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WOBER P4 A EFERIRIC B W T 7Y —
SV AIVBRER LT 5 AR 2 7R85
BHEFE LK. TOH%, McCord HVIT LD, 4
HERTTI =S VNNVBER LTS &P
B, TOERLETYVNIVPA—/R—FF
YRSV (027) THAHI ELPELMIC
INf. NSk, 7V =5V NNVHEBETA
ARARIGICBELAEEDL LIk, Efp
DEBIND T —FVHIVOBHE R L
720, BEREEBRRLEDOT7 V-5V NIV
HET LR L EBBEAICTONS X5/
7o, BAE, FETLILSEPTARY 72/ —
NVEEEATRRRLEL, TOX DRI
EENTELLDTHS.

—7, BEET, 7U—SVMVEHEELX
S EVSHERE D LHEINTVS. 71—
F VA IE—BIC RIS E A CTHA B E W
O, 7S VNNV EEEBRET SO Tk
, ZDOT7 V=SV N)VipbE U AEERER

WEBRTHOPERTH - 7=, FIxIE, LD
FlD 02— Tid, Oz~ #EEEHT 5D Tidix
<, Oz~ 2 bAELAHEBILKEZBET 5D
TH5. LirL, BBILKESERL TWASER
THF LD 02~ BERLTWARTIH L,
RFY, RETH->TdD, 7V—IVNIVEE
BERRlT A LIIIERBICERETHAH. £IT,
ABTE 7V =5V EEHENICERTA Z
EWTE, Eo, ZOT7VU—FVHIVDILERE
HEETLHAOPICTES, BFAL VHEIRE
(electron spin resonance : ESR) % F \» 7z 7
U—S VARG, 7Y —FVIVE T
—RE LIcBERILEICOWTRRNT 5.

7V —=F2HhILEESR

B, B¥  EWFOEBTEREIN TS
TV—=5VhELT, O, —BILEES
YL (NO), b Fasysyhl (HO) 7t
EDREFOENED, TNbDTYHIVIAER
TR T THFGPEHUT LELSRNLETH
L5DT, ITNHDSYHIVDESR AXT b
BT AOITE L. T, 1960 /D
TV =S VIO OHFE T, WERLESE
D OED U ARRER Y SRICHE LT
—SVANNVOEBRE LD, TDOFYHIVD
ESR ZAX7 PVEBEIL & 5 & T 55EFE
BEAN TNz, ITNHOWERMN G, KEH
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L-band in vivo ESR

BRERN T U — 5 D hIVER S VAV RIEDEE
Ihiz. LL, TOLDHHEFETIE, R
BeFEd 5 BECT—F 77 FELTDOY
U—5Vhv (BBBRLEY: &) PRETS
ZEBEL, BECOFEIDEVTbNES
ol —, HEATER L7 V=5V h
WAL T T TV A LACERBEET
B 5720, 1980 Ff 1 5 in vivo ESR @O
WFempts I .
1. In vivo ESR ¥ A5 A2 DWW T

Wk, FHEDWBEOSWRICHAINS
ESREETIIHIGHz D X NV FHEDO<A 7
OFEEAVTWS. LaL, R1IKRLALK
DHFEBEOA 7 OFEHREBRKEE»D9
GHz TIIFEEEDPKEL, XNV FOTA
7O E AWK ESR VAT LATIEIT AR
Sy M EORBREEEE - EERET S

=, Magnetic
%, field

% 3, Current

4

Electric shield o |eq

()

B2 W=7 Fry /HEEOMHE

CITHRI . 2 O TERRE OBIEICE L
LAV FROSA 780 - SV4F (300~
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BAZEMDHED H N T E /DD,

QlE=====- i !

