Pharmacological and Ultrastructural Study of
Drug Transfer in Rats with 9L Glioma
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600 ol

BIT22EEZLBRB.

APFETIE L VA -~ NEFOEF VL LTH, B
BECETH5EMOEORELBECELLYHNARRIER
(brain uptake index, BUI) & L B FHBRHSLY A TREL,
F DFRERICE D X RIEE BRI HIRAIORELR T 5 i,
HREACED L5 s BB LETH DN OV TRE L.

HHEHB LU FE

1. RRBY

HHO7 4 v vy —FRF v b (TEE, $E 180—220g) (H
KF v =XV A—4, BR) 2B\, SRAZBHERER
ROZFEARER (R 2312C, BE 551£5%) C, B k2 H
RZEZ THE L.

.82 %

EFRCTREHUEBERLAHLEL UL, "Crarr—-2a
(C-sucrose) (5.0mCi/mmol) (New England Nuclear, Boston,
U.S.A), ‘H-K (*H-water) (1.0mCi/g)(New England Nuclear),
N-1-%C-7 2 » — A (N-1-*C-butanol) (1.1mCi/ mmol) (New
England Nuclear), *H-5-7 » » ¥ 5 < 5 (*H-5-fluorouracil,
*H-5-FU) (19.3Ci/mmol) (New England Nuclear), “C-¥58 = & <
F v (YC-1-(4-amino-2methyl pyrimidine-5-yl)}-methyl-3-(2-chlo-
roethyl)-3-nitrosourea hydrochloride, “C-ACNU) (27uCi/mg) (=
#, ®ER), "C-5 = & AF v (“C-1-(2-chloroethyl)-3-(methyla-
D-glucopyranos-6-yl)-1-nitrosourea, *C-MCNU)(45uCi/mg) (IR
B, RR)&EALL. FEBtEmE LT, 7P 7=
¥ v (adriamycin, ADM) (BF03EE, X)) 2 A Lic.

I. MROB#E™

10% JE@~ ~ Bs R fufF (fetal calf serum, FCS) (GIBCO,
Grand Island, USA) Z &t RPMII6G40 524 (A KR I,
FWKT, HERELLSy FOL 20+ —~<HIR®% 3x10"/ml iz
UL, TR 1% 0RR2EUEMEML, 1.5X107/ml O
R ER Lic. RBE LT, 05% OERY SLEHA
Bll. 79 + 2By £ $ v (8mg/100g, HHE) & THE:
B, EURFNEBCEEL, TRBALETERES I D
3mm O BEICERE 1.5mm ORERFT, HRIRE —g@me
10gl @ 9L 7'V * — < IR ER (1.5X 10%cells) 2300
TBELL, SBRECIZAED0.5% DEX %41 RPMI1640 £
HWERTEALL.

V. REZNOERNEOER[MICRT 228

1. BUI &

1) BUL & (K 1)

Oldendorf H¥™ D HEEW Lizhi -7

BHIAEBEDS v F 2iEM Y % 3 v (23.5mg/100g, BHIE) &
FvF7 v (23mg/100g, BHE) W THEME, FREBRYEH
Lic. EEL LTHC-> 2 7 o — & (100uCi/ml) %, ZLesp &
LT *H-K (50uCi/ml) &1V v 4 4 D HEPES @&
(PHT.4) 2RI L7z, Z DV v ¥ 1o HEPES 287% 200u %
7 v b OREEIRPFICEER (05 LA w5 L, 5BEicH
BHLAKBEEREL I Lic., ZOBREIREAIRHENEA
1 EERT 20T oREETH DL, WERR» DM
Lich, BR% 2 EERTICIEVEBRETHS. B LN

EE, XE, B, MROSesT, BRLcE, the
7 1.5ml ©7m b y'— (New England Nuclear) #inx #2. —
7, Br—BE LTERT DL IR LI, 2K0 17
NMEGEL, ThER 15mlO 7 e by —A%vinzic. 60C T
IRFRRE L, MR THRE LA, 30% BE{LKEKE
3004 fnx, ER CISHHHBE L. 0%, 60C T304/ m
#BML, BERETCHHE, BRE~vFL—vavhrIFLrs) 7
VAT CEHEE, TE) % 10ml, 100% EiEE% 644 Iz, &
hvvFrv—vavhyvx— LSC6T1 (Aloka, ) T°H
EMC EBHERRRIE L.

