7N %;:E
1107y

Za—uYyETArud A+ OREEE S iR O

RS

BCAL &Y 2 A0 7o o REEFE MRS X 2 0F5E

&AL g — 172

TAMI R T BRI 3 AR TR 2R i TRt

FLC&®IS

PR RIE = -0 7D T hBBR S
NTEY, Z7UTEFT7TALAYA, FUITT
PZN= R R N7 = B7AR) Ry /N SV o S g B )
7T, RERFE L Y OO S KEREICER
CBEEL THY, MEMMEEE & OBEE LI
WS TwARV9. BIZT7AaY A M, &
MIMAE & = 2 —B VORICHFIEL, MBI
DO = 2 — B U AND LRIV F—ROMEE
S0, BEVEZ 2B VUBBRT S Y
FTZHEECHFEL, VT AT TRE SN
B RE B O A AL RNEHALICEE S5 L
70T LT ERMENTNLEO® . —F, 37
D7) TR, FPRRRRERIC I\ TR Y
MREOREZHH - TWDS EE 2 LN TWZh,
WA, %< OMNKERE LBIE L TW 5 C L&
ENTW B,

BRI —a v ey T (T AL
2y A ) ONRG, FRCHE AR O R AS IR
ICE o THEFF SN T B EEZLN TV S, il
AR ORI O FRREZH O NI 57280
12, WERNMETH S BC TN EIN/ 4
1b&ta BT, invivo, ex vivo, in vitro TOF

FREINTETCNDS. FORER, —o—1v
DO SNIHREEWE TH A IVE IV
MRz 7 At A MClRYAENIME, £ T
TWHEIVILENS. ZLTCT ALY A Fh
DIz 2 I Vit 2 —a v~ RDiA
Eh, BOZIVZ I VEEIZS O, p-7 3
/EEE (GABA) OfilRfAE L ChFIHS N
BHIO~19) T L ERREIN TS, E,
Za— B VIEBRC, BT AMBaY A T
N RIC L > TV a—Ar AR I N/ —N
Za—aVICHE I, FOAMPZ a—1
THSWICHA SN TWA Z EAHREIN T
520),21).

L, MIfEgETE S -V ETAFEYA b
F I WM OIREE R VT, BEAT 4
7 LK BCALEM RN L THT » 72 BC-
NMR OEBRER EREOM AL L 21T,
Za—BVETAFBYA FORBRVEEIC O
WTHRHE L 72,

1BC{LA#E 3C-NMR 2R b LK

FERRK T 5 15C [ RRFEKLSH, 1H
DIFIE 100% 12K L T, 1.1%Th D, HHEIC

COMIT, 541 Bl H AR IEBEYSKREY VIRV A3 [5T A4 A—Y /713 5 Breakthrough ] ThD

HHAPOICE LD DTH 5.

*—7)— K 1BC-compound, primary cultured neuronal cell, primary cultured astrocytic cell, metabolic traffick-

ing, analytical nuclear magnetic resonance
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FAEEL,  HE1 LT BCOZNIT
0.016 & fyiicfK <, NMR O@HZRE L L T
BFELE. UL, JOGEME, 1bE
W DRFED BC atom% & 9% < T TLIT S
CEIZEDBCHRE VY=L LTHFIHTAC
EVRTELZEREWRLTED, ZDILEWD
Rt ERE A BC-NMR HIEIZ L » TBD T &0
TE5A. 2TT, 4§, FMUEEEMRERME%
HAWT, A5 A1 [1,6-8Cl-7)va—A,

[4-183C]-7 )V 2 2 v/ & 72id [3-BCI-#L At h
ZRRIL (»ghd BC O atom%id 99%),

KRR R AT 5 78, AT 4 v A Lfllaz s
BEL, enZhze i NMR € BC-AX7 |
IWEAAT - 7o, BCAL G WA TR S
NniBao0, BCOFEEER Fig. 11T, F)
R = 4 — 11/ 121F Modified Eagle’s Medi-
um ; MEM) % H\, #IfUE#7 Ao A b
121X Dulbecco’s Modified Eagle’s Medium ; D-

JAN

99 atom % 13C

C-C-C-C-C-C  glucose

MEM) #H\/o. Z)a—AREEh Tk
W MEM it s i CWwWiz\wzd, MEM A
VR IV E MEM BT X/ BRS TR 7 A
L, ThicEgEE~ Iz, Z7)Va—A7 1 —
DAF 4 LHFRL, [1,6-8C]-7)Va—2A
BRI % ERICH W .

