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rises in activity and sleep
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Abstract

fluid flow

Maintaining brain fluid homeostasis is of critical importance for creating a stable environment conducive

to optimal neuronal functioning, nutrient distribution, and waste product removal. In this study, we employed
previously published data on brain oxygen and glucose consumption in awake rodents or humans to quantify

the metabolic water production associated with distinct pathways of glucose metabolism. It is predicted

that neuronal mitochondria are the primary source of metabolic water at rest, resulting in a continuous efflux

into the cytosol, interstitial fluid, and cerebrospinal fluid. Net metabolic water production is predicted to be reduced
by increases in activity due to a shift in metabolism from glucose oxidation to include glycolysis in neurons and ATP
hydrolysis by the major cation pumps, which involves water consumption (ATP +H,O— ADP +Pi). In comparison,
glycogenolysis, which occurs concurrently with the activation of astrocytes, potentially represents a major

but previously unidentified contributor to metabolic water. Metabolic water production is dependent on the state
of the brain, with a reduction of 30-40% occurring during deep sleep. Our estimates indicate that metabolic water
functions as a conduit for interstitial fluid production within the brain, enabling flexible and efficient distribution

of fluid that flows seamlessly from the parenchyma to the subarachnoid space and lymphatic vessels to facilitate
the removal of brain waste, independent of the glymphatic system.
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Background

Brain fluids are tightly regulated to provide a stable
environment for neuronal function and of great inter-
est because fluid flow is an integral part of normal brain

*Correspondence:

Gerald A. Dienel

gadienel@uams.edu

Martin Lauritzen

mlauritz@sund.ku.dk

! Department of Neurology, University of Arkansas for Medical Sciences,
Little Rock, AR, USA

2 Department of Cell Biology and Physiology, University of New Mexico
School of Medicine, Albuquerque, NM, USA

3 Department of Neuroscience, University of Copenhagen, Copenhagen,
Denmark

B BMC

function and a crucial element of distribution of nutrients
and clearance of waste products. The blood-brain bar-
rier (BBB) exhibits a low hydraulic conductivity, defined
as the volume of fluid that will traverse the barrier per
unit time by filtration due to an increase in hydrostatic
pressure. This is attributed to the absence of aquaporins
in brain endothelial cells [1, 2]. However, water may flow
from blood to the brain and vice versa along the endothe-
lial membranes between cells due to osmotic forces pro-
duced by the inability of small and large solutes to cross
the tight junctions between endothelial cells. Thus, the
influx and efflux of water across brain endothelial cells
and via solute transporters across the choroid plexus to
cerebrospinal fluid (CSF) (see Sects. "Metabolic water
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from other substrates and routes" and "Alternative sub-
strates and routes for water fluxes associated with metab-
olism") is a complex process that is tightly regulated.

Brain cells are separated by the interstitial fluid (ISF),
commonly called extracellular space (ECS), that con-
stitutes about 20% of the total brain volume [3]. The
ISF space may be characterized as a mesh of fluid-filled
“pores” with a width of 38—64 nm, large enough to allow
for diffusion of nutrients, metabolites, neurotransmitters,
and macromolecules up to the size of immunoglobulin
[4], but hardly of sufficient size to allow for bulk flow of
ISE-CSF [5]. The recent description of the glymphatic
system and of dural lymphatic structures has generated
considerable interest in fluid flow regulation [6—8]. Fur-
thermore, fluid flow in lymphatic structures suggests
direct connections between brain ISF, fluid channels,
vascular structures and cervical and spinal lymph nodes.
However, it is difficult to demonstrate CSF convection in
the densely packed, incompressible cerebral grey matter
[5,9-12].

An often-overlooked source of convection is metabolic
water, which is produced by the metabolic pathways that
involve glucose, lactate, other supplemental or alter-
native fuels, and ATP. In humans, the brain consumes
approximately 20% of our metabolic energy, despite
comprising only 2% of our body mass. This renders it
one of the most energetically costly organs in the body.
In contrast to the majority of other tissues, which dem-
onstrate considerable flexibility in the type of food that
can be extracted and consumed from the blood, the nor-
mal brain is almost exclusively restricted to glucose as a
substrate for its energy metabolism [13]. In this study,
we sought to quantify the metabolic water produced by
brain glucose catabolism, which may contribute to brain
fluid flow. Our findings suggest that intrinsic metabolic
water production plays a key role in both the ISF-CSF
flow and lymphatic flow. The paper describes the cellu-
lar and subcellular sites of metabolic water production
and compares the calculated amounts of metabolic water
produced by neurons and astrocytes during different
activity states (rest, stimulation, deep sleep).

Glucose oxidation, metabolic water,

and mitochondria

Theoretical stoichiometry of glucose oxidation

It is widely recognized that oxidation of glucose (Glc) in
brain and other organs produces CO, and H,O, with the
following stoichiometry [14—19]:

glucose (CgH1206) + 6 O3 — 6 HoO + 6 COs.
(1)
This water is denoted as ‘metabolic water, as opposed
to water derived from ingested fluids or substrates that
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enter blood and can cross the blood—brain barrier (BBB)
and CSF that is produced by the choroid plexus. Despite
continuous water production from metabolism of glu-
cose in brain cells, the fates and functions of metabolic
water are poorly understood. Previous estimates of brain
metabolic water production based on Eq. (1), i.e., 6 H,O/
glucose [14-16, 18, 19], are too low, and higher values are
obtained with the stoichiometry of biochemical reactions
of glucose oxidation as described below (see Sect. "Meta-
bolic water production during glucose metabolism in
resting, awake, non-stimulated subjects").

Mitochondria produce metabolic water

Most metabolic water is generated in mitochondria by
cytochrome c oxidase during the electron transport pro-
cess and by ATP synthase during oxidative phosphoryla-
tion, and the main sinks for metabolic water are cytosolic
hydrolytic reactions, extracellular fluid, and blood. Water
fluxes from mitochondria to the cytosol are substantial
and some of this water must ultimately leave the cell and
the brain. While synaptic activity, membrane potentials,
ion pumping, and other ATP-requiring processes are
mainly supported by oxidative metabolism there is con-
siderable heterogeneity of energy demands among cell
types and subcellular structures [20, 21]. For example,
mitochondria are heterogeneously distributed among
brain regions [22], only about half of the presynaptic
structures contain mitochondria [23, 24], and the fine
peripheral astrocytic processes that surround synaptic
elements contain many small mitochondria [25].

Metabolic water production rate approximates
perivascular-lymphatic drainage rate

Based on Equation (Eq. (1)), a rough estimate of meta-
bolic water production in rat cerebral cortex can be cal-
culated from a rate of glucose utilization (CMRy,) of ~1
pumol/g/min [26] and nearly all (90-95%) of the glucose
being oxidized in the resting awake unstimulated state
[13]: 1 Glex6 H,0/Glc=6 pmol H,O/g/minx18 ug
H,O/umol x 107 pL/pg=0.11 pL/g/min, which approxi-
mates the rates of ISF drainage to the lymphatic system,
i.e.,~0.1-0.3 uL/g/min in regions of rat and rabbit brain
[27, 28]. The similarity of these rates raises the question
whether metabolic water may contribute to and help
drive the brain’s fluid flow to lymph nodes and support
other water fluxes generated by local osmotic changes
during cellular activity.

Regional rates of metabolic water production vary
with local CMR;,c and are lower than CSF formation
Glucose utilization rates vary widely among brain struc-
tures and among species, with regional CMR,;; in human
and primate brain being about half those in the rat [29],
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and metabolic water production would be correspond-
ingly lower than in the rat (see below, Sect. "Calculated
rates of metabolic water production at the cellular level",
Table 1, Fig. 5). For example, CMR,, in cerebral cortex of
resting awake humans is 0.37 pmol/g/min (Table 1), and
metabolic water production based on 6 H,0O/Glc would
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be ~0.04 pL/g/min. However, as discussed below, meta-
bolic water produced by enzymatic reactions of glucose
oxidation amounts to 38 molecules of water per glucose,
approximately 10 of which may be secreted, so the above
values are minimal rates and adjusted values are higher:
for the rat, 0.11 x (10/6)=0.18 pL/g/min and for the

Table 1 Calculated rates of cellular metabolic water production during rest and activation

Species, brain region, pathway, cell CMR,. (pmol/g/min) Total H,0/GIc? Secreted H,0/Glc® Total H,0/Glc (ml/ Secreted H,0/
type, and reference (uL/g/min) (uL/g/min) brain/day) Glc (ml/brain/
day)
Rat Rest® Stim.¢ Rest Stim Rest Stim Rest Rest
Whole brain
CBF x /-\Vg‘C [146, 147] 0.67 0.46 0.12 131 0.35
Weighted average [*CIDG [148] 0.69 047 0.12 135 0.36
[*CIGlc MRS ©[142] 091 0.62 0.16 178 047
CMRyic oxa 033 022 0.06 065 0.17
CMRyic-oxn 0.57 0.39 0.10 1.12 0.30
Cerebral cortex, [6-"*C1Glc f[111] 0.74 0.93 0.50 0.13 0.73 0.19
CMRyic-oxca 0.14 0 0.09 0.02 0 0.14 0.04
CMRyc oncn 0.60 047 041 032 0.11 0.07 0.59 0.15
CMRyic nonoxn 0 047 0.02 0
CMRyiycogen-nonox 0 0.54 0 0.02 0 0
Human
Whole brain
CBF x Avg‘C [32] 0.23 0.16 0.04 315 84
['®FIFDG PET [149] 0.23 0.16 0.04 315 84
['"®FIFDG PET-gray matter [150] 028 0.19 0.05 384 102
Cerebral cortex ['*CIGlc MRS ¢ [46] 037 049 025 0.07 380 101
CMRyic.oxca 0.07 0 0.05 0.01 0 72 19
CMRyicnonoea 0
CMRy1c-oxen 0.30 0.25 0.20 0.17 0.06 0.03 308 82
CMRyic nonoen 0 0.25 0.01 0 0

