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Abstract As a highly active organ, the awake brain operates at near capacity. It
has limited ability to increase delivery of blood, and hence oxygen and glucose, due
to restrictions dictated by capillary density and the space within the skull. In addi-
tion, the chemoelectric operating environment (homeostasis) of the brain restricts
the amount of glucose and oxygen that can be supplied and the level of gener-
ated protons (H") and CO, that can be tolerated without impacting brain functions.
This chapter describes the neurochemical basis of how the brain operates carefully
within these homeostatic limits: why they exist and what can happen when these
limits are infringed.
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1 Introduction

Impairments in brain energy and neurotransmitter metabolism have been increas-
ingly implicated in the pathogenesis of neurological and psychiatric disorders
(Hagihara et al. 2024; Minhas et al. 2024). Furthermore, prevalence of psychiatric
disorders has increased among those with impaired whole-body metabolism, re-
ferred to as metabolic syndrome, which implies a relationship between brain and
body metabolic health (Nousen et al. 2014). Over the last 35 years, the theory of
allostasis has been developed to explain the linkage between whole-body meta-
bolic health and mental disorders (McEwen 2003; Sterling 1988). In the allostasis
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(stability through change) theory of disease, the brain alters whole-body energy
metabolism and immune system activity, via neurotransmission and endocrine fac-
tors, to a new homeostatic state to respond to immediate and anticipated environ-
mental stressors, referred to as an allostatic load. In contrast, earlier homeostatic
theories proposed that there was only one preferable state that the brain and body
tried to maintain when challenged. Ideally, the new state is optimal for meeting
the allostatic load. However, when the allostatic load exceeds the range of body
metabolic and immune system homeostatic mechanisms, a dysfunctional state can
ensue. Excessive allostatic load has also been proposed to lead to dysfunctional
brain metabolic and immune states that contribute to the pathogenesis of chronic
mental disorders (McEwen and Gianaros 2011). In this chapter, we describe our
efforts to adapt allostasis theories of mental health dysfunction to incorporate the
unique properties of brain energy and neurotransmitter metabolism and constrained

energy supply.

1.1 Allostasis Theory: A Framework to Understand Brain Health
Deterioration

We start with a brief review of how a branch of allostasis theory, referred to as the
stress resilience and vulnerability model, explains how allostatic load can over-
whelm the capacity of whole-body energy metabolism to support appropriate al-
lostatic adaptation. In allostasis theory, the energy-consuming processes are divided
into vital and nonvital components (Bobba-Alves et al. 2022). As shown in Figure
3.1, stress, due to environmental and internal factors, puts an additional energy load
on the organism, referred to as an allostatic load. Finally, there is a limit on the ca-
pacity of the organism to support the energy budget, which when exceeded due to
an excessive allostatic load, leads to improper adaptation and dysfunctional homeo-
static states. In this chapter, the key processes that define energy in terms of these
components are summarized as follows:

»  Vital life-sustaining processes that are needed for survival and cannot be
interrupted. These include organ-level physiological processes (e.g., pulmo-
nary, cardiac and hepatic function) needed for the survival of the organism
as well as intercellular and subcellular processes needed for organ func-
tion. For the brain, the main vital energy costs are associated with neuronal
signaling (primarily the costs of K* and glutamate as well as GABA neu-
rotransmitter uptake by neurons and glia during and after depolarization) to
support mental processes (e.g., cognition, sensory perception and interpreta-
tion, and motor control).

*  Processes needed for growth, maintenance, and repair (GMR). These pro-
cesses are not acutely needed for survival but if chronically reduced will
lead to deterioration of the organism as well as improper developmental
trajectories. After early childhood, these processes in the brain are largely
related to synaptic pruning and remodeling as opposed to increasing cellular
number or turnover.
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Figure 3.1 Schematic of the stress resilience and vulnerability energy budget model: increas-
ing allostatic load in excess of the limit on total energy expenditure leads to a state of allostatic
overload, which can lead to reduced growth, maintenance, and repair (GMR). With increasing
allostatic load, the body and its component organs, including the brain, undergo allostasis to new
adaptive states. However, when the extra energy costs of allostatic load exceed the total capacity of
energy metabolism, insufficient energy is available for non-immediate GMR functions. Extended
allostatic overload will lead to deterioration of organismic function, due to a reduction in the en-
ergy available for GMR, and potentially chronic disease. For the brain, the primary vital energy
costs are the processes required to support neuronal signaling (after Bobba-Alves et al. 2022 and
used with permission from from Elsevier).

»  Allostasis and stress-related load. When the organism experiences environ-
mental or social stressors, which can be internally generated, increased en-
ergy expenditure is required to adapt to the new homeostatic state. As shown
in Figure 3.1, progressive increase of allostatic load can lead to energy de-
mands that exceed the organism’s adaptability.

1.2 Susceptibility to Allostatic Overload

Over the last 25 years, our understanding of the brain energy budget has dramati-
cally changed. In the late 1980s and early 1990s, it was widely believed that the
energy costs associated with the neuronal signaling required to support the vital
processes of cognition and other mental functions were on the order of 5-10% of
the total energy budget (Raichle 2011). The remaining 90-95% was assigned to pro-
cesses independent of mental functions, based on assumptions in cognitive psychol-
ogy that were used to interpret early functional neuroimaging studies (Morcom and
Fletcher 2007; Shulman and Rothman 2019). Starting in the late 1990s, however,
the development of direct measurements of total neuronal signaling in combination
with energetics—such as '*C magnetic resonance spectroscopy (MRS) (Gruetter
et al. 2001; Rothman et al. 2011; Sibson et al. 1998), multiunit recordings of neu-
ronal ensembles (Smith et al. 2002), and theoretical models (Attwell and Laughlin
2001; Yu et al. 2018)—showed that the large majority of brain energy metabolism
(approximately 85-90%, even in the “resting” awake state) supported neuronal sig-
naling, either directly or indirectly. The remaining 10-15% was devoted to GMR
processes (Attwell and Laughlin 2001; Yu et al. 2018).
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An additional critical discovery was that the energy required to support enhanced
neuronal signaling associated with sensory stimulation and cognitive and other be-
havioral tasks usually increases regional brain energy metabolism by 5-10%. Only
under intense sensory stimulation of sensory cortices are increases on the order
of even 30% achieved (DiNuzzo et al. 2024; Shulman and Rothman 1998). The
high energy consumption of the brain during rest underpins the activity we see in
resting-state magnetic resonance imaging (MRI) (Raichle et al. 2001). Today, mea-
surements of networks of neuronal signaling in the resting state inferred from the
coupling of neuronal signaling to energy metabolism via the BOLD effect (Chen et
al. 2022) are the dominant application of functional MRI in humans and increas-
ingly in preclinical models (Finn 2021). Similar conclusions have been reached
based on the relative EEG amplitude versus different states of consciousness and
activation, and single-cell recording measurements of ensemble spiking rate (Hyder
et al. 2013; Yu et al. 2018).

