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Supplementary information

Table S1. Mass and isotope balance equations, combination pools, values of rates and values of pool
concentrations for the metabolic calculations following fitting of cerebral cortical data.

Mass Balance:

dBrain_Glucose2/dt = Vglc_in2 - [CMRglc(ox) + Vglc_out2]

dBrain_Glucosel/dt = Vglc_inl - [CMRglc(ox) + Vglc_outl]

dL1/dt = dL2/dt = 2CMRglc(ox) - [Vpc + Vpdha + Vpdhga + Vpdhy]

dACcCoAAL/dt = dAcCoAA2/dt = Vpdha + Vdila in - [Vtcan]

dKGA1/dt = dKGA2/dt = VXgukea + Vican - [Vtcaanet + VXkaaiual

dKGN1/dt = dKGN2/dt = VXgiuken + Vdily + Vpdhy - [VXkesiun + Vicay]

dKGGA1/dt = dKGGA2/dt = VXgiukaea + Vpdhea + Vdilga - [Vtcacanet + VXkcaiucal
dGInl/dt = dGIn2/dt = VgIn + Vdilg, - [Vefflux + Vcycaiein + VCYCaapacin]

dGIluN1/dt = dGluN2/dt = Vcycaiuein + VXkeeiun - [VCYCaiucin + VXaiuken]

dGluAl/dt = dGluA2/dt = VcyCeiuein + VXkseiua - [VOIN + VXaiukeal

dGIuGA1/dt = dGIuGA2/dt = Vcyceapacin + VXkaaiuea - [Vgad + VXgiukesal

dGABA1/dt = dGABA2/dt = Vgad - [Vshunt + VcyCgasacin]

dFumAL/dt = dFumA2/dt = VcyCepeacin + VtCaanert VSC - ViCaanetprime

dOAAN1/dt = dOAAN2/dt = VXaspoaan + Vican - [VXoanaspn + Vican]

dOAAAL/dt = dOAAA2/dt = VXaspoana + VPC + ViCaanetprime - [VXonnaspa + Vicaa + Vsc]
dOAAGAL/dt = dOAAGA2/dt = Vtcacane: + Vshunt + VXaspoaaca - [VtCaca + VXoaaaspeal
dAspN1/dt = dAspN2/dt = VXoanaspn - VXaspoaan

dAspAl/dt = dAspA2/dt = VXoaaaspa - VXaspoaaa

dAspGAL/dt = dASpGA2/dt = VXopaaspea - VXaspoaaca

Isotope Balance related to [1-'*C]glucose:

dBrain_Glucosel,/dt = Vglc_in1(Blood_Glucosel/Blood_Glucosel) - [CMRglc(ox) +
Vglc_outl](Brain_Glucosel,/Brain_Glucosel)

dP15/dt = CMRglc(ox)(Brain_Glucosel,/Brain_Glucosel) - [Vpc + Vpdha + Vpdhga + Vpdhy](P1s/P1)

dAcCoAA1,/dt = VpdhA(P1:/P1) + Vdila in(0) - [Vtcaa(AcCoAAL,/AcCOAAL)

dKGN1,/dt = VXgiuken(GIUN1/GIuN1) + Vican(OAAN13/OAANLD) - [Vxkseiun + Vican](KGN1/KGN1)

dKGGA1L/dt = VXgukeca(GIUGAL/GIUGAL) + Vicaca(OAAGAL/OAAGAL) - [Vicasane: + VXkaciuca (KGGAL/KGGAL)
dKGA1,/dt = VXgukea(GIUALL/GIUAL) + Vicaa(OAAAL/OAAAL) - [Vicaane: + VXkeaiual(KGAL/KGAL)

dKGN1s/dt = VXeiuken(GIuN13/GIuN1) + Vican(OAAN1,/OAANL) - [VXkeeiun + Vican](KGN1/KGN1)

dKGGA1y/dt = VXgiukeea(GIUGALS/GIUGAL) + Vicasa(OAAGAL/OAAGAL) - [Vicacanet + VXksoucal(KGGAL/KGGAL)
dKGA13/dt = VXgukea(GIUALs/GIUAL) + Vicaa(OAAAL,/OAAAL) - [Vicaane: + VXkaaeiual(KGALs/KGAL)
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dKGN14/dt = VXeuken(GIUN14/GIUN1) + Vdily(0) + Vpdhn(P1a/P1) - [VxXkeeun + Vican](KGN1/KGN1)
dKGGA14/dt = Vpdhga(P13/P1) + VXciukcoa(GIUGAL/GIUGAL) + Vdilga(0) - [Vicasane: + VXkeaucal (KGGAL/KGGAL)
dKGAL/dt = VXgukea(GIUALL/GIUAL) + Vicas(ACCOAAL/ACCOAAL) - [Vicaane + VXkeaiua (KGALJ/KGAL)
dGIuN1,/dt = Veycaiein(GIn1,/GInl) + Vkeeun(KGN1/KGNL) - [Veycaiuain + VXaiuken] (GIUN1,/GIUN1)
dGIuGA1L,/dt = VeycCeapacin(GIN12/GInl) + Vkceuea(KGGAL/KGGAL) - [Vgad + VXaiukeseal (GIUGAL/GIUGAL)
dGluAl,/dt = VxXkeeua(KGAL/KGAL) + VeyCeuen(GIUNL/GIUND) - [VgIn + VXeukeal (GIUAL/GIUAL)
dGIuN1s/dt = Veycaiein(GInla/GInl) + VXkeeun(KGN1s/KGNL) - [Veycaiuain + VXaiuken] (GIUN13/GIUN1)
dGIuGA1,/dt = VeycCeapacin(GIN1a/GInl) + Vxkceuea(KGGAL/KGGAL) - [Vgad + VXaiukesal (GIUGAL:/GIUGAL)
dGIluAls/dt = VxXkeeua(KGALi/KGAL) + VeyCeuen(GIUNLs/GIUND) - [VgIn + VXeukeal (GIUALS/GIUAL)
dGIuN14/dt = Veycaein(GIn14/GInl) + Vxkeeun(KGN14/KGNL) - [Veycaiuain + VXaiuken] (GIUN14/GIUN1)
dGIuGA14/dt = VeyCeaeacin(GIN14/GINl) + Vxkeouca(KGGALIKGGAL) - [Vgad + VXeiukeeal (GIUGAL/GIUGAL)
dGluAL4/dt = VeyCaiuein(GIUNLA/GIUNT) + Vxkeeua(KGAL/KGAL) - [VgIn + VXaiukeal (GIUAL/GIUAT)

dGIn1,/dt = Vdilgin(0) + VgIn(GluA1,/GluAl) - [Vefflux + Vcycaiein + VCYCaasacin)(GINl/GInl)

dGInls/dt = VgIn(GluA1ls/GluAl) + Vdilgin(0) - [Vefflux + VeyCaiuein + VCYCeagacin](GINls/GInl)

dGInl,/dt = VgIn(GluA1,/GluAl) + Vdilgin(0) - [Vefflux + VcyCaiein + VCyCeasacin](GINls/GInl)

dGABAL,/dt = Vgad(GIuGA14/GIuGALl) - [Vshunt + Vcyceasacin] (GABAL,/GABA1L)

dGABA1s/dt = Vgad(GIuGA1s/GIUGAL) - [Vshunt + VcyCeasacin] (GABAL:/GABAL)

dGABAL,/dt = Vgad(GIuGA1,/GIuGALl) - [Vshunt + Vcyceasacin] (GABAL/GABA1L)

dFUmAlz/dt = O.5VCyCGABAGm(GABAlz/GABAl) + O.5VCyCGABAG|n(GABAlg/GABAl) + O.5VtcaANet(KGAl4/KGA1) +
0.5VitCame(KGAL/KGAL) + 0.5VSC(OAAAL/OAAAL) + 0.5VSC(OAAALOAAAL) - Vicaaeprime(FUMAL/FUMAL)

dFUMA14/dt = 0.5VcyCeasacn(GABALIGABAL) + 0.5VCYCoasacn(GABALI/GABAL) + 0.5Vicame(KGAL/KGAL) +
0.5Vitcame(KGAL/KGAL) + 0.5Vsc(OAAALIOAAAL) + 0.5Vsc(OAAAL/OAAAL) - Vicaaneprme(FUMALy/FUMAL)

dOAAle/dt = VXASpoAAN(ASlezlASle) + 05VtCaN(KGNl4/KGN1) + 05VtCaN(KGN13/KGN1) - [\/XOAAASDN +
Vtcan](OAAN1,/OAAN1)

