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SUPPLEMENTARY: Material and Methods

Here we describe the detailed methods for calculating the energy budgets of both gray and
white matter in the human brain as well as for the rat brain. Below we provide details of calculation
for the cost of action potential conduction along neuronal axons and dendrites use of energy to
transport ions for pyramidal cells and GABAergic interneurons, and energetic costs for synaptic
transmission.

SI Text, Section A - Gray matter energy budget for human brain

Calculation of energy budget for gray matter (E,,) has contributions from demands of

excitatory (E,) and inhibitory (E;) neurons and individual glial cells (H,),

Egm =O.8Nnge +O.2Nf’]mEi + Nngg (S1)
where Ni™ = 13.63 billion and N}" = 19.15 billion, respectively, are the total number of neurons and
glial cells in gray matter ! (Section D), where 80% of all cortical neurons are excitatory

Jutamatergic) pyramidal cells and 20% are inhibitory (GABAetgic) interneurons > respectively. E_,
gic) py y g P Y- B
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where superscripted x in E; represents 'e' or 'i' or 'g' for individual excitatory or inhibitory neurons
or glial cells and subscripted Y in E; represents the different cellular functions like energy costs for

El)» maintenance of membrane resting potentials (E_,,E_ ,E_.), action

housekeeping (E;,, E!

HK

e
AP’

e

i ,
o1+ Egp)> glutamate or GABA recycling

potential conduction (E},E}, ), synaptic transmission (E

(E;m , E; asa)» and presynaptic calcium entry into neurons (EZ_, EiCa). The terms £, and f in eqs. S2a-

c represent the firing rates of excitatory and inhibitory neurons respectively, where we assume that

inhibitory neurons have approximately twice the firing rate of excitatory neurons as observed on
1



Supplementary Information Yu et al
average °, and the glial calcium term in eq. S2c (EgCa) is directly related to firing rate of excitatory

neurons, where it was reported that glial cells have significant active calcium responses
accompanying spiking activity of neurons *°. Neuronal activity-dependent transmitter release raises
calcium influx in astrocytes by activating metabotropic glutamate receptors. These calcium transients

6

in astrocytes **" are recorded in about half of the neuronal calcium response and are observed to be

associated with a transient arterial vasodilation >*. Hence, energy demand for glial cells in the

cerebrum (Eg) includes energy costs for active calcium signaling responses. For a rough estimation
of E?:a> based on experiments **’, we calculated that
g — n
E.. =0, (S2d)

where E|. represents the excitatory (E’. ) neuronal calcium activities (see above), and g can range
Ca Ca

from O to 1, but we assumed an optimized value of 0.8 is used to fit the PET imaging data best in
this paper) based on the observation that transients of glial calcium *®" and neuronal calcium >* are

comparable.

By combining eq. S2 into eq. S1 we derived Egm in terms of different cellular functions like

housekeeping (E?ﬂl), resting potential (Egr;), action potential (EgAn;), synaptic transmission (Eg?),

gm
glu

am

GABA/? and

and inhibitory E
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neurotransmitter cycling (ECyC , tepresents both excitatory E

presynaptic calcium entry into neurons (Egcr: )
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E% =0.8NI"E;, +0.2NS"E} +NI"E?,

Epp=0.8NI"EL, +0.2NI"E, + NI"EQ,

F.EX=0.8N"E’  f +0.2N*"E' /.

FEI&=08N"ES_f +0.2N°"EL_f (S3a-g)
LEI=0.8NI"E;, £, +0.2NT"E,, f,

JEG=08NTEL, £, +02NT"E, /,+ NJTEC, /.

—cgm gm gm gm gm gm
Egm_EHK + ERP +fe(EAP + EST + Ecyc + ECa )

and where eq. 83g can be further broken into signaling (Egy s ) and nonsignaling (Ex0 G oine)

components with the assumption that /= 2 £, (see above),

E g =¥ ignaing + E

nonsignaling signaling

Eg(Tnsignaling = EE{T( + Egn;
=0.8N"(E}y +ERp) +0.2N2"(E . +Egp) + NI (EY, +ES,)
Egirgnaling = f.(Exp +E& + Egiﬂ +EE)
E(;onsignaling = EI:K + EeRP )
. . . (S4a-i)
E:mnsignaling = EIHK + EIRP
Egonsignaling = EgHK + EgRP
Ecgnaing = fo (Epp + Eér +Egy, +EG,)
Etignaiing = Ti (Eae + Esr + E g, + Ec,)
Egignaling = feEQCa

Note that EI"

nonsignaling 18 Solely dependent on number of cells (i.e., mass of brain tissue), whereas

EZ

signaling relies on both brain tissue mass and neuronal firing rate. In addition, for individual cells, the
energy cost can also divided into nonsignaling- and signaling-dependent, i.e., cell nonsignaling costs
mainly include housekeeping and resting potential (S4d-f), while cell signaling costs mainly include
costs associated with action potential, synaptic transmission, glutamate or GABA transmitter

recycling, and calcium activities. Glial cell signaling cost mainly support for calcium activity. Below

we describe the calculation of each of the different cellular components

(ES™ E9" EO" EY™ E9" E9™ in detal

HK? —RP' —AP? —ST ' —cyc' —Ca
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SI Text, Section A.1 - Cellular housekeeping ( E/}) for individual neuronal and glial cells

