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Cortical energy demands of signaling and nonsignaling
components in brain are conserved across mammalian

species and activity levels
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The continuous need for ion gradient restoration across the cell
membrane, a prerequisite for synaptic transmission and conduc-
tion, is believed to be a major factor for brain’s high oxidative
demand. However, do energy requirements of signaling and non-
signaling components of cortical neurons and astrocytes vary with
activity levels and across species? We derived oxidative ATP de-
mand associated with signaling (P;) and nonsignaling (P,s) compo-
nents in the cerebral cortex using species-specific physiologic and
anatomic data. In rat, we calculated glucose oxidation rates from
layer-specific neuronal activity measured across different states,
spanning from isoelectricity to awake and sensory stimulation.
We then compared these calculated glucose oxidation rates with
measured glucose metabolic data for the same states as reported
by 2-deoxy-glucose autoradiography. Fixed values for P; and P,
were able to predict the entire range of states in the rat. We then
calculated glucose oxidation rates from human EEG data acquired
under various conditions using fixed P; and P, values derived for
the rat. These calculated metabolic data in human cerebral cortex
compared well with glucose metabolism measured by PET. Inde-
pendent of species, linear relationship was established between
neuronal activity and neuronal oxidative demand beyond isoelec-
tricity. Cortical signaling requirements dominated energy de-
mand in the awake state, whereas nonsignaling requirements
were ~20% of awake value. These predictions are supported by
3C magnetic resonance spectroscopy results. We conclude
that mitochondrial energy support for signaling and nonsignal-
ing components in cerebral cortex are conserved across activity
levels in mammalian species.

spike rate | field potentials | glutamate | functional MRI | bispectral index

he brain is one of the most energy demanding tissues in the

body (1). *C magnetic resonance spectroscopy (MRS) in the
rat has shown that, in the resting awake state, ~80% of cortical
energy consumption is used to support signaling as reflected by
the rate of glutamate neurotransmitter release and astroglial
uptake (2, 3). Cerebral energy demand is also positively correlated
with the rate of pyramidal neuron firing in rat cortex (4, 5). '
MRS findings in the human cortex have been generally con51stent
with the rat results (6). However, there remain questions as to how
well the energy costs of specific subcellular processes needed to
support synaptic transmission and conduction are conserved over
different activity levels and/or across species.

Recent bottom-up energy budgets for gray matter in the
mammalian brain have attempted to understand the energetic
costs of neuronal and glial electrical and neurotransmission
events occurring in the neuropil (7, 8) by calculating the ATP
used per neuron for signaling (P;) and nonsignaling (P,) events.
In the awake cortex, the total ATP used per unit cortlcal volume
per unit time (E,o; in units of ATP/s per centimeter ) was de-
termined by multiplying the P (in units of ATP/neuron per
spike) and P, (in units of ATP/neuron per second) parameters
with cellular densities (r7) and average cortical firing rates (<f>)
to give signaling (Es) and nonsignaling (Ens) components,

WWww.pnas.org/cgi/doi/10,1073/pnas.1214912110

Ewot =Es+Eps = ZPb<f>+

> Pus 1, [

where the summation spans for neurons and astrocytes. These
studies agreed with in vivo measurements in that the majority
of brain energy consumption was used to support signaling
and also concluded that both signaling and nonsignaling
events in human were about two to three times more costly
on a per neuron basis than in the rat. However, these budgets
have limitations (7, 8); most notably, the histological and bio-
physical parameters used disagree with recent values, hetero-
geneity across cortical lamina was disregarded (9-11), and the
comparison was made with only one the resting awake state.

Here, we use a top-down as opposed to a bottom-up approach
to assess the fundamental links between electrical and chemical
events at the neuropil. We tested the hypotheses that the energy
requirements per cell for signaling (P;) and nonsignaling (P;)
are independent of the state of neuronal activity (e.g., sensory
activation, awake, asleep, or anesthetized) and are conserved
across species (i.e., rat and human). We used layer-specific
morphologic, neurophysiologic, and metabolic data in rat brain
to calculate P and P, which were then tested on human data. In
contrast to views highlighting differences between rat and human
brain neurometabolic couplings (7, 8), our results suggest that,
on a per cellular basis, the mitochondrial energy support for
mammalian cortical functions during signaling and nonsignaling
are conserved.

