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2. Midazolam DOEIFFI MY

1) EHRFEOHRK

Midazolam X FEE TG & & 5 729, mida-
zolam JESTHE ( )V 3 # 4%) 13 pH 2.8~3.8 DIEK:
Kini (Midazolam 10mg #&H. 2ml) &L T
Who LAt T, 5% WP ERKTHRTE,
HmiiE S H e Th b, & 512 propylene
glycol 2 &H L Twiwizo, BlR~OH#AL
v, L L. pHAPEL b LEBRCHEEEL
% 7=%, thiopental EH#E % EDT VA ) HIES
i % lidocaine L & DECESERIT D, /2, &
CIEFERIZIZEE L S5 sodium benzoate X
benzyl alcohol L& F Ty,

2) fEREF

Midazolam {Z benzodiazepine % & R {2 ) &,
benzodiazepine =%k & GABA &L OHH
{ERIIZ L © GABA BT O GABA 8AitEA
L. Hi#89Z GABA OfF 28T 57280, T
NAMFHER 2 R8ET % & ShTv 525 midazo-
lam % diazepam D# 2 {§® benzodiazepine &
EANOBMEL T A 2%, diazepam £ Y it
WHALER D8I TH 5%,

3) RMEMPRAE"

Midazolam ¥ §HHLIE KB TH 55, kROLE
AR pH CidlaEte b, EHCHEOERM %
WA 57, TR AERITENETH S,

4) Bioavailability**

Midazolam X E T H 90% UL LRI S L. %)
RIS 10 LA Hivioo, #IR S 4 > D HER
LIZK BRI~ TRATE %, &6
2. midazolam (£{ER. S8, HHERSTLR
PARL, BHEDLB,. RETO—KGHRLLE
WIEH T2 2 ietEAiH 5, LA L. #ORST
R E B coBERARIRE T, ARTOR
INEE 27% LR TH Do

5) FRFHF"

B AZ BT 5 midazolam DS AER (V) O
FiX1.0~311/kg. 095~661/kg L K& { L&t
A Bia EcEilil kA 8mEH 5. NED
VA liD R EiEA i,

6) ZEAiLaE™

Midazolam DA ERIZH 7% T, BEA
ERTINT I AL, ERERNIL25~4% Td
5o

7) KB

Midazolam it hepatic microsome oxidation %
FF 5, 6 7 BREOILIG TIIAFREREAARRLL
ey EL . FRUAERT 5, Midazolam
12 CYP3AA ORE[TH B -, 1 & DM LIER
DB DD S,

Midazolam OfLHEW X 1-hydroxymethyl mi-
dozolam %% 60~70% T& . {iZi 4-hydroxy-
midazolam »% 5% #:i#C. dihydroxy-midazolam
KL bFrThrb EERBED DL
hydroxymethy! midozolam X 323 1 5 %7 1 ¥ #
EEL, EWEMEESIZEAE RS FRTY
Mo rvEEReESIKBELE o THELSICH
Ehtizo, RUHERGHECLERICILER
gl y RIS

8) HEft?#

Midazolam B EIZFRI LM EN D, 725
R eh HE Bl 1 1-hydroxymethyl midazolam @ &7
N o A RIT66.1~878%. il il 4-hy-
droxy-midazolam & dihydroxy-midazolam @ 7
Voo rERalyr IR E SR, intact mi-
dazolam DS HE I 003% KikThH So

9) FEHg

Midazolam FHEROHEMARERE (t1/2 B) D
HE, RAT L7~26 %, 1.8~64 ¥ (P33
IREME). ANB TR IR EAT08~1.8 KE R, 6
HA~15 A LA~40 BB TH 0, DNBTIREA
FRIE W LIEERREY, DX 91 midazolam
BEREFEV D, 1 BEFHEREOTVRAH
MR oHsEmL . RERDIRZ#EFI L5
DI RAHER G VL B L £ 5, FHERTIENF
I EEDS R AL - O LA R L, TENR 26~42
HOFHEROMEMIT65~120HMTH D, £
2. BEESHEBRFCIEIFBESCEBRENKLTIC
IO EBMPERT S, —Hh. FERUPEVLD
midazolam %5 F 1L H O EREIZF 4 BER & &,

10) Clearance”™
Midazolam @ plasma clearance ®#5fililt, K
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A T 1 42~90 m!/min/kg, 64~1L0 m!/min/
kg, ARTIE 1 RELEAT47~197 mi/min/kg. 6
# H~15 i%#532~154 m!l/min/kg THD. D
AR Ofiix diazepam D 15 TH So i, &
T4 D&% YT clearance HET Lo LhT
BEONGRAROTREORENLEL &S

AR 100 BRI % o 2 A REFRIITRAHERIC
i} clearance 2SS L2, MRMVEFETTHI LN
HY., ERCHELLELTLIEND D,

11) MeiRgss

Midazolam OEEEGH R L MPRENMICRE
BRI S T At MAPERE L A
SHREOMICIEMHEBREIRESNRTY 2. #
sem43 100 ng/ml A E T2 50% M EDHEET
SikF. 200 ng/ml ML E T 50% M EORETA
. BASNRR 229ng/ml ThHo7

s LA SIS & midazolam M AR & O
MR SN THE 6. WA
+ AR E D S h Ty v, 200~
500 ng/ml & NHENHALNE,

12) HEERY

Midazolam (& CYP3A4 DL FH T dH & 72 0,
CYP3A4 % iEt % #1835 3R & O BFAIT mida-
zolam @ {€ 3 & clearance 2*{&F L. midazolam
ORREAERT S, SOLILEMELT,
erythromycin.' clarithromycin. ketoconazole, dilti-
azem. verapamil, cimetidine 238 HNTW Do %
7. phenytoin i midazolam & OHFA THFRE
HERLIZL RS rOBRELALBNDL®,

2122)

13) Withdrawal symptom

EESEESBOANMERIEICIY ., TV
RA. BUIE, $18. REE. 7. Mk, 523
5 FOERAE L AOT, MIFICHRE, kil
BB ENLETH D

14) BU{ERY®

R 31 B midazolam FREROBEIEA L L
. IR T 46%. HEVF0R 28%., MAEET
070 . MELFIS 20%. Vel 12%. (T AKE)
F 1.1%. BiR% 1.1% AHE XN TWEH, IO
3 LI, P55 T O BRI R FR AR R AL 3
HlopBciatBbhib,

+ 7=, midazolam #EHCHET AL BOBEND

4. midazolam [XIFME, {EBUCM S 2 EA D%
¢ . midazolam BKIZ X 5 N EE T & A A
5N VOT, midazolam HEHI Lo TATH
WS A BIET B LERRVWEEZ DT,

Midazolam @ EH 512 & A @ FISTARIF 2 &2
11 benzodiazepine & T & % flumazenil 234
#Tdh Ho flumazenil 1% & # 001 mg/kg & FHE
L. ZF0OEMENZ6NB ETO001 mg/kg 30 #
1 4 2 H5 (P 0017 mg/kg. Tk 005 mg/ke).
HEiE 10 FUACHET 5, LaL, TwilA
4L T LMD Y. B AT benzodi-
azepine REM & KRS EN TS TAMAR
HTREBLERTWE,

15) HuhAERKESEED midazolam e
74

Foh AR O BRIV 5 midazolam 1
S 5B & s iR S Bl L TR, 015
mg/kg & 0138 mg/kg/hr”. 002~038 mg/kg
¥ 006~038 mg/kg/hr®. 015 mg/kg & 012
mg/kg/hr? % EOBEDH Do HHD WdH 1|
ST S8 4 015 me/kg B FERAHER S BE
¥ #4502 mg/kg/hr TR K 05mg/kg/hr & LT
VB, 235, 1mg/kg/hr MEOKBRHES E1T
> midazolam SIEEHORE" D H LA, TOH
EC VT O RERE R Sh Ty,

3. Midazolam &t EBEABERED
TIRARSHEICR d B B

e A TRIKE QI T R A TIFIER]
OEGHE. WHYE. RENBIURREET<T
Fehlz - RBEILETH S,

A IR 2 ARBRGHIG O & IS
L. BEAATTORATRIRBION L TAHET
s T b EEHSEAR O diazepam.
phenytoin. lidocaine, barbiturates {pentobarbi-
tal. thiopental. thiamylal) {22WVT. ¥ WILA
MEm O, bt Batks L UTFRED
4 ¥54% 2B L C midazolam & ORI EITo 720

1) ExhtE

Midazolam & diazepam (ZIGAETED 20, AR il
AP % ERMEAR L, EhOTHEMETH
292 b, lorazepam (& & b X #ES IR
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EMEAMEGWIHE LIS ST, T/ lido-

caine b E S ICRAEIAM 2 @8 T 5 oo ARt ’