A long-term unsolved issue in calculating brain energy budget is the amount of energy used
for pure nonsignaling molecular activities of a neuronal or a glial cell. The energy demand for
nonsignaling molecular processes of a brain cell could be viewed, and as we have assumed, as the
necessary energy to support a body cell of the same mass to survive under normal conditions. This
amount of energy demand should therefore be independent of external stimuli and/or any internal
signaling processes, but mainly depend on the cellular mass for supporting all types of function

associated with biosynthesis, e.g., protein and lipid synthesis, cytoskeletal rearrangements, etc. Thus
we term this amount of energy as housekeeping energy, EgHT(. The whole body basal metabolic rate

for human in the resting state demands E,,, ~ 60 watts 1% for a given body mass (M,,,q,) Of 65 kg.
Considering a cerebrum mass (M ,m) Of 1.233 kg, given by the sum of white (M,,,) and gray (M,,,)
matter (Section E), the basal energy to support the cerebrum nonsignaling cellular housekeeping

processes can be calculated as

Eanl]( = (M / Myog, ) X By = (1.233/65) X 60 = 1.14 watts (S5a)
where 1 watt is equivalent to 1.9707 X 10" ATP/s"" or 32.72 frmol of ATP/s given that the
Avogadro constant is 6.023x10%/mol. Given that one of mole glucose can generate 33.6 mole of
ATP with oxygen-to-glucose index (OGI) of 5.3 on average >, 32.72 fTmol of ATP/s is

equivalent to glucose units of 0.974 /Tmol/s or 58.43 /Tmol/min. For a given cerebrum of 1.233 kg

" oof 1.14

weight, glucose units of 58.43 /7mol/min converts to 0.0474 /Tmol/min/g. Thus EgHK

watts corresponds to 0.054 /Tmol of glucose/min/g. A conversion factor between ATP/s and /7
mol/min for glucose is 4, which is 2.965 X 107,

Based on recent experimental reports ' we calculated the mass of individual glial cells m, =

12.3 ng and neurons m, = 29.5 ng (Section F). Given the fact that the human cerebrum contains

4
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total number of neurons N, = 16.34 billion and number of glial cells N, = 60.84 billion (Section D),

and if we simply assume that resting metabolic cost of a cell is proportional to its mass, i.e.,

E/E,=m/ M, then the total cerebrum housckeeping energy Eyy is given by
gm — n g
Elc =N E. + NgEHK (S5b)
ot to consider excitatory and inhibitory neuron to be more precise,

E% =0.8N Ef, +0.2N E| +N E? (S5¢)

g HK,

Solving eq. S5 we get Ely = 3.23 x 10° ATP/sec (or Efy = 3.46 x 10° ATP/sec and Ej, = 2.3 x
10® ATP/sec (histological measurements in rodent brain 1 suggest that axon and dendrite lengths of
inhibitory neurons are about half of those of pyramidal cells. The cell body of inhibitory cells is
viewed as a ball with diameter round 15 /7m while pyramidal cell body is viewed as a cone with

diameter and length about 25 /Tm, thus the total volume/mass of inhibitory cell is about 2/3 of a

pyramidal cell) and E}, = 1.37 x 10° ATP/sec. Since we used a different method in calculating
housekeeping costs, the terms Efjx and Ef here should, by definition, include the energy supporting
all the necessary molecular activities like synthesis of proteins, lipids, cholesterols, etc. (i.e.,
biosynthesis).

SI Text, Section A.2 - Maintaining resting potential (EJ") for neuronal and glial cells

The energy required to maintain the resting potential of a neuronal or glial cell due to the
leakiness of the cell membrane to ions, and is calculated as follows
Epp = (Vaa = Vi) Ve - Vid / [F R, (Vip + Vs, - 3V] (S6)
where By, has the unit of ATP/sec, Vy,, Vi and Vy, represent the Nernst potentials for Na*, K*
and resting membrane potential, respectively. Note that we used V, = 50 mV and V = -100 mV
for all types of cells, Vi, = -70 mV for both pyramidal glutamatergic neurons and GABAergic

interneurons, while Vi, = -80 mV for glial cells; F is the Faraday constant (96485.3365 sA/mol), and
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R,, is the input resistance of cell membrane (100 MW for pyramidal cells *'7, 200 MW for

interneurons '***, and 200 MW for glial cells '*'""” in gray matter) respectively. Calculations show
that EJT is given by the sum of the excitatory (E},, ), inhibitory ( EiRP), and glial (E? )
components; i.e., EZ = 6.8 X 10® ATP/sec, EiRP = 3.4 % 10° ATP/sec, and El, =254 X 10°
ATP/sec respectively.

SI Text, Section A.3 - Cost of action potential conduction (EgAn;) for individual neurons

Action potential conduction along neuronal axons and dendrites use energy to pump out
intracellular Na* (i.e., 1 ATP energy corresponding to 3 Na") entering during action potential
process. Hence the energy for action potential E,;, in individual neurons is calculated by

Eyp=/AQy /3 (S7)
where fis the averaged firing rate of a neuron, and AQy, is the total Na* charge during action
potential process. As the methods used in recent reports, the minimum amount of Na" influx is
needed to charge the membrane to depolarize to the peak of an action potential is AQ ., = S C AV,
where S is the membrane surface area, C is the membrane capacitance, and AV is the amplitude of
action potential measured from the spike threshold to the peak of the action potential. The actual
Na" charge is always larger than the minimum Na" influx manly because Na" influx and K" efflux
has an overlap in reality, thus AQ,, = €AQ,... = &5 C_ AV, where € is the Na" influx to K" efflux
overlap ratio. Experimental studies indicated that warm-blooded animals have a much smaller € (=
1.3-1.6 for cortical axons in pyramidal cells and 2-2.5 for interneurons) than cold-blooded animal (4-
15 for squid axon in cold temperature) ***, and ionic channel kinetics and warm body temperature
may act as critical factors in facilitating energy efficiency in reducing the dynamic overlap level of
Na" influx and K" efflux **. The membrane surface area S of a neuron was calculated as