Calculations

Energetics of Signaling and Nonsignaling Components. We did not
sum bottom-up contributions to total oxidative ATP demand as
previously done in other budgets (7, 8) but rather, tested whether
unchanging values of P, and P, can account for measured in vivo
results over a range of cortical activity levels (SI Text, section 1
and Tables S1 and S2). Although the Eg term in Eq. 1 encom-
passes function of both neurons and astrocytes, we base our
budget to neuronal activity data due to limited ability to quantify
astrocytic signaling. Given that neuronal firing is statistically
representative of neuropil activity (12), we used spike rate as a
quantitative measure of cortical function as has been done be-
fore (7, 8). In Eq 1, <f> is given in units of spike. neuron/s
per centimeter® and 5y and 54 are given in units of cells/cm?>.

Tables S1 and S2 list values of neuronal activity and glucose
consumption in rat and human, respectively (SI Text, section 1).
Recordings of cortical signaling were reflected by layer-specific
microelectrodes in rats and EEG in humans, whereas metabolic
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measurements were made by 2-deoxyglucose (2DG) autora-
diography in rats and fluoro-deoxyglucose PET in humans.

Energetics of Signaling from Layer-Specific Neuronal Recordings in
the Rat Somatosensory Cortex. Cortical signaling involves events
like dendritic depolarization, axonal propagation, vesicular en-
docytosis and exocytosis, neurotransmitter cycling, ionotropic
and metabotropic receptor activity, etc. To determine Eg in Eq.
1, we first multiplied the spike rate of the ith cortical layer (f;
in units of spike/s) by the cortical density in the same layer (7
in units of neurons/cm®) to obtain the number of firing events per
unit volume (f; 7y, in units of spike.neuron/s per centimeter?).
Next, we estimated the fraction of the ith cortical layer in re-
lation to the entire cortical thickness (8;/28;). On multiplying,
these two terms and summing across all layers gives <f> in Eq. 1
(in units of spike.neuron/s per centimeter-):

{f)= 2(51' fi ﬂNﬁi)/z d;. [2]

Using values of §, #, and f from recent studies, we then deter-
mined if Eq. 1 was able to fit results from experimentally mea-
sured regional metabolism across different activity levels.

Energetics of Nonsignaling Events from Isoelectric Condition in the
Rat Somatosensory Cortex. We assigned the nonsignaling energy
primarily to ion movement associated with maintaining neuronal
and glial resting potentials described by Eq. 1. To separately
calculate Py o and Py N, we needed input resistances of neurons
(Rinn) and astrocytes (Ri, a), Which describe the energy demand
of leaky cell membranes at rest (SI Text, section 2, and Fig. S1)
and the average neuronal (n7y) and astrocytic () densities in the
cerebral cortex (Table 1). Because recent Ry, and 7, measure-
ments in the rat show that values for neurons and astrocytes are
quite similar (13-16), the calculations were slightly simplified
by assuming that Ri, n ~ Rina and nn ~ 54 (Table 1 and S/
Text, section 2). To determine P, we needed the metabolic
demand for nonsignaling, which was possible for the rat, because
state of deep pentobarbital anesthesia in Table S1 induces an
isoelectric condition and thus, just contains the E,g term. Be-
cause neuronal recordings do not show any significant cortical
activity in the pentobarbital state, the nonsignaling energy de-
scribed was uniform across all layers. By multiplying P, (in units
of ATP/cell per second) with 7, (in units of cells/cm®), we get Ey
in Eq. 1 (in units of ATP/s per centimeter®). This empirically
derived E,; was held constant for all other states.