MRE_ - VD AT 7 AT [1,6-
BCI-Z7 )V a—A%EHML, 6 RREHICHIIE L D
B kiiES O BC-NMR AX7 Faz2ab—
DOFER % Fig. 2A, BIZRL7z. A7 FIVK
DHEYE—7 DHKZRD, SEETH 5 TSP
(FUAFNUILTEELT A ) OEEIC
KT HHESEIS, FE—7 DEIVHERD
7. [1-BCl- 7V a—2Ax=H\Wi-85E, MR
CEoT2HFOENVEVBAEELEINhS &
X, [3-BCl- IV VEED 3 (7 RFED atom %
3#50% Lz hoicx LT, [1,6-18C]- 7 v
a—A & HWicgE, [3-BCl-ELE v 3

99 atom % 13C or cold

g—C—COOH lactate «—— g-CO-COOH pyruvate

® XX ® XX
HOOC-C-C-CO-COOH  +—» HOOC-C-C-CN-COOH
HOOC-C-GN-COOH 5432 1 5432 1
o a-ketoglutarate glutamate

4321

aspartic acid

succinic acid

99 atom % 13C or cold

X X I
0,-C-C-C-COOH /
4321

® XX
H,N-CO-C-C-CN-COOH
54321
glutamine

Fig. 1. A simplified scheme of the TCA cycle metabolism of [1,6-13C]-glucose. ® represents 13C
and Xxrepresents 13C labeled from second turns of the TCA cycle. The numbers show the posi-

tions of carbon.
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B e

T T T T T T T T T T T 1 LI T T T T T T T T
100 80 60 40 20 0

Gle Glc o
Cc1- 8 c6-a, B
Gle d T
Cl-a C3  Ala
/ Asp Asp l' /CS
i Glu Cc3 Glu i
i 2 \1 c3 ‘ T?P
s ! \d»/ o i
i AN
A mmWmewmwMMMﬂWMWMMW$km
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Gin / |
c2
/
Gin
Glu C3
c3
| \

Fig. 2. 13C-NMR spectra of cell extracts from rat primary cultured neurons
(A) and astrocytes (B) after 6 h incubation with 5.5 mM [1,6-13C]-glucose
and 4.0 mM glutamine and without lactate. TSP, 3-(Trimethylsilyl)
propionic-2,2,3,3-ds acid sodium salt ; Ala, alanine ; Lac, lactate ; Glu, gluta-
mate ; Gln, glutamine ; Asp, aspartate ; Glc, glucose.

7 RFED atom % 1EH 100% L 755 2 & m b,
VLY VRN L7270 a— AREORBEY
% BC-NMR HIES 5 & 1T, BHEEN 2 %
27 5.

MREEHERMREOEVCLD VL
A—-X, LY I o EIFIABRKBOEN

Z)Va—A55mM % [1,6-83C]- 7 )La—
AT (AT 4 LA, 723 4.0mM %
[4-B8C]- 7 )V 3IV/T (AT 49 LB) thx
NBEEHWZ /230, ZIba—20fRp i [3-
BCI-AMIIlmM Zmz/-bD (A5 47 A
C), OD=MD AT 17 (Tablel) T 21—

Table 1. Composition of 3C-labeled substance in cul-
ture medium

. Glucose Glutamine Lactate
Medium 56N 4.0mM  11mM
A [1,6-13C] Cold —
B Cold [4-13C] —
C — Cold [3-13C]

When [3-13C]-lactate was added to the medium, glu-
cose was removed.

Oy ET ALY A M, ThZh 6 KEHEE
FLIBICAT ¢ T AHICEE L T b BC-L
EWOELY, Z4a—BVETALEYA O
£ BCALEWOWHBEARDIZ. ZTORER, 7
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Table 2. Neuronal and astrocytic consumption of
glucose, glutamine or lactate added in medium

Glucose Glutamine Lactate
(5.5mM) (4.0 mM) (11 mM)
Neurons
(n=5) 31.2+7.3 554+34.8 101+30
fsrooytes  192:19% 193+9.2%  62.2+20*
(umol/mg-protein/h)

Data are expresed as mean+SD (n=5). Statistically
significant differences compared with neurons are ex-
pressed as * P<0.01