S=8on T Siea 5.

axon soma

(S8)
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where axon area S, ., = pd L with axon diameter d = 0.3 mm (same as rat brain) and axon length

axon

L The calculation of human neuron size is as follows.

axon*

It was recently demonstrated * that individual neuronal mass 7 of mammalian and human

brains follows the same scaling function with neuronal density /, i.e., 7 = 0.649 r "™

Experimental data gives neuronal density / = N,,./M,,, = 2.14 X 10" neurons/g, with N, = 13.63
X 10° neurons and M,,, = 638.37 g for mass for human brain gray matter, and / = 31.02 X 10°/

0.77 = 4.03 X 10" neurons/ g for rat brain gray matter. So the weight ratio between human gray
matter neuron and rat neuron is 0.649 X (2.56x10")"" / (0.649 x (4.03x10)"*™ = 1.89, which
could also be used as the neuronal volume ratio given the brain tissue density is 1.05 g/mL. We
simply assumed that neurons of different species have dendrites and axons of same diameter, but
with different lengths. The measured total axon length of a typical rat pyramidal cell is about 4 cm
and dendrite length of 0.44 cm ', whereas the total axon length of 2 human brain pyramidal neuron
should then be 7.56 cm based on a recently established relation of cross-species neuroanatomical

data “*. The typical length of dendrites in the pyramidal cells is about L., /9. For action potentials

axon
conducted in dendrite, their averaged amplitude of action potential is computed as 50 mV because

of passive propagation decay, that is about half of the axonal action potential '*. The pyramidal cell

somatic diameter D = 25 /7m and height 25 /7m gives the somatic area §,.= p(D/2)*+ pD?/2.

For GABAergic interneurons, their size is usually smaller than pyramidal cells, and
histological measurements suggest that axon and dendrite lengths are about half of those of

pyramidal cells and cell body diameter is about 15 /7m '*. Based on the above parameters and recent
. . . gm
morphological measurements, we compute that total action potential energy costs (E};) has

. e . . i
excitatory (E ;) and inhibitory (E ;) neuronal components

E.=f AQZ, /3

_ _ (S9a-b)
ElAP: fi AQINa /3
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and the results show EeAP = 2.65 X 10® ATP/sec and EiAP = 3.09 X 10® ATP/sec for neurons at 1

Hz firing rate with @values of 1.5 and 2.2 for excitatory and inhibitory processes, respectively.

SI Text, Section A.4 - Cost of synaptic transmission ( Eg?)

We used the same methods described by previous reports for calculating presynaptic and
postsynaptic cost for neurons (i.e., ion influx through ionotropic receptors) in either gray matter '°
or white matter *°, as shown by,

Est =/ 1 e Dyouon Fres (S10)
where fis the average firing rate of a neuron, / . is the vesicle neurotransmitter release probability

and its value is believed to decrease exponentially with increasing value of f(e.g., 0.7 for ~0.1 Hz
firing rate, 0.64 for ~1 Hz firing rate, 0.45 for ~4 Hz firing rate at temperature of 37 °C 1627 The

release probability vs. glutamatergic firing rate can be described by the fitting equation, /. = 0.6

exp(-//10.6)+0.128), where fis 1 Hz, n, .. is the number of boutons in presynapntic terminals (i.c.,
8000 boutons for rat pyramidal cells and n,_,, = 15,100 (i.e., 8000 X 1.89) for human pyramidal
cells, where 1.89 is the size ratio between human gray matter neuron and rat neuron; see Section
A.3), and E_, is the energy cost for releasing one vesicle of glutamate. We assumed E, to be 1.64 X
10° ATP molecules, which is the same as previous study'®. For details of the molecular processes
involved in exocytosis and endocytosis of vesicles, we refer the original references for gray matter '°
and white matter *°.

The GABAergic synaptic transmission costs energy captured by eq. S10 but with relatively
high firing rate (i.e., ffor interneurons is taken conservatively as 2 times higher than that of
pyramidal cells although 4 times was reported *) with half number of synaptic boutons because of
shorter dendrite length in interneurons than in pyramidal cells. In addition, the GABA release

probability vs. GABAergic firing rate can be described by the equation as /., = exp(-f/10.6), where

fis 2 Hz. Based on the above parameters, we get the total energy costs for synaptic transmission
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(Eg? ) with excitatory (EZ;) and inhibitory (E;T) contributions, i.e., E¢ = 1.58 X 10" ATP/sec
(1x0.64x15100%1.64x10°) for 1 Hz firing rate, and EiST =2.05 x 10° ATP/sec

(2x0.83x7549x1.64x10°) for 2 Hz firing rate of GABA neurons. It should be noted, however, that

the vesicle neurotransmitter release probability term in eq. S10 needs better experimental validation.

SI Text, Section A.5 - Cost of neurotransmitter recycling ( E;Iu and EiG )

Previous reports ' have shown that 2.67 ATP molecules are required to recycle each
glutamate molecule, with processes including H ion co-transport during glutamate pumping into
vesicles (0.33 ATP), Na' ion co-transport duting astrocytic glutamate uptake (1.33 ATP), and
glutamine synthesis from glutamate in astrocytes (1 ATP). With a total of 4,000 glutamate molecules
in a vesicle, the cost of neurotransmitter cycling (E, . q,) 15 10680 ATP (i.e., 2.67x4000). While
glutamine uptake into neurons had been assumed to be passive ' recent studies show that
glutamine uptake into neurons is an active process > . Assuming ~1 ATP molecule for each
glutamine molecule reuptake into glutamatergic neurons, the revised stoichiometry is 3.67 ATP

molecules to recycle each glutamate molecule. This increases E to 14,680 ATP molecules (i.e.,

recycling
3.67x4000). Thus for each glutamatergic neuron the total cost for glutamate recycling in pyramidal
cells is given by,

