pons (Fig. 7B).

[PH]CHIBA-1001 Binding in Rat Brain

15}

10}

Pl rat e et

Fig. 4- The regional distribution of 'H]CHIBA-1001 binding in
ratbrain. Rat brains were dissected into seven regions, as
described in Materials and methods. The regional
distribution of PH]CHIBA-1001 (30 nM) binding in the rat
brain was determined. The results are means = S.E.M. of three
separate experiments performed in duplicate.

pecific Binding (fmol/mg protein)

S

[FH]CHIBA-1001 Binding in Monkey Brain

S L "

Fig. 5 - The regional distribution of PHJCHIBA-1001 binding in
monkey brain. Monkey brains were dissected into eight
regions, and the regional distribution of PHJCHIBA-1001

(36 nM) binding in the monkey brains was measured. The
regional distribution of PH|CHIBA-1001 binding in the monkey
brain was homogenous. The results are means +S.E.M. of three
separate experiments performed in duplicate.

pecific Binding (fmol/mg protein)
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3. Discussion

The present study suggests that [PH|CHIBA-1001 would be a
useful radioligand for labeling a7 nAChRs in brain membranes
from rat, monkey, and human. We have previously reported that
CHIBA-1001 (1 M) is devoid of activity (inhibidon lower than
50%) for a 28 standard receptor binding profiles, suggesting a high
selectivity at a7 nAChRs (Hashimoto et al., 2008b). The saturation
binding data of the present study indicate that PH|CHIBA-1001
binds with an affinity (Kd=193.4 nM) to an apparently homoge-
neous population of receptors {Bmax=346.2 fmol/mg protein) of
rat cortex.

['#51)a-Bungarotoxin Binding in Monkey Brain

Specific Binding (fmol/mg protein)
S = N W AU N®

R e

Fig. 6 - The regional distribution of ["**Tja-bungarotoxin
binding in monkey brain. Monkey brains (n=2) were
dissected into eight regions, and the binding of
[**lJa-bungarotoxin (0.8 nM) was measured in each region
performed in duplicate in the same way as PH|CHIBA-1001.
Unlike PH]CHIBA-1001, the radioactivity of
[**1]a-bungarotoxin binding was in the order of (highest to
lowest) thalamus>midbrain >hippocampus > frontal
cortex>pons>striatum >cerebellum.
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Fig. 7 - The regional distribution of PHJCHIBA-1001 binding and [***Ij.-bungarotoxin binding in the human brain. The regional
distribution of PHJCHIBA-1001 (30 nM)(A) and [***]a-bungarotoxin (0.8 nM)(B) binding in the postmortem brain samples from 2
human subjects was measured. The regional distribution of [PHJCHIBA-1001 binding was homogenous, whereas the

distribution of ['**l}a:-bungarotoxin binding was low in the cerebellum and pons. The results are the mean of data performed in

duplicate.

The pharmacological inhibition study revealed some
important points. Although the Ki values for the displacement
of [PHJCHIBA-1001 by a number of nAChR ligands were slightly
higher than those obtained for other o7 nAChR ligands, as
reported previously (Davies et al., 1999; Anderson et al., 2008),
it is likely that the pharmacological specificity of [*H|CHIBA-
1001 could be related to o7 nAChRs because it was certainly
inhibited by a number of o7 nAChRs ligands. In contrast, [*H]
CHIBA-1001 binding was not displaced by a-bungarotoxin and
MLA, although [***IJa-bungarotoxin binding was displaced by
MLA as well as by SSR180711 and A-844606. It has been
reported that Ki values for the displacement of [PHMLA
binding by various o7 nAChR ligands correlate with those
obtained in parallel for the displacement of ['**ja-bungar-
otoxin binding (Davies et al.,, 1999), suggesting a similar
pharmacology of these two radioligands. A recent study
demonstrated that specific binding of [PH|MLA to human
frontal cortical membranes is not detectable due to high
nonspecific binding levels, and that MLA shows considerably
lower affinity at a new a7 nAChR radioligand, [*H]A-585539,
binding to human cortical membranes (Anderson et al., 2008),
indicating a species difference (rat vs. human) for MLA’s
pharmacology. The reasons underlying the din of «-bungar-
otoxin or MLA inhibition on the [*H|CHIBA-1001 binding and
[*I}a-bungarotoxin binding are currently unknown. It is
unlikely that [PH]CHIBA-1001 binding sites are identical to

[**Ta-bungarotoxin binding sites because a-bungarotoxin
and MLA have high-molecular weight compounds as com-
pared with the small size of «7 nAChR ligands such as
SSR180711 and A-844606. It therefore seems that the [H]
CHIBA-1001 binding characteristics may be different from
those of [**I|a-bungarotoxin binding in the brain although a
further detailed study is necessary.