Wa—2Z (A7 47 LHRES5mM) kW
Tix, 7AFBY A 2192 £19 pymol / mg-
protein/h T= o+ —1 /75 31.2+ 7.3 umol/mg-
protein/h TH-7z. ZIVEZ IV (AT 4T A
R 4AmM) CBWTid, —2—BpvR
55.4 +34.8 umol/mg-protein/h T7 A+ &4 A
k78 19.3 £ 9.2 umol/mg-protein/h <T@ - 7=.
T/, I (AT 4V LAPEE 11mM) Tk
WTIE, = 2 —18 v 101 + 30 umol / mg-
protein/h T7 A F 04 A 7 62.2 + 20 umol/
mg-protein/h TH -7 (WFhd n=5). C
NHEORENS, TATETA FTTIVaT—A
DIV A IV K0S, e, Za—1Y
TEAMET VA IVRTIVT—ALD LB
ENSWC EBRB B L5 7z (Table 2).

MRR(CH YV AENI-K SCALEMD
FERR PR

1. 7V a— 2R

[1,6-BC]- 7 )va—A (AF 47 ANA) B
Za—avTREahns e (Fig. 24), 75=
VDIPL, TIWVEIVEBD AR, T ANSF
VEED 2L & 3fLIC T e N IV a— Ak
DO BC ARV AEN T\, FHIZ, ZIVFx IV
A 2 i & 3 LI 4 BC 8RB 6, TCA [H
BO2EHAD a-r PNV E VA R KT IVE
SVEBPERIN TS ERPHLL LT 5
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7. L2L, ZWEIV/OE—7FZ2—8 Y
TRERDOLNL - 7. [1,6-13C-7 ) a—
AMT AL A FTREIN S & (Fig.
2B), ZWEIVEBOAITIZD TR LTIV
O—ZAHRD BC MDA EN TV WITH
PO, TIVZIVOAMIZELVERDIA
ABARD G, FICTCARKEDO 2 KHICKD
TIWAIVD2MLE IMICHROOLN. &
7o, TCARIBO2KBICLD ZIVH I VD2
& 3P BC AR AEN/ISE, 260 & 3
MOV —7HETFELLEBETFTHHR, 7
AZAFBEY A FTE2MEPIMED BT BT
KEVEBLRL. Chid, Ve VL
BFEy5—t ([3BCI-UIV Y/ ERIC R FE A
FEIN [2-BCl-AFHVOEBmAERINS)
DT AP A MCREL TWARRERL T
WhHLDEBbNE®D. F/, HBDO 3D
V—7HEEE7 Ay 4 T2 —aVick
NEWWMEAE R L .

2. 7 VR
DN%}ﬁw&iv<xf47AB)ﬂ:l~
VICERDAENS &, £F 7V IVEEICS
N, a7 7V E VA FEAL T TCA [FEEIC
AD, TR ERETT AN FUIBICE
TN TwAhZ Ehmasn/. &7z, TCA [
BO2EHEHTHERINATIVEIVEED 2
iz, 3fAfER xHh (Fig. 3A), =2 —1 /T
F7V a2 IVHAREFIH SN TWE 2 RS
n/c. —4, 7JAROYA FTRI7VHIVH
HIEICRDOEN L DD, 7Ibx I v ORGE
Wi, bIPETIVEIVEBEROCTE 572K
RHHNT (Fig. 3B), 7AFBY A Fickw
T, 72 I /idiFsEA SRR N

ZEDTREINT.

3. FLEAGEH
[3-BCI-FL (AF 4 LC) Za—1V

ICRAEnsE, 7V IVEE, TANSF

VEERT T VSRR D 18C BV A E N

Tk (Fig. 4A), 7AFEY A FCTREIIVZ
IV ([4-BC)) ODEERPENETH > 72h, 7
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Fig. 3. 13C-NMR spectra of cell extracts from rat primary cultured neurons
(A) and astrocytes (B) after 6 h incubation with 5.5 mM glucose and 4.0
mM [4-13C]-glutamine and without lactate. TSP, 3-(Trimethylsilyl)
propionic-2,2,3,3-ds acid sodium salt ; Gln, glutamine ; Glu, glutamate ; Asp,
aspartate ; Glc, glucose.