Eow =/ 1 es Mhouton Ereeyeling (S1la)
where fis the firing rate, /", is the vesicle neurotransmitter release probability, and n, ., is the
number of presynapntic terminals (see Section A.4). Similarly for each GABAergic neuron the total
cost for GABA recycling in interneurons can be described as,

Eoxsn = /1 ves Douon Frecyeting - (S11b)
However previous reports '° did not account for GABA recycling for inhibitory interneurons. The
cost of GABA recycling may be higher than glutamate recycling *°'. Assuming the same glutamate

recycling and GABA recycling costs and vesicle/bouton relations, we get Ej, =1.41 x 10° ATP/sec

9
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(i.e., 1x0.64x15100x14680) for 1 Hz firing glutamatergic neurons, and E s, = 1.82 X 10* ATP/sec

(i.e., 2X0.82X7549x14680) for 2 Hz firing rate of GABAergic neurons.
SI Text, Section A.6 - Cost of calcium entry ( Eg’: )

The presynaptic action potential triggers calcium influx (e., = 1.2 X 10* calcium per vesicle)
in presynaptic terminals of individual neurons. It costs 1.2 X 10* ATPs for the membrane to extrude
those calcium for each vesicle (i.e., 1 ATP molecule corresponding to 1 Ca®" ion) '*. Hence, the total
cost for calcium for individual neurons is

Ec. =/ 1 ves Moouon €ca (512)
In equation eq. S12 we used the same /. and n, ., values described above (see Section A.4). It

was reported that glial cells like astrocytes also have significant active calcium responses
accompanying spiking activation of neurons. Neuronal activity-dependent transmitter release raises
calcium influx in astrocytes by activating metabotropic glutamate receptors. These calcium
transients in astrocytes are recorded in over half of the neuronal calcium response and are observed
to be associated with a transient arterial vasodilation >®, Hence, for glial cells in the cerebrum, their
energy costs need to include at least an active calcium signaling responses as shown by eq. S2d,

where g can range from 0 to 1 (0.8 is used in this paper) and 'n' in E¢, represents either excitatory
(Eg, ) or inhibitory (EiCa) neuron. Based on the above parameters, we get E¢, = 1.16 X 10°

ATP/sec, Eg, = 2.83 X 10" ATP/sec, and EL, = 9.24 X 107 ATP/sec for 1 Hz firing rate.

SI Text, Section B - White matter energy budget for human brain

Calculations of energy budget of white matter in the human brain (E_,) is calculated by

Eg =EgHK + EgRP + E?:af;
B =B+ B +EW/ +E LY By S B,

Al glu

B =l +Ely +Ely Bl + B/ +EL

GABA

E,. =N'"E +0.8N'"E +0.2N""E,+N__E

(S13a-d)

10
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where E,, E, and E, are energy costs of individual glial cells, excitatory neurons, and inhibitory

neurons in white matter, the total number of glial cells in white matter ( N;\’m) is 41.7 billion, the

total number of neurons with unmyelinated axons in white matter ( N:’m) is 2.7 billion ' (Section D),

andN__and E__are number and energy associated with myelinated axons in white matter (see

below for details). It should noted that because of limited experimental data on neurons within

white matter, the neuronal energy budgets for white matter assumed similar components (i.e.,

Bl Eon Exn EST EX" EZ™) for individual cells as in gray matter (i.c., juxtapose egs. 83 and $13).

HK? —RP' —AP? =ST * “oye?
However glial cells in white matter are diverse and based on some recent information on them, the
following will be considered.

White matter in matured human or mammals is mainly composed of nerves that include, for
example, an adult rat optic nerve may contain 100,000 myelinated axons * (where axons are
projected from gray matter neurons) and at least three types of glial cells are involved for
myelination and energy support, i.e., 15,650 astrocytes, 45,400 oligodendrocyte precursor cells
(OPCs) and 381,000 oligodendrocytes ***. In other words, per 100,000 myelinated axons there are
442,050 other non-neural cells ( = 15,650 + 45,400 + 381,000). We assume the ratio of different
types of glial cell number in the human white matter is same as that found in the optic nerve, i.e.,
1:2.9:24.345 for astrocytes : OPCs : oligodendrocytes. Considering the total glial cell number in

wm

white matter (N;7; see Section F) is 41.7 billion, we calculated the total cell number for each type of

glial cells, i.e., 1.476 billion astrocytes, 4.28 billion OPCs, 35.9 billion oligodendrocytes and 9.43

billion myelinated axons in white matter (= 41.7X(100,000/442,050) billion). The enetrgy calculation

for individual glial cells (E . ) is then taken as
glial

E _Egllal + Egllal + Egllal (f) (814)

glial

11
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in white matter for astrocytes (R, = 560 MW, Vi, = -80 mV, V. = -100 mV, and V,, = 50 mV),
OPCs (R,, = 800 MW, V, = -80 mV, V. = -100 mV, and V, = 50 mV) and oligodendrocytes (R,
=200 MW, Vg = -70 mV, V. = -100 mV, and Vy, = 50 mV) *. We applied eq. S6 to compute
their resting potential energy as Eip°™ = 9.05 x 10" ATP/sec, Epp™*°* = 3.4 x 10° ATP/sec, and

B~ = 8.51 X 10" ATP/sec, respectively. The housekeeping energy for each type of glial cell in

white mater is simply taken as their sum, i.e., E?_::zl = 2.23 x 10° ATP/sec, though there should be

some variance based on the mass differences of each type of cells.