Despite this large revision of the brain energy budget and its accounting for a
disproportionate (20%) fraction of whole-body energy consumption, brain energy
budget models have not considered whether supply of oxygen, glucose, and other
biophysical limitations (e.g., mitochondrial density) has an impact on the energy
budget (e.g., Attwell and Laughlin 2001; Howarth et al. 2012; Karbowski 2011).
Instead, limitations on the energy budget have been implicated in the pathogen-
esis of psychiatric and neurological disease, reflecting pathological processes such
as loss of vascular and mitochondrial capacity in severe dementia (Bhatia et al.
2022). Those considerations aside, the size of the total brain energy budget has been
assumed to be able to expand to meet the specific energy demands of the organ-
ism due to evolutionary and developmental factors or even short-term adaptation
(Herculano-Houzel and Rothman 2022).

The lack of consideration of supply limitations in energy budget models of the
brain arises from studies of another unique brain property: neurovascular coupling
(NVCQ). Unlike other organs, for which the ratio of blood flow and oxygen me-
tabolism are close to proportional (see Figure 3.1), for brain energy needs above
the awake resting state, there is a disproportionate increase in blood flow versus
oxygen metabolism of 2.3-fold and, under specific conditions, up to three- to four-
fold (Buxton 2021; DiNuzzo et al. 2024; Herculano-Houzel and Rothman 2022).
Traditionally, NVC has been interpreted as a safety factor; at maximum metabolic
demand, the brain can be supplied by blood flow with threefold more oxygen and
ninefold more glucose than energetic needs (Leithner and Royl 2014).

Over the last decade, however, experimental and theoretical studies of brain oxy-
gen and glucose transport and metabolism—conducted under both resting awake
and stimulated conditions, from isolated tissue slices to awake mice and humans—
have reached a different conclusion. The large excess of oxygen and glucose supply
to awake and especially to activated brain regions is due to the restricted transport
of glucose and diffusion of oxygen across the blood-brain barrier (BBB). This en-
sures activity-independent homeostasis of fuel levels (glucose, oxygen) and waste
products of energy metabolism (CO,, protons, lactate, heat). Recent papers sum-
marize supporting findings and outline a new paradigm of supply and homeostatic
constraints that restrict the brain’s energy budget (Buxton 2021; DiNuzzo et al.
2024; Herculano-Houzel and Rothman 2022).
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Below, we summarize how the brain’s energy budget limits, due to homeostatic
and supply constraints and high functional energy requirements, may make the
brain highly vulnerable to increases in allostatic load. We compare the brain and
muscle energy budgets, highlighting that the brain’s tighter homeostatic constraints
on fuel and waste products may explain why the maximum oxidative rate of adenos-
ine triphosphate (ATP) production in the brain is about three times less than that of
muscle, despite similar blood flow. We review evidence showing that critical brain
functions at the synaptic level, such as rapid K* clearance during and after depolar-
ization, rely heavily on tight temporal coordination with metabolic ATP production,
fuel delivery, and waste clearance. We conclude by describing an adaptation to the
model presented in Figure 3.1, which takes into account the unique energy budget
and supply and homeostatic limitations of the brain, and how it leads to vulnerable
periods for the development of dysfunctional mental states during brain develop-
ment and aging. Evidence supporting this new model and proposals for studies to
test it in animal models and humans are discussed.

2 Brain versus Muscle Energy Budgets

To illustrate the uniqueness of the brain energy budget, let us consider the energy
budget of skeletal muscle. At rest, muscle energy consumption is far from capac-
ity, with 15- and sixfold increases in blood flow and oxygen consumption (which
matches capillary delivery), respectively, under maximal aerobic conditions in ac-
tive adult humans (Joyner and Casey 2015). These increases, shown in Figure 3.2,
occur when muscle goes from an inactive resting state to performing aerobic exer-
cise via repeated contractions. Elite athletes show an even higher fractional increase
(Laughlin 1987; Saltin 2007). The greater fractional increase in metabolic rate in
muscle is due to the rapid increase in oxygen extraction fraction with workload,
starting at approximately 25% at rest, and with a near-constant, high oxygen extrac-
tion fraction around 90% above low to moderate workloads (Hargreaves and Spriet
2020). The take-home message is that muscle has a great deal of reserve capacity to
increase output, metabolism, blood flow, and hence functional activity. Figure 3.2
shows the breakdown of the muscle energy budget into vital and GMR processes.
At rest in the muscle, almost all the energy budget supports GMR processes due to
the lack of contractile work. In contrast, at maximum aerobic exercise, the majority
of the energy budget supports the vital function of contraction.

Most ATP production in muscles (and the brain) comes from mitochondrial sub-
strate oxidation, but at higher workloads, muscles also rely on non-oxidative gly-
colysis of glycogen and glucose. This leads to a mismatch between metabolism and
vascular coupling, causing the production of lactate and protons. When the vascular
system is unable to remove lactate fast enough, muscle pH drops which affects
metabolic rate. Eventually, the muscle must rest to restore pH, replenish glycogen,
and repair damage. This recovery requires time during which energy is used for
GMR processes.