2) Rk

BUI fER&KDRTHE L.

on _ Ct, d/Ct r
BUI(%) —mx 100

Ct,d: EE QNP OESTEE (dpm/k)

Ct, r: HKHMHBE DRPAIDBSEY (dpm/BY)

Ci, d: EOERFOBHIEY (dpm/FEK)

Ci, r: ¥EME O+ OHESHEY (dpm/FKK)

2. HEMnERNERORE

1) FRmnEkRD"Cr B

Sy MEEBIIRE DB LM 1 /T EEO 7 = vEEs
F A b 7 — AEH (acid-citrate-dextrose solution, ACD solution)
(pH5.0) % pnx ## L, 1500rpm TISHMELEL L. EE* 2
T, BohicrkmBCEED 0.M ) VEEEELEERNAREK
(phosphate-buffered saline, PBS) (pH7.4) ¥z ##: L, [
WEL L., ZORGEFLS 5 —ERVELL. LEv
T, BohiHRMERSE 1004 1w L NaCrO, (376.39mCi/
mgCr) (New England Nuclear) 2% 10uCi 1Z7c® X 5 12hns T
#L, 37C T0SMEE L7c. PBS #imx## 1, 1500rpm
TISHMED L. B EARMRSE LT, LEORSHE
BN FRMEBRSED 1% LTl E CRBDBRELBRIEL
o, BB HRMEkEEED Y v 5 L0 HEPES BE% 4+ Mx T
4C TRE L.

7 Carotid artery

Fig.1. Schematic representation of injection procedure of 2
mixture of “C-labeled substance and *H-labeled substance
into the rat common carotid artery for brain uptake index
(BUID.

l-nitrosourea ; MCNU, 1-(2-chloroethyl)-3-(methyla-D-glucopyranos-6-yl)-1-nitrosourea ; PBS, phosphate buffered

saline
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2) MERBEROWESTLE

F v P OKEEEIIRE KEB#RIC P = V—> 2 v L, KEB%
0k X b “Cr EEasRmEk (1004Ci/ml) % 300u %5 L. 854
SAOMBEBIREO S = 2 — L EDBM L, #5 5 HHECKR
Lic. REEIOHL, BE, 1%, KB, AN 3, £he
AOBERWEL, 1Y vE—T"Cr ERIMERO HAIEE
RRIE L. FEICERER Lm0 REESE SRIE L. mg
HNAEBROEHICIE FROREEA L.

HBFEOCr oAy v~ AMER

o j—
MEPES (4/e) MEHFDCr DHF v v+ + AT MR

3. MmFEHEEORETE

MFEHEEDOREL, Pardridge b7 O FBER -, FHBEL L
T, MEMBEF X B BB T 57 2 2 — g vz, BUL &
HEWT, BE#5, 15, 30, 45, B0 KT A EMERE Y
DORHBFEEYIE L. T OREEY B8RS ATk
Bk E &, RECEREREM ) ONABEREY LD S
By b L. FST7OEELYPR2SNMEELKRICL D
BH L.

2.30XKbxV’

MmEEE (ml/min/g)= EQ

Kb: 75 7DEE

V' IS ERE (0.87/g iX)

EWQ: 75 70YHH

4. BTEMSEC X HEE

Ty VRERRr & IV —FY 5O VR THREE, BEBIR
DO0IM Aa PRy 7 » - THBL 25% sz -0
7AFe P Iml % | SR CHEREE Lick, BB LMY
W LAEEE T 2HMBEEEL, 5K 1% +2 3 v ol
TIMBEELE. =2/ —ARFITHAL=Rv 7514
4 FTaEL, LKB $ 7w b — 2% FWCIER LclBET A
WEEE Y S = — L LRSI —ERGYH L, § FHENE
H-600 B (B BERT, B) THE L.