0.1 1 10 100
AR (GHz)
1. KOFERDOBPBMAE
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Cis Ci
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Cie C,
11 12 6 5

©)

(@) #IRBOFEAMEE, (b) B —IU P &R, (o) RSB OFMIEIEE

19993 5 1 AR
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RYART v e &< A 7 AEERIOKREWN
T INEN—THICEAT S EHIERO Q
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T, BT 9V EF - —7 - Fr v 73
FEIFITNTHEDD. M2k, 21—
22X Xy IDOBHINAETY V- —
7 F oy THEREOFMEIEZEL TV 5.
HIRBFT £ 0 M WEPEREBE R TFOMA S
bRickhERINTWS. HLIRERIT, BERY—
WEENV—=TFIC Lo THERINSEF v/ VX
(Bl ziE, C2,Ch) &Fx v SHDOF v /N &
C6), W—THMDA VvF 7 X VA (fl2IF
L12) % EDRFICHE I TWA. TOmEE
DIRHENE, HAET (BIERZETT 5
—DDRFHFE) IKLEIDRDEIENTE
5. ERFOR CUIEIR) OBE CUTER)
RO LTRDLZ EiC kY, iR
BOHIRBERZHE TS LBAETHS.
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OBE, BEEAF mm HS 2cm BEDOIA IV
CE AN BRI B W SIS s T A,
Y—7 2 AT VIR ER B 5701
FEHINSZ ML, EREMOENIZIEA
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L-band in vivo ESR

V=5 V7D ESR A7 FIVBAEREIT &7
ELTh, ZOAXY MIVIBRHHBICIIHEAT
LE>TWAZ LI D. £IT, REER
(KIGHEDOE ) 7V =5V ANV A/ b
Ty TRIEIN Ao FICHEES Y, KDEE
T7V—SVANVBIIEBRLT, TOT7U—F
VIO ESR ke BT 5 A F 5y T
H #7 (Spin-trapping method) 73 1970 £ D
WDICHEL I N8, T =5 VN )VEL T
BLI:ZEV oy TR (Thee, SVAVT
X7 FEME) O ESR AT bViE, bz
72TV =S VAIVEEIC KD ERICELT 5D
T, ZOANYT MIVEBRT A LICLD,
B 277V —=SVhNVOBESEEETH S
MICTELEWSFIEDRBS. AV Ty
EOFRB LA —BICANONTWA ALYV |k
Sy JHEIOB %K 4 1ZR L7z, 5,5-dimethyl-1-
pyrroline N-oxide (DMPO), o-phenyl-N-t-butyl-
nitrone (PBN) (, #1202~ 2 HO 7z ¥ D
EEBROMEICFIAIN TS,
EBENTERT A7 Y-SV VI T HE
THAHDT, Tt ZRNEERTV—FVHI%E
AV Sy THITHETE/ELTD, m
vivo DIRRET7 U —F VA1)V DESR AT |
WERBRIT S C Lid/ced W ETikEWw. &
CTC, 60 LOERBICES LAV T
Sy TENC LD 7 U =5 VIV ERE LA,

HEARZE D H L CESR A7 FIVORIE
B1TS EEFE, exvivo ESR OFER—RIC
TbnB L5k, nvivo RTIEEONE
Do T BRI WRER BB O N TV 5.

In vivo ESR—.EERAT7 ) —Z 2 F L O%H

Ko B ORI R HEE SR Th, &
HTBRIZBEL KBV —5VAIELT
ASZVSVANRT AV VRS Y AV
EBRETFONE. CTNED5VAIVIE, in
vitro 2R ex vivo T TOEBRTTh LT NDFY
HIVD ESR AR FVPBRBEIShTW5. O
NoHO T VAT HEREE CTRERBIEE 5
TERTEBN, invivo RTIRIF & A EHFH
Ih T,

—75, EWhEREMWICE 2 BRI, T
ZTDEYPH CERTH T —F VD ESR
AR FVHBEITES L 51C%D, EHRT
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VDR