For the brain, the relative contributions of the energy budget components are
dramatically different, as shown in Figure 3.2. If functional activity is defined in
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Figure 3.2 Comparison of brain and muscle blood flow (BF) and energy budget for oxidative
metabolism (VO,) under (a) resting awake (Rest) and (b) maximum (Max) activity states. BF and
VO, are all expressed relative to the values in cerebral cortex in the resting awake state. (a) The
majority of the brain energy budget supports vital processes needed to support mental activity
(brown), with approximately 10% supporting growth, maintenance, and repair (GMR) processes
(green). In contrast, the energy required to support vital processes in muscle are minimal due to
no contractile activity, and the energy budget is dominated by GMR processes. (b) Despite up to
a twofold increase in BF, the maximum regional increase in oxygen metabolism (VO,,, ) is only
~40% due to homeostatic limitations on oxygen transport (see text). In contrast, there is a greater
than tenfold increase in muscle BF and VO, . Note that despite similar absolute values of BF,
muscle extracts threefold more oxygen from the blood due to its higher O, capillary diffusivity.
As described in the text and (DiNuzzo et al. 2024), the low O, extraction fraction is due to brain
function requiring homeostatic levels of O,, CO,, and pH. Muscle function, in contrast, is tolerant
of lower O, and higher CO, levels.

accordance with the brain energy budget literature as the ATP requirements for all
molecular activities that support neuronal signaling (e.g., the sodium potassium
ATPase), the brain is undertaking a great deal of functional activity, even in the so-
called “resting state,” as noted 100 years ago when Hans Berger recorded electrical
activity from the resting brain, now known as EEG. Even at “rest,” 80-90% of the
brain energy budget is dedicated to vital processes that support mental activity. As
referred to in Section 1, whole brain oxygen consumption rates can be reduced by
only ~10-20% in states such as deep sleep (stage 3—4) (Boyle et al. 1994) and in-
crease at most by 20-30% under very intense physical exercise (Smith and Ainslie
2017), consistent with positron emission tomography and arteriovenous difference
studies (Herculano-Houzel and Rothman 2022). Regional gray matter in sensory
regions has a somewhat higher capability to increase the cerebral metabolic rate of
oxygen (CMRO,) of at most 40% during maximum stimulus intensity (DiNuzzo et
al. 2024). Under more natural stimuli, increases on the order of 5-20% are mostly
observed. Thus, even in the so-called resting state, the brain is already near the limit
of the available energy budget.
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The limits to the ability of the brain to support its energy budget relative to
muscle is shown clearly in Figure 3.2 by the comparison of the maximum rate of
oxidative metabolism per volume in brain (CMRO,) and muscle (VO,). Despite a
similar rate of blood flow per volume, the muscle has an over threefold higher oxy-
gen extraction fraction and therefore metabolic rate. Next we describe how this low
oxygen extraction fraction arises due to the brain having to meet stricter homeo-
static constraints for proper function compared with exercising muscle.

3 Homeostatic Constraints Limit Oxygen and Glucose Extraction
from Blood

In this section we outline why constraints on the levels of oxygen and glucose that
the brain can tolerate as well as controls on the amount of CO,, protons (H"), and
lactate that can be produced without impacting brain function, limit the brain to a
narrow range of homeostatic operation.

As shown in Figure 3.2, despite the brain having one of the highest blood flows
of any organ, the extraction of oxygen from blood at maximum activity is only 30%
(relative to over 90% for muscle and 80% for heart) and only 10% for glucose. Even
under resting awake conditions, there is a similar low extraction fraction. The tradi-
tional explanation has long been that the high blood flow supply acts as a reserve in
case, for some reason, there is a transient impairment of flow or extreme increase in
energy needs. Over the last decade and a half, an alternate view has emerged, based
on theoretical modeling of experimental studies of brain activation; namely, that
the supply of oxygen to the brain is limited by its low capillary density resulting in
limited permeability of oxygen through the BBB (Buxton 2010). The exact value
of this permeability varies across brain regions and species so that homeostasis of
average tissue O, levels is maintained independent of activation level (Herculano-
Houzel and Rothman 2022). Consistent with this proposal of a requirement for oxy-
gen homeostasis, ultra-high-resolution optical microscopy of brain tissue O, in the
awake mouse brain has shown that even under intense sensory activation there is at
most a 5% increase in regional tissue oxygen partial pressure (Moeini et al. 2019).
Similarly, optical and MRS measurements of brain pH during intense sensory stim-
ulation shows only very small changes (Zhu et al. 2018).

Although the brain traditionally is thought to be resistant to all but extreme hy-
poxia, recent studies in awake animal models and humans have shown that regional
electrical activity is highly sensitive to even small variations in oxygen partial pres-
sure (Drew 2022). Furthermore, studies show that even modest reductions of 10%
in blood oxygen partial pressure lead to impaired cognitive performance in humans
(McMorris et al. 2017; Shaw et al. 2021). The precise impact of small reductions in
pO, has, however, been hard to determine due to accompanying changes in pCO,
and other physiological parameters.

In addition to oxidative ATP production, the brain requires glycolytic ATP
from glucose and glycogen for rapid ATP-requiring processes (Dienel 2019).
Neurotransmission and action potentials result in the rapid (milliseconds) release of
neuronal potassium (K*), most of which is actively taken up by glial cells, astrocytes,
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and oligodendrocytes (Looser et al. 2024; MacAulay 2020). A fast process, glial K*
uptake is powered initially by glycolysis, which is fed by glucose and glycogen,
producing an increase in tissue lactate and excess H* (Barros et al. 2023; DiNuzzo
et al. 2024; Fox and Raichle 1986; Fox et al. 1988; Prichard et al. 1991; Rothman et
al. 2022; Ruminot et al. 2011). The excess H" production can leave the brain to the
blood through co-transport with lactate via monocarboxylate transporters (MCT)
or be converted in the brain to bicarbonate via carbonic anhydrase activity with a
stoichiometry of approximately one bicarbonate and one H" to one CO, (DiNuzzo
etal. 2024; Hladky and Barrand 2019). The increased CO, is in rapid exchange with
the capillary blood pool due to the high diffusivity and solubility of CO,, which is
20 times higher than for O,.