CMRy, rate of glucose utilization; where subscripts denote the pathway and cell type of Glc metabolism: _,, oxidized, ,,,,,, Nonoxidized, -a astrocyte, -n, neuron; Rest
denotes the resting (physically inactive), awake, non-stimulated subject; Stim., sensory stimulation to activate metabolism in cortical regions; CBF, cerebral blood flow
rate; AV, arteriovenous difference for glucose; DG, 2-deoxyglucose; Glc, glucose; MRS, magnetic resonance spectroscopy; FDG, fluorodeoxyglucose; PET, positron

emission tomography

2 Rates of total water production were calculated as the product of metabolic rate in that pathway and the water formed per glucose, then converted to volume:
(umol Glc/g/min)*(X pmol H,0 produced per pathway/Glc)*(18 ug H,0/pmol H,0)*(1073 uL/ug H,0), where X =38 for oxidation and 2 for glycolysis during rest and
activation for both neurons and astrocytes. Total and secreted water per day were calculated based on rat whole brain and cerebral cortex weights of 2gand 1 g,
respectively. The relative size of human cerebral cortex is about 75% of the entire brain mass or volume [151], i.e., 1050 g for a 1400 g brain

b Rates of secreted water production were calculated as: (umol Glc/g/min)*(X umol H,0 secreted per pathway/Glc)*(18 ug H,0/umol H,0)*(107 uL/ug H,0), where
X =10 for oxidation during rest, 8 for oxidation during stimulation, and 0 for glycolysis during stimulation

€ In resting, awake, non-stimulated subjects ~90-95% of the glucose is oxidized; for simplicity, nonoxidative metabolism is assigned to zero and CMRjc = CMR;c.ox

d Sensory stimulation and physical activity increase brain metabolism with a disproportionate rise in non-oxidative metabolism in rats [110, 146] and humans [32,
33]. Based on the glucose sparing by glycogenolysis model [46], glycogen is the sole fuel for astrocytes during stimulation and CMRy_, is zero. Accordingly, measured

CMRy, is assigned to neurons, with about half oxidized and half nonoxidized

€The calculated resting value for whole brain CMRy.

is~30% higher than other reports, perhaps influenced by postmortem ischemic changes in metabolite levels

(due to decapitation followed by freezing the heads in liquid nitrogen) that may affect calculated pathway rates (Also see Fig. 5 legend)

"The cellular basis of CMRg,

at rest was not measured in this study and the proportion oxidized by astrocytes (18%) and neurons (82%) was based on the mean

CMRjc_ox-n (0-30) for human brain tabulated in the Supplemental Information (SI) Table SI-9 of reference [46] and the mean CMRy, ., (0.07) reported in the references

cited in Table SI-9. During activation measured CMR;c

was assigned to neurons and glycogenolysis to astrocytes. Our previous studies [40, 43] demonstrated

upregulation of nonoxidative metabolism that during activation to produce labeled and unlabeled lactate that is rapidly released from the brain. Rapid lactate release

causes underestimation of CMRy;c

and the non-oxidized fraction in ['*C]DG assays in rats and in ['>*Clglucose MRS studies in rats and humans (see text)

9The glucose utilization rates in neurons and astrocytes are mean values of literature reports summarized in reference [46] in their Supplemental Information (SI)
Tables SI-6, SI-7, SI-8, and SI-9. Anesthesia alters metabolism, and only values from awake subjects were included in the means
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human 0.04 x (10/6)=0.07 pL/g/min (see Sect. "Calcu-
lated rates of metabolic water production at the cellular
level", below). As a reference, cerebrospinal fluid pro-
duction rates range from about 0.23-0.81, 0.2-1.7, and
0.2-0.86 pL/g/min in mice, rats, and humans, respec-
tively (these rates were converted from units of uL/min
reported in Table 1 of [30] using brain weights of ~ 0.4, 2,
and 1400 g for mouse, rat, and human, respectively).

The following discussion of brain metabolic water pro-
duction is based on the mechanistic stoichiometry of
reactions of glucose metabolism, with the goal of increas-
ing attention to potential contributions of metabolic
water to the brain’s fluid dynamics.

Metabolic water production during glucose
metabolism in resting, awake, non-stimulated
subjects

The schematic in Fig. 1 illustrates the pathways of meta-
bolic water production by oxidative metabolism of glu-
cose. The Appendix Sect. "Reactions that consume and
produce water during metabolism of glucose", Fig. 8,
and Table 2 present the details of the reactions in the
glycolytic pathway, tricarboxylic acid (TCA) (citric acid)
cycle, electron transport chain, and oxidative phospho-
rylation that consume or produce water or ATP. Oxida-
tion-reduction reactions involving NAD* and FAD are
also included since they are involved in water and ATP
production.

Glycolysis and TCA cycle

Conversion of 1 Glc to 2 pyruvate (Pyr) via glycolysis
produces 2 H,O via the enolase reaction (Fig. 1) and a net
gain of 2 ATP by substrate-level phosphorylation reac-
tions (Also see Appendix Sect. "Reactions that consume
and produce water during metabolism of glucose”, Fig. 8,
Table 2). On the other hand, oxidation of 2 Pyr in the
TCA cycle consumes 4 H,O (Fig. 1), 2 each at the citrate
synthase and fumarase steps, and generates 2 GTP (=2
ATP) by substrate-level phosphorylation at the succinyl
CoA synthetase step. Thus, in glycolysis and the TCA
cycle there is a net consumption of 2 H,O and net pro-
duction of 4 ATP, 10 NADH+ 10 H* and 2 FADH, per
glucose oxidized (Fig. 8 and Table 2).

Redox shuttling from cytosol to mitochondria

Under resting, awake, non-stimulated condi-
tions ~90-95% of the glucose is oxidized, based on the
ratio of oxygen to glucose utilization (CMR,/CMRy, )
determined in human and rat brain to be 5.5-6, close
to the theoretical maximum of 6, Eq. (1) [13]. Therefore,
most of the reducing equivalents produced by glycoly-
sis in the cytosol are transferred to the mitochondria by
the malate-aspartate shuttle (MAS) where they enter the
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electron transport chain (Fig. 8, Table 2). A small fraction
of the NADH +H" is used to reduce pyruvate to lactate
and regenerate NAD". However, during activation [13,
31], mental work [32], and physical exercise [33], glyco-
lysis is upregulated much more than the modest increase
in CMR,, that rises up to about 20-25%, along with net
production and release of lactate.

Electron transport chain (ETC) and oxidative
phosphorylation

The ETC transfers electrons from NADH+H?' and
FADH, and pumps protons from the mitochondrial
matrix to the intermembrane space to create an elec-
trochemical gradient that is used to drive ATP synthesis
(Fig. 1). Cytochrome c oxidase transfers the electrons to
oxygen to generate water, with a yield of 12 H,O per glu-
cose oxidized (Figs. 1, 8, Table 2). Oxidative phosphoryla-
tion uses the proton gradient to drive the ATP synthase
reaction, producing~2.5 ATP from each NADH+H*
and~1.5 ATP per FADH, [34]. Assuming all glucose
is oxidized, a net of 28 ATP and 28 H,O are generated
(Figs. 1, 8, Table 2).

The pentose phosphate shunt and glycogen synthesis
consume water, but the rates of these pathways are low
in resting, awake non-stimulated subjects and the small
amounts of water are not included in the metabolic water
budget (For details, see Sect. "Metabolic water during
metabolism of Glc-6P via branch pathways" and Table 2).

Summary

The stoichiometry of glucose metabolism with water and
ATP production by biochemical oxidation of the glucose
is as follows (Table 2):

Glc + 32 ADP + 32Pi + 60,
— 6CO, + 32 ATP + 38 H,0. )

Enzymatic oxidation of glucose to produce energy
to satisfy the demands of cells produces a net of 38
H,0, 32 more than the 6 H,O anticipated by the mass
balance reaction in Eq. (1). Continuous glucose oxidation
generates metabolic water in the mitochondrial matrix
that transits to the cytosol, with efflux to ISF.

Influence of ATP turnover on metabolic water
utilization

Water consumption by hydrolytic reactions

Substrate-level phosphorylation in the glycolytic and
TCA cycle pathways involves the direct transfer of a
phosphoryl group to ADP or GDP from a ‘high-energy’
compound (e.g., 1,3-bisphosphoglycerate, phospho-
enolpyruvate, succinyl CoA) without the involvement of
a water molecule, contrasting water production by ATP
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Fig. 1 Metabolic water is produced in different pathways of glucose metabolism. CMR

at the hexokinase step. The CMRy;c_o

is oxidized. This is because the cycle rate is twice that of CMRQ‘C,

4ic represents the glucose utilization rate, as determined

represents the rate of glucose oxidation, which is equivalent to half of the TCA cycle rate when all glucose
with two pyruvate molecules produced per glucose molecule. The glycolytic

pathway, the electron transport chain, and oxidative phosphorylation are the sources of metabolic water, which is produced and indicated by a plus
sign. Conversely, the TCA cycle and cytosolic energy-dependent reactions that utilize hydrolysis consume metabolic water, indicated by a minus
sign. The efflux of water across the mitochondrial membrane is significantly greater than the influx of pyruvate. Most of the water produced

by the electron transport chain and oxidative phosphorylation is released to the cytosol, where it can be utilized for hydrolytic reactions or secreted
into interstitial fluid. This flux is continuous, directional, and varies in accordance with the rate of glucose oxidation. For further details, please refer
to Appendix Sects. "Reactions that consume and produce water during metabolism of glucose" and "Metabolic water during metabolism of Glc-6P

via branch pathways", Fig. 8, and Table 2

synthase (ADP+Pi—ATP+H,0). The hexokinase,
phosphofructokinase, adenylate kinase (AMP + ATP «<>2
ADP), protein kinase A, and other ATP-dependent
enzymes also involve direct transfer of the phosphoryl
group from ATP in a nucleophilic reaction, without
involvement of a water molecule in the mechanism [17].
This contrasts with ATP hydrolysis that involves water
consumption (ATP+H,0— ADP + Pi) by the major ion
pumps in brain, e.g., Na', K*-ATPase, Ca’>*-ATPase,

H*-ATPase, and other enzymes [35]. For clarity, cation
pumps illustrated in Figs. 2, 3 and 4 are placed at the
plasma membrane where Na*t, K*-ATPase is prominent,
but pumps are also on vesicles (H"-ATPase) and endo-
plasmic reticulum (Ca®*-ATPase).