Table 1. Energy budget parameters in rat and human brains

Source 1N na Rinn Rina  Pnsn Prsa Ps

This study (rat) 475* 475% 74" 74" 920" 6.85% 4815
This study (human) 1.83* 1.83* 74" 74" 9.20% 6.85% 4.81%
Ref. 7 (rat) 92 92 200 500 342 1.02 071
Ref. 8 (human) 4.0 3.8 79 163 8.6 3.1 2.4

Average values of cortical density of neurons (yy; %107 neuron/cm?) and
astrocytes (7; x107 astrocyte/cm®) densities, input resistances of neurons
(Rin,n; MQ) and astrocytes (Rin a; MQ), rate of ATP use for nonsignaling per
neuron (Pnsn; %108 ATP/neuron per second) and astrocyte (Pns,a x108 ATP/
astrocytes per second), and ATP use per signaling event per neuron (Pg; x10°
ATP/spike per neuron).

*Table 2 in ref. 15 shows average cortical neuronal density in rat brain,
figure 2 in ref. 16 shows neuron vs. astrocyte densities are similar, and figure
2a in ref. 17 shows rat and human neuronal densities differ by ~2.6.
"Estimated from Fig. S1A.

*Calculated from Eq. S1 and Eq. 5 (details in Fig. S1B).

SCalculated from Egs. 1-6.

3550 ' | www.pnas.org/cgi/doi/10.1073/pnas.1214912110

Converting Calculated Total ATP Production Rate to Cerebral Glucose
Oxidation Rate. We used the following formula to convert E in
Eq. 1 to rate of glucose oxidation [calcCMRgi¢(ox)],

calcCMR gc(ox) = k Eor, 131

where k depends on the oxygen-to-glucose index (OGI), which is
given by the ratio of cerebral metabolic rates of oxygen (CMRo,
and glucose (CMRy,) consumption, and k itself is given by 10"/
(Ao p OGI), where p is the tissue density (1.05 g/mL) and Ay, is
the Avogadro constant (6.023 x 10%*/mol). Similarly, the mea-
sured glucose oxidation [measCMRgjc(ox)] Was given by

measCMRg¢(ox) = %6 X OGI x measCMR g, [4]

where measCMRg. was obtained from 2DG autoradiography in
rats and fluoro-deoxyglucose PET in humans (Tables S1 and S2);
it is given by sum of oxidative [CMRyc(ox] and nonoxidative
[CMRgicnonox)] terms, whereas CMRyc(ox) itself has neuronal
[CMRgi¢(ox),n] and astrocytic [CMRgic(ox),4] components. Thus,
it is possible to obtain calculated forms of CMRgic(nonox),
CMRgic(ox),N> and CMRgjc(ox),a across all activity states. Finally,
we compared calcCMRgjcox) With measCMRgox) by least-
square fitting to determine P; and P

o’ = Z [calcCMRyic(ox) i — measCMRgic(oy) i [5]

where summation was over all states (Tables S1 and S2).

Calculating Signaling and Nonsignaling Energetics in the Human
Visual Cortex. To test whether Py, Pus.a, and Pg derived from
the rat (Table 1) were representative of those values in human
cerebral cortex, we calculated E, in the human by simply mul-
tiplying the Ppon and Py o terms with gy and 7, respectively
[ie., cellular density is about 2.6 times lower in human vs. rat
(17)]. Neuronal activity for each state in the human was repre-
sented by EEG-measured bispectral index (BIS) values ranging
from 0 to 100 (Table S2) as used intraoperatively (18). We cal-
culated the Eg term in the human similarly as in the rat, but
because the neuronal activity data in the human originated from
EEG recordings (SI Text, section 3), additional steps were
needed to represent Eq. 2 to convert the BIS into units similar to
the rat data (i.e., in units of spike.neuron/s per centimeter):

() human = (315 /f515.4R) (1N human /1IN rat)

X <Z (8 f; ’7N,i)m.AR/<Z 5’) humun>' °

fers and fpis 4r are BIS values for a given state and the awake
condition (Table S2), #n human and 7 ra are the average neuronal
densities in the human and rat cortices (Table 1), 2(5; f; n,)rat.AR
is the numerator of Eq. 2 for the awake condition in the rat
(Table 2), and (Z8;)numan is the cortical thickness in the human
(Table 3). This conversion, from fz/g scale in humans to <f> scale
in rats, accounts for differences in average neuronal density and
cortical thickness between rat somatosensory and human visual
cortices (15-17, 19).