Glu Lact
a4~ L a
Asp Asp Glu TSP
Gu 2 e a Ala l'
€ N (¥ \1 <3
A Y i ” P n.l \Wji i l__‘_l L l
Lact
Gin P
ca
Gln Glu " Ala
oy @ ca | v @
2 ‘/ | TSP
| Gin ] 1,
\‘J a |
B et i) ek J'v)(:m»lwvmv’w
PPV
— T T T T T T T T T
100 80 60 40 20 0

Fig. 4. 13C-NMR spectra of cell extracts from rat primary cultured neurons
(A) and astrocytes (B) after 6 h incubation with 4.0 mM glutamine and 11
mM [3-13C]-lactate and without glucose. TSP, 3-(Trimethylsilyl) propionic-
2,2,3,3-ds acid sodium salt ; Ala, alanine ; Lac, lactate ; Glu, glutamate ; Gln,
glutamine ; Asp, aspartate ; Glc, glucose.
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W IVEE ([4-8C]) 7V X I /D 70%08
WHEARL7: (Fig. 4B). —+—1y, 7TA
FEY A EBIS, AT 0L [1,6-18C-7
VaA—=A%EHEML 72 E S [3-BCI-F & i
L 723& b, TCA [HIEE L 0 AR S h A5G
MNDOBC DT 4 ATV 2 —V g/ x—V
BRCICEAETTH52 (HEAICIDAE
NHMHBYINVEVEE, 72T )L CoA %L
TTCARKIZAZDOT), WiH (Fig.2 &
Fig. 4) iz DO\ —ViFHz->TED,
ZOBRED AL 5O KRG, Bouzier-
Sore AK 2292013, [1-BC]-7 )L a— A + AW
F@F 7NV a—A+[3BCl-AMr T Th
ILImMEHBAF 4 AT 2 —BVET A
oY A aRREEL, WMk a—2R
FHBORMBENTENREL > TWAT L, T
AZrBY A FTEIINVA—ADLEDT IV X IV
ET T ZVDOERBERTH D, ZIVa— AR
FLE X DL O L WIERE L5 T L,
Za—BYVTRABRP DT IR I VERERD
HETHY, AME IV a—A LD+
WE—FEL L TWATZ LARELTW5.

NMR #IE #1795 & &2, NMR #%& P24t
= Cd 5 TSP (14.5 umol) #fnz, %o TSP
DEFIHTT B EARFOHNEK LD, &7
S/ BOKMORE~NRD AT N/ BC BEL
umol TR, /mg-protein/h T, Table 3 |73
L7z, RHPOBKEOHMEIL, MBNICRDL
NI AT 4 7 NTHINL 72 BCAL & TH 5.

AT 4 LRICROOLND, RIMLT
1BC-7ILa—RBAD 3CALEW

AT 47 AT [1,6-8C1-7)0 3 — A& in
L CARRIEEL/CEBED AT U A, [3-
BCI-FLDOANPHERTE, ZOEIE = 2 —1
/T 50.6 +23.3 umol /mg-protein/h C, 7 A
kA T 169 £ 29 umol /mg-protein/h T
»HY (n=3,P<0.001), 7AFEY A TD
7V a—AHR OB ER P EREICE T &2
R & N7z, Bouzier-Sore AK %2320 (%, 7 A
FOY A FTHE, ZIVa—AXDERINAY
BOEGZLOPAMTH A &, —a—B VT
Alsw LD EET AL 2D, TAMEYA |

Table 3. 13C enrichments in individual carbon positions of glutamate, glutamine, aspartate, alanine and lactate

Neurons Astrocytes
[1,6-13C]- [4-13C]- [3-13C]- [1,6-13C]- [4-13C]- [3-13C]-
glucose glutamine lactate glucose glutamine lactate
(5.5 mM) (4.0 mM) (11 mM) (5.5 mM) (4.0 mM) (11 mM)
Glutamate C3 0.179+0.081 0.425 0.421+£0.209  0.022+0.033 N.D. 0.492+£0.368
C4 0.476+0.113 1.41 2.47+1.39 0.237+0.193 0.166 0.993 +0.468
C2 0.164+0.035 0.415 0.398+£0.199  0.106+0.059 N.D. 0.381+£0.183
Glutamine  C3 N.D. N.D. N.D. 0.297 £0.055 N.D. 0.881+£0.512
C4 N.D. 3.31 N.D. 0.612+0.138 1.55 1.32+0.82
Cc2 N.D. N.D. N.D. 0.464£0.123 N.D. 0.718£0.375
Aspartate  C3  0.175+0.097 0.601 0.456+0.334  0.024+0.037 N.D. 0.179+0.134
C2  0.204+0.120 0.577 0.372+£0.292  0.026+0.035 N.D. 0.107£0.078
Alanine C3 0.181+0.062 N.D. 0.473+0.304  0.301£0.199 N.D. 0.663£0.339
Lacate C3 0.185+0.095 N.D. 3.90+£1.08 0.396 £0.229 N.D. 3.37+2.61