V. HERIOMESRROXECHT SRR

1. BUI &

1) BUI &

FIRAR I TRV - 72,

#B L LTk, "C-ACNU (10£Ci/ ml),“C-MCNU (10xCi/
ml), *H-5-FU (50xCi/ml) # R\ e, —J5, ##EdpE L LT
BOBRSMZEN H oo L 212 "C-7 % 7 — 1 (0.24Ci/ml)
%, EEOBSMEBED 'C 4D & 212 °H-K (G0xCi/ml) %4
GV vy o HEPES @8 XAV, ZhbD) v Lo
HEPES @M% 200ul 5 v FOREBHRACEA L.
ADM 12V v % o> HEPES B T 2mg/ml &72% £ 51
BLL, 2004 % FKCEHBRACEA LK.

2) ADM DEE

ADM DS, Richard H® OFERHE - 7.

BUI ¥:% 47 - 7-%%, Ml Lic#E#gk 400mg 2%t L, 50mM h
U 2 HEPES 8% (pH7.4) % l6ml iz xE=L+1 AL, A
MEwEmEL LTE Y )<= vy 200ng 22\ L 4C T
NHEHEBE L. Zrahia—A Yo/ —LEK (1
1) % 8ml, BiEE7 ve=v a%k l4g ik, 4C TIOHHKBE
%, 205 EHRE L7z, 4C T304 EI%E L, 3000rpm, 4°C TS5

SEREDLL, Z2rrkila—A YT —AB% 3ml HEL
BEIE, 22/ -1 1000 CERL, 504 2REHGE.
BCHIEF RFS35 (BEEIERT, W) 2R LB Rk
r< 237 4 —~SCL-6A (BESI/FRD) WAL, ADM 48
BRE L. BB 28% 72 =1 VA —10mM VU VR
(PH23) T 1 MK Iml DHEETHL, BHIBEEE
465nm, B R 580nm I TfT o7z, 5 ARATF v L AR S
7 & (46Xx150mm) & TSK #",v ODS-80TM % F & L 7=
ODS »3 a%fEHLNL. vy, BEHOERKIL, MEZ
400mg Xt L, 50mM » UV =2 HEPES %% (pH74) %
1.6ml fn 2 ¥ # Ufc#, 5.00ug/ml, 10.0ug/ml, 20.0ug/ml,
50.0ug/ml, 100ug/ml D ADM BEx FhFh 204 Fomxz,
T 10ug/ml DXY ) =4 v ViKY 20u Fomx B
L, 4C COSHEBE L. UT, LR EABOBRELT--.

3) fRbTEE

PRH OB B Y FET 2 B4, REHBEOER VL 5T
HEI NI WEBORMERY F .

Ct, d/Ct, r

Ul (%)=
BUL (%) Ci 4/Ci, r

X 100=Etest/Eref X 100

Etest: BRI OEE DK

Eref : BP0 EEEME O i Hi 3R

REEFLT

Etest=BUI X Eref/100
o8, Erefl kORI L - TRDIZ.

Eref (t, min)=Eref, max Xe "t

Eref (t, min): & 28 () B0 5 A QO EAEHE O R

Eref, max: R OEEYEOHMBROBRKME

kb : EEEHE DA B M~ OB FER

VI. #EEr2eRRET %

FRWEMTFHTRERETED L, £HEOTBEOERE
EBEIL, Kruskal-Wallis ©—tE B4 #0874, Hollander
and Wolfe DS BEHBE T2, —TEBHRSHE,
Tukey-Kramer D& E gk HL, p<0.05 HFE L L.

5% .

[.IL S UF—<Fy bW TO®KE

BHiz OL 7' 4 — ~Mifa s Bt 2 BB L5 » b D
MEH X, B 200mg TH D, KBERACE TR
FIWCBEATREAR R E S TRE L Cuvic (B2). HMEEE
7 EETHEADBREIZEDLRT, 035y b L3R UNE
BEEYTLTOER., ZOKST, 9L 704 —<5 o M3 %
DHEERIUCTBRRCEVTERT » b &8 LR T
REEZRPRINEh o0,

1. RESAOEMMEDOEBMICONT

1. 850 VBT BMD Y 2 7 v — 2D BUI {HO L
FES o PORIZET B Y 278 —-20 BUI {Hid 3.3+
0.35%, BAFM T v P TiT 3.55£054% CTHRBMCEEE IR
<,OL 7 VA== }TIE19.11£1.72% THI=3E & L
THEREIM LT (p<0.01) (& 3).