On average, during brain activation, there is a twofold increase in the ratio of in-
cremental total glucose metabolism to oxidative glucose metabolism (Dienel 2019;
Madsen et al. 1998; Rothman et al. 2022), often referred to as neurometabolic cou-
pling (NMC). The ratio is similar to the average 2.3-fold increase in cerebral blood
flow (CBF) relative to CMRO, during activation; see NVC in Figure 3.2 (Rothman
et al. 2022). Recent studies have used metabolic modeling to explain this similarity.
The NVC ratio is almost exactly what is required to manage the increased produc-
tion of CO, and protons to maintain a constant level of tissue pH and CO, partial
pressure (Buxton 2021, 2024; DiNuzzo et al. 2024).

The importance of maintaining a near constant CO, partial pressure and pH has
been illustrated in extensive studies, which show that brain electrical activity is ex-
tremely sensitive to even small changes in CO, partial pressure and pH (Bonnet et
al. 1998; Chesler and Kaila 1992; Lee et al. 1996; Schweitzer et al. 2000). Even at
the level of the synapse, regulation is highly dependent on small shifts in pH at glial/
dendritic junctions (Ransom 2000) and would be overwhelmed by the larger pH de-
crease due to NMC unless this was offset. The coupling between these phenomena
is illustrated and explained further in Figure 3.3.

3.1 Glucose Transport

The oxidation of glucose is the main source of energy for brain tissue, with lactate
and ketone bodies playing a minor role in lactation, exercise, and starvation. For
glucose, as with oxygen, there is a large apparent excess of supply via blood flow
to the brain. This is around ninefold greater than the brain’s energetic requirements
even during maximum glucose metabolism, outstripping even the threefold higher
O, delivery during maximum activity.

As in the case of oxygen, where low BBB oxygen permeability restricts metabo-
lism despite high delivery via CBF, maximum glucose metabolism is limited due to
restricted BBB capillary transporter density. Glucose is hydrophilic and must there-
fore enter the brain via the endothelial transporter GLUT1. There is a pronounced
standing glucose concentration gradient measured between blood and tissue, which
even under resting conditions amounts to 4 mM (i.e., 80% of the maximum possible
gradient at euglycemia) (Barros et al. 2005, 2007; de Graaf et al. 2001; Leybaert
2005). Hypoglycemia, even if only mild, perturbs cognition (Lobmann et al. 2000).
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Figure 3.3 Disproportionate increase in blood flow compensates for proton production from
non-oxidative glycolysis during functional activation. Neuronal and astrocytic compartment glu-
cose (Glc) and glycogen metabolic fluxes are combined to focus on the relationship between neu-
rometabolic and neurovascular coupling. (a) Resting awake state: Approximately 90 to 95% of Glc
transported into the brain is oxidized, leading to an equal flux of CO, release into the blood. Ce-
rebral blood flow (CBF) and oxygen metabolism (CMRO,) scale approximately proportionately:
ACBF/CBF = ACMRO,/CMRO, (b) Activation: There is a large increase in non-oxidative glycol-
ysis of Glc and glycogen to lactate and protons (red). To clear these protons and prevent acidosis,
there is a disproportionate increase in the ratio CBF relative to CMRO,, referred to as neurovascu-
lar coupling (NVC). Based on homeostatic flux balance modeling, the NVC ratio must increase to
2.3 from 1.0 to maintain pCO, and pH homeostasis. Consequently, the oxygen extraction fraction
decreases rather than increases with activity (as in muscle and heart), which limits the maximum
CMRO, to only 30-40% above resting awake values. 4bbreviations pO,, partial pressure of
oxygen; lac: lactate; CMR: cerebral metabolic rate of total (CMR, ), oxidative (CMRg,, ), and
non-oxidative CMR, 4 glucose metabolism; J,, J.,, Jjy,: transmembrane fluxes of O,, CO,,
and protons; tissue, arteriole, capillary, and venule compartments denoted by superscript T, A, C,
and V. Figure from DiNuzzo et al. (2024), used with permission from John Wiley and Sons.
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A moderate genetic GLUT1 deficiency causes a severe childhood disease character-
ized by persistent hypoglycorrhachia, seizures, and developmental delay (De Vivo
et al. 1991) and exacerbates vasculo-neuronal dysfunction in Alzheimer disease
models (Winkler et al. 2015). It is known that endothelial GLUT1 glucose uptake is
stimulated by brain activity (Cura and Carruthers 2012) and exercise (Takimoto and
Hamada 2014), whereas GLUT1 expression is suggested to respond to brain energy
levels, such as via AMPK signaling (Barnes et al. 2002; Cura and Carruthers 2012;
Liemburg-Apers et al. 2016).

The concept that BBB glucose transporter activity can be limiting for metabo-
lism has been questioned based on studies that have shown its maximum activity
is on the order of threefold more than resting-awake glucose requirements. As with
diffusive oxygen transport to the brain, however, the rate of transport does not just
depend on glucose transporter activity but also on the absolute concentration gradi-
ent of glucose in the blood and the blood-to-brain glucose gradient across the BBB
(Barros et al. 2005, 2007; de Graaf et al. 2001; Leybaert 2005). When these factors
are considered, the rate of glucose transport predicted from transporter kinetics and
the actual in vivo net rate are in good agreement.