13C-label incorporation into individual carbon positions of glutamate, glutamine, aspartate, alanine and lactate in

neurons and astrocytes from [1,6-13C]-glucose, [4-13C]J-glutamine or [3-13C]-lactate.

Represents [4-13C]-

glutamine or [3-13C]-lactate incorporated into cells from medium.
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DERLICHABSP = 2 —8 /T, ok zin
vivo TOHERIE (resting) RAETH, FIHI N
TWA EHERIL TV 5

S VA ES | i N AL ¥y v T A B
fw5:aﬁﬂ%hfwéﬁ,A@®ﬁ&@%
B Cld, [4-BCl-7 b2 I VERIIMEAICED
LN/2H DD AT 47 ARICIIRED HNIsip -
oo —F, AT 4 AR [4-8Cl- 70 a3
VERR [3BCI-AMERML /28E, HRin
L&D BCE—731F LA ERD LN
Dotz MAPRENC Lo THEEINAWED
Mg ~ofk &, HLWMeEpsic, BC-
NMR JIZDOREEL T TH 57012, S
Tz EBbhs.

Sonnewald U &5 |3 #) R E5# T A MY A
Froa—mvEYVRAy FIREREL (K%
BWMOEMICT A FBY A Fa7 )by —FIRIC
L, ZOLICZa—nvaEFEETS), A5+
7 [1I-BCl- 7 )va—A L [2-8Cl-TvF5—
FEmzZ, ZIVa I VERBERER AL
T s, LEVWEETREYT-7. Z0
%, Mk /7 BES % 1SC-NMR JlIE &
GC-MS HIE# 1T\, 7A BT A FTL2R
A S NZNT 25— 2200 BC 5, 7
VR UG ERIRER AT 0 U AHICHAE
LW e &I, »7 3 JEBBICRDAEN S
DI LT, 7 a2 I v EEREEELER AT
T5E, ZDOBCORDAADBIEIINSZ &
HoH, TAFBY A FTERINI T IVX IV
N a—BVICBTL, 22T, y-7 3 /B
OFERMAEE L TRHASINS Z B L Tw
H. LoL, 7TETF—FAT7 AT A DA
TREINSH EVWSREICHL TE, Kb b
227)

Za—0OrETRAMOYA POREE(ICLS
MRS )L O— 2RO (L

Za—BVET A EY A ORBHIE A
FNRDBI2DIC 5 A7 ) (Transwell) %

AWTEREIT 7. BEPRBICAy Y 2RO
A AN, ZOBEORICT ABY 4 % B
L7y =Ml T, DAy o,
EKHEIC- 2 —B VARSI 7Ly — RIS
o TOWAKERBOFRBICEL, AT 474
D7 a—A% [1,6-BCI-7 ) a— A%
L, 4RI ELYT- /2. 2%, WMz
2| L, BC-NMR flE %47 - 7= (Fig.
5. ZTORRE, HEELZTO>ZLICL- T,

—DOVEMERETER N - 7 [4-
BCl-Z a2 Ivor—r RERIN
Za— BRIV EI VIOV I Uk
BT ABEER— IV IV EREFR—PHEEL
W EPIMOENTWALET D, 12—V
TROBLNT [4-8Cl-7 V2 I V/IET AR
47‘4 FTCHERINIZDDB AT 4 I LN LT
BITLcb0EBbhs, F/, Za—BVH
WMEREOL A, MBNO [3-BCl-ALEEIX
0.166 + 0.049 umol / mg-protein /h T& - 7=
B, EEFEOEE, 0.734 + 0.280 umol / mg-
protein/h ThH v, HKEERICL -T2 —BO YV
NOAMBEAFEICHE ML TWwe (n=5,P<
0.002). LﬁL,:@%Mﬁ:l~myf®ﬂ
A U A S 7S R D, Dﬁ%k
S THRX int#LE"ﬁ#% A ’7A75_’J|
:;—Dvmmbﬁimt%%@m$%f%

.=, TAFEYA FOMIENICE VT
?LE@; BAEBICHEML Tz (% T
0.240 + 0.077 umol /mg-protein /h & % DT %}
L CT3LE23% T 0.529 + 0.205 umol /mg-protein /
h, n=5, P<0.05).