ATP concentration versus ATP production rate
The brain ATP concentration is~2.3-3.1 umol/g [16],
indicating that its turnover (i.e., synthesis-utilization)
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must be high based on production of 32 umol ATP/g/min
or 0.5 umol ATP/g/sec when CMR,, is 1 pmol/g/min.
This ATP synthesis rate requires the equivalent quantities
of precursor molecules, 32 pmol ADP+32 umol Pi/g/
min that would be produced by ATP utilization (Figs. 1,
2, 8). Indeed, measured rates of Pi— ATP in human and
animal brain are in good agreement with calculated val-
ues based on Eq. (2) [36, 37]. This means that ATP turns
over rapidly and when the ATP concentration is constant,
synthesis of ATP matches its utilization rate. Most of the
metabolic water produced by oxidative phosphorylation
and ATP synthase (or its equivalent derived from blood)
would be consumed by ATP hydrolysis (1:1 stoichiom-
etry for H,O:ATP) and other processes (Fig. 2).

If the ATP synthase reaction is considered separately
from glycolysis, TCA cycle, and electron transport (these

/ Neuron or Astrocyte \

Rest, awake, non-stimulated

2ATP + CMRy;. = CMRy;; o

Glc
CMRQEJ, ATP

2H,0
v ATP
Fru-1,6P,

N
2H,0

Metabolic H,0 per Glc oxidized

+2 Glycolysis|
Ly }Net=10

-4 TCA cycle
secreted

+12 ETC
+28 Ox Phos — cation pumps
+38 H,0 total produced

Total metabolic H,0/Glc/cell type
=38 x CMR, or 38 x CMR

glc-ox-a

glc-ox-n

+28ATP +fz’gg:) Secreted metabolic H,0/Glc/cell type |
+28H,0 =10 x CMRy,_ ,,, or 10 x CMRg,c_ox_"/,’
\m § Cation pumps e

Fig. 2 Metabolic water production and utilization in the resting,
awake, non-stimulated subject. The glycolysis pathway consumes
two ATP and produces four ATP per glucose (Glc) metabolized,
resulting in a net gain of two ATP along with the formation of two
H,O by the enolase reaction. The TCA cycle in mitochondria (Mito)
consumes (denoted by a negative sign) four water molecules

per glucose oxidized, with the production of 12 and 28 water
molecules, respectively, occurring in the electron transport chain
(ETC) and oxidative phosphorylation (OxPhos) steps. Cation pumps
hydrolyze ATP and consume H,O. Given the high turnover of ATP,

it is assumed that the water produced by OxPhos is consumed

by cation pumping. In the absence of any other stimuli, biosynthetic
and other "housekeeping" reactions consume ATP. The net amount
of H,O produced by glycolysis, the tricarboxylic acid (TCA) cycle,
and the electron transport chain (ETC) is assumed to be available
for secretion. The total metabolic water production is 38 H,O/
glucose of which 10 is available for secretion. The respective

rates of metabolic water production are obtained by multiplying
the measured rate of glucose oxidation (CMRy._q,) in the astrocyte
(-a) or neuron (-n) (see Table 1). The following abbreviations are
used: Glc-6P represents glucose-6-phosphate, while Fru-1,6P,
denotes fructose-1,6-bisphosphate. For further details,

please refer to Sects. "Reactions that consume and produce

water during metabolism of glucose" and "Metabolic water

during metabolism of Glc-6P via branch pathways', Fig. 8, and Table 2
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Glc-6P
¥ ATP Stimulation
Fru-1,6P,
+4ATP + ZHZO 2ADP cMRgIc-o)(-n = CMRgIc-nonox-n
CMRgic.nonox +2Pi
<—Lac<_Pyr
CMRye o (e -4H,0 .
[ ,g7p Total metabolic H,0/Gle
(TCELyete = (38 X CMRyc.ocn) * (2 X CMR i nonoxcn)
\\OxPhos *+12H,0  secreted metabolic H,0/Glc
— =(12-4) = 8 x CMR;c o
+28ATP *ig’é\gp
+28H,0 Clation

A h pumps 4

Fig. 3 Metabolic water production in activated neurons. Given
the rapid fluctuations in neuronal activity, it is not feasible

to rely on a timely increase in oxygen delivery with each sudden
surge. Therefore, the energetic needs are met by rapid rises

in glycolysis. Glycolysis of 1 glucose (Glc) molecule produces 4 ATP,
2 of which replace the ATP used to produce glucose-6P (Glc-6P)
and fructose-1,6-bisphosphate (Fru-1,6P,). The remaining 2 ATP
and the 2 glycolytic H,O are assigned to cation pumping indicated
in the upper part of the figure, along with ATP/H,O from oxidative
phosphorylation (OxPhos) in mitochondria (Mito) shown in the lower
part of the figure. The net 8 H,O from the electron transport chain
(ETC) and TCA cycle can be secreted. About half of the pyruvate

is converted to lactate and released from the cell (CMRyic_nono),
and the other halfis oxidized (CMR;c..,). Rates of water production
and secretion are calculated as the product of the molecules

of H,O per pathway times the respective metabolic rate as shown
in the right part of the figure (also see Table 1)

processes can be experimentally distinguished, e.g., by
dissipating the proton gradient to uncouple electron
transport from oxidative phosphorylation), then the net
water produced by glucose metabolism via glycolysis,
TCA cycle, and electron transport is (38-28) =10 H,0/
glucose (Figs. 2, 8, Table 2):

Glc + 6 Oy — 6 CO; + 10 HO. (3)

In other words, if ATP turnover accounts for most or
all the water produced by oxidative phosphorylation,
then there can be a net efflux from the cytosol and brain
of 10 H,O per glucose oxidized (Fig. 2). This amount of
metabolic water exceeds the 6 H,O predicted by the mass
balance reaction Eq. (1) (for details, see Sect. "Discordant
metabolic water amounts: calorimetric versus enzymatic
glucose oxidation").

Summary

ATP turnover is fast and is required to provide the sub-
strates (ADP and Pi) for mitochondrial ATP synthase.
ATP hydrolysis during cation pumping consumes water
in a 1:1 stoichiometry, accounting for the water produced
by oxidative phosphorylation. The remaining net water/
glucose derived from glycolysis, TCA cycle, and ETC are
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Stimulation
CMR,, =0
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CMR
Glycogen
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Glc-6P
v ATP
Pi  Fru-1,6P, (3

3ATP +
2H,0

Lac<— Pyr
Total metabolic H,0/Glc-6P

=2x CMRegcogen-nonox-a

Secreted H,0 =0

2ADP  cation
+ 2Pi

I pumps

Fig. 4 Metabolic water production in activated astrocytes. Rapid
fluctuations in brain activity trigger an increase in astrocyte
metabolism associated with glutamate uptake, conversion

of glutamate to glutamine, and the associated cation pumping.
Astrocytic energy requirements are met by glycogenolysis,

a pathway that can rapidly replenish ATP [46]. Glycolytic metabolism
of 1 glucose-6-phosphate (Glc-6P) molecule produces 3 ATP, 1

of which replaces that used to produce fructose-1,6-bisphosphate
(Fru-1,6P2). The other 2 ATP plus 2 glycolytic H,O are assigned

to cation pumping; no metabolic water is available for secretion.
Metabolic water production is twice the rate of glycogenolysis. The
pyruvate (Pyr) generated from glycogen is converted to lactate (Lac)
that is released from the cell

available for secretion, with different amounts from stim-
ulated neurons and astrocytes.

Disproportionate upregulation of nonoxidative
versus oxidative metabolism during activation
During increases in brain activity overall metabolism
shifts from glucose oxidation in the awake non-stimu-
lated state (CMRy. ~ CMRy ) to include increased
nonoxidative metabolism of glucose in neurons and
of glycogen in astrocytes (CMRgcponox™> CMRyic.ox)
(Sect. "Evidence for disproportionate rise in nonoxida-
tive metabolism during activation"). This change differen-
tially alters metabolic water production in neurons versus
astrocytes as described below.

Local metabolic assays during activation

Brain activation involves any situation (e.g., sensory
stimulation, mental work, physical activity, etc.) that
increases neuronal signaling and the associated energy
requirements. Based on data from activation studies
in humans and animals, CMR,,. increases more than
CMRy, and most of the rise in CMRy rate involves non-
oxidative metabolism of blood-borne glucose in neu-
rons with lactate release (see Sects. "Activity-dependent
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metabolic shift modulates metabolic water production”,
"Calculated rates of metabolic water production at the
cellular level”, "Evidence for disproportionate rise in
nonoxidative metabolism during activation”). Glycogen
is also consumed non-oxidatively in astrocytes, but this
rate is not measured by routine CMR,,, assays (e.g., using
[**C]deoxyglucose, [**C- or '3C]-glucose, ['*F]fluorode-
oxyglucose-positron emission tomography (FDG-PET),
or magnetic resonance spectroscopy); glycogen must be
measured separately. Glucose utilization rates during
activation calculated from metabolic assays using [**C or
13C]glucose are too low due to incomplete product trap-
ping in the activated tissue [38, 39] (see Sect. "Parallel
assays with [14C]deoxyglucose (DG) and [1- or 6-14C]
glucose"). Of glucose metabolites, lactate is the most dif-
fusible and it quickly moves from activated cells to blood
[40] and the perivascular-lymphatic drainage system
[41]. Intracellular lactate in astrocytes is readily shut-
tled among other gap junction-astrocytes [42], so it can
be quickly dispersed from activated cells via the syncy-
tial network and released to ISE. After microinfusion of
[1-'*C]glucose or D-[**C]lactate into the inferior collicu-
lus of the awake rat, L- or D-[**C]lactate, along with [*C]
glucose and other labeled compounds, were recovered in
the meningeal membranes, consistent with perivascular
efflux [41]. The amount of [**C]glucose-derived lactate
released to blood during spreading depression accounted
for about half the magnitude of underestimation of calcu-
lated CMR,,, and the other half of the underestimation
was attributed to lactate efflux via perivascular-lymphatic
drainage [40, 41, 43].

Glucose sparing by glycogenolysis (GSG) model

The above experimental evidence strongly supports
the model describing glucose sparing by glycogenoly-
sis [44—46] in which (i) glycogenolysis supports astro-
cytic energetics during the early phase of activation (i.e.,
CMRjc_sstrocyte =0), thereby sparing blood-borne glucose
for neurons until endothelial glucose GLUT1 transport-
ers are mobilized from intracellular stores to the plasma
membrane [47, 48] and GLUT4 transporters are inserted
into neuronal plasma membranes from internal stores in
rapid response to action potential firing [49, 50], and (ii)
the incremental increase in neuronal glucose oxidation
equals that of neuronal nonoxidative metabolism of glu-
cose. Major predictions of the GSG model are excellent
fits to experimental data [46]. This is important because
neuronal and astrocytic release of lactate osmoles to
ISF during activation may enhance metabolic water
secretion.
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a Glucose utilization

b Total metabolic water
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c Secreted water
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Fig. 5 Metabolic water production and secretion from glucose utilization in rat and human brain during rest and activation. Data are from Table 1.
a. Cerebral cortical CMRy at rest is higher in rats than in humans, and in both species CMR increases during activation. b. Total metabolic water
generated by glucose metabolism is lower during rises in activity than during rest due to lower oxidation rates (Table 1) and higher activity of cation
pumps that use water for hydrolysis of ATP. €. As the increase in MR is mainly due to glycolysis, the amount of water secreted from glucose
utilization decreases during activation. d. Metabolic water production during rest and activation in rat and human brains for neurons and astrocytes.