Results

P, in the Rat Somatosensory Cortex. The averaged representation
of normalized activity of neurons across all states showed dom-
inant activity in the bottom two-thirds of cortical layers (Fig. S2
and Table S1), which is in good agreement with prior studies that
investigated layer-specific representation of neuronal activity,
2DG autoradiography, and functional MRI (fMRI) data (9-
11). The laminar activity was then used with Eqgs. 1-6 to derive
calcCMRgc(oxy and compared with measCMRgcox) by least-

Hyder et al.
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Table 2. Calculated CMRgc(ox) derived from neuronal activity in rat somatosensory cortex for OGI of 5.6

Behavioral state* PR UR1" USs1™ AR' Ast  UR2* us2* CR* cs* HR¥ HS*
2(8; fi i) (x103 spike.neuron.cm/s per centimeter?) 0.00 7,051 9,393 8858 9,090 6,024 8629 4,233 6,677 5,213 5,533
(8; f; nn, MES; (x107 spike.neuron/s per centimeter?) 0.00 3.71 4.95 4.67 4.79 13.36  19.13 9.39 1480 1156 12.27
Ens = = Prsx X 7inx (X10"7 ATP/s per centimeter®) 0.76  0.76 0.76 0.76 0.76 0.76 0.76  0.76 0.76 0.76 0.76
Es = Ps x 2(5; f; nn, M/Z5; (x10"7 ATP/s per centimeter’) 0.00 179 238 224 230 153 219 1.07 169 132 140
Etot = Ens + Es (x10'7 ATP/s per centimeter?) 076 255 3.14 301 3.07 229 295 1.84 245 208 216
calcCMng(ox) (umol/g per minute) 0.22 0.72 0.89 0.85 0.87 0.65 0.83 0.52 0.69 0.59 0.61
measCMRgc(ox (pmol/g per minute) 0.20 0.63 0.90 0.82 0.91 0.63 0.90 0.49 0.68 0.61 0.63

Details in Calculations. The calculated CMRg)¢(ox) [calcCMRgc(ox] Was determined from Eq. 3. The measured CMRgic(ox) [MeasCMRg(ox)] Was determined from
Eg. 4 assuming OGI of 5.6. AR, awake rest; AS, awake stimulation; CR, a-chloralose rest; CS, a-chloralose stimulation; HR, halothane rest; HS, halothane

stimulation; PR, pentobarbital; UR1, urethane rest; UR2, urethane rest; US1,

urethane stimulation; US2, urethane stimulation.

*Details in S/ Text, section 1 and see Fig. 1A for comparison between calcCMRglc(ox) and measCMRglc(ox).
*26,- was 1.90 mm (with P, = 4.81 x 10° ATP/spike per neuron; see red circles in Fig. 1A).

125,- was 0.45 mm [with P, = (0.45/1.90) x P; see orange circles in Fig. 1A].

square fitting to determine P and P,;. An average P value of
4.81 x 10° ATP/spike per neuron was calculated by fitting Eq. 5
for all activity states in the rat, which is shown in Table 1. Be-
cause the neuronal activity data for some states in Table S1 were
not available for all layers, P was estimated for those specific
layers only [i.e., (0.45/1.90) x 4.81 x 10° ATP/spike per neuron)
(Table 2). Although the current P value is derived for the entire
cortex, layer-specific P values are unlikely to vary by more than
50% of the average value. Fig. 14 shows the goodness of fit for
Eq. 5 to the rat data (red circles) for an OGI of 5.6 with an R?
value of 0.96 (gray line with 6* = 0.0182 for 11 states), indicating
that the assumption of a constant value of P over the full activity
range is well-supported.