The o7 subunit of nAChRs is widely expressed in the brain,
especially in regions associated with cognitive processing. In
this study, we found that the regional distribution of [*H]CHIBA-
1001 binding was different from that of [**1]e-bungarotoxin in
the rat, monkey, and human brain. Qur results show that high
densities of a7 nAChRs can be found in the hippocampus,
hypothalamus, and cortical areas in the rat brain, In this study,
the high densities of [PHJCHIBA-1001 binding sites in the
hippocampus, thalamus, frontal cortex, and pons were similar
to those of ['*IJa-bungarotoxin binding in the rat brain (Séguéla
et al, 1993). The regional difference between these two ligands
occurred in the cerebellum, where [PHJCHIBA-1001 binding was
high whereas [**Ija-bungarotoxin binding was almost nonex-

-istent. In adult rat cerebellum, a7 nAChRs were expressed in
significant amounts, especially in the Purkinje cell layer P8-P15;
they also appeared to play an important role in regulating
calcium-dependent events, ultimately leading to developmen-
tal plasticity {Dominguez del Toro et al, 1997). It has been
reported that a moderate density of «7 mRNA is present in
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monkey and human cerebellum (Quik et al., 2000; Graham et al.,
2002). The regional distribution of [’H]CHIBA-1001 binding in the
monkey brain seemed to be similar to the pattern in rat brain. It
has been suggested that the distribution of [***Ija-bungarotoxin
binding is larger in the brains of rhesus monkeys than in rodent
brain (Han et al., 2003). The reasons underlying the differences
in the regional distribution of the PHJCHIBA-1001 binding and
[*®Ja-bungarotoxin binding are currently unknown. The dif-
ference of molecular weight of two radioligands [*H]CHIBA-1001
and [**Tja-bungarotoxin may contribute to the regional differ-
ences in the brain although a further detailed study is needed.

In monkey brain, the region that appeared to make a
difference in the binding of the two ligands was the thalamus,
where [*HJCHIBA-1001 binding was seen, as in other regions,
while there was little [**]]a-bungarotoxin binding. It has been
reported that o7 nAChR mRNA is expressed in the thalamus,
based on the use of in situ hybridization (Quik et al., 2000).
Although the distribution of a7 nAChRs in primates is still not
completely known, it has been suggested that the distribution
of a7 nAChRs in the monkey brain is more similar to that in
humans than in rodents (Quik et al,, 2000). This difference
between rodents and primates may reflect an increased need
for thalamocortical modulation in the human neocortex
(Breese et al., 1997), because activation of the o7 nAChRs by
cholinergic afferents could modulate inhibitory activity and
sensory processing within the corticothalamic axis. In this
study, we found a regional difference in distribution between
[PH]CHIBA-1001 binding and [**]]a-bungarotoxin binding in
the human brain, although the reasons underlying this
discrepancy are unknown.

Unlike [PH|JCHIBA-1001 binding, the density of [*#*I]a-
bungarotoxin binding was low in the cerebellum. In the
human brain, «7 nAChRs have been shown to be distributed
in regions related to cognitive function such as the nucleus
accumbens, ventral hippocampus, amygdala, and frontal
cortex (Levin et al., 2006; Nashmi and Lester, 2006}. In addition,
it has been suggested that the cerebellum is also involved in
cognition, behavior, and emotion (Frings et al,, 2007). For
example, preliminary studies employing histoblots of cere-
bellar sections have suggested a higher concentration of o7
nAChR subunits in the molecular layer, and the immunohis-
tochemistry in fixed tissue indicates that Purkinje cells
strongly express o7 subunits (Court et al., 2000). Another
report has reported the observation of «7 nAChRs mRNA and
protein in various cells in the cerebellum (Graham et al., 2002;
Hellstrom-Lindah! et al., 1998). For labeling a7 nAChRs in the
cerebellum, it seems that *H]CHIBA-1001 may have a distinct
advantage over [**Ija-bungarotoxin. Thus, it is likely that [*H]
CHIBA-1001 could be a suitable radioligand for labeling a7
nAChRs in the cerebellum, although further study will be
necessary.