RPAMEETHHEER= FaVLamai
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< ADBEAICES LS E, — bRy
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< ADEBERNICES Lo T A, FHEOER
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OYN/EUPLAE LD PaFY FSUAN
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L-band iz vivo ESR

Block diagram of ESR imaging instrument

MAGNET FIELD CONTROLLER
POWER SUPPLY
SIGNAL CHANNEL

T
MICROWAVE N MICROWAVE
BRIDGE COUNTER
PROGRAMMABLE
MODULATIO)N POWER SUPPLIES

RESONATOR

PERSONAL
COMPUTER

.t 1

GRADIENTS GRADIENTS

B6. =WEESR A A—V VI YAFLDT
Ry XAT 75 h

A= 71980 FRBEL GO LN
7. ETF, SRTLESR A A=V VT VAT A
DTy 7 EAT TS5 AEREITR LY.
¥ B35 13 Helmhortz B! O B A, resonator i
LGR (loop-gap resonator) &, BiBAE 24
Vit Anderson Bl a A U BR—BICHWSEN T
W5, XTARDY AT NTESA 7 DA
#1.2GHz, E®WH 00 T AT, Tv +D
whole body A TiZ 350 MHz, 100 7 X D %
HBTYATFLAPEREINTNA.
1. = rEFY FSVNIVOSHER
FWwmELI-ES T, WERRFEAFD nvive
ESR VY AF AL XD, EREMICEE LK
SOOI HERT H TV —F VAV B
FTAHZERTEL LD 7. —RICZD &
5770 =5V HIVITEROIEFEITR 5N /-H
IV TOARFEEL T A, ThbDT
VHNVED R —RTTER & L TERT &
NG, BLAY—T7 2 AT IVERNTT U—
5 VNIV RFES AR A SR BRI & A B
FRFLEDIE S —RICThN T 4.

—7F, mvivo ESREBOHAENE - /=
1980 FREE D OEEL T Y —FVHINTH
HIERFYFSVAL (RAEVSVE, B
HW0iL, AV TO—RNEFINLYE) BE
B b L, TORRSHEFIE L TEE
ABOFEHREHE LD ETHESRA AV VT
BOB RSB I N/, BFE, ESRA X
—VVIZRAIKAVWENTWAZ FEFYV F5Y
AIVOREE =R 7T IR L.

1) A5/ —<#fo "%t ESR EH:

RURADRMICA T ) —< ez EL, &
WEE Y Lo A%(ED, COXTADE
B> GEEZ FEFY FTH 5 carbamoyl-
PROXYL (3-carbamoyl-2,2,5,5-tetramethylpyr-
rolidine-1-oxyl) %# 45 L, EWEEN %5
L T\ < carbamoyl-PROXYL O =%k 7G ESR [
B3 1985 FICE LN/, BoN7- ESR H
B2 8I1Z7/ L=, carbamoyl-PROXYL (%
RB#IkEE-> TA S/ —<HBICIRE L7
0, ZAROEIRPHEICEIN SN, F7o, car-
bamoyl-PROXYL 73 A 5/ —< DO
BELTVWARFHAIRINTVAS. TOFIT
13, WBEEM O carbamoyl-PROXYL # F\ 7=
B, RTIERLICESKAEVSNIVEITH
%= P EFY FHEFICIIE« mEgE T FoML
AP HREINTEYD, BrsfEEzR>=F
Oy FEFIRT A SIC k0 B RE YR
WL/ EREEZD, Fio, BAROBIKE B
KA 2 5RTR L7 e G 5 LN TES X
I Tr> T 5.