P,s in the Rat Somatosensory Cortex. The measured CMRy(oy) for
the pentobarbital state in the rat (Table S1) was fitted to the E,
term (Table 2). The constant E, term for all activity states was
0.76 x 107 ATP/s per centimeter’, leading to average P, N and
Pps.4 values of 9.20 x 10 ATP/neuron per second and 6.85 x 108
ATP/astrocytes per second, respectively, for an OGI range of
5.1-6.0 (20). These values of P, corresponded to an average R,
value of 74 MQ (SI Text, section 2), which is well within the in
vivo range measured for neurons and astrocytes (13, 14). As
shown in Table 1, despite identical cortical densities of neurons
and astrocytes, P, n and Pps o were dissimilar, because slightly
different Nernst potentials for Na* and K* and resting mem-
brane potentials were used for neurons and astrocytes (SI Text,
section 2), which has been done before (7, 8). However, simi-
larity of contributions of astrocytes and neurons to nonsignaling
energy consumption is in good agreement with measurements by
13C MRS made under isoelectric pentobarbital anesthesia, sup-
porting the accuracy of the derived values (2, 21).

Es and E, in the Human Visual Cortex. At present, there are in-
sufficient studies in which electrical signaling in the human ce-
rebral cortex (e.g., by single-unit recording) has been measured
over a range of activity states to empirically derive Py and P,
which was done for the rat cerebral cortex. To assess how dif-
ferent these values might be in the human, we used Eq. 1 with
values for neuronal and glial densities determined for human
and Pg and P, derived from the rat data, which required nor-
malizing the awake BIS scale in humans to rat neuronal activity
scale in the awake state (Eq. 6). Laminar firing rates in the hu-
man are not available, but according to the difference of <f>
between rats and humans (Tables 2 and 3), we expect the cortical
neuronal firing rate in humans to be lower than in rats. Although
instantaneous neuronal firing rates in the awake human cerebral
cortex can be quite variable from moment to moment (22), av-
erage rates estimated from steady-state measurements (23) are
about 30-40% of the highest firing rates typically observed in the
awake rat (Table S1). Firing rate measurements in the awake
primate cortex are slightly higher than values found in human
brain (24). Given that CMRy, in awake primate cortex is about
0.5 umol/g per minute (25), which is between awake CMRy, in
rat and human (i.e., 0.8 vs. 0.3 pmol/g per minute, respectively),
we expect that similar budget calculations can be made for pri-
mate cortex with the same Pg and P, values based on cellular
density variations across the species (17). Although neuronal
recordings in primate brain do not usually report quantitative
firing rates (26), basic features of action potentials in the human
cerebral cortex are quite similar to those features typically found
in other animals, including rats and primates (27-29). Fig. 14
shows the goodness of fit for Eq. 5 to the human data (blue
triangles) for an OGI of 5.6 with an R? value of 0.91 (gray line
with o® = 0.0023 for seven states), indicating that the assumption
of a constant value of Py derived from the rat is well-supported
over the full activity range in the human.

Table 3. Calculated CMRgc(ox) derived from neuronal activity in human visual cortex for OGI of 5.6

Behavioral state* VGP VGA PRO SEV HAL SLP AWK
2(8; fi nn,i) (x10° spike.neuron.cm/s per centimeter?) 282 1,192 1,317 1,306 1,959 2,674 3,407
X(8; f; nn,)/E8; (x107 spike.neuron/s per centimeter?) 0.12 0.51 0.56 0.56 0.83 1.14 1.45
Ens = Z Pnsx X 1In,x (x10"7 ATP/s per centimeter?) 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Es = Py x X(5; f; yn, MZ5; (x10"7 ATP/s per centimeter?) 0.06 0.24 0.27 0.27 0.40 0.55 0.70
Etot = Ens + Es (x10"7 ATP/s per centimeter?) 0.35 0.54 0.56 0.56 0.69 0.84 0.99

calcCMRgic(ox) (pmol/g per minute) 0.10 0.15 0.16 0.16 0.20 0.24 0.28
measCMRycox) (1mol/g per minute) 0.08 0.14 0.15 0.14 0.18 0.24 0.31

Details in Calculations. To convert the EEG data in Table S2 into units of (&; f; yn,)/Z5;, simple conversions were needed with Eq. 6.
The calculated CMRg¢(ox) [calcCMRy¢(ox] Was determined from Eq. 3. The measured CMRg(ox) [MeasCMRg(ox)] Was determined from
Eg. 4 assuming OGI of 5.6. AWK, awake; HAL, halothane; PRO, propofol; SEV, sevoflurane; SLP, non-REM sleep; VGA, acute vegetative;

VGP, persistent vegetative.