—a—Ar&ET7RIOYA FPOHEE(CLS
AT 4 ILIBREDE(L

Za—BVETAMOY A FOIEFEIC L5
TAT 4 U LPOIMBEDL, TNZENOMED
B (22— /BT 50.6 +23.2 umol
/mg-protein/h, 7 A F B4 A ¥ T 169 +
29 umol /mg-protein/h) I X THBEICHE N
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Fig. 5. 13C-NMR spectra of cocultured cell extracts from neurons (A) and
astrocytes (B) after 4 h incubation with 5.5 mM [1,6-13C]-glucose and 4.0
mM glutamine and without lactate. Cocultures were incubated by Traswell®.
Neurons were cultivated on the bottom of culture vessel and astrocytes were
cultivated on the mesh located middle of culture vessel. After cocultured,
neurons and astrocytes were separately harvested. TSP, 3-(Trimethylsilyl)
propionic-2,2,3,3-ds acid sodium salt ; Ala, alanine ; Lac, lactate ; Glu, gluta-
mate ; Gln, glutamine ; Asp, aspartate ; Glc, glucose.

(208 + 15 ymol/mg-protein/;n=6, = 52—/
vs #5535 P<0.001, 7 A BV A b ovs K
# ; P=0.015) LT\,

TZAMOYA FOIBRERERET D
HFIcoWT

Za—0VETAFaY A FOEEEIC K 5
TATF 4 T AhOAMED, ThZhOMED
BER L O CWA T D, TARD
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YA FOAMRERCHE e 5252 —0/H

KOWHER F DIFAEDH 2R L 7c.
0k 24 WS ER L 72 A7 4+ 7 A (NCM)

%, [1,6-BCl-Z7 0V a—Ax &7 Ay A
FDAT 4 Az (NCM O & 1

1

10%), 6 WFfEFEEE L /2RIC AT 7 A O3
MeEAME L. —F, TIVAIVEEHRT AL

HH A OFRER G (S % &L OWED D%
CEDD, TAFATAFDOAT 4T AIC
[1,6-8C1-7 )L a2 — A & [FKFIC 10, 40, 200 uM
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Fig. 6. Amount of 3C-labeled lactate synthesized from [1,6-13C]-glu-
cose and released in the medium by astrocytes. Astrocytes were incubat-
ed with medium containing neuron medium (that was used for 12 h incu-
bation of neurons. Final percentage of neuron medium was 10%), heat
denatured that medium or 10, 40, 200 uM glutamate. Amount of lactate
are expressed as umole/mg-protein/h. The values are means of two ex-

periments.

DTIVEIVEEERML T, 6RMHREEL, £
T4 LFOAMBETHEIEL - (Fig.6). 7
APBYA FDAT 47 LI NCM &Nz 5
b, AT 4 U AFOAMEE, NCM ORI
T & FITHN, H2.3f[FICHEmL Tk, %
OEIE AT 1 7 A2 10~40 uM O 7V % 3/
fRa il 72 & ZICE Lol 2O En
b, Za—BaVrbiiInizr Va3 Vs
NCM HHizh v, ZnBn7T A ay A O
ERAEREL TBEEZONSD, B
(80°C, 104)) #%JalL 7= NCM =7 A F a1 A

FOAT 4T AT S &, BULEEZ L T
T WG I AN RERRIT L Tz, o
T, NCMAICEENs57 A5 4 D
B > RAE T HRTFICEARLENE (Vv
2IVIEBLSL) DEENTWAHT EEERL T
B, JEFICHERE .