< # 5%, Barbiturates b #HA 1L T D 5 A7,
phenytoin X3 ERAREILE T 15~30 750
pe. EEIZH B, L7zA o T midazolam. di-
azepam. lidocaine, barbiturates (EENEICEE,
FOhABRIKEOE —REFICHLTVD. L
#*L. phenytoin REERE TV A THIRELZ 2
LR R R T VR A O EHET 15~30 57
OETHHFESNL LS LEEB LU diazepam IS
I AW ANHIE 12 MEEORETHRN
ELTOMBIEERTH LA L EFEITY
NAERKBEOBHICEITmMETH D,
2) ®hit
Midazolam. diazepam. phenytoin, lidocaine.
barbiturates & P HHITORAEMER TS
A5, & < \ZHik % complete suppression %\ L
burst suppression ¢~ E & L ¥ % barbiturates @)
CEREEIL R b THN T, MIRERR L IR T
2. L7=h5>T. Reye SRR A ¥ 7 VL F i
SE7 YRR A S EE L AMREIL L AR
A TERRIE CIXRERE T 2 ER R SRR S k24
- barbiturates SHEREAEH L BbhbY &
fo. HERLARNA - MIEHRTAPAO—REL theo
phylline BSELT VR AT IS REATE RN T bar-
biturates S B E BN RA LN D I EHS
VIR Midazolam 123870 2w LA E{EN
%74 L. benzodiazepine &k~ R L di-
azepam D 2 $5C, FAZMITIL diazepam & 0
J~4 fEMH & Vb T v 5%, Midazolam (&
B MR EEAS  SEEFRMELRSL. U
WRANTEEICIF SN 5 FTHE T 525 mida-
zolam 1358 QRS L WO R AR T
WhAFIERED OB T 5HFEIE e Barbitu-
rates & OB EBCHRSLOBRELAOND
AT RIS O b D AT RN & R I LR
HLEBERRLE LRV, LT, Tnh
AGTRPEOEAIHO LS ETIRE T mi-
dazolam M X 3 L EEHOECFERNI LD H XK
Wadtt A T, R ATHI 00 15 7 SR EE R 5
hliads - IEBTA»AO—EH 5 v id theo-
phylline BI@F v A & I L2205 2Ty il

£ PSP b & (2 barbiturates $7HENFE DT
WAXNDERETHDLEE LD, Al mida-
solam K & B de 512 & 5 midazolam 4 4 i
OREIHSH LA, RS - BERTADA
H—Eo 1 Pz LT 1 mg/kg/hr @ midazolam
KBRS TR E O ORRTIREEE
burst suppression %* complete suppression {2 E
LF o ERTEY. FONPEEIEETE LD
720 BRI diazepam & midazolam OFFFEAFE
MR B L2 RS T AR RIS
FEhERgnsvneTi50™) HAHM, AY
4 ¥ T 11 diazepam i3 midazolam 3 & U pento-
barbital. thicpental ¢ barbiturates FHEGHE X
MENE B LRESHTENY, B—KGEREFEL
L T ¢ € % @ diazepam & D & L 5 midazolam
DFRRShLVWEEL D, BB, BREIED
v AT diazepam ¥ T, lidocaine 247
Wt s A% (S, BIRRBPLHEIC L o THAE
mOFSEcErSH L LEDN D,

3) Z&H

Diazepam (& EEHE DO IFR IR MEET & & -
FoEdh b, & IEEAHER R barbiturates
KT SRR S ET HY. £/, diazepam
AR AR AE (. HWT B LT
21, EEEHO T FEHET DA EHFTICE
propylene glycol 4R & N T 5 b M FI BHEAT
e ?, BEEILABRENMLKRLAOA T,
2% % 7- diazepam FE§THILC 13 sodium benzo-
ate & benzyl alcohol iEME N TH Y FHART
i3 benzoate AE N WY v EERAKEICBVTH
A LYY L siein L THEE O E
L322, %7 4RI K RO benzyl alcohol A
I % 5 & gasping syndrome % floppy baby
syndrome 2 ¥ 4P B 2 5 2 e h Tk
puon &L b:iﬁfrﬁi}ﬁili‘ﬂ"ﬂ'é%‘fé\t‘l’ﬂ:ﬁﬁ%ﬁfﬁ%
%o ¥ 70\ diazepam ORBIRG & BV IFFHHK T
B, EWEmEEE AT ERABRED O
N-desmethyldiazepam @ ZEH 2 & 2 E bR
427, BEAKRTE—RKEHIOERIATYD
diazepam R EEIZB VT I 6 ORIEEA
H b, SIS LT, midazolam UL, #H%RIC
W ARG (L RS, LI
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Mo T, BPENHER &I E R TE O & R
WAL AE D I B A e KB S K A B A RIS
F 4, midazolam O 1 ol B {HEE X bk
MMELALIFRERSLALANEGAETD
e IR T ORI TH D, &
7= midazolam (X8EE TAEN: & 4 2 7 DIERRK
B THHEHBIIKEE TAREPRITTH
A%, 612, HA® midazolam F4$#LIZ4E pro-
pylene glycol. sodium benzoate. benzyl alcohol
ELEFh TR, MEFRHESR L
HRIZL LN E v, F7-. midazolam O EE
LA FEY T & % 1-hydroxymethyl midazolam 2
RAHFEHEETE AR 3, 2O
bV, RIS TLERICLZEE
TR, 3615, FREAMEW DS
HFOMBLAE L E, il dbdbTENRT
B Y. midazolam HEETE —XiEHE LTHIER
R L 7EHETH B L E 2 D, —H . midazolam
OERWMFHFESEERGCHEIMEL LT, KT
2. W™, clearance D3I, Peifib+H = i 1
DR L ERELDLIERHLY, FHOINDL
DEHIETCEL L IRIETEIEHNLETH
Ho T 7z, midazolam fERIFIZIZHE ~ DEFEF & D
MEAEM* &SP ETH S, Phenytoin
BHRANDEEYSHL-0LBRHT= 7 —054
ETHAHH, TRIATHIL v, FREIE D
DMASHIBPE A IR 72D, AR THRL
MIBICEHERERKT 79 v 223525 MEH
AEFICH L Mo TEARICIHEA LB ER M
PORENALEEMPMEOHEE LB LT VD
THA G iR TH B, Lidocaine (E—H#x1)
DRI A D', IUER TR Rk E L
EIBRAOHRENDL Y, LEHEZ ¥ —2LET
bd, o0 FELTKERSHTIEIH DA, T
WhA#ERT A2 LML TWEY, &6
12, Lidocaine @ FE{XH B T & % methyleth-
vlglycinexylidide 3 X O glycinexylidide (3 4
MR R AT A 00, NEEGHFIZEIR LY
LHL, AER oMo L5tz S
5%, ~77. lidocaine £ O H R 1L AT T L
WL e, o, HEREIRA R, IR
KEOFTFMIC LML RS v 4% v, Barbi-
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turates" IR, IRBICH T 50800 (. 1
[ 2 N T O MR IR P MER T 4 SR aT
EIIHIGTE UM TIT) LEXDH b, AKEFek
AHEIFICEH 0P LOATHBRERTIZBE, 7
HEA 245 L. B ICIPR, WR,. BL UK
EFEZI =T [CUEHEFLEL LS, T
7oy RIHFHEHESR 5 I E R R 5 B et
EHEPIIRET IR EEER I CMELE Y S
Ve SHII, REIRFFRESGEEEERICHEEL
YL, PP LHEET CRENZETA2 26D
AHLEEbE v, F/o, HREBEL, &S
HLRT WD, AMrEFLVWERTHENLT
TETHN, MEWHEIHS, MEREBIL
RYTVWOT, FLFHFRESHFEE L, 20 L9
{2, barbiturates IFFHI LRI K & L RIEAS
HAHIZH, F—REFIZZITREZTH S,

L7242 T, H2tEd 5 midazolam 4%z b 1F
nTHB D, K2 lidocaine. diazepam T. pheny-
toin & barbiturates IZfINRZ V£ 2 B,

4) S5

Midazolam (@A /o0, 1 BIEFHET
RIT e A ROFFE3~4850 & &
WIEL L Ly AR A RAT CHEBAHER G- A5
ek 7o®, 1 AIEEHERS| & 4t X midazolam O
BAHEGRMZ T S W BYIEREL T
AR 4 HEFF T & 5, Midozolam & [A] 4,
lidocaine & barbiturates & 1 Iol & #¥ %5 Tk
MROFREILEV A, BEAHERS 2L » BiIF
BANREHIFTE S, &S, BREDOITVRA
TRAREC R - BFES ECIIRIFH%ZE L 72
WHANHEI R 2 M2 2 EHXPETH Y. #
HAHL G M TdH 5o Diazepam (/RS
Bz, BFIEEHO | BIERS 2T 45 1
W AT R R ORFRITH 200 L Hye TO7
OOBEIIN LT 2-30REHESTLI LD D
HECREIRNRET T Y, Licdio T BRI 4
ERRARI D R 0 ERRE - BElZ 34300
EThb, ¥, diazepam EFH Z KEDHW T
T THMAHER S L2 iED A LN DA
Wi OLEEOR D’ S b diazepam O FEfeiH G
BHIAAKRTITERE L Tuwi v, Phenytoin (1 1
BAHEFZO TR AR EOF 1L 8~12 I1F
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e 2 LR 2o R BN O TR T T
X7z, UL, AHEAE CHEREHER 57T &