*Details in S/ Text, section 1 and see Fig. 1A for comparison between calcCMRglc(ox) and measCMRglc(ox).
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Fig. 1. Relationship between glucose oxi-

w

>

dation [CMRgc(ox] and neuronal activity as
a function of OGI. (A) Comparison between
calculated CMRgox) [calcCMRgcox] and
measured CMRgicox) [MeasCMRgcox] Vval-
ues. Values of measCMRgcox) wWere derived
from 2DG autoradiography in rat brain
and PET in human brain, whereas values
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Relative Contributions of E; and E, in the Resting Awake State. To
represent the magnitude of E,s vs. Eg in the resting awake
state, we plotted the calcCMRgc(ox)n VS. the measured neu-
ronal activity in a normalized scale (Fig. 1B). Because the
intercepts on the calcCMRj¢(ox),~ Vertical axis—which indi-
cates the isoelectric condition—were ~0.1 and ~0.05 pmol/g
per minute for the rat and human, respectively (Fig. S3), or
15-20% of the calcCMRg¢(ox),n in the awake state (Fig. 1B),
the results suggest that a significant fraction of neuronal glu-
cose oxidation in the awake state is dedicated for maintaining
resting membrane potentials (Fig. 1C). Similarly, glial glucose
oxidation is about ~20% of total glucose oxidation in the
awake state (Fig. 1D). Based on reported OGI values (20),
nonoxidative glucose consumption is about ~6% of total glu-
cose consumption (Fig. 1E).

Comparison with '*C MRS Studies. A similar linear relationship
between neuronal activity and energy metabolism has been
shown by results from >*C MRS—a method that simultaneously
measures rates of total neurotransmitter cycling [Veyeor)] and
neuronal [CMRgc(ox),N] as well as astrocytic [CMRgi(ox),a] 0Xi-
dative demand (2, 3). Fig. 24 shows the most up-to-date results
from in vivo *C MRS studies in rats and humans (Tables S3 and
S4), which illustrate nearly a 1:1 relationship between AV yc(or)
and ACMRgjc(ox),~ just beyond the isoelectric point when Veyeor
approaches zero [i.e., gray line indicates an R* value of 0.92,
CMRgicox),N = 0.87 Viye(ton + 0.10]. Moreover, the in vivo 3¢
MRS results of chc(tot)/CMRglc(ox),N and CMRglc(ox), A/ CMRglc(ox)
ratios in the awake state for both species, shown in Fig. 2B, show
that neurons and astrocytes in the awake state demand about
~20% of oxidative ATP for nonsignaling factors. These results are
similar to our budget calculations in Fig. 1.
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Discussion

Comparison of Derived P,s and P, with Prior Calculations. There are
large differences between P,y and P o estimates for the rat by
Attwell and Laughlin (7) and our empirically derived values (Table
1). Values of P, n and Py o are susceptible to starting assump-
tions (SI Text, section 2 and Fig. S1). This difference principally
occurs, because Attwell and Laughlin (7) assumed R;, ny and Ry
to be around 200 and 500 MQ, respectively, based on in vitro
recordings (30, 31). However, our estimates of Ry, n and Ry a
values of 74 MQ are in close agreement with in vivo measure-
ments (13, 14). Because P,,; depends on the reciprocal of R;, (S/
Text, section 2), the higher R;, y and Ry, o values by Attwell and
Laughlin (7) are the main basis for their lower Pysn and Pyga
estimates. Additionally, however, in the case of Py, there could
also be differences in average neuronal density, which in the study
by Attwell and Laughlin (7), were based on the mouse cortex
(32), whereas our values were obtained from the rat cortex (15).
The P, and Py 4 values estimated by Lennie (8) for the human
are approximately similar to our values, despite large differences
in cell densities across species (Table 1). There are similar dif-
ferences between P values for the rat by Attwell and Laughlin (7)
and the human by Lennie (8) as discussed in detail below.
However, in a recent >'P MRS study of the human brain, Zhu
et al. (33) estimated a P, value of 4.7 x 10° ATP/neuron per
second from measured cerebral metabolic rates of high-energy
phosphate reactions catalyzed by ATPase. Assuming that, within
1 s, there is one spike in the awake brain, this value agrees well
with Py estimated in the current budget (Table 1).