dOAAGAL,/dt = 0.5Vtcacae(KGGALYKGGAL) + 0.5Vtcasane(KGGAL/KGGAL) + 0.5Vshunt(GABAL/GABAL) +
OSVShUnt(GABAlglGABAl) + VXASPOAAGA(ASpGAlz/ASpGAl) - [\/tCaGABA + VXOAAASPGA](OAAGAlz/OAAGAl)

dOAAAlzldt = VXASpoAAA(ASpAlzlASpAl) + VpC(O) + VtCaANetprime(FUmAlglFUmAl) - [VXOAAAspA + Vtcaa +
Vsc](OAAAL/OAAAT)

dOAAleldt = VXASpoAAN(ASpN13/ASpN1) + 05VtCaN(KGNl3/KGN1) + 05VtCaN(KGN14/KGN1) - [\/XOAAASDN +
Vtcan](OAAN1/OAAN1)

dOAAGAL/dt = 0.5Vtcacane(KGGAL/KGGAL) + 0.5Vtcasane(KGGAL/KGGAL) + 0.5Vshunt(GABAL/GABAL) +
OSVShUnt(GABAlglGABAl) + VXASPOAAGA(ASpGAl3/ASpGAl) - [\/tCaGABA + VXOAAASPGA](OAAGAlg/OAAGAl)

dOAAAlgldt = VXASpoAAA(ASpAl;;/ASpAl) + VpC(Pl3/Pl) + VtCaANe[prime(FUmAl;;/FUmAl) - [\/XOAAASPA + VtCaA +
Vsc](OAAAL/OAAAT)

dAspN1,/dt = Vxoaaaspn(OAANL/OAANLD) - VXaspoaan(ASPN1/ASpNL)
dASpGAL,/dt = VXoaaaspea(OAAGAL/OAAGAL) - VXaspoaaca(ASPGAL/ASpGAL)
dASpAL,/dt = VXoaaaspa(OAAALIOAAAL) - VXaspoaaa(ASPAL/ASPAL)
dAspN1s/dt = Vxoaaaspn(OAANL5/OAAND) - Vasponan(ASpPN1s/AspN1)
dASPGALs/dt = Vxoaaaspea(OAAGAL/OAAGAL) - VXaspoanca(ASPGAL/ASPGAL)
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dASpA13/dt = VXOAAASpA(OAAAle,/OAAAl) - VXASPOAAA(ASpA13/ASpA1)

Isotope Balance related to [2-*C]glucose:

dBrain_Glucose2,/dt = Vglc_in2(Blood_Glucose2,/Blood_Glucose2) - [CMRglc(ox) +
Vglc_out2](Brain_Glucose2,/Brain_Glucose2)

dBrain_Glucose2; ¢/dt = Vglc_in2(Blood_Glucose?2, ¢/Blood_Glucose2) - [CMRglc(ox) +
Vglc_out2](Brain_Glucose2; ¢/Brain_Glucose?2)

dP2,/dt = CMRglc(ox)(Brain_Glucose2,/Brain_Glucose?) - [Vpc + VpdhA + Vpdhga + Vpdhy](P2,/P2)

dP25/dt = 2CMRglc(ox)(Brain_Glucose2; ¢/Brain_Glucose?2) - [Vpc + VpdhA + Vpdhga + Vpdhy](P23/P2)
dAcCoAA2,/dt = VpdhA(P2,/P2)) + Vdila in(0) - [Vtcas](AcCoAA2:/AcCOAA2)

dAcCoAA2,/dt = VpdhA(P23/P2) + Vdila in(0) - [Vtcaa](AcCoAA2,/AcCoAA2)

dKGN22/dt = VXgiuken(GIUN22/GIUNZ) + Vicay(OAAN2/OAAN2) - [Vicay + Vikeoiun] (KGN22/KGN2)

dKGGA2,/dt = VXaiukeea(GIUGA2,/GIUGA2) + Vicasa(OAAGA2/OAAGA?2) - [Vicacanet + VXkaaiucal (KGGA2,/KGGA2)
dKGA2,/dt = VXgiukea(GIUA2:/GIUA2) + Vicaa(OAAA2:/OAAA2) - [Vicaane: + VXkeaeiual(KGA2:/KGA2)

dKGA2,/dt = Vicaa(ACCOAA2,/ACCOAA2) + VXeiukea(GIUA24/GIUA2) - [Vicaane + VXkeaiual(KGA24/KGA2)
dKGN24/dt = VXgiuken(GIUN235/GIUN2) + Vicay(OAAN2,/OAAN2) - [Vicay + Vikeoiun] (KGN2:/KGN2)

dKGGA23/dt = VXgukeea(GIUGA2:/GIUGA2) + Vicaca(OAAGA2,/OAAGA?2) - [Vicagane: + VXkcaeuea (KGGA2:/KGGA2)
dKGN24/dt = VXaiuiken(GIUN24/GIUN2) + Vpdhn(P23/P2) + Vdiln(0) - [Vican + Vxkaeiun] (KGN24/KGN2)

dKGGA2,/dt = VXgiukeea(GIUGA24/GIUGA2) + Vpdhea(P23/P2) + Vdila(0) - [Vicacanet + VXicoucal(KGGA2,/KGGA2)
dKGA2;/dt = VXgiukea(GIUA23/GIUA2) + Vicaa(OAAA2,/OAAA2) - [Vicaane: + VXkeaeiual(KGA2:/KGA2)

dGIuN2,/dt = Veycaiein(GIN22/GIn2) + Vxkeeun(KGN22/KGN2) - [Veycaiuain + VXaiuken] (GIUN2,/GIUN2)

dGIuGA2,/dt = Vcyceasacin(GIN22/GIN2) + Vxkseiuca(KGGA2:/KGGA2) - [Vgad + VXgiukeeal (GIUGA2,/GIUGA2)
dGIuA2,/dt = Veycaiuein (GIUN22/GIUN2) + Vikeea(KGA2/KGA2) - [VgIn + Visiukeal (GIUA2,/GIUA2)

dGIuN23/dt = Veycaouein(GIN23/GIN2) + Vxkeeiun(KGN23/KGN2) - [Veycaien + VXaiuken] (GIUN23/GIUN2)

dGIuGA23/dt = VcyCaasacin(GIN23/GIN2) + Vxkeeiuca(KGGA2:/KGGA2) - [Vgad + VXgiukeeal (GIUGA23/GIUGA2)
dGIuA23/dt = VeyCenan(GIUN23/GIUNZ) + VXKGGIUA(KGA23/KGA2) - [VgIn + VXgukeal (GIUA25/GIUA2)

dGIuN24/dt = Veyceein(GIN24/GIN2) + Vxkeeun(KGN24/KGN2) - [VeyCauen + VXoiuken] (GIUN2,/GIUN2)

dGIuGA2,/dt = VeyCeaeacin(GIN24/GIN2) + VXkeouea(KGGA2/KGGA2) - [Vgad + VXeiukeeal (GIUGA2/GIUGA2)
dGIuA2,/dt = Veycaen(GIUN24/GIUN2) + Viaoua(KGA24/KGA2) - [VgIn + Vaukea] (GIUA24/GIUA2)

dGIn2,/dt = VgIn(GluA2,/GluA2) + Vdilgin(0) - [VCYCaiuein + VCYCaapacin + Vefflux](GIn2,/GIn2)

dGIn24/dt = VgIn(GluA23/GluA2) + Vdilgin(0) - [VCYCaiuein + VCYCoapacin + Vefflux](GIn23/GIn2)

dGIn2,/dt = VgIn(GluA24/GIuA2) + Vdilgin(0) - [VcyCaiuein + VCYCoaracin + Vefflux](GIn2,/GIn2)

dGABA2,/dt = Vgad(GIuGA24/GIuGA2) - [VcyCaasacin + Vshunt](GABA2,/GABA2)

dGABA23/dt = Vgad(GIuGA25/GIUGA2) - [VcyCaasacin + Vshunt](GABA2:/GABA2)

dGABA2,/dt = Vgad(GIuGA2,/GIUGA2) - [VcYyCaasacin + VShunt](GABA2,/GABA2)