As reported ®** that astrocytes, OPCs and oligodendrocytes in white matter have active
calcium responses related to spiking process through at least two different mechanisms, i.e., 1)
transmembrane calcium influx via voltage-operated calcium channels, and ii) calcium release from

IP3-sensitive internal calcium stores. Hence, it is necessary to calculate energy cost for those calcium
A . lial . . . .
responses of glia in white matter, Eg;a (f) where fis the firing rate of neurons, and their calcium

cost for individual cells is taken as 80% (same as in gray matter) of individual neuronal calcium

responses *". In addition, we temporarily ignored other potential glial activities though recent

experiments indicate that OPCs might have more diverse signaling responses like action potentials .
For each myelinated axon in white matter, the total 10.4 mm length (which is about 1.89

times longer than that of rodent axons) was occupied by 43 internodes of mean length of 240 /Tm
and nodes of length 0.8 /7m and diameter 0.77 /Tm*. We used the following equation to calculate

the energy cost for nerves in white matter (see eq. S13)

NyonEaon =N

axon —axon E;XF?n + E:\XFc‘m +E2?e)+NOPCEgT?C (815)

axon (

where the number of myelinated axons in white matter (N, ) is 9.43 billion (see above), and cost of

resting potential for each myelinated axon (Egy") is 1.24 X 10° ATP/sec as computed from eq. S6
(see Section A.3) by the parameters of R, of 0.55 billion W, and Vy;, of -70 mV. The cost of action

potential conducted along myelinated axon (E&y") is 5.87 X 107 ATP/sec as computed from eq. S7

12



Supplementary Information Yu et al
(see Section A.3) by the parameters of myelinated axon length equal to 7.56 cm, diameter equal to

0.95 /rm™, capacitance equal to 0.08 /7F/cm” and voltage amplitude of 100 mV, respectively. The

cost of action potential initiated in node of Ranvier (Ei*) is 1.9 X 10° ATP/sec as computed from

eq. S7 (see Section A.3) by the parameters of node length equal to 0.8 /7m, diameter 0.77 /Tm,
capacitance equal to 1 /7F/cm’ and voltage amplitude of 100 mV, respectively. The interval of node
is 240 /Tm resulting in 350 nodes for each myelinated axon.

In addition, as indicated in recent reports, there is no clear evidence for axo-axonal synapses
in the myelinated axons, while there are synapse transmission processes between axons and OPCs %6,
. As indicated in recent report, when all presynaptic axons are stimulated, the post-synaptic current
in an OPC could generate an average charge transfer of 366 fC. With 1 C including 6.24 x 10
electrons, thus the cost for postsynaptic processes of an OPC will cost (Eons ) 366 x 10" x 6.24 X
10"®/3 = 7.61 x 10° ATP/s for 1 Hz neuronal firing rate. In addition, each OPC receives inputs from
141 axons and each of which releases 0.34 vesicles per action potential. Since each vesicle release

may cost 23,400 ATP (consumed per vesicle released on presynaptic calcium flux, vesicle cycling,

and neurotransmitter recycling)” the total energy needed for presynaptic processes in an OPC (Ex*)

is calculated as 141 x 0.34 x 23400 = 1.12 x 10° ATP/s. So the synaptic transmission of an OPC (E

o) will be Eor© + Eov = 1.88 x 10° ATP/sec. Given that the number of OPCs (Npe) is 4.28

pre post

billion (see above), the total synaptic transmission of OPC is N, E¢ = 8.05 X 10" ATP/sec.

opc
Based on the above calculations, metabolic cost of each type of cellular component in white

wm
signaling

wm )
nonsignaling”/>

matter can be further divided into two parts, i.e., signaling (E ) and nonsignaling (E

13
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wm wm
= +
Ewm Enonsignaling Esignaling

E:;Tsignaling = E‘Il-lvrlz + E‘g;‘

ELVE - EaHs:<rocyte+E3PKC+Ec:|IEodendrocyte+EEK+E|HK

E\I;v;n - Ez:;rocyte+E(F2§C+Eg;’godendrocyte+EeRP+E:qP + EaRxF:)n

E\s,\ilgr;laling = f;(EX? + E;"_I’_“ + E;\:T + Eva;n) (81621—1)
)0 = ), +E), +ER +EL"

B =B+ +ELT

E;VIT = EZIU + EIGABA

Evcv;n - Eza + ElCa + Ezs;rocyte_l_Ec():I;godendrocyte

by which the whole energy cost of white matter based on eq. S13 could be revised into a summation

wi

of nonsignaling (B} e and signaling (B, dependent items in eq. S16a. Note that Eo, i

wm

described in eq. S16b includes costs for housekeeping (Efi¢) described in Eq.16¢ and maintenance

wm

of resting potentials (Exy ) described in eq. S16d. Note that E,,, described in eq. S16e includes

wm

costs for action potentials (E37; eq. S16f), synaptic transmissions (Egr'; eq. S16g), glutamate
recycling (Ey'; eq. S16h) and calcium activities (E¢;; eq. S161). Terms like these were estimated
similarly as in Section A for gray matter.
SI Text, Section C - Energy budget for rat brain

The calculation of rat gray matter energy budget also uses eqs. $S1-816, similar to human gray
matter budget calculation, except the following parameters are different. Although rat brain is much
smaller than the human brain, with gray matter mass of only 0.77 g *', it contains 31.02 million
neurons and 45.7 million glial cells in the gray matter, resulting in a X2 higher neuronal density (40.3
million/g) and a X1.98 higher glial cell density (59.4 million/g) than those of human gray matter (i.e.,

neuronal density 20.4 million/g and glial density 30.0 million/g). This results in a smaller rat

neuronal size (i.e., unmyelinated axon is taken as 4 cm in length, 0.3 /Tm in diameter, the total
dendrite length is 4/9 cm with 0.9 /7m in diameter) and smaller glial cell size than human neuronal

size (i.e., 1:1.89) and glial size (i.e., 1:1.89). In addition, the neuronal firing rate of rats in resting state