Glial Energy Demand and Excitatory Vs. Inhibitory Neuronal Energy
Requirements. The calculated astrocytic energy demand (Fig. 1D)
is consistent with '*C MRS results (Fig. 2B) but significantly
higher than estimates from prior budgets (7, 8). The higher Es o
values are because of using more recent values of astrocyte input
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Fig. 2. In vivo '*C MRS experiments reporting
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matter partial volume (Table S3). Linear trends
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suggest strong coupling between neurotrans-
mitter activity and energy metabolism [R? =
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species could be similar.

resistances (14). The in vivo results were fit well with the as-
sumption of the major energetic changes with activity being in
the neurons. Relatively constant astrocytic energetics (compared
with neurons) as a function of overall cortical activity may reflect
the energetics associated with maintaining the high astrocyte K*
conductance dominating over additional functlonal demands
(e.g., transporting glutamate and/or deahng with Ca®* ‘waves) as
suggested by recent studies (34-37). >°C MRS results, in support
of these observations, show that energy demand of astrocytes
changes considerably less than neuronal energy demand over
wide activity levels (Table S4). However, the glial data are rela-
tively limited compared with neuronal data, and future studies are
needed to better understand glial functional energy requirements.
As in previous bottom-up calculations (7, 8), to derive Py and
P,s, we could not separately include energy demand of inhibitory
neurons, because the electrophysiological studies only included
measurements of pyramidal neurons. Because CMRgjc(ox),N
contains the oxidative energy requirements of both excitatory
and inhibitory neurons (15), the value of P; likely reflects glu-
tamatergic neurons working in conjunction w1th Jan ensemble of
GABAergic neurons. Electrophysiological and '*C MRS studies
have found that, over the range of activity that we examined,
both function and energy demand of GABAergic neurons is
proportional to activity/demand of glutamatergic neurons (38,
39), consistent with the fractional contribution of excitatory and
inhibitory neurons to Ps being constant throughout the activity
range and similar to glutamatergic and GABAergic neuronal
fractions measured morphologically (15).

Constancy of P and P, Across Activity Levels and Species. Pre-
viously, Karbowski (40) suggested that basal metabolic cortical
differences across species could be described on allometric ra-
tionale. However, Herculano-Houzel (17) pointed out that ab-
solute metabolic difference across species could be explained by
neuronal number variations. Both Karbowski (40) and Herculano-
Houzel (17) dealt with only the awake state values and the total
metabolic rate (i.e., only E in Eq. 1). In the current study, we
partitioned Eq for each activity level examined in terms of sig-
naling (E;) and nonsignaling (E,s) components to test if P; and
P, are constant across species). Thus, neither Eg nor E; was
assumed for any given state. Eg was derived based on the neu-
ronal firing for a given state in each cortical layer for the rat and
across the cortex in the human, whereas E,; was based on
leakiness of the cell membrane. To derive P, we fitted E,; to
measured CMRg(ox) data for each state, whereas to derive P,
we fitted Eys to measured CMRy (o) data for pentobarbital.
Because barbiturates may also inhibit mitochondrial respiration
(41) and if so, could lead to an overestimate of P, we fitted the
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data in Fig. 1B with and without the isoelectric pentobarbital
data and found negligible differences in the slope, intercept, and
goodness of ﬁt [rat data: CMRyjc0x) = 0.92 neuronal activity
(NA) + 0.13, R = 0.97 with pentobarbltal and CMRy¢(ox) = 0.94
NA + 0.11, R? = 0.93 without pentobarbital]. A fixed P, does
not necessitate a constant P;. As shown in Fig. 1 A and B, a con-
stant value of P gave an excellent fit to the data. A nonconstant P,
most likely a decrease at higher firing rates, would have shown
itself as a deviation from the best linear fit. It should be recalled
that bottom-up energy budgets predict that P; and P, differ sig-
nificantly across species (Table 1), and moreover, constancy of P
and P, beyond the awake state had not been tested (7, 8).