2. MEBEREL 227 vr~20 BUl EOBEE

NEBEE L . 7 v — 20 BUI Eici24E 094 o
WIEDHEBEEERAA bR (K 4).

3. HEBICRT A 2 2w —AD BUI Dk
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9L 7V 4+ —=3 » P ORENERE, BE, KB, HNO&R
W HELT, ThEADY 2 77— AD BUl EXRIE L7,
WEE, BE, KB, BNO BUl Eiz+hFh 34.37+£2.71%,
6.74+1.12%, 6.41 +0.65%, 7.08+0.54% TH 0, BE, KB, H
o> BUI iz BBEE e, REESM T2 BUI EREE
I LTyt (p<0.05) (B5).

4. FEBRCBT > EMOEABHE DO LK

BFEHRS » rOMN, REOCEMOLETFHAER LT LA
6.85+0.6641/g, 6.31£0.314/g THBDOIEH L, 9L 7'V A —=<
Z v PO, KB, BEEOCLARMNOEMAOTRNARITH
Fi T17+0.74ul/g, 6.72+0.53u/g, 7.20£047ul/g THH, &
BEOEMOENEECEREZERADR -T2 (K 6).

5. R B 5 BMME O M E O ik

L 7V *—=F v M BT AREE, 5, 28, MoK
BAOEMmMEOCMBEEE X, THhFh 1.30+0.07ml/min/g,
0.7540.01ml/min/g, 0.8040.04ml/min/g, 0.5740.07ml/min/

Fig.2. The coronal section of the rat brain 14 days after
the inoculation of 9L glioma cells showing an expanding
tumor (arrowheads) in the hemisphere.

Normai

Sham-operated

9L glioma

BUI (%)

Fig.3. Comparison of BUI (%) of sucrose among normal,
sham-operated and 9L glioma rat brains. Tumor weight
was 24648 mg. Each value shows mean+SEM of 4-15
samples. Asterisks indicate a significant difference in BUI
(%) between 9L glioma and control or sham-operated
brains (p<0.01, by Hollander and Wolfe’s multiple
comparison).

g TAhH, MEBIN CHERCEL, MNEE, KB, B, &
BOIFAE L fe otz (p<0.05) (K 7). ZZC, HBRICHEES
ROV & A ORER, 5, KB, BROMHEY mif
WELORDB L, FhER 97.7%, 104.3%, 75.4%, 65.7% T
B i,

6. EFEMEC X 2 EMMEOBEDEE

B & b EEh oA OREKTIZ, BAMEDRNEMART,
#E LR (tight junction) %R L, EEBAREY & H &
&, TONMWTIIT A e POREIFEL TV (K8
A) =7, BEBNEOARMR TIREBEORIL, 8
(fenestration) ¥R (K 8 B), AKMROTEREME (K8 C),

40 -

BUI (%)

0 T L T T T 1
0 100 200 300 400 500

Weight of 9L glioma (mg)

Fig. 4. Correlation between 9L glioma weight and BUI (%)
of sucrose. Zero mg of the tumor weight represents BUI
(%) of brains of normal and sham-operated rats. 9L
glioma was examined at 14-17 days after inoculation. The
solid line was obtained by the linear regression analysis for
all data (r=0.94).

Diencephalon

Cortex

Hippocampus

gL glioma

BUI (%)

Fig.5. Comparison of BUI (%) of sucrose among diencep-
halon, cortex, hippocampus and 9L glioma in rats. Tumor
weight was 198+4 mg. Each value shows mean+SEM
of 4-15 samples. Asterisks indicate a significant difference
in BUI (%) of 9L glioma from diencephalon, cortex or
hippocampus (p<0.01, by Hollander and Wolfe's multiple
comparison).
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Diencephalon
Sham-operated

9L glioma

Cortex
Sham-operated
9L glioma

9L glioma

9L glioma

Intravascular volume ( pul/g brain)

Fig. 6. Comparison of intravascular volume evaluated by
5Cr-labeled red blood cells in diencephalon, cortex and 9L
glioma in rats. Tumor weight was 230%£47 mg. Each
value shows mean®SEM of 4-15 samples. No significant

differences were seen among each value (by Tukey-

Kramer’s multiple comparison).