3.2 Lactate Levels

The development of improved quantitative MRS methods has shown that even
during maximum sensory stimulation, tissue average lactate only increases on the
order of 10-30% (Mangia et al. 2007; Maddock et al. 2011), although a larger per-
centage increase in extracellular lactate occurs (Caesar et al. 2008; Mangia et al.
2009). Multiple roles for lactate have been proposed (Rae et al. 2024), including
as a volume neurotransmitter/neuromodulator (Bergersen and Gjedde 2012) and
as a key energy source for oxidation by neighboring cells (Pellerin and Magistretti
2012); the latter role, however, remains controversial (Bak and Schousboe 2017;
Dienel 2017b). Lactate concentrations in specific brain regions (dorsomedial pre-
frontal cortex and dorsal anterior cingulate cortex) mediate perceived effort, which
can be interpreted to mean that the brain can sense or feel elevated lactate, which
signals “energetic stress” (Clairis et al. 2024). High circulating and brain lactate
concentrations are associated with less motivation or with aversion to exerting ef-
fort (Clairis et al. 2024), as if to conserve energy, which could have implications for
psychopathology.

Independent of these alternate roles, tight homeostatic control of lactate levels is
important for regulating the NADH redox charge, which is critical for brain function.
Thus, effective rapid efflux mechanisms for lactate are of high importance; clear-
ance of lactate, particularly during periods of high activity, is via multiple routes
(Hladky and Barrand 2018). Lactate and a proton (H") can leave brain cells via MCTs
(Halestrap 2013) or leave the local area via gap junctions (Dienel 2017a) and the
perivascular space (Ball et al. 2010). MCTs are low-affinity transporters (Halestrap
and Wilson 2012; Rae and Broer 2015). Their expression in the membrane is finely
tuned to metabolic activity and must be controlled to maintain intracellular monocar-
boxylate levels (particularly pyruvate, which must be available to convert to lactate
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to regenerate NAD", thus allowing glycolysis to continue) (Zhang et al. 2020). To
maintain this balance, protons also leave the cell via CO, (DiNuzzo et al. 2024;
Hladky and Barrand 2019).

3.3 Protection against Toxicity from Chronic Elevated Glucose and Oxygen
Levels

Based on modeling of NVC, low BBB oxygen diffusivity is not needed to maintain
CO, and pH homeostasis (Buxton 2021, 2024; DiNuzzo et al. 2024); only the proper
ratio of CBF to CMRO, is required to maintain tissue O, at a low, near-constant
level. Similarly, brain glucose levels do not impact NMC, other than displacing the
use of glycogen (Rothman et al. 2022). Thus BBB transport of glucose and oxygen
could be increased to where blood flow is limiting, allowing a threefold higher rate
of glucose oxidative metabolism and a ninefold greater rate of non-oxidative glu-
cose metabolism. However, in the undisturbed awake state, brain tissue glucose and
oxygen concentrations would be close to arterial values.

We propose that the explanation for low BBB O, diffusion and regulated glucose
transport capacity is to protect brain tissue from damage resulting from chronic
exposure to high levels of glucose and oxygen during nonstimulated resting awake
conditions. Chronic hyperglycemia (as occurs in diabetes) and hyperoxia have
been extensively shown to lead to damage to brain and peripheral nervous tissue.
Biochemical pathways leading to glucose toxicity are non-enzymatic glycation of
proteins (Miinch et al. 1997), sorbitol formation with concomitant redox imbalance
(Varma and Kinoshita 1974), hexosamine metabolism (Kim et al. 2023), and the
generation of reactive aldehydes such as methylglyoxal (Rae et al. 1992; Richard
1991). Common to some of these pathways is chronic oxidative stress (Pignalosa et
al. 2021; Rossetti et al. 1990). Operating at higher tissue pO, levels would be det-
rimental as ground state molecular O, is a diradical and thus a potentially toxic gas
(Cobley et al. 2018). Further, oxygen radicals, the production of which is increased
at higher pO,, are used as signaling molecules (Halliwell 1992) so their levels must
be tightly controlled.

3.4 Summary

For short-term function and longer-term brain health, the brain’s capacity to take up
glucose and oxygen from the blood is highly restricted compared to other organs,
such as muscle. This is because brain tissue is highly sensitive to O,, glucose, CO,,
pH, and lactate levels, which need to be maintained under strict homeostatic con-
trol. Essentially, the brain faces a trade-off between increasing BBB transport and
diffusion and rising toxicity, versus restricting transport and diffusion at the cost of
potential local hypoxia and hypoglycemia during activation. The fact that the brain
operates under the latter option emphasizes the importance of regulating the cardio-
vascular system to support proper brain function: from total blood supply rate to the
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brain, to regulation of microvascular flow to meet local metabolic needs.

4 Synaptic Metabolic Homeostasis for Proper Brain Function

Let us now turn in greater detail to the energy budget required for the brain to sup-
port vital mental functions. These ATP-requiring processes have been shown to take
place largely in the region of synapses (including surrounding astrocytic processes)
and small neuronal/glial circuits associated with neuronal signaling. These pro-
cesses require constant stable levels of ATP at millisecond timescales, despite rapid
changes in energetic requirements. This leads to the requirement for NMC with
non-oxidative glucose and glycogen metabolism described above, and the homeo-
static constraints it puts on NVC. Loss of metabolic homeostasis at this level, due
to impaired energy supply or by-product clearance, will impact all the mechanisms
described below, as well as other key synaptic mechanisms (e.g., neurotransmitter
and receptor kinetics) and can directly lead to dysfunction. Figure 3.4 shows the
metabolic, glutamate, and GABA neurotransmission and recycling, and ion trans-
port pathways that link neuronal and astrocytic metabolism and ion transport.