The finding of a constant Py across activity levels suggests that
energy-consuming subcellular processes of the neuropil (e.g., ion
fluxes associated with action potentials, pre- and postsynaptic
potentials, vesicular exocytosis/endocytosis, neurotransmitter
release/uptake, etc.) are all tightly coupled, ensuring that the
fidelity of impulse trafficking across a synapse is maintained in-
dependent of signaling frequency. Although the mechanisms
upholding this neurometabolic linearity are not understood, the
rapid rate with which surrounding astrocytic end feet clear syn-
aptic glutamate is probably a critical component (3). The simi-
larity of energetic efficiency with regard to electrical (Fig. 1) and
chemical (Fig. 2) events across different activity levels suggests
that there are physiological factors that limit the energy associ-
ated with cortical signaling (42) and that, within the normal
physiological range of neuronal signaling, the electrical and
chemical events are complimentary (3). Assuming a constant en-
ergetic cost of Na* and K* pumping, there is a direct relationship
between synaptic strength (i.e., average current induced by a sig-
naling event at a synapse, which can be increased through either
induced conductivity or higher probability of presynaptic gluta-
mate release) and energy consumption at the synapse.

The stability of Ps and P, across species suggests that, early in
evolution, the mammalian brain reached an optimum tradeoff
between energy consumption and computational power at a cel-
lular level (43). This constancy differs from most other tissues,
where there is a decrease in cellular metabolic rate by a power of
relative animal size (1). These findings imply that relative energy
costs of fundamental features of cortical communication (e.g.,
action potentials, pre- and postsynaptic potentials, glial neuro-
transmitter and K" clearance, etc.) as well as physiological
mechanisms for supplying mitochondrial energy for neuropil
operations (e.g., hemoglobin, voltage-gated ion channels, gluta-
mate and GABA receptors, and glucose and oxygen transport)
are well-preserved through evolution (17, 28, 29, 44-49). A con-
stant interspecies ATP demand of cortical activity emphasizes the
relevance of animal testing in experimental neuroscience studies.
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However, the approximately twofold difference in total cortical
energy consumption between rats and humans may reflect limi-
tations in blood flow in the human to supply oxygen and glucose
and remove waste products and heat in relation to the number of
cells that comprise each brain (50, 51).

Implications for fMRI and Resting Awake State Neuronal Activity.
fMRI has become a major tool for mapping neuronal activity
in humans and animals. An important question in fMRI studies
is whether the change in signal during tasks, which is produced by
changes in blood flow, blood volume, and oxygen consumption,
directly reflects changes in neuronal activity (52). Our finding
that a constant P; fits experimental data both within and across
species supports that measurements of the oxygen consumption
component of fMRI can provide a quantitative measure of changes
in neuronal activity. This conclusion is consistent with experimental
studies using calibrated fMRI and multiunit recordings that have
found a linear relationship between the average pyramidal cell
signaling and regional oxygen consumption (4, 5, 36, 37). Our
findings also show that the high level of neuronal activity in the
resting awake state by '*C MRS is consistent with metabolic
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measurements of 2DG and PET as well as electrical activity
measurements (spanning from EEG to extracellular recordings) for
the rat and human, supporting proposals that resting state activity
be incorporated into fMRI models of brain function (53). Because
these results are relating macroscopic energy measurements to
microscopic electrical events, we expect that the empirically derived
values of Ps and P, can better guide bottom-up budgets of sub-
cellular processes representing mammalian cortical function.

Materials and Methods

Tables S1 and S2 list values of neuronal activity and glucose consumption in
rat and human for 11 and 7 different states, respectively, over a range of
excitability (S/ Text, section 1). In summary, the measured neuronal activity
data were used to calculate CMRg¢(ox) and then compared with measured
CMRgic(ox) to determine values of Ps and Py, (Tables 1, 2, and 3). The budget is
described in Calculations (S/ Text, section 2).
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