dFumA2,/dt = 0.5Vcyceaeacin(GABA2:/GABA2) + 0.5VcyCeaeacin(GABA23/GABA2) + 0.5Vicaane(KGA2/KGA2) +
0.5Vicaane(KGA2:/KGA2) 0+ 0.5Vsc(OAAA2,/OAAA2) + 0.5VSC(OAAA2;/OAAA2) - Vicaanetpime(FUMA2,/FUMA2)
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dFUMA23/dt = 0.5VCyConsacin(GABAZ,/GABA2) + 0.5VCyCorsacn(GABA2/GABAZ) + 0.5Vicamea(KGA2/KGA2) +
0.5Vicaae(KGA2/KGA2) 0+ 0.5VsC(OAAA2,/OAAA2) + 0.5VSC(OAAA2;/OAAAZ) - ViCaaepime(FUMA25/FUMA2)

dASpN2,/dt = VXoaaaspn(OAAN2,/OAAN2) - VXaspoaan(ASPN2,/AspN2)

dASPGA2,/dt = VXoaaaspar(OAAGA2,/OAAGA?2) - VXasporaca(ASPGA2,/ASpGA2)
dAspA2;/dt = VXoaaaspa(OAAA2:/OAAA2) - VXaspoana(ASPA2,/ASPA2)

dASpN23/dt = VXoaaaspn(OAAN23/OAAN2) - VXasponaan(ASPN23/AspN2)

dAspGA23/dt = VXOAAASPGA(OAAGA2;/OAAGA?2) - VXASPOAAGA(ASPGA2;/AspGA2)
dAspA2;/dt = VXoaaaspa(OAAA23/OAAA2) - VXaspoasa(ASPA23/ASpA2)

dOAAN2,/dt = Vxasponan(ASPN22/ASpN2) + 0.5Vican(KGN2/KGN2) + 0.5Vican(KGN2/KGN2) - [Vicay +
VxXonaaspn] (OAAN2,/OAAN2)

dOAAGA2,/dt = VXaspoarca(ASPGA2:/AspGA2) + 0.5Vshunt(GABA2,/GABA2) + 0.5Vshunt(GABA2:/GABA2) +
0.5VtcaGANet(KGGA24/KGGAZ) + O.5VtcaGANet(KGGA23/KGGA2) - [VtCﬁGABA + VXOAAASpGA](OAAGAZZ/OAAGAZ)

dOAAA2,/dt = VXaspoara(ASPA2,/ASpA2) + Vitcaanerprime(FUMA2,/FUMA2) + Vpc(P2,/P2) - [Vsc + Vicaa +
VXQAAASpA] (OAAAZz/OAAAZ)

dOAAN24/dt = Vxasporan(ASPN25/AspN2) + 0.5Vtcay(KGN2/KGN2) + 0.5Vitcany(KGN2:/KGN2) - [Vicay +
VXOAAAspN] (OAAN 23/OAAN 2)

dOAAGA2;/dt = VXaspoarca(ASPGA23/AspGA2) + 0.5Vshunt(GABA2,/GABA2) + 0.5Vshunt(GABA2:/GABA2) +
0.5VtcaGANet(KGGA24/KGGAZ) + O.5VtcaGANet(KGGA23/KGGA2) - [VtCﬁGABA + VXOAAASpGA](OAAGA23/OAAGA2)

dOAAA2,/dt = VXaspoana(ASPA23/AsSpA2) + Vitcaanerprime(FUMA2:/FUMA2) + Vpc(P23/P2) - [Vsc + Vicaa +
VXQAAASpA] (OAAA23/OAAA2)

Combination Pools:

GluTotl_C2 = sum of C2 labeled GIuN1, GIuGA1, and GluALl from infusions with [1-**C]glucose

GluTotl_C3 = sum of C3 labeled GIuN1, GIuGA1, and GluAl from infusions with [1-*C]glucose

GluTotl_C4 = sum of C4 labeled GIuN1, GIuGA1, and GluAl from infusions with [1-*C]glucose

GluTot2_C2 = sum of C2 labeled GIuN2, GIuGA2, and GIuA2 from infusions with [2-'*C]glucose

GluTot2_C3 = sum of C3 labeled GIuN2, GIuGA2, and GIuA2 from infusions with [2-*C]glucose

GluTot2_C4 = sum of C4 labeled GIuN2, GIuGA2, and GIuA2 from infusions with [2-*C]glucose

AspTotl C3 = sum of C3 labeled AspN1, AspGAL1, and AspALl from infusions with [1-**C]glucose

AspTotl_C2 = sum of C2 labeled AspN1, AspGAL, and AspALl from infusions with [1-*C]glucose

Values of Rates (iterated rates in bold):

CMRyglc(ox) = (Vpdhat+Vpdhy+Vpdhgat+Vpc)/2 = 0.802 umol/min/g; Rate of glucose oxidation

Km_in = 3.3 mM; Michaelis-Menten half-saturation constant for blood-brain glucose transport (Mason et al., 1992)
Km_out = Km_in*Vd = 2.541 pmol/g; Michaelis-Menten half-saturation constant for brain-blood glucose transport

PercVtcacane: = 84.316; The amount of the GABAergic TCA cycle (as percentage) that continues beyond KG
through OAA. (lterated)

R_AspA_AspTot = 0.1; Fraction Asp in astroglia
R_AspGA_AspTot = 0.02; Fraction Asp in GABAergic neurons

R_AspN_AspTot = 1-R_AspGA_AspTot-R_AspA_AspTot = 0.88; Fraction Asp in glutamatergic neurons
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R_Veycaen_Vicay = Veycauain/Vicay = 0.552; Ratio between Veyc(Glu/GIn) and Vtcay
R_Vdilgin_Vgln =0.26997; Ratio between Vdilgi, and Vgin (Iterated)

R_VscVicas = 0.37; Ratio between Vsc and Vicaa calculated from rates reported by Oz et al. (2004)
Vcyceuein = 0.700 pmol/min/g; Rate of glutamate-glutamine cycling (Iterated)

VcycCeasacin = 0.109 pmol/min/g; Rate of GABA-glutamine cycling (Iterated)

Vd = 0.77 ml/g; Brain water space (Buschiazzo et al., 1970)

Vdila_in = 0.090 umol/min/g; Rate of dilution in astroglia (Iterated)

Vdilga = 0.090 pmol/min/g; Rate of dilution in GABAergic neurons (lterated)

Vdilgin, = R_Vdilgin_VgIn*Vgin = 0.247 pmol/min/g; Rate of diluting GIn exchanged from blood

Vdily = 0.127 umol/min/g; Rate of dilution in glutamatergic neurons (lterated)

Vefflux = Vpc+Vdilgn = 0.353 umol/min/g; Rate of loss of carbon from the astroglial TCA cycle via efflux of GIn from
the brain, partly balanced by entry of glutamine from the blood, also at the rate Vdilg

Vgad = Vshunt+Vcyceasacin = 0.159 pmol/min/g; Rate of GABA synthesis through glutamate decarboxylase (GAD)

Vglc_inl = Blood_Glucosel*Vmax_in/(Blood_Glucosel+Km_in+Brain_Glucosel/Vd) (time-varying); Rate of glucose
entry into brain in the [1-*C]glucose experiment.

Vglc_outl = Brain_Glucosel*Vmax_out/(Blood_Glucosel*Vd+Km_out+Brain_Glucosel) (time-varying); Rate of
glucose out of brain in the [1-*C]glucose experiment.

Vglc_in2 = Blood_Glucosel*Vmax_in/(Blood_Glucose2+Km_in+Brain_Glucose2/Vd) (time-varying); Rate of glucose
entry into brain in the [2-*C]glucose experiment.

Vglc_out2 = Brain_Glucosel*Vmax_out/(Blood_Glucose2*Vd+Km_out+Brain_Glucose?2) (time-varying); Rate of
glucose out of brain in the [2-*C]glucose experiment.