The new radioligand [*H|CHIBA-1001 may, however, have
some limitations to its use. One is the relatively low affinity
(Kd=193.4nM) of [PHJCHIBA-1001 binding to crude brain
membranes, suggesting that the practicality of this radioli-
gand may be limited. Alternatively, a new radioligand, [PHJA-
585539, has demonstrated high-affinity binding consistent
with o7 nAChRs pharmacology, a rapid association rate, and a
relatively slow dissociation rate (Anderson et al.,, 2008).
Another limitation is the high proportion (approximately

50%) of nonspecific binding of [*HJCHIBA-1001 in the brain
membranes, whereas nonspecific binding of [’H]A-585539 has
been found to be less than 10% of total binding (Anderson
et al., 2008). As such, [*H]A-585539 may be better than [*H]
CHIBA-1001 for labeling o7 nAChRs in the brain, although a
further detailed study is necessary.

In conclusion, the present study suggests that [*HJCHIBA-
1001 would be a suitable radioligand for the in vitro labeling of
«7 nAChRs in the brain. It is therefore likely that [PH[CHIBA-
1001 could be a useful radioligand for studying o7 nAChRs in
postmortem brain samples from patients with neurepsychi-
atric diseases such as schizophrenia and Alzheimer’s disease.

4. Experimental procedures
4.1.  Synthesis of [PHJCHIBA-1001

CHIBA-1001 and its precursor, 4-({tributylstannyl)phenyl 2,5-
diazabicyclo[3.2.2jnonane -2-carboxylate (Fig. 1), were synthe-
sized as described previously (Hashimoto et al., 2008b).

PH|CHIBA-1001 was synthesized by N-methylation of the
precursor with [PHjmethy! iodide (Fig. 1). A 0.1-mL quantity of
[*H]methyl iodide toluene solution (370 MBq) (American Radio-
labeled Chemicals, Inc., St. Louis, MO) was added to the ice-cold
reaction vessel, which contained tris(dibenzylideneaceton)
dipalladium (2.8 mg), tri-o-tolylphosphine (3.7 mg), the precur-
sor {0.8 mg), copper (1) chloride (1.2 mg), and potassium carbon-
ate (L7mg) in N,N-dimethylformamide DMF (0.3 ml). The
reaction vessel was heated at 80 °C for 5 min. The mixture of
reaction solution was transferred to the high-performance
liquid chromatography (HPLC) injection unit through a glass
filter to remove solid reagents, and injected into a preparative
HPLC system using an YMC-Pack Pro C18 column (10 mm
in inner diameterx250 mm in length, YMC Co., Ltd., Kyoto,
Japan). The radicactive peak fraction eluted by CH;CN/50 mM
CH;COONH,/CH,COOH (250/750/3) at a flow rate of 4 ml/min
was collected into an evaporation flask and evaporated; the
residue was then re-dissolved with 2 mli of ethanol.

Chemical and radiochemical analyses of [*HJCHIBA-1001
were performed by HPLC in a system consisting of a column
(YMC-Pack Pro C18, 4.6mm in inner diameterx250 mm in
length, YMC Co., Ltd,, Kyoto, Japan) and the use of CH3CN/
50 mM CH;COONH,/CH5COOH (250/750/3) as amobilephase ata
flow rate of 1 ml/min.