For both cell types the main amount of metabolic water is produced in mitochondria. The amount of secreted water is reduced by about half
during stimulation because less glucose is oxidized compared with rest and more water is consumed by ATP hydrolysis during cation pumping
(Table 1, Figs. 3, 4). The percentage distributions of total and secreted metabolic water are presented as the same in rat and human brain during rest
(Fig. 5d), because the rat values are based on resting human data due to a limited number of MRS studies in the awake rat. Of the reports

tabulated in reference [46] in its Supplemental Information (SI) Tables SI-4 and SI-5, nine of 10 MRS studies used anesthesia that alters metabolism.
The whole brain CMR;;. (0.91pmol/g/min, Table 1) in the single awake rat study [142] was ~30% higher than that determined by arteriovenous
difference or weighted average of brain regions in ['“Cldeoxyglucose assays (mean, 0.68 umol/g/min, Table 1). In reference [142] the whole brain

CMRy,

and the calculated cellular proportions (36% astrocyte, 63% neuron) of glucose oxidation rates are questioned because the rats were

decapitated and heads frozen in liquid nitrogen, thereby causing postmortem ischemia that disrupts metabolism [143] (also see Table 1 footnotes).
For this reason the astrocyte-neuron partitioning obtained in resting human brain (mean of 19% astrocyte, 81% neuron in 7 studies; Tables SI-6,
7,9 in reference [46]) was used for calculations and figures in the resting state (Table 1, Fig. 5). Although the percent distributions in resting rat

and human brain are the same, the absolute values differ (Table 1)

Summary

Activity-dependent shifts in fluxes of glucose, gly-
cogen, and oxygen metabolism disproportionately
increase nonoxidative metabolism of glucose and gly-
cogen compared with oxidative metabolism and dif-
ferentially impact metabolic water production and
consumption in neurons versus astrocytes. Neurons
preserve glucose oxidation and its associated meta-
bolic water production while also increasing nonoxida-
tive glycolytic metabolism. In contrast, astrocytes rely
on glycolytic metabolism of glycogen. The 1:1 H,O:ATP

stoichiometry of elevated glycolytic metabolism of glu-
cose and glycogen during activation (Table 2) provides
both ATP+H,O for the increased demands of cation
pumps (ATP+H,0—ADP+Pi) in both cell types.
Coupling glycolysis with ATP formation and hydroly-
sis reduces the amount of metabolic water available for
secretion (Figs. 3, 4 and 5).
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Activity-dependent metabolic shift modulates
metabolic water production

Resting neurons and astrocytes

At steady state in resting, awake, non-stimulated sub-
jects, glucose is continuously consumed and oxidized,
water is always produced and released, rapid ATP turn-
over maintains a constant ATP concentration, and the
rate of glucose utilization is the same as that of glucose
oxidation: CMR,. & CMR,._,, (Fig. 2). This means that
of the 32 total ATP produced per glucose oxidized,
4 are generated by substrate-level phosphorylation
(GTP=ATP) without involvement of water, and 28
ATP are synthesized along with 28 water molecules by
ATP synthase (Figs. 3, 8, Table 2). As noted above, the
major cation pumps consume 1 H,O per ATP hydro-
lyzed [35] and Na*, K*-ATPase accounts for ~50-65%
of the brain’s energy demand [13], with additional
ATP and H,O consumed by the Ca®'-ATPase and
H*-ATPase activities [35]. This means that most of
the ATP is hydrolyzed during cation pumping. Thus,
28 of the 38 water generated by glucose oxidation are
involved in ATP turnover (Fig. 2), with a net of 10 water
molecules can be released. This increases the theo-
retical rate of metabolic water efflux calculated above
from Eq. (1) by a factor of 10/6 per glucose or 1.7-fold,
from ~0.11 to 0.18 puL/g/min in rat brain. In contrast to
the water derived from mass balance equations, calcu-
lated metabolic water production and secretion rates
based on measured glucose metabolic rates in neurons
and astrocytes are given in Table 1 (see Sect. "Calcu-
lated rates of metabolic water production at the cellular
level", below).

Increased glycolysis in activated neurons and astrocytes

A consequence of glycolytic lactate generation during
brain activation is reduced ATP and water production by
the oxidative pathways. One cytoplasmic NADH+1 H*
are consumed per lactate formed from 1 pyruvate (Fig. 8,
Table 2), pyruvate is eliminated as an oxidative substrate,
and metabolic water formation by electron transport and
oxidative phosphorylation is reduced by 6 and 14 H,O,
respectively, per pyruvate converted to lactate (Table 2).
Thus, if cation pumping is the basis for most of the
increased energy demand during activation, neuronal
ion pumps can obtain water required for ATP hydrolysis
from metabolic water from both glycolysis and oxidation
(Fig. 3), whereas astroglia derive metabolic water only
from glycolytic metabolism of glycogen (Fig. 4).

Activated neurons
Based on the GSG model, total CMR,, is assigned to
neurons during activation, with half oxidized and half not
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oxidized: CMRy ox.n & CMRyic ponoxn (Fig. 3). Because
cation pumping is enhanced when activity rises, meta-
bolic water produced by glycolysis and oxidative phos-
phorylation is assigned to ATP hydrolysis during ion
pumping. Calculation of metabolic water production in
activated neurons has two components, 38 H,O/glucose
from oxidation plus 2/glucose from non-oxidative glyco-
lysis, with 8 H,O available for secretion (Fig. 3), two less
than in the resting state. Production and secretion rates
are calculated from the number of water molecules pro-
duced per glucose for each pathway times the respective
metabolic rate (see Sect. "Calculated rates of metabolic
water production at the cellular level” and Table 1).

Activated astrocytes

Based on the GSG model, nonoxidative glycogenoly-
sis replaces metabolism of blood-borne glucose, and
CMR;,.,=0 (Fig. 4). Glycogen supplies glucosyl units to
the Glc-6P step of glycolysis, for a net ATP yield of 3, one
of which replaces the ATP used to phosphorylate Fru-
6P. The remaining 2 ATP and 2 H,O from glycolysis are
assigned to cation pumping. No metabolic water is avail-
able for secretion from activated astrocytes.

Summary

Mechanistic stoichiometry of glucose utilization reac-
tions reveals that more metabolic water is produced
and secreted under resting conditions than during rises
in activity. During activating conditions most metabolic
water and all secreted water is derived from neuronal
oxidative metabolism. Astrocytes consume glycogen
and produce water that is consumed by ATP hydrolysis
related to cation pumping. Based on higher glucose utili-
zation rates in neuropil compared with cell bodies during
rest and electrical stimulation [51], most metabolic water
would be anticipated to be produced by synaptic com-
partments and perisynaptic astrocytic processes com-
pared with neuronal soma.

Calculated rates of metabolic water production

at the cellular level

Assumptions

Calculated rates of metabolic water production in whole
brain, neurons, and astrocytes in rats and humans dur-
ing rest and sensory stimulation are compared in Table 1.
Representative glucose utilization rates were obtained
from the literature and used to calculate rates of total
metabolic water and secreted water production using cal-
culation factors based on the mechanistic stoichiomet-
ric amount of water produced per glucose molecule per
cell type per pathway as indicated in Figs. 2, 3, 4 and 8,
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and Table 2. The assumptions used for these calculations
were based on steady state homeostasis of cellular water
content, i.e., metabolic water production is matched by
intracellular metabolic water consumption and secretion
from the cell as illustrated in Figs. 2, 3 and 4. This meta-
bolic water budget focuses on net production, utilization,
and release, and does not distinguish mixing of metabolic
water with equivalent amounts from other sources.

Rates of production and secretion of metabolic water

in resting, awake subjects

Nearly all glucose is oxidized under resting conditions
[13], and Table 1 and Fig. 5a—c reveal that calculated met-
abolic water production is higher in the resting, awake,
non-stimulated subjects than during sensory stimula-
tion, and glucose oxidation provides nearly all the total
and secreted water (Table 1, Fig. 5d). Neurons produce
most of the metabolic water due to their higher glucose
oxidation rates (CMRy_,,.,) compared with astrocytes
(CMRyc ox.o)» with rats having higher production rates
than humans and different distributions of production
and secretion of metabolic water during stimulation
(Table 1, Fig. 5a—d).

However, these cellular metabolic rates are calculated
per gram tissue, and if the astrocyte volume fraction in
rat cerebral cortex (9.6 +£2.8% [52]) is taken into account
and CMR;. o, is adjusted for astrocytic volume frac-
tion by multiplying by 1/volume fraction (i.e., multi-
ply by 11.4+3.9) [52], total metabolic water production
in resting rat astrocytes per cellular volume would be
about twice that in neurons. For example, rat cerebral
cortex CMRy oy, is 0.09 pL/g/min (Table 1)x11.4=1.0
puL/g/min versus the adjusted rate for neurons, assum-
ing a volume fraction of about 80%, CMR =0.41 x
(1/0.8)=0.51.

Total metabolic water produced per day in resting
subjects is on the order of 1.3 mL in rat brain and 315—
385 mL in human brain, whereas secreted water is about
0.4 mL and 85-100 mL in rat and human brain, respec-
tively (Table 1).

glc-ox-n

Stimulation-induced rises in glucose and glycogen
catabolism reduce production and secretion of metabolic
water

In stimulated brain CMR,,. was assigned to neu-
rons based on the GSG model, with CMR; oy
CMRgicnonox-w CMRyi.,=0, and glycogen fueling the
activated astrocytes (Table 1). Only one study in awake
rats determined CMR;,. and CMRgj e, in parallel, and
the rate of glycogenolysis, 0.54 pmol/g/min (Table 1),
exceeded nonoxidative metabolism of glucose in

~
~
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stimulated rat neurons, 0.47 pumol/g/min (Table 1). No
data are available for glycogenolysis in stimulated human
brain.