2) FEHOIEO =%kt ESR 51910

Sy M OIEE LR VT, invive
HO ESR £B TRRERS/TON TS, 5
VY FIVTERRICEZES YV NIV T B =k
oy Me&% (T OBE1L 2,2,6,6,-tetrameth-
Ipiperidine-1-oxyl : Tempo) ¥ LT, = F
Ty FS5YAIVDOLENOR D AZ LD
SOWHEMRFFEI N TN D, iz, FEFEICREWD
F—Z OBV AL XD LIEPEE LT 55k
FRERTEBRE LTHOL 26N TED, DI

179



AmEESE $19% 35 (1999)

Structures of spin-label nitroxides

OH o N*(CH3)4 NH,
rﬁ:l\ N /[NEL /[hj\
| e | e | | e
[e] o o] o
TEMPOL TEMPONE CAT, 6-TEMPAMINE
dw, COOH dwm
N N N
N | |
o o [e]
3-Carbamoyl-PROXYL 3-Carboxy-PROXYL 3-(Aminomethyl)-PROXYL
(CTPO) (PKSL) (5-AMP)

B 7. fRFEHZAL Y SN VHIORE S

20 min

8. IUADERHICHEAZ bN/ AT/ —< ko ESR E
E#ke b&RE5 S N/c = P aFy RO A BRIICE L L.
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L-band in vivo ESR

REB L CWHBETEZE T TERE LTRAC
EBTEBLLDICIE> T A,
2. Nitric oxide (NO) YWV FAEIER
1989 4F, —@AbER (NO) 13 mEhiER T
& LTMEOFTHE LT EEARAYE TH
HIEBBELMCIN. Znlisk, NO I
ZHETHRIN, MOBREECTIEICHE
ELTWAZ ERHLACEIN, BERD Ry
FEWBEDSbLO—oTH 5. NO T—EIL
EREREFR NOS) ICXY L-TvF=vee
HEL L TEAATERINTWS. NOS
T LS EERCHEET AEEEDNOS
(cNOS) & #FEAI o NOS (iNOS) @‘@ﬁ
N 5. NO O~ LREE, KpTOHFMm
R 4L, R EEPH uﬁmbfﬁﬁﬁﬁﬁ&
thH. TDIh, EEATERTANO 27
V=S VAV ELTHOLZAICEAE VY Ty
THEIBNET, VFAIWVNNA— FFEEG
{iigk & OFEEA—BRICHW BN WA, HBIE,

P
20 gauss

Dorsal

‘Ventral

K 9. WIMEEET IV < ADOFEOHEE TDO
ESRZARZ +J)U (top) B LU EEHTO
ESR [ (bottom)

VF A HIVINA — biEEAk & LT N-methyl-D-
glucamine dithiocarbamate (MGD) & diethyl-
dithiocarbamate (DETC) ZB—f&ICHWHNT
1(\%)18),19).

VRRY Sy ) FEEIC & ARMEET IV
RUAPGEAINS NO 2B, NO F5 v JHl
@ (MGD)z-Fe(Tl) % F\T in vivo 72 CTHEH
xN/z20. In vivo ESR ¥ A5 A2 LY NO ©
AR L TWAEMAHRE 7L A, AL
j’ﬂ“(“ 40~60 uM &\ 5 % 8D NO DAL
FEN/. HMIKHETHO 25N NOD
S5URNT F7 b ((MGD)2-Fe(II)-NO & L
THOLZ6NTWA) OESR AXT FIVE &
UFEEAH TCONO DER #Rd KT
ESR B %7 L7=2D.

TN —=FhILOREL
—MRI spin-trapping %

ESRA A=V VIZEEZT V=5V AIVD
RIE - SRS M MARBEOTETHS. L
MDLEHNS, ESRA A=Y V7T, NO
SYUNNVTET PO EDICHRBRIENE (B
4 A A) BEHEEHRES EFIT W E WD R
BHY, BICEBATOT7Y =5V hVD5
HLABRLEZNEVWIRELHSH. TNT
i3, MRI OEBD K 5 75 fFEHI5 R 7 R B
FE7 V=5 VANVOEREMINT S KD EF
ERENZWTHEAD P ? B, DDA
S5V 4 —TOREPEDEN TS, ETE
1 OFElE, proton-electron double-resonance
imaging (PEDRI) ¥, W< A 7B T
ESR Mg, 7U—5VANVD LS
AR ETHFHOWE LB FHEEFEROD %
BAE VYOS Hik s RS € TNMR E5 %8
B+ 5 L COBEPHEIBI NS &\ D R A F]
AL, COBMEINNMREEOMEREHR
MHT7 =SV NNVORTEMEZR S LBT
ELEWOHETHA. B, v MCEREL
7o FaFY FSYNIVOSH & IR TGER &
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Control