4.2.  Membrane preparation

[PH]CHIBA-1001 (2960 GBg/mmol) binding was performed
using membrane-enriched fractions from rat, monkey, and
human brain. For most of the experiments, male Crl:CD(SD)
SPF/VAF rats (180-200g) (Japan Charles River Inc., Tokyo,
Japan) were used. The rats were killed by decapitation, and the
brains were rapidly removed. The brains were dissected on ice
into 7 sections, the frontal cortex, hippocampus, thalamus,
striatum, cerebellum, midbrain, and pons (including medulla
oblongata), by the method of Glowinski and Iversen (1966) and
then stored at —80 °C until use. The brain was homogenized in
15 volumes of 0.32 M sucrose using a Teflon glass homoge-
nizer and centrifuged at 1000xg for 10min (4°C). The
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supernatant was centrifuged at 48,000x g for 20 min (4 °C). The
resultant pellets were homogenized in the buffer (120 mM
NaCl, 5 mMKCl, 2 mM CaCl,, 2 mM MgCl,, 50 mM Tris-HCl, pH
7.4 at 4°C) with a Polytron and spun at 48,000xg for 20 min
(4 °C). The membrane pellets were washed and re-suspended
in ice-cold buffer and were then centrifuged two more times
before storage at —80 °C. The final pellet was re-suspended in
10 volumes of the same buffer. Protein concentrations were
measured according to the method of Lowry et al. (1951).

Brain samples of three male Macaca fascicularis (4560 g,
4890 g, and 4680 g} were provided by Hamamatsu photonics
(Hamamatsu, Japan). The brains were dissected on ice into
8 sections, the frontal cortex, occipital cortex, temporal cortex,
hippocampus, thalamus, striatum, cerebellum, and pons
{including medulla oblongata), and then stored at -80°C
until use,

Postmortem human brain samples (n=2; one is male, age
77, Caucasian, liver cancer as cause of death, smoked 2-3
packs of cigarettes per day for 37 years — quit 24 years prior to
death; the otheris male, age 77, Caucasian, pulmonary fibrosis
as cause of death, smoked 1 pack of cigarettes per day for
25 years — quit 5 years prior to death) were purchased from
Analytical Biological Service Inc. (Cornell Business Park,
Wilmington, DE) in the form of frozen 2-3 g blocks of each of
6 sections, the frontal cortex, hippocampus, thalamus, stria-
tum, cerebellum, and pons. These samples were stored at
~80 °C until use. The brain was further dissected on ice into
0.2-0.3 g for the binding assay, and membrane preparation
was conducted in the same way as for rat brain, except for the
process of homogenizing in 15 volumes of 0.32 M sucrose
using a Teflon glass homogenizer and centrifugation at
1000xg for 10 min (4 °C); the pellet was then discarded.

The experimental procedures using rats, monkeys, and
human postmortem brain samples were approved by the
Animal Care and Use Committee and Ethics Committee of
Chiba University.

4.3.  [PH]CHIBA-1001 binding assay

Aliquots of membrane suspension (200 ul) were added, in
duplicate, to the reaction mixture containing {*H]JCHIBA-1001
and the indicated concentrations of test drugin a final volume
of 0.5 ml Nonspecific binding was estimated in the presence
of 50 uM SSR180711. Binding was allowed to occur for 150 min
at 4°C. Bound radioactivity was isolated by rapid vacuum
filtration onto Whatman GF/B glass filters pretreated with
0.5% polyethyleneimine (Sigma-Aldrich Corporation, St. Louis,
MO) for 3—4h using a 24-channel cell harvester (Brandell,
Gaithersburg, MD). The filters were washed with 5 ml of ice-
cold buffer 3 times. The radioactivity trapped by the filters was
determined using a liquid scintiliation counter {Beckman, LS-
6500, Beckman Coulter K.K., Tokyo, Japan).

To examine the pharmacological profiles of [*H]CHIBA-1001
binding, ten kinds of o7 nAChR compounds, including PNU-
282987, MG624, (+)-epibatidine, MLA, a-bungarotokin, (-)-
nicotine (Sigma-Aldrich, St. Louis, MO}, DMAB-anabaseine
dihydrochloride (Tocris, Bristol, UK), A-582941, A-844606, and
SSR180711 (synthesized in our laboratory) were used.