Diencephalon

Cortex *

Hippocampus

9L glioma

T T T T 1

0.0 0.5 1.0 1.5 2.0

Blood flow ( mi/min/g brain)

Fig.7. Comparison of regional blood flow in diencephalon,
cortex, hippocampus and 9L glioma in rats. Tumor
weight was 201+12 mg. Each value shows mean+SEM
of 14 samples. Asterisks indicate a significant difference
in blood flow of 9L glioma from diencephalon, cortex or
hippocampus (p<0.05, by Hollander and Wolfe's multiple

comparison).

< 7 ¥ o
R ek “ it R ’é#’% £

Fig.8. Ultrastructural findings of the capillary endothelium in the normal brain and 9L glioma. A: The normal brain has
nonfenestrated endothelial cells. X14,400. B: The endothelial cell within 9L glioma shows numerous fenestrations (arrows).
X 60,000 C: The endothelial cells within 9L glioma show discontinuity of cytoplasmic processes. x20,400. D: The

-.endothelial cells within 9L glioma show disruption of cell-junction. X 20,400.

o
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B LO#AE (junction) DBIX (K 8D) 7t L AW iz,

0. HEHOMEEEROEECOLTORE

LUOL 2V —=5 5 FEBFHS v MR 2O EH
BARIOMHED i (K 9)

RFW S » P2 BT B ADM, MCNU, ACNU, 5-FU, & 2 2
P ADOMMPEEL, Th¥h 220+032%, 3.20+£0.27%,
7.291£1.43%, 2.361:0.23%, 2.142021% Tho7c. Tihbb,
ACNU DHRIZY 2 2 v — AR SR THBEE < (p<0.05),
fLOFEH ORERILY 2 7 n — A L FEE R o7, IL
FVA—~3, FEBITSH ADM, MCNU, ACNU, 5-FU, + .
7r—AOHMERIL, ThXh 663+£1.74%, 8.66+0.55%,
18.631+1.92%, 18.35+1.21%, 9.06£0.97% T& H, ACNU &

ADM Sham-operated
9L glioma
MCNU Sham-operated
9L glioma
ACNU Sham-operated b
8L glioma
5-FU Sham-operated P
9L glioma *
Sucrose Sham-operated
9L glioma

2
Brain extraction (%)

Fig.8. Comparison of brain extraction (%) of vaious
anticancer drugs between sham-operated and 9L glioma
rats. Tumor weight was 174428 mg (ADM), 159439 mg
(MCNU), 181£13 mg (ACNU), 193+40 mg (5-FU) and
198+1 mg (sucrose), respectively. Each value shows
meant+SEM of 3-6 samples. The brain extractions of all
anticancer drugs in 9L glioma rats are significantly higher
than those of sham-operated rats (p<0.05). The brain
extraction of ACNU in sham-operated rats is significantly
higher than that of sucrose in sham-operated rats (5%
p<0.05). Asterisks indicate a significant difference in the
brain extraction in 9L glioma rats of ACNU and 5-FU from
sucrose (p<0.01, by Tukey-Kramer's multiple comparison).

Residual tissue

Brain extraction (%)

Fig. 10. Comparison of brain extraction (%) of sucrose and
ADM between normal brain and 9L glioma. Tumor
weight was 19226 mg (sucrose) and 174+28 mg (ADM).
Each value shows mean®SEM of 4 samples. The
extraction of ADM in 9L glioma is significantly higher
than that of hippocampus, cortex or midbrain (p<0.01, by
Tukey-Kramer’s multiple comparison).

5FU DRI Y 2 7 0 - ARBERTEBRLE» - -+
(p<0.05).

2. PUBH O MES & BRI 351 B R D ik

1) ADM (&10)

EBEEB 3T 5 ADM OHEERIZ 2953+9.14% TH 50
XL, BBUAOMEKOHEIIZ 297TH075% Thh, B
BRBOMHENAERCEN» 57 (p<001), ¥/, v 0 u—
AOBEBERAK, EBLUAOREAROMBERIL, ThEh
30.3+3.4%, 4.1610.78% TH h, HHMBIZB-T ADM v .
7 e~ ADOHHKRIIZEEZ T 1.