+L-NMMA

-L-NMMA

a

K 10. BIMEETINVZ v FO MR B

(@ v ra—j, (b)NO ARERZHRMN LIZEOE R, (c)NO 4 REFOmE/E:

LCTBREL S 5BRICEL TV 52,

—7J7, 2 O3 MRI spin-trap & & $«
DEMTTOBHET, 7U—FVHIVDOHER
PHEIZ £ D KRG FORKERNR RV REINS,
WhWLEHHREFIRT A HETHAH. Ak
WTHER LIZARER T U —F VI E A
Foy TRITRERSVANVT X7 T 5.
COTET MET7U—F VAT BRI
FHPELSBELINTWEY, ERTV—5
VHIVELTOREEZS > TWAZ D, &
DEET D AIVDEFHR LB N7 MR B
FRETNIERHRERIEL LT -5
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LC, B s v ~ OFFIEAZL O MR Eig
ZR10IZxR L7z, NOBELELTWEWI Y
FE—) VB (K 10a) ITHN, NO BEAT
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(X 10b), EEHRE O NO SV HIVT &
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BRI, 7V =5V hNETHEENT S A
vV Sy TRIBHNE, TU—5VHIVOA
BEiFHz MRIOFETEHSLZ LAAETH
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BN REFR I E G ER Y S <AL,
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electron spin resonance magnetic resonance
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ZAHIM?, EEFEZTWS. £z, BE, in
vivo ESR ¥ A5 LD/ )V ALPIEE - 7oid
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L-band in vivo ESR

Imaging of the Spatial Distribution of Bioradicals by L-band
in vivo EPR Spectroscopy

Hirotada Fujn
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18-22, Honkomagome 3-chome, Bunkyo-ku, Tokyo 113-8613

The challenge of developing both spin-imaging and i vivo electron paramagnetic resonance
(EPR) in living systems requires a large number of changes in classical x-band EPR spectroscopy.
These changes were necessary in x-band EPR system for two reasons ; (1) the large water content
of living tissue, and (2) the large volume of the sample itself. In order to obtain free radical informa-
tion from the biological system including small animals and cultured cell systems, we have been de-
veloping i vivo EPR spectroscopy using loop-gap resonator operating at L-band microwave frequen-
cy and lower frequency (250-300 MHz).

EPR imaging instrumentation, enabling the performance of three-dimensional spectral-spatial im-
ages of free radicals, has been developed at L-band to study spatially defined differences in tissue
metabolism and oxygenation. Using this instrumentation, 3D images of nitroxides in mouse or rat
tail and rat heart were obtained.

Using L-band % vivo EPR spectroscopy, we succeeded in detecting three bioradicals generated in
mice or rats. (1) Bioradicals generated from the metabolism of nitrosobenzene or nitrosotoluene in
live mice. (2) Bioradicals generated from a prescription drug for patients with hypertension, named
as calcium channel blocker. (3) Nitric oxide (NO) generated by nitric oxide synthase in septic-shock
mice or rats.

Finally, we presented a new approach to use MRI method combined with spin-trapping method to
visualize bioradicals generated in the small animals. Free radicals captured by spin-trapping agent, if
their stability is long enough, can be used as contrast agents in MRI, and spatial localization of free
radicals might be visualized by MRI. We showed a feasibility study that a new methodology called
“MRI spin-trapping method’” can visualize NO distribution in septic-shock rats.
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