Most metabolic water is generated by glucose oxida-
tion, which fell from 0.14 and 0.60 pmol/g/min in rest-
ing astrocytes and neurons, respectively, to 0 and 0.47
pumol/g/min during stimulation (Table 1). As a conse-
quence, total metabolic water production fell from 0.5 to
0.36 pL/g/min, and secreted water fell from 0.13 to 0.07
puL/g/min (Table 1); similar trends occurred in stimu-
lated human brain (Table 1). In addition, consumption
of metabolic water by increased ATP hydrolysis during
ion pumping reduced water secretion in both cell types,
and secreted water is only from neuronal glucose oxida-
tion (Table 1, Figs. 3, 4, 5b, c). More lactate is generated
from glucose and glycogen during stimulation (2 lactate/
glucosyl unit) and it is exported, releasing from the cell 2
lactate osmoles per osmole glucose or Glc-6P.

Hypothetical availability of glycogen-bound water

as source of fluid secretion

Glycogen is a hydrophilic glucose polymer, and many,
but not all, studies of liver and muscle glycogen have
shown an association of tissue or whole-body water con-
tent with glycogen level in a proportion of~3 g water
bound per g glycogen (see discussions and references
cited in [53-55]). The amount of tissue water or intracel-
lular water increases with higher glycogen concentration
and falls when glycogen is consumed, but the amount
of water bound to glycogen compared to ‘free’ water in
the tissue or cells remains to be established. Similar
studies have not been carried out in brain, but if bound
water:glycogen is also 3:1 in brain, the amount of bound
water to glycogen would be 30 umol H,O/pmol glucosyl
unit glycogen.

Using this value and the rate of glycogenolysis in rat
brain during stimulation, 0.54 umol/g/min (Table 1), the
hypothetical rate of release of bound water from glyco-
gen would be 0.29 pL/g/min. This would increase the cal-
culated rate of water secretion during stimulation from
0.07 (Table 1) to 0.36 pL/g/min, 2.8-fold higher than that
under resting conditions, i.e., 0.13 pL/g/min (Table 1).
Water bound to glycogen is not metabolic water in a
strict sense, but if released because of glycogenolysis and
lactate release it may contribute to increasing perivascu-
lar fluid flow during activation. This suggests that astro-
cytes release water during rises in activity when glycogen
is mobilized.

Metabolic water from other substrates and routes

Glucose is the major fuel for the brain, but lactate and
ketone bodies can also be oxidized and generate meta-
bolic water by the same reactions as glucose oxidation.
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Water fluxes can also involve aquaporins and substrate
transporters. For example, the aquaporins facilitate
osmotically-driven water fluxes, whereas various sub-
strate transporters can co-transport water along with
the substrate in different tissues and cell types as, for
example, the GLUT glucose transporters, the SGLT
Na*-linked glucose transporter, the EAAT1 glutamate
transporter, the GAT1 GABA transporter, the MCT-
Imonocarboxylic acid transporter, the NKCCl Na*, K*,
2Cl cotransporter, and the KCC K*, Cl™-cotransporter
(e.g., [1, 56—62]). For more details, see Sect. "Alternative
substrates and routes for water fluxes associated with
metabolism".

Summary and perspective

During rest and activation, most of the metabolic water
is generated by neuronal glucose oxidation in the mito-
chondrial matrix from which it moves to cytosol where
it can be consumed by hydrolytic reactions or secreted
to interstitial fluid. Much smaller amounts of metabolic
water are produced by glycolysis in neurons and astro-
cytes; it can contribute to secretion during rest, but not
during activation when it is assigned to ATP hydrolysis to
support increased cation pumping. The rates of nonoxi-
dative metabolism of glucose during activation are greatly
underestimated in assays using labeled glucose that rely
on quantitative trapping of all labeled metabolites due to
rapid efflux of labeled lactate from the brain. Anticipated
release of bound water secondary to astrocytic glycogen-
olysis during activation can contribute to increased water
secretion that is expected to enhance perivascular lactate
clearance. This is a unique, previously unrecognized role
for astrocytic glycogenolysis.

The reduced amount of total and secreted water may
impact the neurovascular coupling response, i.e. the
rise in blood flow that accompanies rises in activity [63].
The term neurovascular coupling (NVC) is employed to
describe the sequence of events by which increases in
brain activity result in increases in cerebral blood flow
and energy supply to the brain [64, 65]. In response to
increases in brain activity, arterioles exhibit minimal dila-
tion, whereas brain capillaries demonstrate active dila-
tion and contribute approximately 85% of the reduction
in cerebrovascular resistance [66, 67]. The neurovascu-
lar coupling response is of the greatest amplitude at the
site where nerve cell activity peaks, which also exhibits
the largest alterations in glucose catabolism, activity of
cationic pumps, and ATP turnover [13]. The calculations
presented in this paper indicate that activation of the gly-
colytic pathway and increases in ATP turnover reduce
the continuous production of total and secreted meta-
bolic water, which may facilitate capillary dilation. Astro-
cytes have a small volume fraction (~9.6% in rat cerebral
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Fig. 6 Oxygen consumption during stages of sleep and calculated
metabolic water production and secretion. Rates of whole-brain
oxygen consumption (CMRy,) in human subjects [144, 145]
demonstrated no change during rapid-eye-movement (REM)
sleep compared with resting, awake, non-stimulated subjects (NS,
not statistically significant). However, CMR, fell significantly, by 5%
and 25% during light and deep sleep, respectively, and calculated
production of total water and secreted water from oxidation

of glucose decreased proportionately during these sleep stages

cortex [52]), but glycogenolysis is predicted to release
bound water during stimulation that constrains local vas-
odilation and drives local perivascular-lymphatic flow.

Brain energy metabolism and calculated metabolic
water production during sleep

Metabolism varies with stages of sleep

Normal human sleep is characterized by two distinct
states: rapid eye movement (REM) and non-REM
(NREM) sleep. The nocturnal sleep pattern of the mature
human brain adheres to a predictable schedule. The onset
of sleep is characterized by the transition from NREM to
deeper NREM stages, which then gives way to the initial
occurrence of REM sleep, typically occurring approxi-
mately 80—-100 min later. Subsequently, NREM and REM
sleep alternate for approximately 90 min. Stages 3 and 4
of NREM are concentrated in the initial NREM cycles,
with REM sleep episodes occurring throughout the night
[68]. During sleep whole brain glucose metabolism falls
in parallel with systemic glucose metabolism and quan-
titatively accounts for a significant fraction of the reduc-
tion observed during sleep in normal humans [69]. The
magnitude of CMR, during light sleep (stage II) is only
moderately reduced (3—-10%) in comparison to wakeful-
ness [70]. In comparison, during deep sleep (stage III-IV),
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CMR, [70] and CMR,; [71, 72] are reduced by 25-44%,
while during REM sleep (dreaming), global levels CMR,
are approximately the same as during wakefulness [70].
The decline in brain metabolism during deep sleep is cor-
related with a generalized decrease in cerebral synaptic
activity which is crucial to maintain brain health [73]. It
is assumed that synaptic activity levels during rapid eye
movement (REM) sleep, when dreaming occurs, are simi-
lar to those observed during wakefulness [74]. In accord-
ance with this assumption, global CMR, is equivalent to
that during wakefulness [70].

Calculated metabolic water production falls during deep
sleep

Production and secretion of metabolic water calculated
from CMRg, determined during stages of sleep fell in
proportion to the decrease in oxygen consumption and
glucose oxidation (Fig. 6).

Summary

It is anticipated that the reduction in glucose oxida-
tion during deep sleep (NREM) will result in a notable
decrease in the secretion of metabolic water and that
this may result in a reduction in the outflow of ISF to
the CSF and other exit pathways. However, Xie et al. [75]
reported a large, 66% increase in the extracellular vol-
ume fraction (from 14.1 to 23.4%) and increased amyloid
beta clearance during slow wave sleep in mice compared
with the awake state. The relationship between metabolic
water production, interstitial space, and tracer clearance
remain to be established. However, tracer clearance could
be enhanced even when water production is reduced
because blood pressure in human subjects decreases an
average of 17% (described as ‘nocturnal dipping’) dur-
ing deep sleep in most subjects [76], and lowering blood
pressure by about 20% increased tracer clearance to the
lymphatic system [77].

Concluding remarks and future directions
Movement of CSF, ISF, and metabolic water

The quantification of water movement between differ-
ent brain cells and compartments, i.e. across the BBB, the
brain-cerebral spinal fluid barrier or from the interstitial
fluid compartment to the CSF or the perivascular com-
partments or vice versa is incompletely understood [1].
Small uncharged polar molecules such as water diffuse
slowly across endothelial cell membranes and could theo-
retically contribute to the regulation of ISE, but the very
slow diffusion rate and very low hydrostatic conductivity
of the endothelium argue against diffusion or convection
across capillaries as a major source of ISE. Similarly, the
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osmotic water permeability of the brain endothelium is
very low, partly because of the complete lack of aqua-
porin (AQP) expression in brain endothelial cells [1], and
osmotic gradients between blood plasma and CSF are
small or negligible (e.g., [78—80]). Alternatively, the ISF,
including metabolic water, could be assumed to diffuse
between endothelial cell membranes, i.e. via the para-
cellular route from brain to blood. However, the volume
fraction of the blood vessels is 1%, while the volume frac-
tion of brain extracellular fluids (ECF) is 20% [81], i.e. the
volume of distribution of metabolic water in the ECF is
huge, and there are no mechanisms to direct metabolic
water produced by neurons into the brain capillaries. In
contrast, metabolic water produced by glycogenolysis
in astrocytes can enter the pericapillary space via astro-
cyte endfeet, which are covered by AQP4 at this site [12].
The contribution of astrocytes to metabolic water under
resting and activating conditions is small whereas the
amount of water released by glycogen consumption dur-
ing activation is greater. The transport of metabolic water
to the capillaries does not guarantee transport from the
brain to the blood; it can transit via the perivascular-
lymphatic system (e.g., [11, 28, 82, 83]). Taken together, it
is unlikely that a significant proportion of the metabolic
water produced by neurons diffuses down an osmotic
pressure gradient into the blood, as previously suggested
may occur unless solutes mix with the metabolic water
(see Sect. "Disproportionate upregulation of nonoxida-
tive versus oxidative metabolism during activation” in
[84] and Sect. "Glycolysis and TCA cycle", p. 381 in [28]).