&wt&\éauﬁﬁﬁﬁ%%ﬁﬁé&%tbu:

R A R L e At ok S R R R 1 [T
SRR RET B4, BE RN R REE LR
PSS A IR LV. Lo T RHRIO
2w LI oA R AT HLEND D
L9 AMEIZRAMETHL,

5) 45D E LD

B L2 o A ISR @R T AR N
gedeth. HHEtEO 4 TECET 5 EHEHEOFM
FF EDHTLUTILRT,

(1) 4% © Diazepam. midazolam. lidocaine.
barbiturates & b #AITE(CE R % A% phenytoin
3% 5,

(2) %774 : Barbiturates, midazolam. diaze-
pam. lidocaine. phenytoin & Lig N THHAL
HERIC L o THMFEANIEZZD D,

(3) 9244 © Midazolam 4% b REWEHE
Diazepam. phenytoin. lidocaine X\ 2D
g% 45 L. barbiturates HHRIX P ERE %Y
bHo

(4) $54% © Phenytoin \X H B Zh R FEHl il
AEWLAS, diazepam IEIFHEHH V. Midazolam,
lidocaine. barbiturates i$\ 37 4L b I MATH
Foi. 1 EESHE TR RIS VA5 FHRHE
54179 DIk ) RAFEYRE L7 %h % HEFF
¥HTE& b,

4 7r 5, midazolam RIS AHEREERIT)
SR LD. Shb AR R Tk 2, mi-
dazolam pEEmiEE R W ATRIREC 3
B L LCRBICOREL B E & A etk
IR E N,

4. PMEOFOhATRRESESTRAOLE

o ABROE— KGR E LT, EIHETR
lorazepam EiE. HATid diazepam FHEATH
RTWVhe &b OYERIEEEOIFRIPE L DT
EFIIE BN TH B AN B L ML
S HER T W B, Lorazepam (3 lLBETRIRA R
¢ s B A%, diazepam R RO HEAHEC O
6 DB O &R TR, FEKE

ger L CHEE L7 oM s A i T & BT
SHHERTATER S A T LA SV, LD L. it
3 A 6 17 H #L TV 72 barbiturates EEE A XA RG]
FE X DO TRATED DA AT BE R 5
RS 4 ERPER T ET 27005 < D5 e
@ e LCERREND, TRICKH LT, midazo-
lam (EHEEEHEEFHC BV T HIF - PEBC AT
b3 T AN s Vb AR ER SHEH)
OFEGHAETHY. — R T O+
HeThHhb, SHIC, WAL B RBGES 13
s, FORASEIEMICELT R & 58
HEIZLFERICERTVAIZD, WIRER. &
Skiafr e LT TER S LS i — KiGH#
¥ LT midazolam $$&fHEER L ERT D B
it iahdEER b chtkoT, £4 DYE
A TURARE. BERGRFTEICLL S LA
ExnD, Kbt FHH™L Yoshikawa 6 '""12 mi-
dazolam % H—KEHIERLZHETH B
REPo I EERELAN SH miidazolam
HEERHERBEOE AT, lidocaine & barbiturates
OERFENEER Lo & 2R LTwhoi s,
i A IR i B LD & o T lidocaine %> pheny-
toin DB — BN L L HHELH D I Do 5K
#% 38 O midazolam 2 ER LH G H L\ 1% lido-
caine %> phenytoin 2HERN 25 & T . EnEMR
@4 &4 barbiturates FEREHERTE 2T jo &X
E.EEﬁEﬁRweﬁﬁﬁ@4V7wlyW%
g POTE L AERERCHERBRE - MIETA T
Ao AD—EEB X U theophylline BE VAL
S 5 7oA T 1R ® 12 barbiturates b ht
R AT A EHFET LV,
H—RIGHE -
(1) Diazepam ! EIfE#HE (Barbiturate FiTi
5B, SEREVRIRRIMICIER) 55
v» 1 Midazolam 1 [ & #f iE—Midazolam
FEHTAHE
(2) EUR#EEIC X - Tid, lidocaine 1 & AHE
S (2 BB RIS TRA
1= 457%)) % 7:id phenytoin 1 EIEEFHE— (I
BLEHE)
8RR -
Barbiturates 1 [l fHE—~EeiHE (EH L
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Midazolam 0.15mg/kg bolus i.v. { atrate of 1 mg/min }

|

r Recurrence after seizure arresLl

!

:

r Seizure continuing 4'
¥

rﬂepeat one or two additional dosesJ

achieved

Continuous infusion starting at 0.1-0.15mg/kghr up to 0.5mgkghr
increasing by 0.05-0.1mgkghr until complete control of seizures was

Y -
r Seizure arrest J

|

r Seizure arrest I

I
rSeizure conlinuingJ

+

0.1-0.15mgkg/hr of infusion was
maintained for 12-24 hours

Optimum rate of infusion was maintained
for a period of 24 hours

; }

L

every 2-3 hours

Infusion rate was gradually decreased by 0.05mg/kgr

Change to other therapy

Fig.1 Protocol of midazolam treatment for status epilepticus

S TE, SRR - BERTAPAD—
2. theophylline B ADEEIERD
WZHEA)

5. Midazolam FRAK &

1) UOWhABRERES TG OhABRRD
pray 3

T AN ADB L UH 2 OERERE (SRR, il
BEgs. SbERNAE. BOAERE. EERRE e
5. felBEE, BdtlvhALRY) lCEET 5 &
M VR AOER, BRIIN T S midazo-
lam BRI OWT, Sty s =B A MY
EEW LMY %o

(1) Midazolam FHEEMH

Fuh A BRIRES & T R AR O mi-
dazolam HEEBEF ¥ Fig 1 IR T,

a1 EEEHEGEE GF-—REHE LTHITY 2
#4)  Midazolam JESHK (10 mg/2 mi) K
5% BECABL (1 mg/1 ml AERD ., 1 [=] &
0.15 mg/kg (0.1~03 mg/kg) #HdIZ1 mg/min
OEETCHIET 5o Midazolam 1 EIEFFEI L Y
gl TRIREA SR LA TH, HRTH
R0 EeE % R0 BT, Z Ok 12~24 BB
11 midazolam % 0.1~0.15 mg. kg/hr TH¥ o il T

FHIENEE Le 7275, P AGKETE 30
ALNTIEH 2 HEERTIRTVHAERIKEC
f 3o EAFHSABEECHEHE LT mi
dazolam 1 EHEDFHEZ T, BRI A
Ak, DEERoaBREN LV EAKIND &
SRECHEIOTTHEABEE LT XV u B,
A VRANHERICERE AEEIE mi-
dazolam 1 HEFEL S ST 1~2RI KBTS =
LB FORARMEST AR EEC ]
% %5 % midazolam FRERHERM L HMBT 5. &
F B OHARROBSICET SR EFRFEY
79

b. HksERE LS - Midazolam 1 EIEEHEIZS] &
#: % midazolam # 0.1~0.15 mg. kg/hr T ¥ & iF
EREET B, TORARREIRESD D IIITWR
ABREBRENOEZEIIHESTES % T midazo-

lam % 005~0.1 mg/kg/hr §° 2 0.3 mg/kg/hr ¥

THE LTV A, BRI L o TIIRK 05
me/kg/hr T CHELTH v MR ISR
B L AR, BRMICIRENRIRL T 5. B
72 b midazolam FEFLTHERROTFHE T
312 02 ma/kg/hr Bi % Td %o midazolam F¥##t
FHEPULIEIL, B A TSy T AN, B
REROHEMTRATREEHETETHD, T
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fro RET L ORAFMH SN TWD Z L &
475 KO ERMLE= s —3dLTLLL
% 2 \ve Midazolam SHSERHEREIC L ) WA
AN X AL F O 24 BTV RADTERED <
S EIREDERE LRI, 2~3 BRI 0.05
mg/kg/hr TO#M - FIEE T A Fe 30 Rl e
B LA IR RR R R ¢ S O IR
JRES 2~3 fEE G5 EAEE Lo —F . mi-
dazolam FFEFHEMMGER S TR AMHIE LR
B SRR R & HEE LA A R
R EE LT TELETERRIC (TWRAE
4R ECIE midazolam HBHERET 30 7% HE L
%) barbiturates KERHER O BRHITY
# 3 %. Midazolam (& barbiturates {2 51 5 fig
ERET 4 RS E A L & S p vz OBIETHER
BGIE A (LD TR A SHMUE CIRHRELSRLG N
. 1. TELOERN LR SRR - T
BTANPAO—TELEREREVWEEDR D,
AMERE I 47 0 =—TAPADTORAERIK
e R0 B A PEFE I T AB A DB RIFERIRE %
PTRRENSAT NS Y D HAt ERIS
o TREDREELH 5. &b, theophylline
BT WL A K T % midazolam QA EYIECD
WTREEFEMCERI STV, Lo
. SOk HFEEEBELHEIZL - T midazo-
lam QAN ENH B Lk H LN LHEHIC
BWTHEBETAILNERTHL,

(2) . 3. BHSENRS. ERE5

Midazolam 2 EFEMUSM O BB E LT, 7
. R, S5, RIS SHATE, Wi
nbEgEromN VAR E XD
LATE D, LIhio T, BEEMIZEWTHE
PRI A 2 B & 5 BB E IR AMITE
midazolam DEFIESS, LHTV, FRERES
A TH Do Midazolam IEHHE & M7 ik Tt
(2851 0.15~0.3 mg/kg. £ 0.15~03 mg/kg. £
45 02~03 me/kg. BHREE 03 mg/kg &
mEshTwad, EROERERCHL- TR
= L EROLERE BALREEET S L EbR
Ho
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Summary
Effectiveness of Midazolam in the Treatment of Status Epilepticus in Children

Kimic Minagawa”
“Department of Pediatrics, Hokkaido Children’s Hospital and Medical Center

Status epilepticus in children is a medical emergency that requires prompt interven-
tion. Diazepam is most commonly administered initially, whereas phenytoin is the anticon-
vulsant most used subsequently, in Japan. Intravenous diazepam is often associated with
respiratory depression and hypotension and duration of its anticonvulsive effect is very
brief. During intravenous infusion of phenytoin, cardiopulmonary depression can occur as
well as venous complications and appearance of its anticonvulsive action is slow.