Vgln = VeycguentVeyceasacintVpe = 0.915 pmol/min/g; Rate of Gin synthesis

Vmax_in = 2.7*CMRglc(ox) = 2.165 pmol/min/g; Vmax for glucose flow from blood to brain

Vmax_out = Vmax_in = 2.165 umol/min/g; Vmax for glucose flow from brain to blood

Vpc = Vicaa-VicaanerVCyCeasacin = 0.106 pmol/min/g; Rate of pyruvate carboxylase (PC)

Vpdha = 0.126 pmol/min/g; Rate of pyruvate dehydrogenase (PDH) in astroglia (lterated)

Vpdhga = 0.229 umol/min/g; Rate of pyruvate dehydrogenase (PDH) in GABAergic neurons (lterated)
Vpdhy = Vtcay - Vdily = 1.142 pmol/min/g; Rate of pyruvate dehydrogenase (PDH) in glutamatergic neurons
Vsc = R_VscVtcas*Vicaa = 0.080 pmol/min/g; Rate of scrambling (modified from Oz et al., 2004)

Vshunt = Vtcaga-Vtcacane: = 0.050 pmol/min/g; Rate of the GABA shunt, i.e. GABA degradation in the GABAergic
neuron

Vtcaa = Vpdha+Vdila in = 0.217 pmol/min/g; Rate of astroglial TCA cycle flow from citric acid through KG

Vtcaane: = 0.001 pmol/min/g; Rate of astroglial TCA cycle flow from KG to succinate (lterated)

Vicaanetprime = VCYCoagacintVicaane+Vsc = 0.190 pmol/min/g; Rate of astroglial TCA cycle flow from succinate to OAA
Vicaga = VpdhgatVdilga = 0.320pumol/min/g; Rate of GABAergic neuronal TCA cycle flow from citric acid through KG

Vtcacane = Vicaga*PercVicagane/100 = 0.270 umol/min/g; Rate of GABAergic neuronal TCA cycle flow from KG to
succinate

Vtcay = 1.268 pmol/min/g; Rate of glutamatergic neuronal TCA cycle flow (Iterated)

Vtcary = Vicaa+Vicaga+Vicay = 1.805 pmol/min/g; Rate of total TCA cycle flux
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VXaspoana = VXoaaaspa = 1 pmol/min/g; Rate of exchange from Asp to OAA in astroglia
VXaspoaaca = VXoaaaspea = 10 pmol/min/g; Rate of exchange from Asp to OAA in GABAergic neurons
VXaspoaan = VXoaaaspn = 11.854 pmol/min/g; Rate of exchange from Asp to OAA in glutamatergic neurons

Vxaikea = 1 pmol/min/g; Rate of exchange from Glu to KG in astroglia, value unknown, sensitivity evaluated and
found to be low (Supplemental Information)

VXakeea = 10 pmol/min/g; Rate of exchange from Glu to KG in GABAergic neurons, value unknown, sensitivity
evaluated and found to be low (Supplemental Information)

VXaiuken = 11.854 pmol/min/g; Rate of exchange from Glu to KG in glutamatergic neurons (lterated)
VXkaoiua = VXaiukeatVgIn-Veycaein = 1.215 pmol/min/g; Rate of exchange from KG to Glu in astroglia

VXkaoiuea = VXaiukeeatVgad-Veyceasacin = 10.050 umol/min/g; Rate of exchange from KG to Glu in GABAergic
neurons

Vxkaoun = VXauken = 11.854 pmol/min/g; Rate of exchange from KG to Glu in glutamatergic neurons
VXoaaaspa = VXaiukea = 1 pmol/min/g; Rate of exchange from OAA to Asp in astroglia
VXoaaaspea = VXeiukaea = 10 pmol/min/g; Rate of exchange from OAA to Asp in GABAergic neurons

VXoaaaspn = VXaiuken = 11.854 pmol/min/g; Rate of exchange from OAA to Asp in glutamatergic neurons

Values of Pool Concentrations:

Brain_Glucosel = Vd*Km_in*((Vmax_in/CMRglc(ox)-1)*Blood_Glucosel-
Km_in)/((Vmax_in/CMRglc(ox)+1)*Km_in+Blood_Glucosel) = 1.1622 pmol/g; Glucose concentration during [1-
13C]glucose infusion

Brain_Glucose2 = Vd*Km_in*((Vmax_in/CMRglc(ox)-1)*Blood_Glucose2-
Km_in)/((Vmax_in/CMRglc(ox)+1)*Km_in+Blood_Glucose2) = 1.1508 pmol/g; Glucose concentration during [2-
13C]glucose infusion

P2 = P1 = 1.5 umol/g; Tissue lactate concentration (Hawkins and Mans, 1983), P represents the pool of lactate and
pyruvate, which are in rapid exchange (Mason et al., 1992)

AcC0AA2 = AcCoAALl = 0.05 pumol/g; Acetyl-CoA in astroglia (Hawkins and Mans, 1983)

KGN2 = KGN1 = 0.1 pmol/g; KG in glutamatergic neurons, estimated from Hawkins and Mans (1983)
KGGA2 = KGGAL1 = 0.01 pmol/g; KG in GABAergic neurons, estimated from Hawkins and Mans (1983)
KGA2 = KGAL1 = 0.09 umol/g; KG in astroglia, estimated from Hawkins and Mans (1983)

GluTotal2 = GluTotall = 13.56 umol/g; Total Glu measured (from Glu H4 resonances)

GIuN2 = GIuN1 = GluTotall-GluA1-GluGA1 = 11.933 pmol/g; Glu in glutamatergic neurons

GIuGA2 = GIuGA1= 0.02*GluTotall = 0.271 umol/g; Glu in GABAergic neurons (small but indeterminate
concentration; sensitivity tested and found to be small (Supplemental Information)

GluA2 = GluAl = 0.1*GluTotall = 1.356 pmol/g; Glu in astroglia (Lebon et al., 2002, Tiwari et al., 2013, Lanz et al.,
2014)

GIn2 = GIn1 = 5.85 pmol/g; Total GIn measured (from Gln H4 resonances)

GABA2 = GABAL = 1.28 umol/g; Total GABA pool measured (from GABA H3 resonances)
FumA2 = FumA1 = 0.01 pmol/g; Fum in astroglia, estimated from Hawkins and Mans (1983)
OAATotal2 = OAATotall = 0.2 umol/g; Total tissue OAA (Hawkins and Mans, 1983)

OAAN2 = OAANL1 = 0.1 pmol/g; OAA in glutamatergic neurons, estimated from Hawkins and Mans (1983)
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OAAGA2 = OAAGAL1 = 0.05 umol/g; OAA in GABAergic neurons, estimated from Hawkins and Mans (1983)

OAAA2 = OAAAL = OAATotall-OAAN1-OAAGA1L = 0.05 umol/g; OAA in astroglia, estimated from Hawkins and
Mans (1983)

AspTotal2 = AspTotall = 2.88 pmol/g; Total Asp pool measured (from Asp H3 resonances)

AspN2 = AspN1 = R_AspN_AspTot*AspTotall = 2.534 pmol/g; Asp in glutamatergic neurons (Ottersen and Storm-
Mathisen, 1984, 1985, Zielinska et al., 2015)

AspGA2 = AspGAl= AspTotall-AspAl-AspN1 = 0.058 pmol/g; Asp in GABAergic neurons (small but indeterminate
concentration; sensitivity tested and found to be small (Supplemental Information)

AspA2 = AspAl = R_AspA_AspTot*AspTotall = 0.288 umol/g; Asp in astroglia (Ottersen and Storm-Mathisen, 1984,
1985, Zielinska et al., 2015)

Glc, glucose; P, pyruvate (represents the pool of lactate and pyruvate, which are in rapid exchange?);
Glu, glutamate; GIn, glutamine; Asp, aspartate; OAA, oxaloacetate; KG, a-ketoglutarate; GABA: y-
aminobutyric acid (metabolites); Subscript ‘N’, ‘GA’ and ‘A’ stand for glutamatergic neurons, GABAergic
neurons and astroglia (cellular compartments), respectively. ‘1’ and ‘2’ following metabolite pool
abbreviation refers to the pool originating from [1-13C]glucose and [2-*3C]glucose, respectively.
Subscripted numbers represent the carbon position. Parameters listed in bold-faced type were
determined by iterative fitting. References in the table are written in the format ’Author, year' in
parenthesis, referring to reference number (Buschiazzo et al., 19702, Hawkins and Mans, 1983%; Lanz et
al., 20144, Lebon et al., 20025 Mason et al., 19921; Ottersen and Storm-Mathisen, 1984°, 19857; Tiwari
et al., 20138; Zielinska et al., 20159%; Oz et al., 200419),
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combination of [2-13C]/[1-13C]glucose infusion and *H-[*3C]NMR ex vivo, by LM McNair et al. 2021,

Table S2. Mass of tissue samples (mg) from each

region across all rats
CX*
275

Mean
SD
%SD

n-value

17
6

57

CB
214
15
7
57

HP
106
8
7
57

ST
46
13
28
57

*250-300mg of the total collected cerebral cortex
was extracted, hence not weight of total region.