Our hypothesis is that metabolic water, together with
metabolites and waste products from neurons and astro-
glia, first enters the ISF surrounding the brain cells and
then exits the brain via various pathways, i.e., the lym-
phatic vasculature or the systemic circulation via the
arachnoid granulation. Notably, metabolic water is pro-
duced continuously at a slow rate and, although theo-
retically possible, we consider it unlikely that metabolic
water produces hypotonic ECF pockets that pave the way
for local osmotic transport across or between endothe-
lial cell membranes. We suggest that metabolic water is
drained along perivascular spaces and axon tracts [85]
to the CSF, to lymphatic vessels along cranial or spinal
nerves or the dura mater, or to the systemic circulation
via arachnoid villi or fenestrated vessels after passage
through the cribriform plate toward lymph nodes [6, 11,
12, 28, 82, 83, 86].

The mechanisms for the generation, flow and discharge
of ISF are important and we suggest that metabolic water
is a significant contributor to ISF. Bulk flow of ISF is
unlikely to be of practical importance for nutrient dis-
tribution and waste removal [5], but a diffuse, continu-
ous, global production of metabolic water may be crucial
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mechanism for brain fluid flow and clearance of water-
soluble waste products along perivascular spaces into the
subarachnoid space, along axons to lymphatic vascular
pathways, or along arachnoid granulation to the systemic
circulation. Small, water-soluble metabolites are readily
cleared through arachnoid granulations and fenestrated
vessels, while the clearance mechanisms for larger waste
products (such as amyloid-beta aggregates) is still incom-
pletely understood [28, 87, 88]. Additional clearance
routes include the glymphatic system [89-91], which
appears to substantially overlap with the long-recognized
perivascular-lymphatic drainage system (e.g., [11, 28, 82,
83, 92, 93] and references cited therein), and may play a
role in removing both small and larger metabolic waste
products from the brain. We propose that metabolic
water may be a mechanism of slow, continuous bulk ISF
flow, replacing or complementing CSF flow into the brain
along penetrating arterioles as a mechanism and expand-
ing the glymphatic [89] and perivascular-lymphatic [11,
28, 82] routes plus others.

In summary, capillaries play a role in fluid exchange
within the brain but are not the primary route for ISF
drainage. Alternative drainage pathways are critical for
brain fluid dynamics and waste clearance mechanisms.
Metabolic water will be critical to these mechanisms,
contributing to brain homeostasis and metabolite clear-
ance in health and disease.

Sources and drivers of fluid flow in the brain

The fluid dynamics of the brain are still incompletely
understood and key questions remain unanswered [94].
Animal and human studies have identified perivascular
spaces around brain arterioles and venules along which
fluid, nutrients, signaling molecules, and waste products
from neurons and glia can move [91], but it is unclear
how and to what extent CSF bulk flow moves through
brain tissue [5, 88, 89, 95].

Alternatively, one might hypothesize that metabolic
water and water released by glycogenolysis may serve
as sources and drivers of ISF, contributing to brain fluid
formation and ultimately to lymphatic drainage along
cranial and spinal nerves, or along lymphatics in the cri-
briform bone to retropharyngeal lymphatic vessels to the
deep cervical lymph nodes [6, 7, 11, 86]. Directional flow
of metabolic water from brain cells to ISF and perivascu-
lar space may also serve as a driver for clearance of lac-
tate and other compounds [41]. Highlights of the present
evaluation of the brain metabolic water budget include
the following (Fig. 7):

+ Glucose is the brain’s energy source, and its oxidative
metabolism continuously produces metabolic water,
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which is secreted at a similar rate as interstitial fluid
is produced.

+ Neuronal mitochondria produce most of the meta-
bolic water, astrocytes less.

+ Water production is greatest during rest and sup-
pressed by rises in activity and during deep sleep.

+ Ion movements induced by ongoing or evoked
increases in activity trigger ion pumps that consume
metabolic water through hydrolysis of ATP.

+ Glycogen catabolism is anticipated to release bound
water from astrocytes during activation and serve as
a major fluid source for perivascular-lymphatic flow.

« The paper provides standards for calculation of meta-
bolic water and identifies the enzymatic processes
that dominate water production in neurons and
astrocytes.

o These data establish metabolic water as a critical
source for brain fluid production and for removal of
waste products in healthy and diseased brains.

Metabolic water production varies with rates of glucose
oxidation

Metabolic water is frequently mentioned in reviews of
brain energy metabolism, but details of its production,
the cellular and subcellular sources and sinks, and its
functions in brain fluid dynamics are poorly understood.
The present analysis reveals that in both the awake, non-
stimulated state and during activation most metabolic
water is produced by neuronal glucose oxidation. This
path of glucose catabolism varies between regions, but
the global consumption of glucose and oxygen is rela-
tively constant in the resting awake state, with dispro-
portionate upregulation of glycolysis and lactate release
compared with oxidative metabolism during mental
activity in the human [32] and sensory stimulation of the
rat [13], whereas glucose oxidation decreases by 3—-10%
during light sleep and 25-44% during deep sleep [70,
72]. Hence, the global production of metabolic water is
almost constant during the awake resting state, light, and
REM sleep but strongly reduced during deep sleep due to
the fall in oxidative metabolism. This is thought to result
in a decrease in the outflow of ISF to the CSEF, creating
a brain-state dependent time window for CSF flow along
the perivascular route from CSF to ISF [89].

In addition to variations in metabolic water produc-
tion with evoked changes in rates of glucose oxidation
and glucose/glycogen glycolysis in normal subjects, other
factors can influence clearance of substances from brain.
For example, the routes, rates, and quantities of clearance
of compounds from CSF or ISF to lymph, spinal cord, or
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nasal tissue are affected by rate of infusion of fluid into a
ventricle, the position of the subject (head up or down),
and the molecular weight (size) of the substance [28, 87].
Brain disorders that alter glucose metabolism are also
anticipated to influence metabolic water production and
clearance rates, e.g., regional increases and decreases in
CMR;,. during and after spreading cortical depression
[96], reduced CMR;;, in Alzheimer’s Disease [97], meta-
bolic heterogeneity of glioblastoma brain tumors [98],
traumatic brain injury [99], and other conditions.

A large fraction of metabolic water is generated by neu-
ronal ATP synthase (28 of 38 H,0O/glucose) and is prob-
ably linked to ATP turnover, which is related to energy
consuming processes of different components of excita-
tory signaling in the grey matter [100]. This relationship
involves efflux of water from mitochondria to cytoplasm
where it is consumed in hydrolytic reactions of cation
pumps. On the other hand, metabolic water gener-
ated during rest by glycolysis, TCA cycle, and electron
transport, i.e., 10 H,O per glucose oxidized, is probably
exported from brain cells where it may contribute to
perivascular fluid and local water fluxes. Less metabolic
water is generated during rises in activity due to upregu-
lation of nonoxidative metabolism of glucose by neurons
and of glycogen by astrocytes in activated brain regions.
However, calculated release of water bound to glycogen
during activation exceeds resting metabolic water secre-
tion rate and may contribute to perivascular fluid fluxes
and rapid perivascular lactate clearance Fig.7 . These are
important topics for future study, and outstanding ques-
tions remain to be addressed:

+ The metabolic basis of metabolic water production in
the brain is incompletely understood, but secretion
may occur at the same rate as the production of brain
interstitial fluid (ISF). We provide here a set of guide-
lines for calculating water production when the rates
of oxidative and non-oxidative metabolism of glu-
cose and glycogen are known. Secretion of metabolic
water into the ISF results in an outward flow of fluid,
but do cerebrospinal fluid and metabolic water mix
within the ISF and, if so, does this vary with activity,
e.g. awake rest versus deep sleep?

+ There are currently no methods that can be used to
measure local metabolic water production in the
intact brain. One question is whether we can develop
methods to record metabolic water fluxes in the liv-
ing human and rodent brain. If so, can metabolic
water be evaluated as a driver of fluid flow from the
brain through the perivascular-lymphatic system?

+ The amount of water bound to astrocytic glyco-
gen and the ratio of bound water to glucosyl units
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in glycogen at different glycogen concentrations are
not known. Can we develop methods to measure
glycogen-bound water and its release as glycogen is
degraded?

+ Mitochondria in neurons are expected to release
most of the metabolic water, but can we develop
methods to distinguish between astrocyte and neu-
ronal sources of water at rest and during increases in
activity?

+ Glycogen is rapidly metabolized by non-oxidative
metabolism during increases in activity, leading to
lactate release. Does glycogen-bound water help
remove lactate produced by glycogen metabolism?

+ Does metabolic water contribute to unrecognized
sources of cerebrospinal fluid in disease states, e.g.
hydrocephalus or oedema formation?

+ Does metabolic water production during brain devel-
opment involve oxidation of alternative substrates,
including lactate, ketone bodies (-hydroxybutyrate
and acetoacetate), and other compounds (see Table 2
in [101])?

o Does lipid metabolism in demyelinating diseases
contribute to brain water production?

+ Neuronal mitochondria produce the majority of met-
abolic water and its production should be affected
by mitochondrial dysfunction, hypoxia, anoxia and
ischemia. Is metabolic water production altered by
mitochondrial diseases and disorders?

Limitations and future directions

A limitation of this study is that the metabolic water
produced by different pathways was calculated using
the established mechanistic stoichiometry of enzymatic
reactions of glucose metabolism, rather than in vivo
experimental data produced by the authors themselves.
Nevertheless, our calculations are founded upon estab-
lished experimental evidence that corroborates the
attribution of cellular contributions to the formation of
metabolic water during periods of rest and activation.
Future metabolic studies in awake resting and stimulated
rats and humans, including glycogen consumption, are
needed to improve the accuracy of calculated metabolic
water production rates in neurons and astrocytes. In
addition, the calculated amounts and cell types produc-
ing metabolic water under different conditions in this
study can serve as a blueprint for design and anticipated
results of studies to measure metabolic water production.
Taken together, our findings implicate metabolic water
production by neurons and astrocytes as an essential ele-
ment of brain fluid homeostasis, a discovery with broad
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Fig. 7 Overview of the major aspects of metabolic water budget. Oxidation of glucose, the obligatory brain fuel, continuously produces metabolic
water that is secreted to interstitial fluid and contributes to perivascular-lymphatic drainage. Neuronal mitochondria generate most metabolic
water. More metabolic water is produced during rest than during stimulation and deep sleep when glucose oxidation is reduced, but astrocytic
glycogen breakdown during activation is anticipated to release bound water that may be a driver of fluid flow and waste clearance. Metabolic

and bound water impact fluid dynamics in healthy and diseased brains

implications for human brain health. On the one hand,
our results have implications for the interpretation of
brain fluid flow, suggesting that the relationship between
brain fluids and ongoing and evoked neural activity is
crucial for understanding the dynamics of brain inter-
stitial fluid, which may be severely compromised in
pathological contexts. On the other hand, modulation of
neuronal and astrocytic metabolism may provide a thera-
peutic target to improve waste removal in the context of
neurodegeneration, thereby reducing the accumulation
of toxic proteins thought to drive disease progression.