Midazolam has many clinical and pharmacological advantages compared with other
antiepileptic agents. It acts more rapidly and it is safer and more effective.

Midazolam should be considered as an initial treatment for status epilepticus in chil-
dren. :

J. Jpn. Epil. Soc. 2005 ; 23 . 2-13
(received - July 12, 2004, revised : September 17, 2004, accepted : September 28, 2004)
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In Vivo Studies of Phenylalanine Hydroxylase by
Phenylalanine Breath Test: Diagnosis of
Tetrahydrobiopterin-Responsive Phenylalanine
Hydroxylase Deficiency
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NORIO SAKAIL YOKO TANAKA, KAZUHIKO TAKATORI, MASAHIRO KAJIWARA, AND
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ABSTRACT

Tetrahydrobiopterin (BH,)-responsive phenylalanine hydrox-
ylase (PAH) deficiency is characterized by reduction of blood
phenylalanine level after a BH,-loading test. Most cases of
BH,-responsive PAH deficiency include mild phenylketonuria
(PKL} or mild hyperphenylalaninemia (HPA), but not all pa-
tients with mild PKU respond to BH,. We performed the phe-
nylalanine breath test as reliable method to determine the BH,
responsiveness. Phenylalanine breath test quantitatively mea-
sures the conversion of L-[1-'3C] phenylalanine to '*CQ, and is
a noninvasive and rapid test. Twenty Japanese patients with HPA
were examined with a dose of 10 mg/kg of '*C-phenylalanine
with or without a dose of 10 mg - kg™' - d™" of BH, for 3 d. The
phenylalanine breath test [cumulative recovery rate (CRR)]
could distinguish control subjects (15.4 £ 1.5%); heterozygotes
(10.3 = 1.0%), and mild HPA (2.74%), mild PKU (1.13 =
0.14%), and classical PKU patients (0.29 * 0.14%). The geno-
types in mild PKU cases were compound heterozygotes with
mild (L52S, R241C, R408Q) and severe mutations, whereas a

Phenylketonuria (PKU) is an autosomal recessive disorder
caused by deficiency of hepatic phenylalanine hydroxylase
(PAH; EC 1.14.16.1). The disease causes mental retardation
unless the affected child is maintained on a strict low-
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mild HPA case was homozygote of R241C. CRR correlated
inversely with pretreatment phenylalanine levels, indicating the
gene dosage effects on PKU. BH, loading increased CRR from
1.13 = 0.14 to 2.95 * 1.14% (2.6-fold) in mild PKU and from
2.74 10 7.22% (2.6-fold} in mild HPA. A CRR of 5 to 6%
reflected maintenance of appropriate serum phenylalanine level.
The phenylalanine breath test is useful for the diagnosis of
BH,-responsive PAH deficiency and determination of the opti-
mal dosage of BH, without increasing blood phenylalanine level.
(Pediatr Res 56: 714-719, 2004)

Abbreviations
BH,, tetrahydrobiopterin,
CRR, cumulative recovery rate,
HPA, hyperphenylalaninemia,
PAH, phenylalanine hydroxylase,
PKU, phenylketonuria,
PTPS, 6-pyruvoyl-tetrahydropterin synthase

phenylalanine diet (1). Newborn mass screening for PKU is
performed worldwide, and patients with a wide spectrum of
clinical severity have been identified with almost 100% prob-
ability. The incidence of PKU in Japan is 1/120,000 (2) and is
much lower than in whites (1/10,000) (3) and Chinese (1/
18.000) (4). PKU is a heterogeneous metabolic disorder at both
clinical and genetic levels.

The diagnosis of PKU is based on the presence of high
concentration of phenylalanine in the serum and lack of defi-
ciency of tetrahydrobiopterin (BH,), rather than by measuring
hepatic PAH activity. The clinical severity of PAH deficiency
is also determined mainly by serum phenylalanine level, al-
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PAH BY PHENYLALANINE BREATH TEST

though blood phenylalanine concentration is influenced by the
dietary protein intake. For an appropnate diet therapy influ-
enced by the social environments and personal situations, it is
important to determine directly the clinical severity of PKU
and PAH activity. As a representative autosomal recessive
inherited disease, it is important to investigate how both alleles
of the PKU gene influence PAH activity and how they give rise
to clinical symptoms. We reported in 1991 that the clinical
phenotype of PKU patients correlated with the genotype,
which was the average of in vitro PAH activity of both
mutations (5). However, subsequent studies reported that the
clinical phenotype in several cases of PKU did not correspond
with the genotype (6,7). The metabolism of phenylalanine in
the human body not only reflects PAH protein but also is
influenced by many factors, such as absotption and excretion
of phenylalanine and the regulation of transcription and/or
translation on PAH gene.

Various methods are available for in vive measurement of
PAH activity. *H-tyrosine in blood is measured after adminis-
tration of “H-phenylalanine using gas chromatography mass
spectrometry. The results of analysis using this method corre-
lated with hepatic PAH activity and clinical phenotype (8-10).
However, this method requires the use of a large amount of
phenylalanine as a loading dose (10-200 mg/kg) and frequent
blood sampling. Treacy et al. (11) described the phenylalanine
breath test, a rapid noninvasive test for measurement of the
actual phenylalanine tolerance. The test is based on quantita-
tive measurement of the conversion of L-[1-'>C] phenylalanine
to '*CO, through tyrosine by PAH. The phenylalanine breath
test provides information on the whole-body phenylalanine
oxidative capacity, as an index of in vive PAH activity.

Recently, BH,-responsive PAH deficiency was character-
ized by a decrease of blood phenylalanine after a BH, loading
test (12) and patients with this deficiency have been treated
with long-term BH, (13-17). Most paticnts of BH,-responsive
PAH deficiency have mild PKU and mild hyperphenylalanine-
mia (HPA), but not all patients with mild PKU respond to BH,.
In fact, even patients with similar mild mutations exhibit
different response to BH, (12,17). Using the phenylalanine
breath test, Muntau er al. (17) reported recently that BH,
increases PAH activity in patients with BH,-responsive PAH
deficiency. The present study was designed to determine
whether phenylalanine oxidation capacity is consistent with the
clinical phenotype and genotype and whether determination of
this parameter is useful for the diagnosis of BH,-responsive
PAH deficiency.

METHODS

Subjects. The subjects of this study were 20 Japanese pa-
tients (11 male individuals, aged 1-23 y) who were confirmed
to have PAH deficiency on the basis of clinical and biochem-
ical evaluation at the participating institutions. The patients,
except for an adult patient with mild and ancther with classical
PKU, were on phenylalanine-free milk and low-protein food
ranging from insufficient to sufficient. Serum phenylalanine
levels measured before the breath test in the two untreated
patients with mild and classical PKU were 0.97 and 1.45 mM,
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respectively. The mean serum phenylalanine concentration
were 0.31 = 0.14 mM (= SD; range: 0.11-0.46 mM) in si
treated patients with mild PKU and HPA and 0.43 = 0.28 m

{range: 0.068-0.95 mM) in 12 treated patients with classica
PKU. Two patients with 6-pyruvoyl-tetrahydropterin synthas
(PTPS) deficiency were diagnosed by analysis of urinary pteri
dine, biopterin loading test, and measurement of PTPS activit

_and treated with BH,, 5-hydroxytryptophan, v-dopa, and car

bidopa. The criterion for classical PKU is serum phenylalanin
concentration of =1.2 mM before initiation of a phenylalanine
restricted diet or in the absence of dietary restrictions later i
life. The serum phenylalanine concentrations in mild PKU an
mild HPA were 0.6-1.2 mM and <0.6 mM, respectivel
without phenylalanine-restricted diet. Serum phenylalanin
was measured using ion-exchange chromatography.