During synaptic signaling, presynaptic terminals release the amino acid neu-
rotransmitters glutamate and GABA, which lead, respectively, to postsynaptic ter-
minal depolarization and hyperpolarization. Depolarization results in an increased
K permeability and release into the interstitial fluid space due to activation of volt-
age-sensitive K channels as well as the reduced membrane potential to counteract
the inside to outside cellular K* gradient. To maintain proper synaptic function, the
K™ concentration in the synaptic and interstitial fluid space must be maintained at
a near-constant level of ~3—5 mM. After the initial high concentration elevation in
the synaptic cleft, glutamate and GABA are returned to micromolar concentrations
within 10 ms (Bergles and Jahr 1997; Bergles et al. 1999). To meet these constraints,
synapses are surrounded by astrocytes that have a very high capacity for active up-
take of glutamate, GABA, and K" (Andersen and Schousboe 2023). The primary
energy costs for signaling are the cost of astrocytic clearance of K*, glutamate, and
GABA followed by the later transfer of K* from the astrocyte and interstitial fluid
space back to the neuron (DiNuzzo et al. 2017). Glutamate and GABA are returned
to the neuron after being converted to glutamine by the glutamate/GABA/glutamine
cycle and associated metabolic pathways, such as anaplerosis and glutamate dehy-
drogenase (Figure 3.3). While glycolytic ATP production rises transiently during
activation, the observation that the ratio between glucose and oxygen consumption
approaches 5.5 over time (close to the ratio for complete glucose oxidation of six)
shows that in the longer term, the large majority of ATP required to support these
clearance and resynthesis processes is mitochondrial (Blazey et al. 2018; Hyder et
al. 2016; Madsen et al. 1995).

After vesicular release, glutamate binds multiple classes of postsynaptic gluta-
mate receptors, leading to voltage-sensitive channel Na*™ uptake and K* release into
the synaptic space, most of which is coupled to the opening of AMPA channels on
a timescale below 10 ms. However, long time-constant glutamate receptors, such
as NMDA channels, can lead to depolarization being maintained for over 100 ms
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Figure 3.4 ATP-requiring mechanisms at an excitatory cortical synapse and calculated relative
contributions to the energy budget in rodent and human cerebral cortex gray matter under resting
awake conditions. (a) Schematic of the synaptic ATP-requiring mechanisms associated with excit-
atory neurotransmission (Harris et al. 2012; http://creativecommons.org/licenses/by/3.0/), show-
ing presynaptic, postsynaptic, and astrocytic components. The presynaptic Na*/K* ATPase sodium
pump pumps out Na* ions and pumps in K" ions to rebalance presynaptic and axonal levels after
Na* influx and K* efflux during depolarization. This ATPase also provides energy for Ca?" removal
from the presynapse after receptor-mediated influx associated with depolarization via the Na*/Ca?"
exchanger. It is also used to maintain the resting potential in conjunction with K inward rectifier
channels and Na*"and C1- channels. Vacuolar H*-ATPase pumps glutamate or GABA into vesicles.
Other costs include motor proteins (kinesin, dynein, myosin) that move mitochondria and vesicles
and vesicle retrieval by dynamin. Postsynaptic: Same mechanisms as above but a higher fraction
of the total ATP energy budget due to extended time duration depolarization periods and higher
glutamate receptor density. Astrocytes: Na*/K* ATPase provides energy to remove Na* associated
with glutamate transport from the interstitial fluid to the astrocyte to restore astrocytic ion balance.
However, the majority of ATP consumption associated with this ATPase is required to maintain the
high astrocytic K* permeability and resting potential and maintain interstitial fluid K* homeosta-
sis by buffering excess K* released from the neuron during depolarization (DiNuzzo et al. 2017,
Rothman et al. 2022). Glutamine synthetase uses 1 ATP per glutamate synthesized in the astrocyte
from glutamate. (b) Fractional energy budget for cortical gray matter in rodents and humans in the
nonstimulated awake state (Yu et al. 2018; reprinted by permission of Sage Publications). Vital
processes account for 89.4% of the total energy budget; growth, maintenance, and restoration
processes (HK) account for only 10.6% of the energy budget, in contrast to most other organs.
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(Liischer and Malenka 2012). The timescale required to restore neuronal homeo-
stasis completely is on the order of 100 ms or more, because it requires a complete
neuronal depolarization and repolarization cycle. When there is a rapid increase in
neuronal signaling, restoration of homeostasis may take up to a second while the
neuronal Na*/K™ ATPase and K" inward rectifier (Kir) activity adapts (MacAulay
2020). The energy costs for maintaining interstitial space K*and Na* homeostasis
during this process and restoring astrocytic and neuronal cellular levels accounts for
the majority of ATP cost in brain function (Attwell and Laughlin 2001; DiNuzzo et
al. 2017). Below, we briefly describe the coordinated neuronal and astrocytic K* and
Na* release and reuptake, how neurons and astrocytes support their ATP needs via
non-oxidative glycolysis from astrocytic glycogen, and neuronal glucose oxidation.

Despite full restoration of neuronal ion levels requiring over 100 ms, homeosta-
sis of interstitial K* levels is maintained throughout the depolarization/repolariza-
tion cycle. The effectiveness of interstitial K" homeostasis is demonstrated by recent
studies that measured interstitial K* levels in awake rats performing an extended lo-
comotion task (Rasmussen et al. 2019). Interstitial K" levels rapidly increased at the
start of activation, but only by 10-25%, and were maintained at close to this value
throughout the activation period. This small increase happens despite the increase in
K" release flux, which is approximately 24 times higher than the increase in glucose
metabolism (DiNuzzo et al. 2017).

Maintaining K* and Na™ homeostasis across the depolarization and repolariza-
tion cycle depends on the coordinated activity of neuronal and astrocytic Na*/K*
ATPase and Kir channel activity (see Figure 3.4). Although often referred to as low
activity (MacAulay 2020), based on mass balance constraints, the neuronal Na*/K*
ATPase and Kir channels have sufficient activity to completely restore neuronal
(and therefore interstitial space) and astrocytic homeostasis across a full depolar-
ization repolarization cycle (DiNuzzo et al. 2017). However, during the cycle, there
are rapidly changing K* reuptake and Na* release requirements, with the highest
occurring during the early part of the depolarization period. In this early period, Na*
and K" homeostasis is maintained by activation of the interstitial K" concentration-
sensitive astrocytic Na'/K*ATPase and Kir channels. The activity of the ATPase and
associated Kir channels is rapidly increased by small elevations in interstitial space
K" (Larsen et al. 2016; MacAulay 2020). During the repolarization cycle, their ac-
tivity drops parallel to the decrease in interstitial K" levels, and the astrocytes switch
to net K* release; this is taken up by the neuronal Na*/K*ATPase and Kir channels
until homeostasis of neuronal and astrocytic levels are restored (Figure 3.4).