Regional distribution of [*HJCHIBA-1001 binding of each
brain was compared to that of [***IJa-bungarotoxin (5.92 TBg/

mmol, PerkinElmer Life Sciences, Inc., Boston, MA) binding.
The binding assay of [***[ja-bungarotoxin was performed in
the same way of the [HJCHIBA-1001 binding assay, except for
the incubation condition (180 min at 37 °C) and filter pretreat-
ment (0.5% polyethyleneimine with 0.1% bovine serum
albumin),

4.4.  Data analysis

The data show the mean+standard error of the mean (S.E.M.).
Dissociation constant (Kd) and maximal binding (Brmax) values
from saturation binding and 1Cso values from binding dis-
placement by some drugs were determined using GraphPad
Prismn (GraphPad Software, San Diego, CA). Ki values were
calculated frorn the ICso values using Microsoft Excel, where
Ki=ICs/(1+[Ligand]/Kd)(Cheng and Prusoff, 1973).
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Context: Various factors are involved in the pathogen-
esis of schizophrenia. Accumulation of advanced glyca-
tion end products, including pentosidine, results from
carbonyl stress, a state featuring an increase in reactive
carbony! compounds (RCOs) and their attendant pro-
tein modifications. Vitamin By is known to detoxify RCOs,
including advanced glycation end products. Glyoxalase
1{GLO1) is one of the enzymes required for the cellular
detoxification of RCOs.

Objectives: To examine whether plasma levels of pen-
tosidine and serum vitamin Bq are altered in patients with
schizophrenia and to evaluate the functionality of GLOI
variations linked to concomitant carbonyl stress.

Peslgn: An observational biochemical and genetic analy-
sis study.

Sefting: Multiple centers in Japan.

Participants: One hundred six individuals (45 schizo-
phrenic patients and 61 control subjects) were re-
cruited for biochemical measurements. Deep resequenc-
ing of GLO1 derived from peripheral blood or postmortem
brain tissue was performed in 1761 patients with schizo-
phrenia and 1921 control subjects.

Main Ovicome Measures: Pentosidine and vitamin B,
concentrations were determined by high-performance liquid
chromatographic assay. Protein expression and enzy-
matic activity were quantified in red blood cells and lym-
phoblastoid cells using Western blot and spectrophoto-
metric techniques.

Results: We found that a subpopulation of individuals
with schizophrenia exhibit high plasma pentosidine and
low serum pyridoxal (vitamin Bs) levels. We also de-
tected genetic and functional alterations in GLO1. Marked
reductions in enzymatic activity were associated with pen-
tosidine accumulation and vitamin By depletion, except
in some healthy subjects. Most patients with schizophre-
nia who carried the genetic defects exhibited high pen-
tosidine and low vitamin Bg levels in contrast with con-
trol subjects with the genetic defects, suggesting the
existence of compensatory mechanisms.

Conclusions: Our findings suggest that GLO1 deficits and
carbonyl stress are linked to the development of a certain
subtype of schizophrenia. Elevated plasma pentosidine and
concomitant low vitamin B levels could be the most co-
gent and easily measurable biomarkers in schizophrenia
and should be helpful for classifying heterogeneous types
of schizophrenia on the basis of their biological causes.
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CHIZOPHRENIA IS A DEBILITAT-
ing and complex mental dis-
order with a prevalence of ap-
proximately 1% worldwide.
Its pathophysiology remains

in vivo) is known to detoxify reactive car-
bonyl compounds via carbonyl-amine
chemistry. Toxic reactive carbonyl com-
pounds such as a-oxoaldehydes (eg, meth-
ylglyoxal, glyoxal, and 3-deoxygluco-
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the end of this article.

unclear, despite extensive research.' Bio-
chemical and pharmacological studies
using human samples and animal models
suggest that oxidative/carbonyl stress con-
tributes to the pathophysiology of schizo-
phrenia.>® Oxidative stress is a central me-
diator of advanced glycation end product
(AGE) formation, and pyridoxamine (vi-
tamin Bg, biosynthesized from pyridoxal

sone) are formed from sugars, lipids, and
amino acids.”® Accumulation of such re-
active carbonyl compounds, referred to as
carbony] stress,'® results in the modifica-
tion of proteins and the eventual forma-
tion of AGEs such as pentosidine. Cellu-
lar removal of AGEs hinges largely on the
activity of the zinc metalloenzyme glyoxa-
lase 1 (GLO1)." The glyoxalase detoxifi-
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