Phenylalanine breath test. For phenylalanine breath test
99% enriched t-[1-'*C] phenylalanine was administered orall
at a dose of 10 mg/kg and a maximum of 200 mg afie
overnight fast. Breath samples were collected into aluminu
bags at 0, 10, 20, 30, 45, 60, 90, and 120 min. 6R-BH, (Sunto
Co., Tokyo, Japan) was administered orally at a dose of 1
mg/kg with a maximum of 200 mg, divided into two doses pe
day at —2 and —1 d and another dose of 10 mg/kg, with
maximum of 200 mg, 3 h before the breath test, as shown i
Figure 1. The breath test was repeated twice in seven patient
(two classical PKU and five mild PKU), before and after BH,
The administered '*C-phenylalanine is metabolized by PA
and is exhaled as '*CQ,. >CO, (m/z 44) and '*CO, (m/z 45
were measured using gas chromatograph/mass spectromete
(Breath MAT Plus; Finnigan MAT, Bremen, Germany) (18)
Results of the '3CO, breath tests were expressed as '*CO
excess permillage (A'’C, %o) and cumulative recovery rat
(CRR; %) (11). TheA'>C (%) was expressed as the ratio o
13C0,/'*C0O,. The CRR was expressed as the ratio of tota
amounts of '*CO, (moles) in expiration during 120 min fo
administered dose of '*C-phenylalanine. Total CO, productio
speed is calculated from the body surface area (5 mmol - m™
- min™'} (19), and the body surface area (BSA; in m?) i
calculated by the formula [body weight (kg)®>>*"® X heigh
(cm)®3%* < 0.024265] (20). Serum phenylalanine was mea
sured before administration of L-[1-'>C] phenylalanine and 1
after administration using Hitachi automatic amino acid ana
lyzer L8800 (Hitachi Co., Hitachinaka, Japan).

Day -2 | |Day -1 Day 0
0 3h
BH, b4 4 4 4 [eer
5 mg/kg x 2/ day 10 mg/kg
13¢. : *
C-Phenylalanine 10 mg/kg

Figure 1. Time schedule of '*C-phenylalanine ingestion and BH, dosin
PBT, phenylalanine breath test.
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DNA analysis. PAH mutations were determined by using
denaturing gradient gel electrophoresis and DNA sequencing,
as described previously (21,22). Genomic DNA was isolated
from lymphocytes or EBV transformed tymphoblasts. Thirteen
exons and flanking intronic regions of the PAH gene were
amplified by PCR with GC-clamped primers according to
Guldberg ef al. (23). The target exons with mutations were
amplified from genomic DNA by PCR with biotinylated prim-
ers and were purified to single-strand DNA using magnetic
beads coated with streptavidin M280 (Dynal, Oslo, Norway).
The purified single-stranded DNA was sequenced by the dye
erminator method using an ABI PRISM 310 Genetic Analyzer
{Perkin Elmer, Norwalk, CT).

Statistical analysis and ethical issues. All data were ex-
pressed as mean * SD unless otherwise stated. Differences
between groups were examined for statistical significance us-
ing the 7 test. A p < 0.05 denoted the presence of a statistically
significant difference. Statistical analyses were performed us-
ing the Statview program version 4.5 (Abacus Concepts,
Berkeley, CA).

All protocols described in the above studies were approved

y the institutional review boards of Osaka City University
Graduate Schoel of Medicine, and informed consent for the
breath test and genetic analysis was obtained from all patients
or their parents.

RESULTS

Identification of genotype. Table 1 shows the results of
genetic analysis of 13 patients with classical PKU, six patients
with mild PKU, and one patient with mild HPA. A total of 18
mutations were identified in 40 PKU alleles of the 20 patients,
except for one allele. Four mutations of A202V (GCT —
GTT), R252P (CGG — CCG), Q301H (CAG — CAT), and
D415H (GAC — CAC) have not been reported. The genotypes

Table 1. Genotypes and in vitro PAH activity in 20 patients with

PAH deficiency
Genotype n % PAH activity (%)
Severe type
R413P 12 30 o
IVS4nt-] 3 7.5 ¥]
RI1IX 2 5 0
Del5&6 2 5 0
T278I 2 5 18
YTIX t 25 0
A202V i 235 ND
E6nt-96a>g ] 2.5 0
R2430Q 1 25 1059
R252P 1 2.5 ND
R261X 1 2.5 0
1VS10nt-14 1 235 0
Q30IH 1 25 ND
D415H 1 2.5 ND
L430P 1 25 ND
Mild type
R241C 6 15 2529
Ls2s ! 2.5 2709
R408Q 1 25 . 55026
Total 39440 97.5

ND, not determined.

OKANO ET AL

in mild PKU cases were from compound heterozygotes with
mild (L5258, R241C, R408Q) and severe mutations, whereas in
the mild HPA case, it was homozygote of mild mutation
(R241C/R241C). In this study, we could not find cases with
discordance between genotype and clinical phenotype.

Serum phenylalanine concentration. We also examined the
influence of “*C-phenylatanine loading (10 mg/kg; maximum
200 mg) on serum phenylalanine concentration. No large
increase was noted in serum phenylalanine concentration be-
fore and after administration of '’C-phenylalanine in both
classical PKU and mild PKU/HPA patients (an increase from
a predosing value of 0.51 = 0390 0.62 = 038 mM at 1 h
after phenylalanine dosing and from 0.41 £ 0.29 1o 0.44 *
0.26 mM, respectively).

BC0,"C0, ratio in breath test. Figure 2 shows the
changes in '*CO,/'2CO, ratio (A"C) in expired air. The peak
level of A'C in the control occurring between 20 and 30 min
after dosing (42.3 * 10.4; range: 28.7-53.4%.) was signifi- .
cantly higher than that of the heterozygotes at the same time
interval (27.2 = 6.0; 21.1-32.5%0; p < 0.05). These results
indicated that the administered '*C-phenylalanine dose reached
the liver at 20-30 min after dosing, where it was mainly
metabolized to tyrosine, p-hydroxyphenylpyruvate, and ho-
mogentisic acid in the liver with a first-pass effect. Patients
with mild HPA showed a small peak of A'*C at 45 min,
reflecting the residual PAH activity. Low PAH activity was
observed in classical PKU and mild PKU, and no peaks were
noted for A"’C. After BH, loading, mild PKU showed a peak
A'C level of 8.87 = 8.99%o (range: 3.83-21.62%o) at 20-30
min. Mild HPA showed a peak A'°C (24.45%c) at 20-30 min,
a pattern similar to that noted in heterozygotes. BH, loading
markedly improved phenylalanine oxidation in mild PKU and
mild HPA.
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Figure 2. Time course of '*CO, excretion during phenylalanine breath test in
control subjects, heterozygotes, and patients with PAH deficiency. A'*C (%o)
values during 120 min after ingestion of '*C-phenylalanine are expressed as
solid lines without BH, dosing and as dashed lines with BH, dosing. Data of
the control and heterozygotes are expressed as mean * SD, whereas those of
patients with PAH deficiency are expressed as mean values.
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DNA analysis. PAH mutations were determined by using
denaturing gradient gel electrophoresis and DNA sequencing,
as described previously (21,22). Genomic DNA was isolated
from lymphocytes or EBV transformed lymphoblasts. Thirteen
exons and flanking intronic regions of the PAH gene were
amplified by PCR with GC-clamped primers according to
Guldberg et al. (23). The target exons with mutations were
amplified from genomic DNA by PCR with biotinylated prim-
ers and were purified to single-strand DNA using magnetic
beads coated with streptavidin M280 (Dynal, Oslo, Norway).
The purified single-stranded DNA was sequenced by the dye
terminator method using an ABI PRISM 310 Genetic Analyzer
(Perkin Elmer, Norwalk, CT).

Statistical analysis and ethical issues. All data were ex-
pressed as mean * SD unless otherwise stated. Differences
between groups were examined for statistical significance us-
ing the t test. A p < 0.05 denoted the presence of a statistically
significant difference. Statistical analyses were performed us-
ing the Statview program version 4.5 (Abacus Concepts,
Berkeley, CA).

All protocols described in the above studies were approved
by the institutional review boards of Osaka City University
Graduate School of Medicine, and informed consent for the
breath test and genetic analysis was obtained from all patients
or their parents.

RESULTS

Hdentification of genotype. Table 1 shows the results of
genetic analysis of 13 patients with classical PKU, six patients
with mild PKU, and one patient with mild HPA. A total of 18
mutations were identified in 40 PKU alleles of the 20 patients,
except for one allele. Four mutations of A202V (GCT —
GTT), R252P (CGG ~ CCG), Q301H (CAG — CAT), and
D415H (GAC > CAC) have not been reported. The genotypes

Table 1. Genorypes and in vitro PAH activity in 20 patients with

PAH deficiency
Genotype n % PAH activity (%)
Severe type
R413P 12 30 029
1IVS4at-1 3 15 0
RITIX 2 5 0
Del5&6 2 5 0
T2781 2 5 jen
Y77X | 235 0
A202v 1 25 ND
E6nt-96a>g 1 2.5 0
R243Q 1 2.5 1040
R252p 1 25 ND
R261X 1 2.5 0
[VS510nt-14 i 2.5 0
Q30IH 1 25 ND
D415H 1 2.5 ND
"L430P 1 25 ND
Mild type
R241C 6 15 2509
L5258 1 25 2749
R408Q 1 2.5 5506
Total 39/40 97.5

ND, not determined.
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in mild PKU cases were from compound heterozygotes with
mild (L5285, R241C, R408Q) and severe mutations, whereas in
the mild HPA case, it was homozygote of mild mutation
(R241C/R241C). In this study, we could not find cases with
discordance between genotype and clinical phenotype.