2) MCNU (=11)

BE, %5, KE, MNcK?5 MCNU ORIz, 24
Zh 28.39+4.41%, 4.96£0.469, 4.2720.54%, 3.67+£0.43% T
h, BEOHMILRIEER, XE, MNMcESTEBICEY -1

Diencephalon Sucrose

Cortex Sucrose

Hippocampus Sucrose

MCNU

9L glioma Sucrose

meNu 7

0 10 20 30 40

Brain extraction (%)

Fig. 11. Comparison of brain extraction (%) of sucrose and

MCNU among diencephalon, cortex, hippocampus and 9L
glioma. Tumor weight was 19246 mg (sucrose) and
159439 mg (MCNU). Each value shows mean+SEM of
3-4 samples. The extraction of MCNU in 9L glioma is
significantly higher than that of diencephalon, cortex or
hippocampus (p<0.01, by Tukey-Kramer's multiple com-
parison).

Diencephalon Sucrose

ACNU
Cortex Sucrose . w
ACNU %///////////A

Hippocampus  Sucrose

acNu 7

9L glioma Sucrose ———j .
ronu [

Brain extraction (%)

Fig. 12. Comparison of brain extraction (%) of sucrose and

ACNU among diencephalon, cortex, hippocampus and 9L
glioma. Tumor weight was 19246 mg (sucrose) and
19113 mg (ACNU). Each value shows mean+SEM of
4-6 samples. The extraction of ACNU in 9L glioma is
significantly higher than that of diencephalon, cortex or
hippocampus (p<0.01). Asterisks indicate a significant
difference- in the extraction of ACNU from sucrose
(*p<0.01, **p<0.05, by Tukey-Kramer's multiple compari-
son).
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pDiencephalon Sucrose

Cortex Sucrose

Hippocampus

9L glioma Sucrose

5-FU %%%%%%%%%%%%%%%A:]

Brain extraction (%)

Fig. 13. Comparison of brain extraction (%) of sucrose and
5-FU among diencephalon, cortex, hippocampus and 9L
glioma. Tumor weight was 1924+6 mg (sucrose) and
193+40 mg (5-FU). Each value shows mean+SEM of 4-6
samples. The extraction of 5-FU in 9L glioma is significa-
ntly higher than that of diencephalon, cortex or hippoca-
mpus (p<<0.01). Asterisks indicate a significant difference
in the extraction of 5-FU from sucrose (p<0.01, by
Tukey-Kramer’s multiple comparison).
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Abstract

The effect of chemotherapy on malignant brain tumors largely depends on the transfer of anticancer agents through the
blood-brain barrier. In the present study, drug transfer and the fine structure of the brain and tumor capillaries were
investigated in rats with 9L glioma, using the brain uptake index (BUI) method and electron microscopy. The transfer of
anticancer agents through the capillary endothelial cells and the tumor cell membrane was studied. Sucrose, which was used
as an extracellular space marker, was specifically transferred into the tumor tissue. The endothelial cells of tumor vessels
ultrastructurally showed increased permeability which was represented by fenestrations, discontinuity and disrupted
junctions, but endothelial cells of the brain capillary showed an intact blood-brain barrier. Adriamycin (ADM), 1-(2-
chloroethyl)-3-(methyl & -D-glucopyranos-6-yl)-1-nitrosourea (MCNU), 5-fluorouracil (5-FU) were specifically transferred
into the tumor tissue. It was suggested that 5-FU was transferred into the tumor cells, because 5-FU was transferred into the
tumor tissue more than sucrose. 1-(4-amino-2methy! pyrimidine-5-y1)-methyl-3-(2-chloroethyl)-3-nitrosourea hydrochloride
(ACNU) was transferred into both the tumor and brain tissues. In conclusion, the drug transfer into the tumor tissue is
restricted by the tumor cell membrane rather than by the disrupted blood-brain barrier. This pharmacokinetic study revealed
that the drugs, which are transferred through the tumor cell membrane, but not through the intact blood-brain barrier, should
be used as anticancer agents in this brain tumor model lacking in the blood-brain barrier in the tumor tissue.