Appendix

Reactions that consume and produce water

during metabolism of glucose

Figure 8 illustrates the pathways of glucose metabolism
that produce and consume water, and Table 2 provides
details of each of the reactions of glucose metabolism.

Metabolic water during metabolism of Glc-6P via branch
pathways

Alternative fates of Glc-6-P

Glc-6P is metabolized in the pentose phosphate pathway
(PPP) to produce NADPH for management of oxidative
stress and biosynthetic reactions, it is converted into
glycogen as an astrocytic energy reserve that is mobilized
during activation, and used for synthesis of complex
carbohydrates. Glc-6-phosphatase is present in brain and
would consume water (Glc-6P +H,0— Glc+Pi), but its
activity is very low [102] (vs. liver). Glc-6-phosphatase
may, in fact, have a separate, neuroprotective role, i.e.,
to hydrolyze a toxic metabolite, 1,5-anhydroglucitol-6-P
[103]. 1,5-Anhydroglucitol is present in various foods and
after ingestion it can be phosphorylated by hexokinase
and accumulate to toxic levels [104, 105].

Pentose-P pathway (PPP)

In the first step of the PPP, 1 Glc-6P, 2 NADP* and 1
H,O are consumed to produce 2 NADPH+2 H*+1
CO,+ribulose-5P (Fig. 8), whereas the other PPP
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Fig. 8 Major pathways of glucose metabolism involved in production and consumption of metabolic water. (Related to Main text Sect. "Metabolic
water production during glucose metabolism in resting, awake, non-stimulated subjects" and Figs. 1-4) Details of the major (glycolytic

pathway [yellow background color] and TCA cycle, electron transport chain, and oxidative phosphorylation [pink background color]) and minor
(pentose shunt pathway and glycogen storage) sites of metabolic water production and consumption during metabolism of glucose. Under

the resting, awake, non-stimulated condition, nearly all of the glucose is oxidized and the cytosolic NADH is shuttled to the mitochondria

via the malate-aspartate shuttle (blue background). When glucose (Glc) is completely oxidized it is converted to 2 pyruvate (Pyr) by the glycolytic
pathway, and the reducing equivalents are shuttled to the mitochondrial electron transport chain (ETC) via the malate-aspartate shuttle

(MAS). Oxidation of 2 Pyr in the tricarboxylic acid (TCA) cycle generates NADH+H*+FADH, that enter the ETC and produce metabolic water

at the cytochrome ¢ oxidase step. Oxidative phosphorylation uses the proton gradient generated by the ETC to drive ATP synthase and produce
ATP 4+ metabolic H,0. Branch pathways can divert glucose-6-phosphate (Glc-6P) into the pentose phosphate pathway (PPP) or to glycogen
synthesis (predominantly in astrocytes) (See Sect. "Metabolic water during metabolism of Glc-6P via branch pathways"). The first step of the PPP
consumes 1 H,O per Glc-6P entering the pathway. Glycogen synthesis also consumes 1 H,O per glucosyl unit added to the polymer. The rates

of both of these pathways are low under resting, awake, non-stimulated conditions and their contributions to metabolic water balance are

not included with those of the major pathways: glycolysis, TCA cycle, electron transport, and oxidative phosphorylation. During nonoxidative
metabolism pyruvate is converted to lactate by lactate dehydrogenase to regenerate NAD™ so that glycolytic flux can continue. This lactate

is released from the cell, and pyruvate is removed as an oxidative substrate. Abbreviations: + denotes produced,—denotes consumed; Glc,
glucose; Glc-6P, glucose-6-phosphate; P, phosphate; Fru-6P, fructose-6-P; Fru-1,6P,, fructose-1,6-bisphosphate; Gal-3P, glyceraldehyde-3-P; GAPDH,
glyceraldehyde-3P dehydrogenase; DHAP, dihydroxyacetone phosphate; Pi, inorganic phosphate (HPO,%); 1,3PG, 1,3-bisphosphoglycerate;

3PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; Pyr, pyruvate; Lac, lactate; AcCoA, Acetyl Coenzyme A;

OAA, oxaloacetate; cit, citrate; isocit, isocitrate; akG, a-ketoglutarate; SuccCoA, succinyl CoA; succ, succinate; Fum, fumarate; mal, malate; Asp,
aspartate; MAS, malate-aspartate shuttle; LDH, lactate dehydrogenase; Ru-5P, ribulose-5-phosphate; TCA, tricarboxylic acid; HK, hexokinase; PFK,
phosphofructokinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 3PGK, 3-phosphoglycerate kinase; PDH, pyruvate dehydrogenase;
CMRy, cerebral metabolic rate of glucose utilization; CMR.,, cerebral metabolic rate of glucose oxidation. Modified from Fig. 1 in Dienel [13],
Copyright © 2019, The American Physiological Society
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reactions do not involve water (Table 2). Metabolism of
three Glc-6P molecules via the PPP produces 3 CO, plus
2 fructose-6P (Fru-6P)+1 glyceraldehyde-3-phosphate
(Gal-3P) (Table 2), and the latter two metabolites can
re-enter the glycolytic pathway. Due to the decarboxyla-
tion step that removes the equivalent of one triose from 3
Glc-6P (compare Table 2), the net yields of H,O, ATP, and
NADH + H* via the PPP plus glycolysis and oxidation per
glucose phosphorylated are lower than for direct glu-
cose oxidation. PPP flux in awake, unstimulated subjects
is only~5% of glycolytic flux [13], and its contribution
to metabolic water was ignored. However, during brain
activation, PPP flux can increase and rise to 20-25% of
glycolytic flux in vivo [39, 106] causing the PPP to con-
sume more water at the Glc-6-P dehydrogenase step and
produce less water via oxidation. Thus, the impact of PPP
flux on metabolic water balance is highest during activa-
tion, oxidative stress, or nucleotide biosynthesis.

Glycogen turnover

Rodent brain contains high amounts of glycogen, 10-12
umol/g (expressed as glucose equivalents) versus 2-3
umol/g for glucose [107, 108], and it is mobilized dur-
ing activation [44, 109-111]. Most glycogen is located
in astrocytes, but small amounts are present in neurons
[112, 113]. Glycogen turnover in the awake, unstimu-
lated rodent and human brain is low, and small amounts
of label from blood-borne glucose are incorporated
into glycogen during rest, activation, and recovery [111,
114-116].

During glycogen synthesis, water and ATP
equivalents (UDP + ATP <> UTP + ADP) are consumed
(Table 2), but the amount is minimal in the resting state
and is not included in the metabolic water summary.
Glycogen phosphorylase produces Glc-1P that is
converted to Glc-6P by phosphoglucomutase (Table 2).
Glycogen phosphorylase does not involve water, nor
do the glycogen branching and debranching steps (not
shown in Table 2). However,~10% of the glucosyl
residues in glycogen are released as glucose because
the debranching enzyme also has glucosidase activity
and hydrolyzes (consumes 1 H,O) the a (1—6) bond
of the residue that remains at the branch point after
debranching. Water is involved in reactions that relate
to allosteric control of glycogen turnover, e.g., protein

phosphatases, adenylate cyclase-pyrophosphatase
(ATP — cAMP + PPj; PPi+H,O0 — 2Pj;
PPi=pyrophosphate), and phosphodiesterase

(cAMP +H,0— AMP), whereas protein kinase A
utilizes phosphoryl transfer, not water. Water usage in
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these regulatory processes is not included with glucose
metabolic water.

During activation, glycogenolysis generates Glc-6P that
enters the glycolytic pathway downstream of the hexoki-
nase step and does not consume ATP until the phospho-
fructokinase step, resulting in a 50% higher glycolytic
ATP yield than from glucose, 3 versus 2 ATP. If the Glc-
6P is metabolized to 2 pyruvate, the yield of 2 H,O and
2 NADH+2 H* is the same as glucose (Fig. 8, Table 2),
whereas if converted to 2 lactate, the 2 NADH+2 H* are
consumed to regenerate 2 NAD" and metabolic water
production by astrocytic oxidation is eliminated (Fig. 8).

Summary

Water is consumed by the first step of the pentose phos-
phate pathway (Fig. 8, Table 2), but during resting condi-
tions the rate is very low and can be neglected. PPP flux
increases during activation and it will reduce net meta-
bolic water production. Glycogen synthesis also con-
sumes water (Fig. 8, Table 2), but its rate is low and can
be omitted from metabolic water balance. Mobilization
of glycogen does not involve water, but metabolic water is
produced from glycogen-derived Glc-6P metabolism via
the glycolytic pathway and glycogenolysis is anticipated
to release its bound water that may contribute to water
efflux from astrocytes (Fig. 7).