Serum phenylalanine concentration. We also examined the
influence of '*C-phenylalanine loading. (10 mg/kg; maximum
200 mg) on serum phenylalanine concentration. No large
increase was noted in serum phenylatanine concentration be-
fore and after administration of "*C-phenylalanine in both
classical PKU and mild PKU/HPA patients (an increase from
a predosing value of 0.51 = 039 t0 0.62 + 038 mM at 1 h
after phenylalanine dosing and from 0.4] *+ 0.29 to 0.44 +
0.26 mM, respectively).

’3C02/’2C02 ratio in breath test. Figure 2 shows the
changes in *CO,/'°CO, ratio (A'C) in expired air. The peak
level of A"C in the control occurring between 20 and 30 min
after dosing (42.3 = 10.4; range: 28.7-53.4%:) was signifi-
cantly higher than that of the heterozygotes at the same time
interval (27.2 % 6.0; 21.1-32.5%; p < 0.05). These results
indicated that the administered '>C-phenylalanine dose reached
the liver at 20-30 min after dosing, where it was mainly
metabolized to tyrosine, p-hydroxyphenylpyruvate, and ho-
mogentisic acid in the liver with a first-pass effect. Patients
with mild HPA showed a small peak of A'*C at 45 min,
reflecting the residual PAH activity. Low PAH activity was
observed in classical PKU and mild PKU, and no peaks were
noted for A'*C. After BH, loading, mild PKU showed a peak
A"VC level of 8.87 * 8.99%, (range: 3.83-21.62%o0) at 20-30
min. Mild HPA showed a peak A'*C (24.45%0) at 20-30 min,
a pattern similar to that noted in heterozygotes. BH, loading
markedly improved phenylalanine oxidation in mild PKU and
mild HPA,
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Figure 2. Time course of *CO, excretion during phenylalanine breath test in
control subjects, heterozygotes, and patients with PAH deficiency. AYC (%0)
values during 120 min after ingestion of '>C-phenylalanine are expressed as
solid lines without BH, dosing and as dashed lines with BH, dosing. Data of
the control and heterozygotes are expressed as mean * SD, whereas those of
patients with PAH deficiency are expressed as mean values.
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CRR in breath test. As shown in Figure 3, the phenylalanine
breath test exhibited continuous levels of CRR in PAH defi-
ciency from 0 (classical PKU) to 2.74% (mild HPA). These
results are in agreement with various clinical manifestations of
PKU. The CRR (in vivo PAH activity) could distinguish
control subjects (154 * 1.5%; range: 13.79-17.44%); the
heterozygotes (10.3 * 1.0%; 9.00-11.42%); and mild HPA
(2.74%), mild PKU (1.13 = 0.14%; 1.01-1.40%), and classical
PKU (0.29 * 0.14%; 0-0.93%) patients (Fig. 3). We found
consistency between the CRR and clinical phenotype in the
Japanese patients who were tested in this study. Patients with
compound heterozygotes of mild (L52S, R241C, R408Q) and
severe mutations had CRR of 1.0-1.4% and mild PKU phe-
notype, whereas patients with severe mutations for both alleles
had CRR of <0.93% and classical PKU phenotype. In this
study, we did not find inconsistency among clinical phenotype,
CRR, and genotype.

BH, loading increased CRR from 1.13 = 0.14 to 2.95 =+
1.14% (2.6-fold}) in all four patients with mild PKU and also
increased it from 2.74 to 7.22% (2.6-fold) in mild HPA pa-
tients. All patients with mild PKU and mild HPA in this study
responded to BH,,. Two patients with classical PKU showed no
increase in the CRR after BH, loading. BH,-induced activation
was proportional to residual PAH activity. In PTPS patients 1
and 2, serum phenylalanine was effectively controlled to =0.12
mM after administration of BH, at 3.4 and 6 mg - kg~' - d™',
respectively, with regular food. The CRR values in these two
patients were 5.88 and 19.0%, respectively.

717

Correlation between CRR and phenylalanine levels with-
out dietary treatment. Correlation between CRR and serum
phenylalanine levels without dietary treatment was examined
in 26 patients. Serum phenylalanine levels of four control
subjects, four heterozygotes, and two patients with PTPS de-
ficiency were measured before administration of phenylalanine
in the breath test. Plasma phenylalanine levels of 16 patients
with PAH deficiency were examined before phenylalanine-
restriction therapy, As shown in Figure 4, CRR correlated
inversely with phenylalanine concentration (1/y = 0.69 +
1.02 x; p < 0.0001). This result indicates that phenylalanine
levels can decrease steeply with a slight increase of CRR (from
0% or near 0% to 1-2%), and the clinical phenotype changes
from classical PKU to mild HPA.

DISCUSSION

In the phenylalanine breath test, the administered 3c.
phenylalanine is absorbed in the intestine and transported to the
liver cells through the portal vein. In the liver, '*C-
phenylalanine is converted to '*C-tyrosine by PAH, then to
homogentisic acid by tyrosine aminotransferase and dioxyge-
nase, and is finally exhaled as **CQ,. Thus, this test not only
simply measures PAH activity but also evaluates the overall
state of phenylalanine metabolism in humans, ie. phenylala-
nine oxidation capacity. This test is expected to reflect the
clinical phenotype of PKU. The phenylalanine breath test used
in the present study does not require blood sampling or special

PTPS deficiency

patiant 1

patient 2
Classical PKU
R413P/MR261X
R413P/L430P
Y7TXR111X
R413PAVS10nt-14
R413P/R413P
R413P/ND
R413PMR413p
R413PAVS4at-1
R111X/R2430
IVS4nI-1/T278]
IVS4ant-1/A202v
R413P/E6nt-96a>g
%1 SHIT2781

Del5861.52S
R413P/R241C
Q301H/R241C
R413PR241C
R252PMR241C
Del5&6/R408Q
Mild HPA
R241C/R241C
Heterozygotes
R413P/-
R111X-
R111X-
D415
Control subjects
+
ol
4

Mild P

0 5.0

10.0 15.0 20.0

Cumulative Recovery Rate (%)

Figure 3. TPhenylalanine oxidation capacity in control subjects, heterozygotes, patients with PAH deficiency, and patients with PTPS deficiency. E, CRR (%)
values determined during 120 min after the ingestion of '*C-phenylalanine without BH, dosing; B, CRR (%) values determined during 120 min after the
ingestion of "'C-phenylalanine with BH, dosing. The detected mutations in PAH-deficient patients and heterozygotes are indicated in the left panel. -, no

mutation; ND, not determined.
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Figure 4. Correlation between pretreatment phenylalanine levels and CRR in
control subjects, heterozygotes, patients with PAH deficiency, and patients
with PTPS deficiency (n = 26).

15 20

conditions such as high serum phenylalanine levels. The results
are deduced from analysis of the expired gas collected over a
short period of time. Thus, the phenylalanine breath test is
simple and noninvasive and can be repeated several times.

The CRR in phenylalanine breath test showed a continuum
from classical PKU to mild HPA (Fig. 3). This finding is in
agreement with the clinical notion that PKU is a highly heter-
ogeneous disease for the clinical phenotype, which is caused
by the strong heterogeneity of PKU mutations. In fact, 18
different mutations were detected in 20 patients in the present
study. Patients with classical PKU, mild PKU, and mild HPA
had significantly different CRR values of <1%, 1-1.4%, 2.4%,
respectively. Therefore, we can predict the clinical phenotype
from the CRR. Furthermore, CRR can be used to determine
adherence to diet therapy. Concerning the effects of BH, on
PAH, all five patients with mild PKU and mild HPA responded
to BH, loading and showed an increase in CRR, which was
proportional to the residual PAH activity after BH, dosing. In
patients with classical PKU, BH, loading did not increase
CRR. When the CRR is 1% or higher before BH, dosing, the
response to BH, may be expected (Fig. 3). A CRR value of
5.88% in patients with PTPS deficiency indicated <0.12 mM
of serum phenylalanine levels on long-term BH, therapy.
These findings suggest that the cumulative recovery of 5 to 6%
is also sufficient for maintaining serum phenylalanine level
(0.12 mM) in patients with PAH deficiency and that our test
may be potentially useful for determining the optimal dosage
of BH, for long-term medication of BH,-responsive HPA
patients.