Table S3. Regional metabolite concentrations
Cerebral cortex

Glutamate
Glutamine
GABA
Aspartate
Alanine
Lactate

Glutamate

Glutamine

GABA

Aspartate

Alanine

Lactate

13.51
5.82
1.28
2.87
0.64
2.90

13.67

5.61

1.27

2.81

0.63

2.77

+

+ + H+ +

I+

[12.67-
14.12]

[5.44-
6.25]

[1.19-
1.35]

[2.66-
3.08]

[0.59-
0.68]

[2.58-
3.05]

0.95
0.58
0.12
0.27
0.06
0.95

Cerebellum

11.64
5.96
1.18
231
0.46
2.87

11.71

5.95

1.13

231

0.45

2.58

+

+ + H+ +

I+

0.64
0.51
0.24
0.21
0.11
1.68

[11.31-
12.05]

[5.68-
6.22]

[1.08-
1.22]

[2.22-
2.41]

[0.4-
0.48]

[2.31-
3.03]

Hippocampus

12.59
5.50
154
231
0.75
3.02

12.81

5.48

1.55

2.29

0.69

2.81

0.90
0.45
0.14
0.24
+ 031
+ 0.89

+ H+ H+

I+

*,H#

13.73
6.82
2.01
2.51
0.88
3.46

13.78

6.82

1.99

2.48

0.88

3.40

Striatum

0.69
0.46
0.34
0.21
0.10
0.70

+ + + + +

I+

[13.21-
14.15]

[6.47-
7.09]

[1.76-
2.19]

[2.35-
2.66]

[0.81-
0.93]

[3.14-
3.69]

#8

*#,8

Results are presented as mean + SD (upper panel) and median [IQR] (lower panel) in umol/g wet tissue weight
across all rats and time points. ncx=45; nce=57; nkp=36; nst=57 (n-values vary due to exclusion of samples not
containing internal standard). Statistical comparisons of differences in metabolite levels across groups was
conducted using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison test due to some
metabolites (10 of 24) having non-normal distributions. Asterisks (*) indicate metabolite levels significantly
different (p<0.05) from that of cerebral cortex, hash tags (*) levels different from cerebellum, and section symbol
(®) levels different from hippocampus.
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Brain regional amino acid and metabolite concentrations in glucose-infused rats

Following euthanasia of the animals by FBMI the brain was removed and dissected into
four regions, cerebral cortex (CX), cerebellum (CB), hippocampus (HP) and striatum
(ST). Tissue mass variability (SD) was <7% for all regions except ST which varied by
28% (Table S2). Total metabolite concentrations obtained from non-edited H-[**CINMR
spectra showed multiple, significant differences between brain regions (Table S3). In
brief, Glu concentration was highest in ST and CX, intermediate in HP, and lowest in CB.
Likewise, GIn and Asp concentrations were lowest in CB and HP and highest in ST and
CX. The concentrations of GABA, alanine and lactate were lowest in CB and increased

in the order CX<HP<ST.

Comparison of general measures with previously reported values

The measured blood plasma glucose concentrations and enrichments (Figure S1) are in
line with values reported previously': 2. Likewise, plasma glutamine concentrations
agree with earlier rodent data'® 4. In particular, Dadmarz et al.** reports an increased
glutamine plasma level in fasted compared to fed rats (0.84+0.14 mM versus 0.50+0.06
mM), consistent with the levels we observed for the fasted animals in our study (0.79-
0.80 mM). The average brain tissue concentrations measured for glutamate, glutamine,
GABA, aspartate, alanine and lactate (Table S3) in the current study are in agreement
with earlier studies!? 1% as well as the differences in relative glutamate and GABA

concentrations between brain regions?®.
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Figure S1. Blood plasma glucose concentrations (mM; grey symbols, right y-axis) and C1 and C2
percentage 2C-enrichment (PE; black hollow symbols, left y-axis) following 8-120 min infusions with [1-
13C]glucose (circles) or [2-13C]glucose (squares), respectively, and PE at glucose-C1 following [2-
13C]glucose infusions (triangles) normalized to glucose-C2 PE. All plasma data passed the Shapiro-Wilk test
for normality. Results are presented as mean and SD of data obtained from 5-7 rats per time point for each
13C-substrate. Blood plasma glucose concentrations from rats infused with [1-*3C]glucose and [2-
13C]glucose, respectively, were not significantly different at any time point (multiple unpaired Student’s t-
tests, corrected for multiple comparisons using the Holm- Sidak method) with an overall average of 12.7+1.8
mM (n=27) and 13.2+1.2 mM (n=30), respectively. The PE of glucose-C1 and -C2 were stable except for a
significant increase at 120 min (C1) and at 60min and 120 min (C2) (*: p<0.05, one-way ANOVA followed
by Dunnett’'s multiple comparisons test). The PE of glucose-C1 obtained by [1-13C]glucose infusions was
significantly higher compared to PE at glucose-C2 obtained by infusions with [2-*3C]glucose at all five time
points (multiple unpaired Student’s t-test, corrected for multiple comparisons using the Holm- Sidak method).
The difference in PE’s of the two substrates could not be explained by differences in other measures such
as fasting time (182 hours and 17+2 hours; p=0.6, unpaired Student’s t-test), time of year the experiments
were conducted (fall/spring=21/6 and 15/15; Chi square with Yates correction, p=0.06) or spectral integration
approaches for glucose-C1 and -C2, o and B. Because we did not independently verify the 13C enrichments
of the [1-33C]- and [2-13C] glucose supplied by the manufacturer, we cannot exclude the possibility that they
differed.
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Figure S2. Fits of the metabolic model (full green or dotted black lines) to experimental data from cerebellum (green
plus and black circle symbols, respectively). The time courses for percentage 3C-enrichment (PE) of (A-E) glutamate-
C4,C3,C2, glutamine-C4,C3, GABA-C2,C3,C4, and aspartate-C2,C3 from [1-13C]glucose or (F-1) glutamate-C4,C3,C2,
glutamine-C4,C3, and GABA-C2,C3,C4 from [2-13C]glucose infused rats obtained with *H-[*3C]NMR. A majority (83 of
the 90) of the time course data sets from cerebellum (n=5-7 for each time point) passed the Shapiro-Wilk test for
normality.
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Figure S3. Fits of the metabolic model (full green or dotted black lines) to experimental data from hippocampus (green
plus and black circle symbols, respectively). The time courses for percentage 3C-enrichment (PE) of (A-E) glutamate-
C4,C3,C2, glutamine-C4,C3, GABA-C2,C3,C4, and aspartate-C2,C3 from [1-13C]glucose or (F-1) glutamate-C4,C3,C2,
glutamine-C4,C3, and GABA-C2,C3,C4 from [2-13C]glucose infused rats obtained with *H-[*3C]NMR. A majority (83 of
the 90) of the time course data sets from hippocampus (n=5-7 for each time point) passed the Shapiro-Wilk test for

normality.
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Figure S4. Fits of the metabolic model (full green or dotted black lines) to experimental data from striatum (green plus
and black circle symbols, respectively). The time courses for percentage 3C-enrichment (PE) of (A-E) glutamate-
C4,C3,C2, glutamine-C4,C3, GABA-C2,C3,C4, and aspartate-C2,C3 from [1-13C]glucose or (F-1) glutamate-C4,C3,C2,
glutamine-C4,C3, and GABA-C2,C3,C4 from [2-13C]glucose infused rats obtained with *H-[*3C]NMR. A majority (80 of
the 90) of the time course data sets from striatum (n=5-7 for each time point) passed the Shapiro-Wilk test for normality.
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Figure S5. Frequency distributions for the rate of pyruvate carboxylase (Vpc) obtained from 1000 Monte Carlo
simulations of the three-compartment model best-fit solutions to the time course data from cerebral cortex,
cerebellum, hippocampus and striatum. The distribution approximated a normal function for cerebellum (Shipiro-
Wilk test, W=0.998, P=0.449) but not for the other regions (cortex, P=0.021; hippocampus, P=0.0002; striatum,
P<0.0001) which tended to skew slightly to higher values.