Maintaining homeostasis of interstitial K* concentration during activation is par-
ticularly critical due to the dendritic membrane potential, which determines whether
a neuron undergoes an action potential being coupled to K permeability and there-
fore the intracellular to interstitial K gradient. Interstitial K* is only ~3—4 mM,
and the interstitial fluid volume is only 20%; thus, the rapid K* release flux during
depolarization can easily collapse the gradient. To maintain homeostasis, released
K™ is rapidly captured by the astrocytic Na/K* ATPase pump and Kir channels
(MacAulay 2020) and spirited away via gap junctions, to exit the astrocytic syn-
cytium elsewhere—a phenomenon termed K* buffering (Barros 2022; MacAulay

2020) (Figure 3.4).



44 C.D. Raeetal.

To support energetically these transient, very high-energy demands of K* up-
take released by the neurons, astrocytes will shift to obtain ATP from non-oxidative
glycolysis of glycogen—a process referred to as the glycogen shunt (Dienel and
Rothman 2019; Schousboe et al. 2010; Shulman et al. 2001; Walls et al. 2009)
(Figure 3.3). However, the glycogen shunt is energetically inefficient compared
with complete glucose oxidation to ATP, yielding three net ATPs per glucose mol-
ecule versus 30. In addition, it results in the production of lactate and protons, both
of which must be removed from the brain for proper synaptic function. The require-
ment of supporting rapid shifts in synaptic energy use while maintaining homeosta-
sis of ions and neurotransmitters puts an extraordinary demand on the coordination
of activity between the neuronal and astrocytic metabolic pathways and ion trans-
porters/exchangers such as the Na*/K* ATPase. It has been suggested that high use
of glycogen under transient conditions of high activity, as well as studies in animal
models, make it an important metabolic target for study in cognitive and psychiatric
disorders (Jope and Roh 2006; Rahman et al. 2024).

In contrast to K¥, the high initial influx of Na* into the neuron can only be rebal-
anced by Na" transport via neuronal Na*/K* ATPase activity. Due to its lower activ-
ity relative to the astrocytes, neuronal Na* homeostasis after Na* influx is initially
maintained primarily by diffusion away from the dendritic spines (MacAulay 2020).
The average Na* ion entering the dendritic spine will diffuse for several seconds be-
fore being pumped out, a time that determines a dendritic shaft segment of 200-300
pum as the “minimum energy unit” of the neuron (i.e., the zone where a given excit-
atory postsynaptic potential leads to ATP usage). However, once there is a steady-
state increase in Na*/K*" ATPase activity, based on mass balance constraints, con-
stant average neuronal, astrocytic, and interstitial space Na* and K* concentrations
are maintained with small fluctuations during the depolarization and repolarization
cycle, as a consequence of the multiple mechanisms summarized above.

In neurons, the consumption of ATP by the Na*/K* ATPase is exactly matched by
ATP production, by mitochondria (95%), and glycolysis (5%); neuronal ATP levels
remain constant through neurotransmission and only fall under supraphysiologi-
cal stimulation (Baeza-Lehnert et al. 2019; Rangaraju et al. 2014). In astrocytes,
glycolytic ATP production transiently surpasses consumption, and ATP levels rise
(Fernandez-Moncada et al. 2018). On a per volume basis, the ATP costs of the as-
trocytic Na/K* ATPase and Kir channels is at least as high as neurons when the
more than three times lower volume fraction is considered (Barros 2022; Dienel
and Rothman 2020).

In many descriptions of the maintenance of interstitial K* homeostasis, astro-
cytic and neuronal Kir channels are given a prominent role. Kir channels, however,
are often described as not requiring energy to pump interstitial K* into neurons and
astrocytes against a K* gradient. As Hibino et al. (2010) explain, the energy for the
inward flux against a K* gradient is due to the membrane potential being hyperpo-
larized relative to the K* Nernst potential. The membrane potential itself is created
by the charge imbalance produced by the Na"/K* ATPase activity (3:2 ratio). Thus,
Kir channel activity depends directly on ATP consumption. To quote Hibino et al.
(2010:292): “These defining characteristics of Kir currents result not from a bend-
ing of the rules of biological chemistry by the Kir channel but from asymmetric
open channel pore block by intracellular divalent cations and other molecules.”
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A better understanding of the energetics consequences of Kir channel activity is
needed to appreciate fully its functional dependence on ATP synthesis. Consistent
with the critical importance of K* homeostasis, hypokalemia is an easily identifi-
able, clinically important but commonly neglected condition in psychiatric patients
(Lam et al. 2009).

The glutamatergic synapse is relevant when considering the brain energy bud-
get, as it dominates neuronal signaling in the gray matter: excitatory neurons out-
number inhibitory neurons by a factor of 9 to 1, and ~90% of synapses release
glutamate (Lezmy et al. 2021). Alterations in glutamatergic signaling, particularly
in responses to glutamate (whether by increased release, decreased uptake, or re-
ceptor response), can incur significant energy costs (Attwell and Laughlin 2001;
Robinson and Jackson 2016; Yu et al. 2018). Furthermore, direct measurements of
glutamatergic neuron signaling by ensemble neuronal recording are proportional to
2-deoxyglucose measurements of glucose metabolism, as is the ratio of the rate of
the glutamate/GABA-glutamine cycle and glucose oxidation (Rothman et al. 2022;
Yu et al. 2018).