The frequency and types of PKU mutations differ greatly
between whites and East Asians {21,24). Mutations associated
with mild phenotype and BH,-responsive PAH deficiency in
East Asians also differ from those in whites. In the present
study, all patients with mild PKU phenotype were compound
heterozygotes with severe and mild mutations, which included
R241C (in vitro PAH activity; 25%) (25), L52S (27%) (22),
and R408Q (55%) (26), as shown in Table 1. Mild HPA was
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R241C homozygote. The patient with R408Q (in vitro PAH
activity, 55%) and Del 586 had higher CRR than four patients
with R241C (in vitro PAH activity, 25%) and severe mutations
(R413P, Q301H, and R252P). The phenylalanine oxidation
capacity, i.e. CRR, determined by our test stands between the
clinical phenotype and the genotype and links them together. In
the present study of Japanese patients, none of the patients
showed any disagreement among clinical phenotype, phenyl-
alanine oxidation capacity, and genotype. It follows that the
genotype determined by both alleles mainly specifies PAH
activity, which in turn specifies the clinical manifestations in
an individual. .

However, in East Asians, discordance between BH, respon
siveness and genotype has been reported (12). Two patient
with P407S mutation were described, one as a nonresponde
(P407S/R111X) and the other as a responder (P4075/R252W
to BH,. This different responsiveness is thought to be due t
another mutation in each patient (R111X: stop codon mutation
R252W: missense mutation) on PAH protein synthesis. 1
whites, inconsistencies associated with BH, responsiveness ar
reported concerning Y414C, L48S, 165V, and R261Q muta
tions, and the BH, responders and nonresponders are present i
individuals with the same mild mutation (17).

The cause for discordance among clinical phenotype includ
ing BH,-responsive PAH deficiency and genotype is not ye
clear. In addition, the mechanism responsible for the recove
of defective PAH activity after BH, loading remains elusive
Two broad factors determine the effect of BH, on PAH: 1) BH
site: absorption, distribution, and metabolism of orally admin
istered BH,, and 2} PAH site: interaction between BH, an
PAH gene and protein. Concerning BH, site, absorption o
BH, is minimal and uvnstable and differs greatly from on
individuatl to another (Suntory Co., personal communication
The optimal dose and the duration of BH, administration fo
the diagnosis of BH,-responsive PAH deficiency remain un
known. Bernegger et al. {(27) pointed out that a single dose o
20 mg/kg of 6R-BH,, the active form, was 5-20 times mo
effective than smaller doses of 6R- BH, or 6R, S-BH, an
induced a response in 70% of patients with mild PAH de
ciency. With regard to the optimum BH, dose for long-ter
control of patients with BH,-responsive PAH deficiency, f
vorable blood phenylalanine levels were obtained at a B
dose of 5-10 mg/kg. It may be necessary to repeat BH, dos
over several days for unstable absorption of BH,. In our stud
using BH, at 10 mg - kg™ - d™! for 3 d, a rise of PAH activit
was noted in all patients with mild PKU and mild HPA.

Concerning PAH site factors, various mutations associate
with BH, responsiveness have been identified, and some m
tations were outside the catalytic domain or the locu
associated Km varant for BH, of the PAH enzyme. Dire
effects of BH, are suspected. In other words, BH, may u
regulate the expression of the PAH gene, stabilize PA
mRNA, and facilitate and stabilize the formation of function
PAH tetramers (16). Figure 4 provided in this study seems
confirm the proposal put forward by Scriver (28): “gene dosa
effect in PAH deficiency.” Figure 4 may clarify the causes a
the mechanisms of the BH, responsiveness in mild PA
deficiency and the discordance between genotype and clinic
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phenotype. Mutations that were identified in cases with discor-
dance between genotype and clinical phenotype were basically
related to the mild genotype. Patients with the mild clinical
phenotype exist at the turning point of the correlation curve
shown in Figure 4. This mild phenotype is produced by a small
residual PAH activity, which is specified to the genotype. The
formula suggests that a slight increase of the CRR at the
turning point by certain effectors should greatly reduce blood
phenylalanine level and cause transformation to a mild pheno-
type. In contrast, a slight decrease of the CRR leads to arise in
blood phenylalanine level and subsequently leads to transfor-
mation to a severe phenotype. Patients with mild mutation
could become milder or more severe by certain effectors of the
PAH enzyme. BH, is advocated as a strong effector to influ-
ence mutations at the turning point.

The phenylalanine breath test is useful for the diagnosis of
BH,-responsive PAH deficiency and determination of the op-
timal dosage of BH, without increasing blood phenylalanine
level. To clarify the discordance between clinical phenotype
including BH, responsiveness and genotype, it is important to
investigate both genotype and phenylalanine oxidation capac-
ity and to further accumulate such data.
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Abstract: Measles virus is the causative agent of subacute sclerosing panencephalitis (SSPE). The viruses
isolated from brain cells of patients with SSPE (called SSPE viruses) are defective in cell-free virus pro-
duction in vitro. To investigate the cell tropism of three strains of SSPE virus (Osaka-1, Osaka-2, Osaka-3),
SSPE virus-infected cell cultures were treated with cytochalasin D to prepare virus-like particles
(CD-VLPs). All CD-VLPs formed syncytia after infection in CHO cells expressing CD150 but not in those
expressing CD46. In addition, an antibody to CD46 did not block the infection of Vero cells by SSPE CD-
VLPs. The results were consistent with our previous suggestion that one or more unidentified receptors
might be involved in the entry process. Infection with the CD-VLPs from three SSPE strains was further
examined in different human cell lines, including those of neural origin, and was found to induce syncytia
in epithelial cells (HeLa and 293T) as well as neuroblastoma cells (IMR-32 and SK-N-SH) with varying effi-
ciency. SSPE CD-VLPs also infected glioblastoma cells (A172) and astrocytoma cells (U-251) but syncytial
formation was rarely induced. These epithelial and neural cell lines were not permissive for the replication
of wild-type MV. Together with our previous ohservations, these results suggest that the cell entry recep-
tor is the major factor determining the cell tropism of SSPE viruses. Further studies are necessary to iden-
tify other viral and/or cellular factors that might be involved in the replication of SSPE virus in specific neu-

ral cells and in the brain.

Key words: Measles virus, Syncytium formation, Receptor, Cytochalasin D

Subacute sclerosing panencephalitis (SSPE) is a fatal
degenerative disease caused by persistent infection of the
central nervous system (CNS) with measles virus (MV).
SSPE viruses, variant MVs isolated from the brains of
patients with SSPE, differ biologically and genetically
from MVs isolated from patients with acute measles.
When the nucleotide sequehces of the genome of SSPE
virus strains were compared to the consensus sequences
of MV, many mutations were found, particularly in the
entire M gene and in part of the F gene (2, 4, 6, 9-13, 33,
47, 59). We have characterized three strains of SSPE
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virus (designated Osaka-1, Osaka-2, and Osaka-3) (44),
compared them with their possible progenitor MV
strains, and confirmed some essential SSPE-associated
alterations (3, 5, 42, 50). We have also demonstrated the
occurrence of SSPE virus-induced acute encephalopathy
in hamsters and carefully monitored nucleotide sequence
alterations during the course of experiments (29, unpub-
lished observation).

Abbreviations: CD-VLPs, virus-like particles prepared by
treating infected cells with cytochalasin D; CHO, Chinese ham-
ster ovary; CNS, central nervous system; CPEs, cytopathic effects;
DMEM, Dulbecco’s modified Eagle medium; FBS, fetal bovine
serum; IFN, interferon; MV, measles virus; PFU, plaque-forming
units; SSPE, subacute sclerosing panencephalitis; VSV, vesicular
stomatitis virus.
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SSPE viruses cause neurological disorders in experi-
mental animals (such as hamsters and mice} when inoc-
ulated into the brain. Wild-type MVs as well as vaccine
or laboratory strains do not usually cause neurological
symptoms in genetically unmodified adult hamsters and
mice. The molecular mechanisms underlying neurovir-
ulence are not well understood. The involvement of
host cell surface receptors for MV in neurovirulence is
one of the important factors (48). Two MV receptors
have been identified: CD46 (membrane cofactor pro-
tein for complement) (17, 40) and CD150 (signaling
lymphocyte activation molecule, SLAM) (20, 27, 57).