Page 17 of 39



Supplementary information for Rates of pyruvate carboxylase, glutamate and GABA
neurotransmitter cycling, and glucose oxidation in multiple brain regions of the awake rat using a
combination of [2-13C]/[1-13C]glucose infusion and *H-[*3C]NMR ex vivo, by LM McNair et al. 2021,
JCBFM

Cerebral Cortex

VtcaA/CMRglc(ox)
Vpc/vgin
Vpc/CMRglc{ox)
VxKGGIuA
VicaTot

VtcaA

——
—
—
—
VicaGA I
—
—
g

Vsc
VpdhN*
Vpc
Vgin —

CALCULATED

Vgad —
Vefflux m—
VAilGIN  —
CMRglc(ox) -
R_VAIIGIN_VgIN —

VxGIUKGN* (x1/15) — —

VicaN* =

VtcaANet
VpdhA e
VpdhGA

VdilGA

VAilN*  ———

VAilA_in ey
—

ITERATED

VcycGABAGIn
Veyc

0.00 0.50 1.00 1.50 2.00
Two-compartment model B Three-compartment model

Figure S6. Comparison of the best-fit metabolic fluxes for cerebral cortex determined by the three-
compartment model (black bars) verses a two-compartment (gray bars) model. R_VdilGIn_VgIn: Ratio
between VdilGIn and Vgln; CMRglc(ox): Glucose consumption rate; Vcyc: rate of glutamate/GABA-
glutamine cycling; VcycGABAGIN; rate of GABA-glutamine cycling; Vdil: Rate of unspecific dilution in either
of two compartments, i.e. the neuronal (VdilN*), the GABAergic neuronal (VdilGA) or the astroglia (VdilA_in);
VdilGIn: Rate introducing unlabeled glutamine from the blood to the brain; Vgad: rate of GABA synthesis via
glutamate decarboxylase (GAD); Vefflux: Rate of loss of carbon from the astroglial TCA cycle via efflux of
GIn from the brain, partly balanced by entry of glutamine from the blood, also at the rate VdilGIn; VgIn: rate
of glutamine synthesis via glutamine synthetase; Vpc: rate of pyruvate carboxylase; Vpdh: Rate of pyruvate
dehydrogenase (PDH) activity in the neuronal compartment (VpdhN*), the GABAergic neruonal
compartment (VpdhGA) and the astroglia (VpdhA); Vsc: Rate of scrambling; Vtca: Rate of TCA cycle activity
in the neuronal compartment (VtcaN*), the GABAergic neuronal compartment (VtcaGA) and the astroglia
(VtcaA: flow from citric acid through KG; VtcaANet: flow from KG through succinate); VtcaTot:
(=VtcaN*+VtcaA) rate of total TCA cycle; VXKGGIu: Exchange rate between alpha-ketoglutarate (KG) and
glutamate (Glu) in astroglia (VxKGGIuA) and neurons (VXKGGIuN*). N* designates the neuronal
compartment and for the case of the three-compartment model, reflects the sum of the glutamatergic and
GABAergic neuronal rates, e.g. VicaN* = VicaN + VicaGA. MC SDs for the N* best estimates were
determined as the variance for data set resulting from summing each of the 1000 MC (Monte Carlo analysis)
iterations. Ratios between rates calculated post hoc are listed as Vi/Vj, e.g. Vpc/Vgln.
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Figure S7. Comparison of the best-fit metabolic fluxes for cerebellum determined by the three-compartment
model (black bars) verses a two-compartment (gray bars) model. See legend Figure S6 for definitions and
further details.
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Figure S8. Comparison of the best-fit metabolic fluxes for hippocampus determined by the three-
compartment model (black bars) verses a two-compartment (gray bars) model. See legend Figure S6 for

definitions and further details.
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Figure S9. Comparison of the best-fit metabolic fluxes for striatum determined by the three-compartment
model (black bars) verses a two-compartment (gray bars) model. See legend Figure S6 for definitions and
further details.
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Supplementary results — Sensitivity analysis

The local sensitivity of the metabolic model to certain parameters, which are either
unknown or poorly determined and constrained as fixed values in the model, were tested
one at a time using cerebral cortex data. Best fits were obtained for the values of Vpc, as
well as VVcycaiuein, VCYCearac, VicaTo, Vgad and Vgin by successively varying the test
(fixed) parameter for a range above and below their nominal (assumed) values. This
analysis indicates the magnitude and trajectory of deviations expected in the determined
fluxes should the true value of the tested parameter differ from the nominal value.

The tests revealed that, whereas the value of VVpc was relatively insensitive to the
size of the astroglial aspartate and glutamate pool fractions, and the astroglial o-
ketoglutarate/glutamate exchange rate, it was particularly sensitive to the degree of label
scrambling at the fumarate step, where Vpc varied -15 to +35% from the nominal value
for Vsc/Vtcaa ratios ranging from 0 to 3. Likewise, Vcyccasacin, VCYCaiucin, and Vgin,
but not Vtcarot and Vgad showed prominent sensitivity to the Vsc/Vicaa ratio and not the
other parameters tested. . Hence, variations in the scrambling rate introduce uncertainties
that are larger than the scatter/noise in the data, emphasizing the importance of future
studies to assess this parameter in vivo. Results from the sensitivity test employing CX
data is shown in Figure S10, discussed in details below and proceeded by a paragraph

detailing results from analysis of the other three brain regions.
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Astroglial fraction of the aspartate pool (AspA)

The astroglial aspartate pool (AspA) is in rapid exchange with OAA, the product of the
PC reaction, which might influence the rate of appearance of *3C labeling in glutamine
from [2-13C]glucose (and Vpc) depending on the astroglial aspartate fraction, which is
uncertain. Altering the AspA fraction from 1% to 40%, which is compatible with
estimations from Ottersen et al.> " and rodent astroglia culture experiments® 1618 had only
a minor effect on the fitted value of Vpc of -2% to 2% from the nominal value (Figure
6A). Likewise, other fluxes showed little sensitivity to variations in the AspA fraction
within this range, including the rates of GABA/glutamine and glutamate/glutamine
cycling (Vcyceasacin and Vcyceiuein respectively), the TCA cycle (Vtcarot), glutamate

decarboxylase (Vgad), and glutamine synthetase (Vgln) which varied within -6% to

+12% of the nominal value (see Figure S10A).
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Figure S10. Results from local sensitivity analysis employing data from cerebral cortex. The local sensitivity of several
metabolic rates to (A) the astroglial aspartate pool (AspA) fraction, (B) the astroglial glutamate pool (GluA) fraction, (C) the
rate of exchange between glutamate and a-keotglutarate in the astroglia (Vxkeeiua) relative to the rate of astrocytic
tricarboxylic acid cycle (Vtcaa), and (D) the ratio between the rate of label cycling to fumatate (Vsc) and Vtcaa was determined.
AV/IVpc for Vsc/Vicaa equal to 5, 10, 15 and 20 were also tested (AV=0.4-0.5), but as they represent very unlikely scenarios,
data was not included in the graph. Investigated rates included: Vpc, rate of pyruvate carboxylase (PC); Vcycaiucin, rate of
glutamate/glutamine cycling; Vcycaeasacin, rate of GABA/glutamine cycling; Vrca, rate of tricarboxylic acid (TCA) cycle; Vgad,
rate of GABA synthesis catalyzed by glutamate decarboxylase (GAD); Vgin, rate of glutamine synthesis catalyzed by
glutamine synthetase. AV, Change in rate from nominal value; White diamonds (¢), Nominal value of the parameter being
tested; Black diamonds (¢), Parameter values tested.

Page 24 of 39



Supplementary information for Rates of pyruvate carboxylase, glutamate and GABA
neurotransmitter cycling, and glucose oxidation in multiple brain regions of the awake rat using a
combination of [2-13C]/[1-13C]glucose infusion and *H-[*3C]NMR ex vivo, by LM McNair et al. 2021,
JCBFM

Procedure for estimating the astrocytic aspartate pool (AspA) fraction in whole brain
tissue from astroglia culture studies

The approximations listed in Table S6 below employed Eqg. S1 and are based on the
assumption that the ratio of aspartate-to-glutamate concentrations in the astroglia culture
(AspAcuiture/GluAcuiure) is equivalent to the ratio in astroglia in whole tissue in vivo
(AspAuissue/GlUAtissue), and that the astroglial glutamate pool in the whole tissue
(GluAtissue) equals 10% of the total (GluTotissue). The estimated AspA fractions range
from 0.09 to 0.39, when based on the average values of GluTottissue and AspTOttissue fOr
cerebral cortex measured in the current study, 13.56 and 2.88 pmol/g wet weight,

respectively.