14
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is around 3-5 Hz '>* whereas human neuronal firing rate is around 0.5-1.5 Hz ****". These results
will affect neuronal surface area and cellular mass in accounting for the signaling metabolism and
housekeeping cost. Experimental observations *** have not reported significant differences in the
electrophysiological properties (which include input resistance, resting potentials, and action
potential amplitude) of both neuronal and glial cells in rat and human brain, except the cell size.
Thus rat neurons and glia use same biophysical properties as those of human neurons, while lengths
of dendrites and axons are 1/1.89 shorter.
SI Text, Section D - Number of neuronal and glial cells in gray and white matter

From recently reported number of neuronal (N, = 16.34 billion) and glial (N, = 60.84 billion)

wm

cells in the human cerebrum', we calculated number of neuronal and glial cells in white matter (N,
N;™) and gray matter (N5", Ni") by the following logic

N, = NI™ + N = NS 4+ NG 4 N 4 N (S17a)

N, = NJ™ 4+ N™ = N+ NG+ N+ N (S17b)
In the right hemisphere of the human brain, the number of neurons in white matter (N;*"~*") is 1.29
billion, number of neurons in gray matter (N;*"") is 6.18 billion, number of glial cells in white
matter (N;*""") is 19.88 billion, and number of glial cells in gray matter (N;*"~*") is 8.68 billion.
Solving eqs. S17 by assuming that the ratio of number of neurons to glial cells in the left and right
hemispheres are equal, in the left hemisphere of the human brain we get N = 1.42 billion, N;"*"
= 7.46 billion, N;"~™ = 21.81 billion, and N;"™*" = 10.47 billion. Thus the total number of neurons
and glial cells number in gray and white matter are given by Ni" = 13.64 billion, N;™ = 2.71 billion,
N;" = 19.15 billion, and N;™ = 41.69 billion.
SI Text, Section E - Masses of gray and white matter of human cerebrum

The mass of the human cerebrum (M = 1233 g) is separated in terms of white matter

cerebrum

(M,,,,) and gray matter (M,,,)

Mcerebrum = Mwm + Mgm' (Slg)
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Although M, and M, are unknown, each parameter has left and right hemispheric terms

M,,, = Mk + M (S19a)
M, = M + Mz (S19b)

right right __

where values of the right hemispheric terms have been reported as M = 294.22 g and M,," =
316.26 g'. By assuming that the mass ratio between white matter and gray matter (i.e., r,, = M5 /
M = 0.9303) is the same in the two hemispheres',
£, = M/ Mg' = Mg, / Mg, = 0.9303 (S20)
and by using eqs. S18 and S19, we get My, = 322.11 g and My, = 299.67 g, which together with the
right hemispheric values gives M, = 638.37 gand M, = 593.89 g. Hence M, and M, together
give the 1232.26 g of the human cerebrum without the cerebellum.
SI Text, Section F - Masses of individual neuron and glial cell in gray and white matter
To calculate the averaged mass of an individual neuron and glial cell in gray and white matter,

for simplicity, and as a recent report suggests >, we assumed that all types of glial cells have an equal
mass value m,, and all types of neurons have an equal mass value m,, hence

M, = N;”" m, + NJ" m, (S21a)

M,,, = N;" m, + NI" m, (821b)
and hence based on values of NI", NI™, Ni", and N;™ (Section D) as well as M, and M,

m

(Section E) we calculated values of m, = 29.5 ng, m, = 12.3 ng, respectively.
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SUPPLEMENTARY: Tables and Figures

Table S1. Neuronal firing rate (Hz) and glucose consumption (CMR,;.) measured across behavioral
states in rat somatosensory cortex. Neuronal activity, represented by spike rate, was measured with
microelectrodes. CMR ;. was measured by [*C]-2-deoxyglucose (2DG) autoradiography. See refs. ¥

*! for 2DG and electrophysiology details. Supplementary Materials in Hyder et al ** describe the
details of these studies.

Behavioral PR | US1 AR AS UR USs2 CR CS HR HS

state # (refs. | (refs. | (refs. | (refs. | (refs. | (refs. | (refs. | (refs. | (refs. | (refs.
2,43 | 4445 | 4648) 4648 45,49) | 45,49) | 50,51 | 50,57) 50,51 | 50,5T)

Neuronal 0.00 | 4.25 3.10 3.40 3,701 5.30 2.60" 4101 3.208 3.40¥
firing rate (f
in units of

Hz)

CMRy (1 021 | 0.96 0.88 0.97 0.68 0.96 0.52 0.73 0.65 0.68
mol/g/min)

#PR = pentobarbital; US = urethane stimulation; AR = awake rest; AS = awake stimulation; UR =
urethane rest; US2 = urethane stimulation; CR = a-chloralose rest; CS = a-chloralose stimulation;
HR = halothane rest; HS = halothane stimulation.

T average of urethane anesthetized states with spike rates of 4.6 and 2.8 Hz as measured by matrix
electrodes.

Y upon sensory stimulation under urethane anesthesia spike rate increased by 1.6 Hz as measured by
matrix electrodes.

" based on spike rate histograms with 84-7% at 1.0 Hz and 13-6% at 11 Hz and fractions of
population are 3 times greater than HR.

" based on spike rate histograms with 84-7% at 3.1 Hz and 13-6% at 11 Hz and fractions of
population are 3 times greater than HR.

* based on spike rate histograms with 34-5% at 6.9 Hz and 65-6% at 11 Hz and fractions of
population are 3 times less than CR.