5 Evidence for Vulnerable Periods

In addition to large differences in the energy budget of the mature adult brain com-
pared to other organs (see Figure 3.2 for comparison with muscle), there are also
large changes in the brain energy budget from birth to adulthood. Here, we propose
and provide evidence (see also Chapter 4) for a model in which critical periods for
the development of psychiatric disorders are associated with ages in which there is
a reduced gap between maximum oxygen and glucose transport and energy budget
requirements for vital and GMR processes. Consequently, if there is an increase
in allostatic load (see Figure 3.1), there is less scope to accommodate it. Because
the energy cost of the vital processes needed to support mental function cannot be
reduced, when the allostatic load increases to where the total energy budget exceeds
the maximum limit, GMR processes need to be reduced. If reduced for an extended
time, brain development (as well as synaptic turnover and remodeling in adults)
would likely be impaired, leading to a potential vulnerability for mental ill health.
We start with the example of the brain energy budget during childhood development
and aging, in which large shifts in energy needs relative to maximum capacity to
supply energy are seen throughout the lifespan.

Figure 3.5a plots the rates of CBF, CMRO,, and CMR,, from the study by Goyal
et al. (2014) across the lifespan. The general shape of these trajectories (the peak in
infancy) parallels the lifespan curves for whole-body energy expenditure measured
by the doubly labeled water method, where maximal weight-adjusted whole-body
energy expenditure is observed between ages 2—10 yr (peak around age 5) (Pontzer
et al. 2021). For ease of comparison, child (age 5 to 20 yr), adult (age 21 to 40 yr),
and older adult (age 65 to 82 yr) groups are shown as bars. Consistent with other
studies in human and rodent brain, there is a rapid increase in all three parameters
until age 5, when the average adult values are reached. The increase continues,
however, until CBF and CMRy,,, are ~twofold; CMRO, is ~40% above average
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Figure 3.5 Age course of resting awake CBF, CMRO,, CMR, estimated CMRO, . and al-
lostatic energy budgets demonstrate periods of increased vulnerability in children and older adults
due to limited energy available to support allostatic loads. (a) Based on the meta-analysis of Goyal
et al. (2014; figure used with permission from Elsevier), data is grouped into three demographics
(delineated by dashed vertical lines): children (5-20 yr), adults (2140 yr), and older adults (65-82
yr). Middle-aged adults (41-64 yr) have not been included due to large interindividual variations.
The maximum rate of net oxygen transport for each of these groups is indicated by the horizontal
lines for the children, adult, and older adult ranges (dashed lines): CBF (yellow), CMR, (blue),
and CMRO, (red). All measurements normalized to the average of the adult groups. (b) The en-
ergy budget for the age groups is broken up into vital (gold) and GMR processes (green). The
energy associated with maximum allostatic stress load (pink) is the gap between maximum supply
capacity and the sum of vital and GMR processes. The gap is lowest in children due to increased
need for GMR processes during development. In older adults, the gap is reduced relative to young
adults, due to the age-dependent reduction in maximum energy supply during the adult age course
because of reduced CBF.

adult values by age 10. After this peak, all three parameters decline until adulthood
is reached. After the adult range, there is a secondary decline in the older adult
group. This is primarily for CBF and CMRy,, but not for CMRO,. In the unstimu-
lated awake state, the high rate of CBF measured in the child group is supported by
the finding of an increased brain artery cross-sectional area in the Circle of Willis
in children (Buxton 2010; Guilliams et al. 2021), consistent with the need of this
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group to sustain up to 50-60% elevated whole brain CBF chronically (Guilliams et
al. 2021; Kennedy and Sokoloff 1957). This is similar to the maximal amount of
recorded transient increase in CBF in adults under conditions of extreme activation
(Smith and Ainslie 2017). Also similar to what occurs during brain activation in
adults, the relative amount of aerobic glycolysis is higher in development and ado-
lescence (Goyal et al. 2014), paralleling the higher CBF. These lifespan differences
highlight the tight relationship between the metabolic capacity of the brain and the
limits imposed by its blood supply.

To estimate the gap between unstimulated awake and maximum energy pro-
duction as a function of age, the maximum value of CMRO, was calculated for
each age group using the relationship reported by Buxton (2010). This value of
CMRO, is determined primarily by capillary density and maximum CBF and has
been shown to agree with experimental data (Buxton 2010; Herculano-Houzel and
Rothman 2022). For the adult and older adult groups, we determined maximum
CBF by multiplying their average values measured in the unstimulated awake state
(see Figure 3.2) by the maximum increases for each group reported during stimula-
tion (DiNuzzo et al. 2024). For the child group, maximum CMRO, was estimated
to be similar to the adult maximum, based on findings that capillary density (which
is the major determinant of maximum CMRO,) and brain size are close to mature
values by age 10 (Buxton 2010).

As shown in the Figure 3.5b, the smallest gap between the estimated maximum
CMRO, and the unstimulated awake value is in the child and older adult groups.
These are periods of high vulnerability for developing mental health (childhood)
and neurological (aging) disorders; for details, see Chapter 4. We propose that an
important factor in this higher vulnerability is this smaller energy reserve, which
during periods of extended high neuronal activity, such as occurs during chronic
stress, reduces the energy available to support restorative and developmental pro-
cesses (growth, maintenance, and repair).

6 Conclusions

Because the awake brain operates at near capacity, its ability to increase blood
delivery, and hence oxygen and glucose, is limited due to restrictions dictated by
capillary density and available space within the skull. To avoid impacting brain
functions, homeostasis restricts both the amount of glucose and oxygen that can
be supplied and the level of generated protons (H") and CO, that can be tolerated.
Having detailed the neurochemical basis of how the brain operates carefully within
these homeostatic limits, we presented a model that suggests when brain energy
supply is limited, resource allocation becomes key to longer-term function.

Understanding how brain energy production and utilization are modulated at rest,
during activation, and throughout the lifespan is essential before the consequences
of exceeding these limits can be appropriately addressed. In Chapter 4, we present
examples that describe how infringement takes place and leads to pathophysiology
of neuropsychiatric disorders.
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