ASpAculture) ( GluAtissue )
Eq Sl ASpA fraction = ASpAtissue — (GIUAculture * GluTottissue * GIUTOttissue
ASpTOttissue ASpTOttissue

Table S6. Astroglial aspartate pool (AspA) fraction estimates

Astroglia culture

AspAcuiture/ GlUAcuiture preparation origin Reference AspA fraction
0.83 Mouse neo-cortex 16 0.39
0.21 Mouse cerebellum 18 0.10
0.33 Mouse neo-cortex o 0.16
0.19 Rat cortex ° 0.09

Astroglial fraction of the glutamate pool (GIuA)
As for the astroglial aspartate pool size, uncertainties exist concerning the distribution of
the glutamate pool between neurons and astroglia. An astroglial glutamate pool (GIuA)

fraction ranging between 1.5% and 16% has been reported based on *C-labeling studies
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in humans and rodents* > & 1% hence our model was tested for its sensitivity to the size of
this pool. For this analysis the GABAergic neuronal glutamate pool fraction was fixed at
0.02, while the astroglial glutamate pool fraction was varied between 0.01 and 0.20 at the
expense of the glutamatergic neuronal pool. Vpc exhibited low sensitivity to the GIuA
fraction, varying only +1% from the nominal value (Figure 6B). Likewise, VVcyceagacin,

Vcyceen, Vicare, Vgad, and Vgln varied modestly, from -15% to +10% from the

nominal value (Figure S10B).

Astroglial aKG/Glu exchange rate (VXciukca)

In the metabolic modeling the rate of label exchange between a-ketoglutarate (aKG) and
glutamate (Glu) in neurons was treated as a free parameter, whereas for astroglia this
parameter was constrained and the sensitivity of the fluxes to this parameter was tested.
For values of the exchange rate in astroglia (VXciukca) between 1 and 30 times the
astrocytic TCA cycle rate (Vtcaa), no effects on the determined fluxes were seen, i.e.

variations from the nominal value of <0.001% (Figure 6C and Figure S10C).

Flux reversal and cycling between OAA and fumarate in astroglia

The rate of scrambling (Vsc), 3C-labeling entering the TCA cycle via pyruvate
carboxylase and then back-cycling from OAA to fumarate generating OAA-C3 from
OAA-C2 and vice versa, was fixed based on the equilibration value for the ratio,
Vaum/(Vium+Vg) = 0.27, reported by Oz et al.!°, where Viaum is the back flux through
fumarase and Vj is the astroglial PDH flux. Upon rearrangement, Vsm/Vg = 0.37, which

Is equivalent to Vsc/Vtcaa in the terminology of the present study. The sensitivity of the
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measured (iterated) rates to the Vsc/Vtcaa ratio was assessed for values between 0 (no
back cycling through fumarase) and 20. Not surprisingly, Vpc exhibited high sensitivity
to this ratio when varied between 0 and 5, which led to values -15% to +42% from the
nominal value (Figure S10D). For ratios ranging 5-20, by which Vsc is exceeding that of
Vicaa, almost no further change in the resulting Vpc was observed, i.e. +42-49% from
nominal value. Whereas Vtcarot and VVgad showed little sensitivity to the Vsc/Vtcaa ratio,
both Vcyceasaci, VCYCaiuain and Vgln was highly affected, varying -22% to +10% from

the nominal value and likewise showing little change for ratios ranging from 5-20, during

which variation from nominal values were at their largest (-8% to -31%; Figure S10D).

Local sensitivity analysis for data originating from CB, HP and ST

The same local sensitivity tests were conducted for data originating from CB, HP and ST.
These confirmed that the value of VVpc was highly sensitive to Vsc/Vtcaa ratio (-17 to
+56% from nominal value) but relatively insensitive to deviations in the astroglial
aspartate (AspA) and glutamate pool (GIluA) fractions or astroglial Glu/aKG exchange
rate (VXclukea), the latter deviating from the nominal values by < +11% (data not shown).
The exception was CB, which showed variation from the nominal value of -21% when
the AspA fraction reached 0.4, although an aspartate pool this large in vivo is very
unlikely. The same held true for the remaining rates evaluated (Vcyccasacin, VCYCGIuGIn,
Vicartot, Vgad, and Vgln), varying at maximum -16% from the nominal value, with a few
exceptions. These included the following striatal tests: For an AspA fraction of 0.01,

Vcyceasaain Varied -20%, for an AspA fraction of 0.3 or 0.4, VVcycaiucin and Vgln varied
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-20 to -30%; and hippocampal tests: For a GIuA fraction of 0.15 and 0.20, Vcyceiuein and
Vgln varied -18 to -33% (data not shown). Finally, as observed for CX, the rates
Vcyceasaain, VCYyCaiucin and VVgIn determined for CB, HP and ST showed high sensitivity

to the Vsc/Vtcaa ratio, whereas Vtcaro: and Vgad did not.

Supplementary results — The effect of astroglial dilution flux

We also evaluated the robustness of VVpc and certain other fluxes to the way in which
astroglial glutamine dilution arose in the model. In the three-compartment model, the
dilution in brain glutamine labeling is provided both by isotopic exchange with glutamine
from blood (Vdilcin) and at the level of acetyl-CoA (Vdila _in) by unidirectional influx and
oxidation of unlabeled non-glucose substrates, such as acetate and fatty acids. Vdilein was
calculated from the value of the ratio, Vdilein/VVgin, which was iterated along with
Vdila in. To assess the potential influence of the astroglial dilution (and where it
originates) on the model-derived fluxes, the three-compartment model was refitted to the
13C enrichment time course data with iteration of Vdila_in as before, but with Vdilg set
to a constant value of 0.029 derived from the study of anesthetized mice by Bagga et al.
(2014)™ after adjustment for the blood concentration of glutamine in the present study,
thus effectively placing the majority of the dilution as a flux of unlabeled carbon at the
level of acetyl-CoA in the astrocytes. As expected, with Vdilgin fixed to this low rate, the
value of VVdila_in rose in an attempt to accommodate the dilution, increasing Vtcaa (Vicaa
= Vpdha + Vdila_in) by ~44% for CX (Table S7) and by a larger degree (165-191%) for

the other brain regions (data not shown). In contrast to the large effect on glial oxidation
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rates, the effect on VVpc was relatively small (-9% for CX to 33% in HP) and their spread

across brain regions was similar (Vdilein fixed, 47% versus Vdilain iterated, 44%).

Table S7. Effects of astroglial OAA-to-fumarate cycling and dilution pathways on
selected metabolic fluxes for cerebral cortex (CX) data fitted by the three-
compartment model

OAA-to-Fumarate  Astroglial glutamine
Cycling Absent Dilution
N;:’t'e"f' Vsc=0 Vdilgn= 0.029 fixed
Fluxes (umol/g/min) | (umol/g/min) | A(%) | (umol/g/min) | A(%)
Vpdha 0.126 0.201 60 | 0.303 140
Vtcaa 0.217 0.313 44 | 0.519 139
Vpc 0.106 0.096 -9 | 0.105 -1
Vgln 0.915 0.804 -12 | 0.417 -54
Vsc 0.080* 0 0.192 140
Vdila_in 0.090 0.074 -18 | 0.231 157
Vdilgin 0.247 0.224 -9 | 0.0292
VCyCiron 0.809 0.708 -12 | 0.313 -61
CMRglc(ox) | 0.802 0.816 2| 0.790 -1
Vtcarot 1.80 1.89 512113 17
LSSD 1.432 1.419 1.613

1The nominal values of the fluxes are expressed in units of pmol/g/min and reflect
the best fit solutions of the three compartment metabolic model to the *3C time
course data with Vsc/Vtcaa set to 0.37 based on the results of Oz et al. (2004)%°
(see the section “Flux reversal and cycling between OAA and fumarate in
astroglia”) and with iteration of Vdilein/VgIn and Vdila_in (Vdila_out = 0). 2The value of
Vdilein was set to 0.029 pmol/g/min based on the results of Bagga et al (2014) for
Vdilein as determined under saturating blood glutamine levels (0.036 pmol/g/min
for glutamine concentration =1 mM), and adjusting for the average blood glutamine
concentration (0.80 mM) in the present study (=0.036 x 0.8mM/1 mM = 0.029
pmol/g/min). The asterisk (*) denotes assumed parameters used to generate the
nominal values of the fluxes used for all other comparisons in this study. The flux
definitions are given in Table S1. LSSD, Least Squares Standard Deviation, a
global measure of the quality of fit of the model to the data.

As a consequence, the rate of anaplerosis via PC constituted a lesser fraction of astrocytic
TCA cycle flux across the regions of 19% (CB) to 31% (CX), due mainly to the increase
in dilution flux (Vdila_in). Furthermore, anaplerosis as a fraction of CMRglc(ox) remained

the same across the four regions (12-25% with VdilGIn constrained versus 13-19% with

Page 29 of 39



Supplementary information for Rates of pyruvate carboxylase, glutamate and GABA
neurotransmitter cycling, and glucose oxidation in multiple brain regions of the awake rat using a
combination of [2-13C]/[1-13C]glucose infusion and *H-[*3C]NMR ex vivo, by LM McNair et al. 2021,
JCBFM

Vdilan as a free parameter). Compared to the relatively good fits of the model to the 3C
time course data for glutamine with Vdilgin iterated (LSSD 1.432), the fits obtained with

Vdilein constrained was poor (LSSD 1.613) with the curves substantially overshooting

the data points.