¥ based on spike rate histograms with 34-5% at 8.7 Hz and 65-6% at 11 Hz and fractions of
population are 3 times less than CS.
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Table S2. Neuronal activity (fy;s) and glucose consumption (CMR; ) measured across behavioral
states in human visual cortex. Neuronal activity, represented by bispectral index (BIS) as measured
by electroencephalography (EEG). CMR . (/7mol/g/min) was measured by positron emission

glc
tomography (PET) using the ["*F]-fluorodeoxyglucose (FDG) as the tracer. See refs. **" and > *%
for PET and EEG details, respectively. Supplementary Materials in Hyder et al ** describe the details

of these studies.

Behavioral State* Neuronal Activity (fis, EEG recordings in BIS scale (0~100) CMRy. ( /Tmol/g/min)
AWK (refs. 53-5% 60) 100 0.33
SLP (refs. 5455 60, 01 79 0.26
HR (refs. 3662 63) 58 0.19
PRO (refs. 53 57,64, 65) 39 0.16
VGA (refs. 58 06) 35 0.15
VGP (refs. 5% 67) 8 0.09

# VGP = persistent vegetative; VGA = acute vegetative; PRO = propofol; SEV = sevoflurane; HR
= halothane rest; SLP = non-REM sleep; AWK = awake.
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Table S3. "C-MRS results from rat somatosensory
neurotransmitter cycling (V) and neuronal glucose oxidation (CMR,

8

glc(ox

Yu et al

* and human visual ** cortices of glutamate
)+ Units of /Tmol/g/min.

Reference Condition (underline values indicate mean) Veyele CMRic(ox),N

Sibson NR et al (1998) (ref.58) pentobatbital (120 mg/kg, +30 mg/kg/hr), rat 0.01 0.08
Sibson NR et al (1998) (ref.58) a-chloralose (80 mg/kg, +30 mg/kg/hr), rat 0.13 0.27
Sibson NR et al (1998) (ref.58) morphine sulfate (50 mg/kg, +25 mg/kg/ht), rat 0.40 0.51
Choi 1Y et al (2002) (ref.?) pentobatbital (80 mg/kg/hr) 0.04 0.18
Oz G et al (2004) (ref.”%) awake (in vivo), rat 0.51 0.58
de Graaf RA et al (2004) (ref.!) halothane (1.5%), gray matter, rat 0.31 0.40
de Graaf RA et al (2004) (ref.’h) halothane (1.5%), white matter, rat 0.02 0.10
de Graaf RA et al (2004) (ref.’!) halothane (1.5%), subcortical, rat 0.18 0.21
Patel AB et al (2004) (ref.”?) halothane (2-3)%, rat 0.22 0.26
Patel AB et al (2004) (ref.’?) halothane (2-3)%, seizure, rat 0.52 0.57
Patel AB et al (2005) (ref.73) pentobatbital (120 mg/kg, +30 mg/kg/hr), rat 0.02 0.17
Patel AB et al (2005) (ref.”®) halothane (1%) 0.58 0.61
Yang J, Shen J (2005) (ref.7#) a-chloralose (80 mg/kg, +27 mg/kg/ht), rat 0.16 0.25
Chowdhury GM et al (2007) (tef.”) | urethane (1.5 g/kg), rat 0.28 0.28
Serres S et al (2008) (ref.7%) pentobarbital (60 mg/kg), in vitro, rat 0.12 0.18
Serres S et al (2008) (ref.”®) morphine sulfate (15 mg/kg), in vitro, rat 0.40 0.41
van Eijsden P et al (2010) (ref.”’) halothane (2-3%), rat 0.27 0.24
Wang ] et al (2010) (ref.”®) awake (ex vivo), rat 0.49 0.54
Jiang L et al (2011) (ref.”) halothane (1%), rat 0.32 0.30
Duarte JM et al (2011) (ref.8%) a-chloralose (80 mg/kg, +28 mg/kg/ht), rat 0.11 0.23
Duarte JM, Gruetter R (2013) (ref.”’) | o-chloralose (80 mg/kg, +28 mg/kg/ht), rat 0.16 0.18
Herzog RI et al (2013) (ref.??) isoflurane (1%), rat 0.35 0.44
Chowdhury GM et al (2014) (ref.?%) | awake (ex vivo), rat 0.55 0.56
Chowdhury GM et al (2014) (tef.?%) | pentobatbital (80 mg/kg/ht, ex vivo), rat 0.00 0.12
Lin AL et al (2014) (ref.?4) young healthy (a-chloralose), rat 0.23 0.25
Lin AL et al (2014) (ref.?4) aging healthy (a-chloralose), rat 0.13 0.13
Lin AL et al (2014) (ref.34) aging calorie restricted (a-chloralose), rat 0.23 0.20
Mason GF et al (1995) (ref.®5) awake, human 0.25 0.37
Gruetter R et al (1998) (ref.8%) awake, human 0.32 0.37
Shen J et al (1999) (ref.?7) awake, human 0.32 0.36
Pan JW et al (2000) (ref.®) awake, human 0.25 0.33
Chhina N et al (2001) (ref.?%) awake, human 0.29 0.38
Chen W et al (2001) (ref.??) awake, human 0.25 0.42
Gruetter R et al (2001) (ref.%!) awake, human 0.17 0.29
Bluml et al (2002) (ref.%?) awake, human 0.25 0.35
Lebon V et al (2002) (ref.?3) awake, human 0.28 0.34
Mason GF et al (2007) (ref.%) awake, human 0.25 0.36
Henry PG et al (2010) (ref.) awake, human 0.25 0.40
Boumezbeur F et al (2010) (ref.%%) awake, human 0.16 0.27
Jiang L et al (2013) (ref.”7) awake, human, light drinkers 0.17 0.34
Jiang L et al (2013) (ref.”) awake, human, heavy drinkers 0.26 0.34
Abdallah CG et al (2014) (ref.?) awake, human, depression 0.18 0.24
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Table 84. Experimental results of glucose oxidation in astrocytes (CMR ., ») compared to total
glucose oxidation (CMR,, ) measured by PC-MRS in rat and human brain. All human and rat data

were localized to the visual and somatosensory cottices, respectively. All units in /7mol/g/min.
Supplementary Materials in Hyder et al ** describe the details of these studies.