Discordant metabolic water amounts: calorimetric

versus enzymatic glucose oxidation

Horiike et al. [117] addressed the apparent discrepancy
in the net amount of water formed if glucose
metabolism is uncoupled from ATP synthesis (10
H,O for glycolysis+TCA cycle+electron transport)
and that from calorimetry mass balance (6 H,0).
They explained the ‘excess’ 4 water in terms of the
resonance structures of Pi=HPO,?<>[OH]+[+P
0,7?], where the [OH] is equivalent to water (but not
a water molecule in the actual reaction mechanisms),
with net consumption of 1 H,O equivalent as [OH7]
per substrate-level phosphorylation reaction, i.e.,
—2 for the overall glyceraldehyde-3P dehydrogenase
(GAPDH) + phosphoglycerate kinase reaction and —2
for succinyl-CoA synthetase reaction, both per glucose
oxidized. In these reaction mechanisms, Horiike et al.
[117] noted that the [O—] from Pi constitutes the [O —]
of the —COO™ group of the product (either 3P-glycerate
or succinate, respectively) and [+PO;™?] is transferred
to ADP or GDP. This mechanistic interpretation results
in no net water formed via glycolysis (i.e.,+2 H,O from
enolase and —2 [OH7] from GAPDH + 3P-glycerate



Dienel and Lauritzen Fluids and Barriers of the CNS (2025) 22:44

kinase) and net of 6 consumed in the TCA cycle (—2
H,O citrate synthase, —2 H,O fumarase, and —2 [OH-]
succinyl CoA synthetase). With the electron transport
chain-mediated production of+12 H,O minus 4 H,O
and minus 2 [OH-] consumed in the TCA cycle and net
zero H,O in the glycolytic pathway yields a net of+6
H,O produced per glucose, in agreement with the mass
balance Eq. (1). Mechanistically, the dual role of Pi as a
water substitute plus phosphoryl donor can balance the
stoichiometry of biological oxidation of glucose versus
calorimetric oxidation, but the former generates a net of
10 H,O molecules via the enzymatic reactions (Figs. 2, 8,
Table 2).

The mechanistic interpretation of glucose oxidation
stoichiometry by Horiike et al. [117] was challenged by
Mitchell [118], and in their rebuttal, Horiike et al. [119]
noted that their concept was mis-understood (lactate
production is irrelevant) and explained that the water
produced by ATP synthase will vary with the P/O ratio
used in the oxidative phosphorylation calculation, which
was 3 and 2 for NADH+H* and FADH,, respectively,
in their calculations versus 2.5 and 1.5, respectively, in
Table 2 [34]. This will influence the total amount of water
formed per glucose but not the apparent discrepancy of
the 4 H,0O excess produced by the biological reactions
compared to calorimetry (Table 2).

Evidence for disproportionate rise in nonoxidative
metabolism during activation

The following material provides additional evidence to
support the discussion in the main text of preferential
upregulation of glycolysis when brain activity is increased
during mental work, physical exercise, or sensory
stimulation).

Parallel assays with [**C]deoxyglucose (DG) and [1- or 6-'%C]
glucose

These studies revealed that CMR,, determined with
[*C]glucose underestimated CMR;,. by ~50% compared
with rates determined with [*C]DG [39, 40, 43, 111,
120]. [**C]DG measures total CMRy, at the hexokinase
step [26] (Figs. 1, 8), and metabolites of ['*C]DG, mainly
[M*C]DG-6D, are retained in the cells where the [*CIDG
was phosphorylated. The reason CMR,,. was too low in
[*C]glucose assays during activation is that trapping of
the 1*C in the metabolite pools was incomplete due to
rapid efflux of labeled lactate from brain to blood and
perivascular fluid. Thus, metabolic assays during activa-
tion using [*C- or *C]glucose will substantially underes-
timate total CMR,,. and nonoxidative glucose utilization
during activation and upregulation of glycolysis.
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Global metabolic assays by arteriovenous difference

During representative activation studies, the ratio of
CMR;,/CMRy (called the oxygen-glucose index, OGI),
calculated from measured arteriovenous (AV) differ-
ences across the brain for oxygen and glucose (AVy,/
AVy,,), fell from the resting value of ~6 to ~5 during sen-
sory stimulation of the rat [110] and to as low as~ 3 dur-
ing exhaustive exercise in humans [121]. OGI decreases
indicate upregulation of nonoxidative metabolism of
glucose compared with oxygen, as observed in the above
studies with labeled glucose and DG. Lactate is an impor-
tant supplemental oxidative fuel during exhaustive exer-
cise due to large increases blood lactate concentrations
[122, 123], and its oxidation would contribute to meta-
bolic water production. Nevertheless, in spite of lactate
oxidation, the oxygen/carbohydrate and oxygen/glucose
indicies fall during exhaustive exercise, and the fate of
the lactate generated from glucose metabolism in brain
remains to be determined [124].

Contribution of glycogenolysis to fall in oxygen-glucose index
Using 5 min sensory stimulation of rats, brain glycogen
level fell from the resting level of 12.3-9.6=2.7 pmol/g
consumed, giving a glycogenolysis rate of 2.7/5=0.54
pumol/g/min in astrocytes (Table 1), a rate equal to 58% of
the corresponding CMR,, in all brain cells, 0.93 umol/g/
min [111]. Notably, the brain lactate level rose from 0.6
to 1.7=1.1 umol/g, only ~ 1/5th of the lactate equivalents
of the glycogen consumed (2x2.7=5.4 pmol/g lactate)
[111], consistent with rapid efflux of glycogen-derived
lactate. Utilization of endogenous glycogen is not taken
into account in AV assays of glucose and oxygen, but gly-
cogen consumption measured in the same experimental
paradigm as that in which AV differences were measured
reduced the calculated OGI from 5 [110] to 2.8 [125],
consistent with release of glycogen-derived lactate, not
its oxidation.

Fate of lactate produced during activation

The above experiments rule out retention of glycogen-
derived lactate in the brain and its oxidation within brain.
Nevertheless, if the possibility were considered that the
glycogen-derived lactate were transferred to neurons or
other astrocytes and oxidized, the OGI would, instead of
falling to 2.8, rise above the theoretical maximal value of
6 during activation because Glc-6P from glycogen would
be oxidized, consuming even more oxygen than blood-
borne glucose alone. Furthermore, the specific activity
(**C dpm/umole) of lactate purified from brain extracts
during rest, activation and recovery was always about
half that of [1- or 6-**C]glucose (because only one of the
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two lactate is labeled) [126], indicating that (i) blood-
borne [**C]glucose is the source of the [**C]lactate puri-
fied from brain extracts, and (ii) unlabeled lactate derived
from glycogen did not dilute the specific activity of the
[“C]lactate recovered from the brain. If the unlabeled
glycogen-derived lactate remained in the brain, it would
mix with the *C-labeled lactate during extract prepara-
tion and reduce its specific activity. These findings are
consistent with compartmentation of nonoxidative gly-
colytic metabolism blood-borne [**C]glucose in neurons
in vivo and glycolytic metabolism of unlabeled glycogen
in astrocytes. These findings are supported by the dem-
onstration that activated cultured neurons increase gly-
colysis to produce and release lactate; they do not oxidize
extracellular lactate [127, 128].

Neurovascular coupling model

Activation also causes the disproportionate upregula-
tion of cerebral blood flow (CBF) and CMRy, relative to
CMR, (neurovascular coupling), and an AV flux balance
model was recently developed to evaluate simultaneous
homeostasis of pH, pCO,, and pO,. The model-predicted
results were similar to experimental values, support-
ing the conclusion that the CBF-CMRg, relationship
is due to proton (and lactate) production by increased
nonoxidative glycolysis and glycogenolysis, with clear-
ance by CBF [129]. The lactate-proton clearance predic-
tions of the neurovascular coupling model suggest that
the perivascular clearance route is necessary because
increases in blood lactate concentration during various
physiological conditions (e.g., physical activity [33]) can
rise higher than that in brain and impair the concentra-
tion gradient-dependent efflux of lactate from brain to
blood during activation [129].

Alternative substrates and routes for water fluxes
associated with metabolism

Supplemental fuels

Glucose is the major, obligatory fuel for resting and acti-
vated brain in sedentary subjects, but under various
conditions, supplemental fuels can also be consumed
to produce metabolic water and ATP. For example, lac-
tate level in blood rises during extreme exercise, enters
the brain, and is oxidized [123], perhaps sparing glucose
for glycolysis to support ion pumping. During starva-
tion or with high-fat diets, blood levels of ketone bod-
ies increase, enter brain, and are oxidized [130]. After
transamination, different amino acids can be oxidized in
the TCA cycle [17].
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Aquaporins

Glucose utilization is higher in neurons than in astro-
cytes (calculated per gram tissue, but not when adjusted
for astrocyte volume fraction [52]), and the energy
demands of specific cellular components differ among
excitatory and inhibitory neurons and glia [21]. Neuronal
glucose and water fluxes are greater than in astrocytes,
and excitatory neurons have the highest CMR,,. [21] and
produce most of the metabolic water.

This raises the question of how water exits neurons—
perhaps metabolic water crosses the neuronal plasma
membrane in conjunction with local extracellular
osmotic changes, but this is incompletely understood.
Astrocytes express aquaporin 4 as their predominant
water channel, whereas aquaporins are sparse in most
neurons [2, 131]. Water can cross the BBB, but its move-
ment is not entirely free but rather tightly regulated by
various physiological mechanisms [88, 132]. The tight
junctions between the brain’s endothelial cells prevent
the movement of ions and can be thought of as a semi-
permeable membrane that allows an osmotic pressure
gradient to build up, opposing or facilitating the move-
ment of water from the blood into the brain and vice
versa.

glc [

Metabolite transporters

Glucose transporters (GLUTs) are present in capillaries
and all brain cells. GLUT1 is primarily in the endothe-
lium and astrocytes and GLUT3 is primarily in neurons
[133]. GLUT1, GLUT2, and GLUT3 have been reported
to have water channel properties, with water fluxes
driven by osmotic changes [62, 134—138]. The regional
densities of GLUT1 and GLUT3 immunoreactive protein
correlate with local capillary densities, glucose transport
rates, and glucose utilization rates [139-141] indicating
that any water fluxes through GLUTs may parallel meta-
bolic demand and glucose metabolism to produce meta-
bolic water. In addition, other metabolite transporters,
including the monocarboxylic acid transporter MCT1
for lactate, co-transport water along with their substrates
[56, 57, 59]. The contributions of transporter-mediated
water fluxes to perivascular fluid, if any, are not known.
These fluxes may be associated with changes in glucose
utilization and cellular activity, but they are not meta-
bolic water.

Abbreviations

AV Arteriovenous

BBB Blood-brain barrier

CMRy.  Cerebral metabolic rate of glucose utilization
CMRy,  Cerebral metabolic rate of oxygen utilization
CSF Cerebrospinal fluid

ECF Extracellular fluid



Dienel and Lauritzen Fluids and Barriers of the CNS (2025) 22:44

ECS Extracellular space

ETC Electron transport chain

Glc Glucose

Glc-6P  Glucose-6-phosphate

GSG Glucose sparing by glycogenolysis

ISF Interstitial fluid

MRS Magnetic resonance spectroscopy

oGl Oxygen-glucose index=CMR,/CMR;c
Pi Inorganic phosphate

TCA Tricarboxylic acid
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