Fig. 712, 72 I VEEFEIE = —1 /v
FT A TN TS EEZ NS 2 —
Oy ET7AFBY A FETORBIIL T
(metabolic trafficking) ZMHAANTRL /2. 7
Aty A FICRETLEEELT, By
M 71 ViR ¥ 5 —+ (pyruvate carboxylase,

PC), 7 3/ &M EF#E (glutamine syn-
thetase, GS), F.MM KEEEE 5T (lactate
dehydrogenase-5, LDH-5) ZHhic~7/ U a—4
VA (glycogen synthetase) 733 1),

Za—BVICRES AR LLT, SV E IV
5 RS (glutaminase) < FLEEM K FEREHE 1
Wk 5. Eiz, WEAkELTUL, 7AIEY
A FMCRFET A D E L T/ IV a— RigElk 1
Il (glucose transporter-1, GLUT1), 7L &
SV - T NG RV BREAER BT X/
fgtmifA 1 8 (excitatory amino acid trans-
porter 1, EAAT1 : glutamate-aspartate trans-
porter, GLAST), 7))L % I Vklawfk 1A

BN T X W%tk 2 B (glutamate trans-
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Fig. 7. Schematic representation of metabolic coupling hypothesis between neurons and astro-
cytes during glutamatergic neurotransmission. [C] represents enzyme, i represents trans-
porter. At glutamatergic synapses, presynaptically released glutamate via EAAT3 and/or
EAATY4 depolarizes postsynaptic neurons. The action of glutamate is terminated by a glutamate
uptake system located in astrocytes via GLT1 (EAAT2) and/or GLAST (EAAT1). In astro-
cytes, glutamate is converted into glutamine by glutamine synthetase (GS) and glutamine is
released from astrocytes and transported into neurons via GInT. In neurons, glutamine is hydro-
lyzed to glutamate by glutaminase, and glutamate is released from neurons to synaptic cleft as a
neurotransmitter. Glucose transported into astrocytes from brain microvessels via GLUT1 is
processed glycolytically to pyruvate, and pyruvete is converted to lactate by LDH5. Astrocytic
lactate is released to extracellular space via MCT1 and/or MCT4, and transported into neurons
via MCT?2. In neurons, lactate is converted to pyruvate by LDH1, and pyruvate is used as a sub-
strate of oxidative phosphorylation in mitochondria.

a-keto
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Metabolic Traits of, and Trafficking between Neurons and Astrocytes:
Applying 13C-labeled Compounds to Primary Cultured Neural Cells
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Tangi-machi 1-236, Hachioji-shi, Tokyo 192-8577

The central nervous system is composed of neurons and 3 types of glial cells: astrocytes, microglia,
and oligodendrocytes. Metabolic trafficking between neurons and astrocytes, such as that in the neu-
ron-astrocyte/glutamate-glutamine cycle and the astrocyte-neuron lactate shuttle, is important to
maintain brain energy and neurotransmitter metabolism. 13C-nuclear magnetic resonance (NMR)
spectroscopy has been used extensively for several decades to elucidate metabolic pathways in
cerebral metabolism.

We incubated primary cultured neurons and astrocytes with [ 1,6-13C]J-glucose + glutamine, glucose
+ [4-13C]-glutamine, or glutamine + [3-13C]-lactate for 6 hours, and incubated a co-culture of both
neurons and astrocytes with [ 1,6-13C]J-glucose + glutamine for 6 hours. Then we separately obtained
cells and culture medium and deproteinized them with 75% ethanol. 13C-NMR spectroscopy analysis
of medium revealed that neurons and astrocytes consumed glucose in 31.2+7.3 and 192 + 19 umol/
mg-protein/hour, glutamine in 54.4 + 34.8 and 19.3 £ 9.2 umol/mg-protein/hour, and lactate in 101 +
30 and 62.2 umol/mg-protein/hour. These data demonstrate the clear preference of lactate and gluta-
mine over glucose for energy metabolism in neurons and of glucose over lactate and glutamine for
energy metabolism in astrocytes. The co-culture of both neurons and astrocytes showed the increased
concentration of [ 3-13C]-lactate synthesized from [1,6-13C]-glucose in medium. The concentration of
[ 3-13C]-lactate in the medium increased by the addition of neuronal medium to the astrocyte-cultured
medium containing [ 1,6-13C]-glucose. These data may show that neurons synthesize the factors that
stimulate astrocytic glycolysis. 13C-NMR spectroscopy analysis of primary cultured neural cells rev-
ealed the inability of neurons to synthesize glutamine from glucose, and the only slight metabolism by
astrocytes of glutamine incorporated into cells from medium.
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