Reference Condition 9 CMRglc(ox),A N CMRglc(ox),T
Oz G etal (2004) ] Neurosci. (ref.””) rat, awake 0.18 0.76
Shen J et al (1999) Proc Natil Acad Sci USA. (ref.?’) human, awake 0.05 0.41
Bluml et al (2002) NMR Biomed. (ref.%?) human, awake 0.07 0.42
Lebon V et al (2002) ] Neurosci. (ref.%?) human, awake 0.07 0.43
Gruetter R et al (2001) Am ] Physiol. (ref.") human, awake 0.08 0.37

" For all rat studies the full pyruvate carboxylase flux was used as a maximum estimate of CMR (9.5
see ref. © for details.

Y For all rat and human studies CMR g+ Was estimated by adding neuronal (CMR ) and
astrocytic (CMR, ) glucose oxidation terms.
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Table S5. Experimental results of glucose oxidation in inhibitory neurons (CMR ., ) compared
to total glucose oxidation in neurons (CMR ., ) measured by C-MRS in rat and human brain. All
human and rat data were localized to the visual and somatosensory cortices, respectively. All units in

umol/g/min. Supplementary Materials in Hyder et al ** describe the details of these studies.

Reference Condition CMRglc(ox),IN CMRglc(ox),N
Patel AB et al (2005) PNAS (ref.”?) rat, pentobarbital 0.03 0.14
Patel AB et al (2005) PNAS (ref.”?) rat, halothane 0.11 0.50
Abdallah CG et al (2014) Am ] Psychiat. (ref.’®) human, awake 10.04 70.19
! CMR i 9 / CMR o Was estimated from the ratio of V,p / V. in normal human brain %,

where Vg, is the GABA synthesis rate and proportional to inhibitory neurotransmitter cycling
(Vaeany) and V. is the total neurotransmitter cycling, based on the assumption from findings in
the rat that V_qx / Ve is proportional to CMR o i / CMR o x ™

cycle
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Figure S1. Relationship between neuronal activity (horizontal axis) and glucose metabolism (vertical
axis) measured by "C-MRS in rat and human brain. Rates of total glutamate neurotransmitter cycling
(Vo) and glucose oxidation in neurons (CMR ) measured by PC-MRS. The 24 different data
points in rat brain represent a variety of behavioral states in the somatosensory cortex (i.e., different
levels of anesthesia, sleep, seizure, awake, etc.), whereas the 15 different data points in human brain
represent different levels of partial volume in gray matter in the visual cortex. See Table S3 for
values of V. and CMR ;. x- If the data for the rat and human brain have been normalized to the
resting awake state values, these "C-MRS results suggest that in the resting awake state ~80% of
neuronal energy consumption supports signaling events associated with neuronal activity, whereas
~20% of neuronal energy consumption supports nonsignaling functions because the line is the best-
fit linear regression of the rat data (i.e., CMR,,yx = 0.8 V. + 0.15, R* = 0.92).

cycle

cycle
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Figure S2. (A) For the human, values of calcCMR ., for signaling and nonsignaling components

(i.e., calcCMR ., 1, triangles) and of only nonsignaling component, (i.., cAlcCMR .,y nonsig» 25te1isk)
across different behavioral states as a function of calcRate. See Figure 1C calcCMRéMm r+and
calcRate values for human. The relationship between calcCMR,, r and calcRate is fitted by a linear
function y=0.097+0.116x, with a correlation of R*=0.98, while nonsignaling component of cortex
calcCMR (o) nonsig 18 InVatiant with calcRate. (B) For the rat, values of calcCMR ., for signaling and
nonsignaling components (i.e., calcCMR ;. 1, citcles) and of only nonsignaling component (i.e.,
calcCMR (o nonsig> @SteTisk) across different behavioral states as a function of calcRate. See Figure
1B calcCMR 1 and calcRate values for rat. The relationship between calcCMR,, + and calcRate
is fitted by a linear function =0.28+0.128x, with a correlation of R*=0.96, while nonsignaling
components of cortex calcCMR ) nonsie 18 invariant with calcRate. (C) For cerebral cortex in awake
resting state (AR in Figure 1B and 1C) the basic metabolic rates for excitatory glutamatergic
neurons (Ng,,), inhibitory GABAergic neurons (Ng,p,4), and glial cells (Glia) are 15-20% higher in rat
(R) than in human (H), which is in part because human neurons have ~1 Hz mean firing rate that is
lower than ~4 Hz in rat neurons in the awake state (see Figures 1B and 1C). (D) For cerebral
cortex in halothane anesthetized resting state (HR in Figures 1B and 1C) the basic metabolic rates
for N, and N, are reduced by nearly half in human (H) from the rat (R), but basic metabolic
rates for Glia are about the same in human (H) and rat (R). All N,,, Ngaga, and Glia values in HR

are decreased 20-40% because of firing rate drop from AR (see Figures 1B and 1C).
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Figure 83. The calculated total CMR ., (calcCMR 1) for gray matter (GM, black circles) and

white matter (WM, white circles) as a function of calculated neuronal activities (Neuronal Activity)
for the different states shown in Figures 1C for the human.
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