Supplementary results — Correlation analysis

In the brain, one may find that PE in certain metabolites is lower than predicted from
enrichment in other metabolites and plasma glucose enrichment. This is most likely due
to dilution from non-labeled metabolites entering the brain and diluting fluxes are
commonly introduced in metabolic models to accommodate this phenomenon. In our
model, label dilution is provided through iterated rates introducing unlabeled glutamine
from the blood to the brain (Vdilein) or unspecified dilutions in the three cellular
compartments—glutamatergic neurons (Vdiln), GABAergic neuron (Vdic) or astroglia
(Vdila_in)— potentially originating from metabolism of acetate?®-?2, fatty acids?® or ketone
bodies?*. Importantly, metabolic rates of interest may be sensitive to the dilution rates, as
is true for any parameter in a metabolic model, constrained or not. To test the sensitivity
to iterated dilutions, the correlation between measured metabolic rates and dilution rates
were evaluated. An example of the complete 35-parameter heat map of correlation
coefficients is given for CX data in Figure S11.

Whereas the correlation coefficient for Vpc and the dilution rates Vdilgi, Vdila _in
and Vdiln ranged from 0.2 to 0.5 for all four brain regions, Vdic and Vpc showed

correlation coefficients of 0-0.02. This suggests that the glial and glutamatergic neuronal
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dilutions have a higher impact on Vpc than the GABAergic neuronal dilution. The
GABAEergic rates Vcyccaracin and VVgad exhibited minimal correlations with the dilution
rates having correlation coefficients of up to |0.3|. In contrast, VcycCaciucin, Vtcatet, and
Vgln showed correlation coefficients of up to |0.7|, suggesting these rates were more
sensitive to dilution. As expected, several rates correlated strongly due to one being
calculated from the other or based on the same parameter. For example, Vimax_in = Vmax_out
or VglIn = Vpc + Vcycleguein + Veyclegasacin.

From the results of the correlation analysis, and comporting with expectations,
across the four brain regions Vpc displayed weak to moderate correlations (R = |0.1] to
|0.5]) with dilutional rates and moderate to strong correlations (R = |0.3| to |0.6]) with
certain other rates, mainly reflecting flows into and out of the astrocytes and its TCA
cycle. For highly correlated rates, reducing the statistical variance of one can often
improve the determination of the other. Together with local sensitivity analysis, use of
advanced statistical methods to better assess variances among the many interacting
parameters (e.g., use of Global Sensitivity Analysis), and refinement of the measurement

of label scrambling at the level of fumarate (and reflected by Vsc) can be expected to

provide a more robust and accurate measurement of Vpc.
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Figure S11. Heat map illustrating correlations between 35 rates generated from the Monte-Carlo simulations of the cerebral
cortex data, with an insert (A) showing correlations between Vpc and the remaining 34 rates across all four brain regions.
Scale bar illustrates color code ranging from blue to red equal to Pearson product-moment correlation coefficients, R,
ranging from -1 to 1. CX: cerebral cortex; CB: cerebellum; HP: hippocampus; ST: striatum. See Table S1 for definitions and

further details.

Page 32 of 39



Supplementary information for Rates of pyruvate carboxylase, glutamate and GABA
neurotransmitter cycling, and glucose oxidation in multiple brain regions of the awake rat using a
combination of [2-13C]/[1-13C]glucose infusion and *H-[*3C]NMR ex vivo, by LM McNair et al. 2021,
JCBFM

Supplementary results — Potential effects of hyperglycemia on the

estimated rates

In our study, the glucose infusions raised blood glucose to hyperglycemic levels of 13
mM (from overnight fasting values of ~6 mM) during the 90 min period of the flux
assessments, which could potentially have influenced the metabolic pathways and their
estimated rates. Although we showed previously that brain glutamate and glutamine
levels, high energy phosphates (phosphocreatine, nucleoside triphosphates) and
intracellular pH (pHi) were unaltered by the glucose infusion®, the resulting
hyperglycemia could potentially have influenced the metabolic pathways and their
estimated rates. In studies of awake rats subjected to acute hyperglycemia (19 to 31 mM)
over short time frames and measured using [6-**C]glucose®® or [2-}4C]-deoxyglucose
(2DG) autoradiography?’, global and regional rates of glucose utilization were unchanged
relative to normoglycemic controls, with exception of certain discrete regions
(hypothalamus, globus pallidus, amygdala) that were increased. In contrast to an acute
elevation of blood glucose, longer durations of hyperglycemia lasting days to weeks, as
produced by streptozotocin treatment, may lead to altered rates of cerebral glucose
utilization?’-3L, Thus, the short period of mild hyperglycemia would not be expected to
alter the metabolic rates determined in our study.

Acute hyperglycemia reduces cerebral blood flow (CBF) in both anesthetized and
awake rats®> 23, although this occurs in the absence of changes in glucose utilization and

energetics, which has been ascribed, in part, to hyperosmolarity effects on vascular
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resistance. In awake rats, acute hyperglycemia (39 mM blood glucose) reduced regional
CBF as measured by ['*Cliodoantipyrine autoradiography uniformly across multiple
regions by 24%?3. Taking note that CBF declines linearly by ~7% for each 10 mM
increase in plasma glucose concentration up to 60 mM in awake rats?, for the ~5 mM
increase in plasma glucose produced in our study, CBF would be predicted to fall by only
4% over the course of the glucose infusion, a negligible amount.

Hyperglycemia may also alter the blood-to-brain transport of glucose by reducing
glucose transporter 1 (GLUT1) expression®*, as seen with experimental diabetes with
chronic but not acute elevation®. Reduced GLUT1 expression was seen in awake rats
exposed to three weeks of chronic hyperglycemia (25 mM) but not after acute
hyperglycemia?®, and in cerebral microvessels after one week of hyperglycemia®.
Furthermore, in rats instrumented with microdialysis probes to sample cerebral
extracellular fluid (ECF), the ECF-to-blood plasma glucose ratios were similar between
normoglycemic, acute hyperglycemic and hyperglycemic-diabetic rats indicating the lack
of adaptive effects of hyperglycemia on blood-brain-barrier glucose transport®’. Finally,
the brain glucose level measured in rats and humans by *H MRS of 1-2 mmol/L1 3840
greatly exceeds the Km for glucose (=45 uM) of hexokinase 14, the level where brain
glucose levels become limiting for glucose phosphorylation, and hyperglycemia increases
brain glucose levels further with unchanging brain-to-plasma ratio of ~0.25%. Together,
these observations suggest that brain glucose levels during hyperglycemia would not be

limiting for metabolism.
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Supplementary discussion — Limitations of the study

Metabolic rates derived from models depend on the data input and how the model is
constructed, including parameter constraints and assumptions applied. We therefore
tested the local sensitivity of determined fluxes to certain constrained parameters in the
model, including the astrocytic aspartate and glutamate pool size, the Glu/aKG exchange
rate in astroglia (VXciukea), and the extent of OAA-to-fumarate label scrambling (back-
cycling). Of these parameters, Vpc (as well as other key rates investigated) proved
relatively sensitive to Vsc; for Vsc/Vtcaa exceeding 1, Vpc varied >25% from the
nominal value. Oz et al.!° included a dilution flux into glutamine (0.16 to 0.22
pmol/min/g) from the exchange between brain and blood, which was likewise
implemented in the current model (Vdilgin). Glutamine transport through the blood-brain
barrier is thought to be facilitated by the reversible system N transporter®?, and the close
proximity of the astroglial end-feet to blood vessels suggest that astroglial rates may be
more sensitive to this dilution. In the current study we observed significant plasma
glutamine concentrations (0.8mM) and a significant Vdilgin (0.24-0.31umol/g/min)
across regions. Determination of Vpc in the current metabolic model proved sensitive to
Vdilan (rate-correlation analysis; r2, 0.1-0.4), as well as other dilution rates in the astroglia
(Vdila_in; r?, 0.3-0.5) and glutamatergic neuronal compartment (Vdily; r?, 0.1-0.4). As
these tests point toward the sensitivity of the determination of Vpc in particular to rates
of label dilution and scrambling, improving knowledge of these parameters in future

studies would improve the determination of VVpc in the current model.
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