When compared to MVs isolated from patients with
acute measles, SSPE viruses are little known in many
respects. Kobune et al. (32) reported that susceptibility
of B93a cells (a marmoset B lymphoid cell line trans-
formed by Epstein-Barr virus) to MV in clinical speci-
mens is 10,000 times that of Vero cells. On the other
hand, SSPE viruses have generally been isolated from
cells of non-lymphoid origin, such as Vero (16, 25, 35,
37), BSC-1 (7), and primary human embryonic lung
cells (58). We have tried to isolate our three SSPE
viruses by cocultivation of brain cells from patients with
SSPE with three different cell lines, Vero, B%5a, and
primary human embryonic lung cells (44). Although two
of the three SSPE strains could be isolated by coculti-
vation with B95a cells, all strains were most successfully
isolated by cocultivation with Vero cells. Some reports
demonstrate that adaptation to Vero cells is accompanied
by specific amino acid replacements within the H protein
(Asn to Tyr at position 481 or Ser to Gly at position 546)
(28, 46, 52, 60). However, such amino acid replacements
were not found in the H proteins from our SSPE viruses
isolated and passaged repeatedly in Vero cells (22). Our
recent study of the receptor usage of SSPE viruses,
using the vesicular stomatitis virus (VSV) pseudotype
system, revealed that SSPE viruses can use SLAM, but
not CD46, for cell entry (53). Furthermore, the pseudo-
type viruses with SSPE envelope glycoproteins could
enter SLAM-negative cells including Vero and some
neural cells, pointing to the existence of yet another
entry receptor for SSPE viruses on certain cell types
(53). Although it is poorly understood, cell tropism of
MYV is not determined solely at the cell entry level.
Many internal cellular factors as well as viral mutations
can affect the replication of MV (48, 49). Takeuchi
and colleagues reported that mutations in the P or M gene
of a Vero cell-isolate of MV (having genes for envelope
glycoproteins identical to a B95a cell-isolate of MV)
allow MV replication in Vero cells (55). Because the
VSV pseudotype system cannot be used to study the
replication of MV after cell entry, we characterized
SSPE virus infection of different cell lines including

those of neural origin by another approach.

Cells infected with SSPE viruses are usually defective
in production of a cell-free progeny virus. Nevertheless,
cell-free virus-like particles are needed to study their
cell tropism for different cell lines. The freeze-thawing
method (43) was unacceptable because our strains could
not be reproducibly prepared and the titers were unsat-
isfactory. Preparation by treating infected cells with
cytochatasin D (CD-VLPs) (2) enabled us to infect cell
lines and thereby compare the infectivity differences
between SSPE virus and MV.

Materials and Methods

Cells and viruses. Vero (African green monkey kid-
ney) cells, Vero/SLAM (Vero cells expressing human
SLAM) cells, and HeLa (human uterus cancer) cells
were cultured at 35 C in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 1% fetal bovine
serum (FBS) and 4% newborn calf serum. B95a
(Epstein-Barr virus-transformed marmoset B lympho-
cytes) cells were cultured in RPMI 1640 mediuvm sup-
plemented with 5% FBS. Chinese hamster ovary (CHO)
and CHO cells stably expressing human CD46
{CHO/CD46) (30) or human SLAM (CHO/SLAM) (57)
were grown in RPMI 1640 medium supplemented with
10% FBS. Culture media for CHO/CD46 cells or
CHO/SLAM cells were supplemented with 0.7 mg/ml of
hygromycin B (Wako Pure Chemicals, Osaka, Japan) and
0.5 mg/ml of G418 (Calbiochem-Novabiochem, La Jolla,
Calif., U.S8.A)), respectively. In addition, 293T (human
embryonic kidney), IMR-32 and SK-N-SH (human neu-
roblastoma), A172 (human glioblastoma), and U-251
(human astrocytoma) cells were cultured in DMEM
supplemented with 10% FBS. For cultivation of IMR-32
and SK-N-SH cells, non-essential amino acid solution
(Gibco BRL, Gaithersburg, Md., U.5.A.) was added to a
final concentration of 1%.

A Vero cell-adapted laboratory MV strain (Nagahata,
genotype C1) and a field MV strain (OCU98-1P, geno-
type D3) isolated from peripheral blood lymphocytes of
a patient with acute measles by cocultivation with B95a
cells, and SSPE virus strains isolated from the brains of
patients with SSPE have been described previously (5,
36, 44). In this study, we used three SSPE viruses
(Osaka-1 Fr/V, Osaka-2 Fr/V, and Osaka-3 Oc/V) isolated
from the brains of three patients. These viruses are sib-
ling viruses that were isolated with different cell lines
(such as Vero or B95a cells) and from different regions of
the brain (such as the frontal or occipital lobe). For
isolation and designation of sibling viruses of each strain
and detailed patient information, refer to (22, 44),

SSPE strains were usually maintained by repeated
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(i.e., 20-30) subcultures of the infected cells without
adding fresh cells after isolation. Biochemical and bio-
logical characteristics of SSPE viruses used in this study,
such as nucleotide sequence of the viral genome, viral
protein synthesis in infected cultures, extent of infectious
cell-free virus production and neurovirulence in hamsters,
were examined at this passage level (29, 42, 50, unpub-
lished observations).

Preparation of infectious cell-free virus-like parti-
cles. To test cell tropism of SSPE strains of MV in dif-
ferent cell lines, it was necessary to obtain infectious cell-
free virus particles. However, SSPE strains are highly
cell-associated and rarely produce a cell-free virus.
Cytochalasin D is known to affect the membrane of
some cell types and to cause projections to form at the
cell surface by a process called “zeiosis” (23). The
knobs with a slender stalk are formed and contain cell
components such as ribosomes normally resident in
endoplasm. When cells infected with SSPE strains are
treated with cytochalasin D, the resulting knobs are
expected to contain viral nucleocapsids and display F and
H glycoproteins on their surface, similar to virus budding
at the cell membrane. It was expected that the knobs
would be mechanically chopped off the surface by vig-
orous pipetting. In practice, SSPE virus was cultured in
a 25-cm’ flask until large syncytia were formed (usually
two or three days after passage) and the culture medium
was replaced by 2 ml of maintenance medium containing
cytochalasin D (5 pg/ml; Sigma, St. Louis, Mo., U.S.A.).
Cells were incubated at 35 C for 30 min and then pipet-
ted vigorously. The culture medium was collected and
clarified by centrifugation at 1,600 g for 15 min. The
resulting supernatant fluid was stored at —85 C until
use. We have successfully prepared CD-VLPs from
cells infected with any of the three SSPE strains of MV.
The titer of the CD-VLPs was around 10°-10* plaque-
forming units (PFU)/ml on confluent monolayer cul-
tures of cells used for virus isolation. One of the CD-
VLP stocks was filtrated through a 0.45-um membrane
filter and the titer was determined. The approximate size
of CD-VLPs was estimated from the reduction in titer
after filtration and was compared with that of the MV
(Nagahata strain) particles produced naturally in the
culture fluid. :

Electron microscopy. Morphological examination of
CD-VLPs was carried out by electron microscopy as
previously described (31). A drop of the CD-VLP’s
stock was placed for 1 min on a 400-mesh collodion-
coated copper grid covered with a carbon film. The
resulting samples were negatively stained with 2% phos-
photungstate (pH 6.4) for 1 min and were examined in a
JEOL transmission electron microscope (JEM-1200EXII)
at 80 kV.

944 —

Virus infection, syncytium formation, and antibody
treatment. Monolayer cultures of various cell lines were
prepared in 24-well tissue culture plates. One milliliter
of culture media containing the MV strains or SSPE
CD-VLPs (50 to 300 PFU/well) was added and then
incubated at 35 C for 3 hr. The cells were washed with
a culture medium to remove cytochalasin D in the stock
solution of CD-VLPs, and the wash solution was then
replaced by a fresh culture medium. Syncytial foci
were counted at 48 hr post-infection for MV and at 72 hr
post-infection for SSPE CD-VLPs using an inverted
microscope.

For the antibody-blocking experiment, 300 pl/well
of culture medium with or without mouse monoclonal
antibodies was added to monolayer cell cultures in 24-
well plates and pre-incubated for 30 min at room tem-
perature. Antibodies (M177 and M160 [51] against
human CD46 [10 pg] or IPO-3 [Kamiya Biomedical,
Seattle, Wash., U.S.A.] against human SLAM [10 or
20 ugl) were used. Then, 700 pl of culture media con-
taining SSPE CD-VLPs (50 to 300 PFU/well) was added
without aspirating the media. Ten micrograms of M177
antibody but not M166 antibody was found to com-
pletely block syncytium formation by the Nagahata
strain of MV.

Indirect immunofluorescence tests. Cells cultured on
coverslips were infected, cultured for three or four days,
rinsed once with phosphate-buffered saline (pH 7.4),
and fixed with acetone. Cells were incubated with a
monoclonal antibody against MV N protein at room
temperature for 30 min and then stained with anti-mouse
IgG rabbit antibody conjugated with FITC for 30 min at
room temperature.

Flow cytometric analysis. Expression of CD46 and
CD150 of various human cell lines was determined by
flow cytometry (FACSCalibur, Becton Dickinson, Tokyo)
after staining with a mouse monoclonal antibody against
CD46 or CD150, followed by rabbit anti-mouse IgG
conjugated with FITC,

Results

Syncytium Formation by SSPE CD-VLPs in Vero Cells
and CHO Cells Expressing CD150

We previously characterized the cell entry receptors for
SSPE by using VSV pseudotype virus expressing SSPE
envelope glycoproteins (53). To further confirm the
receptor usage by SSPE viruses under conditions similar
to natural virus infection, we prepared virus-like particles
by treating SSPE virus-infected cultures with cytocha-
lasin D and mechanical pipetting. Electron microscop-
ic examination of the CD-VLPs prepared from both
infected and uninfected cells showed numerous spherical



