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The human brain is considerably larger and more energetically costly than that of other primate species. As
such, discovering how human ancestors were able to provide sufﬁcient energy to their brains is a central
theme in the study of hominin evolution. However, many discussions of metabolism frequently omit the
different ways in which energy, primarily glucose, is used once made available to the brain. In this review,
we discuss two glucose metabolic pathways, oxidative phosphorylation and aerobic glycolysis, and their
respective contributions to the energetic and anabolic budgets of the brain. While oxidative phosphorylation is a more efﬁcient producer of energy, aerobic glycolysis contributes essential molecules for the
growth of the brain and maintaining the structure of its cells. Although both pathways occur in the brain
throughout the lifetime, aerobic glycolysis is a critical pathway during development, and oxidative
phosphorylation is highest during adulthood. We outline how elevated levels of aerobic glycolysis may
support the protracted neurodevelopmental sequence of humans compared with other primates. Finally,
we review the genetic evidence for differences in metabolic function in the brains of primates and explore
genes that may provide insight into how glucose metabolism may differ across species.
© 2014 Elsevier Ltd. All rights reserved.
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Introduction
Although it makes up only 2% of total body mass, the adult
modern human brain utilizes about 15e20% of the body's resting
metabolic resources (Hofman, 1983). This is far greater than the
brains of other primates that consume between 2 and 10% of their
body's resting energy expenditure (Mink et al., 1981). The rate of
glucose uptake needed to sustain the adult human brain imposes a
substantial cost to the body that is thought to be met either by a
greater input of energy through increased diet quality or cooking
(Gaulin and Kurland, 1976; Leonard and Robertson, 1994; Aiello and
Wheeler, 1995; Broadhurst et al., 2002; Fish and Lockwood, 2003;
Wrangham, 2009) or by metabolic tradeoff with other organs,
including musculature (Leonard et al., 2003) or the size of the
digestive tract (Aiello and Wheeler, 1995 but see; Navarrete et al.,
2011). It has also been suggested that modern humans coevolved
an extended life history and period of childhood to support the
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growth and metabolic requirements of the brain (Foley and Lee,
1991; Bogin, 1997; Leigh, 2004; Barton and Capellini, 2011).
Although the human brain is very energetically expensive in
adulthood, the rate of glucose uptake per gram of tissue reaches
twice the adult level around the age of two or three years (Chugani
et al., 1987). In contrast, the brain of the macaque monkey obtains
its maximum rate of glucose uptake per gram of tissue at birth
(Jacobs et al., 1995), which is about one-third greater than the rate
of glucose uptake in the adult macaque brain. Therefore, the glucose
requirements of the primate brain are dynamic throughout the
lifetime, and the trajectory of how glucose uptake rates change over
time appears to differ across species. Humans are unique among
primates in that the extremely high metabolic costs of growing the
large human brain must be sustained over a much longer period of
neurodevelopment (Leigh, 2004; Barrickman et al., 2008). Additionally, the increased energy required for the human brain's
maturation may not be met by glucose alone but may depend upon
additional sources of energy, including ketones (Miller et al., 1982;
Nehlig and Pereira de Vasconcelos, 1993). Although it is clear that
meeting the metabolic costs imposed by the brain must have been a
difﬁcult challenge to meet during human evolution, the precise
reasons for this high energetic cost deserve more attention.
All multicellular organisms use adenosine-5’-triphosphate
(ATP) as their chief energy source, and it is most typically supplied
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by the metabolic pathway of oxidative phosphorylation (Nelson
and Cox, 2008). Oxidative phosphorylation includes the sequential processes of glycolysis, the citric acid cycle, and the electron
transport chain, which, together, metabolize glucose into ATP. In
this review, we use the deﬁnitions put forth by other authors
(Pellerin and Magistretti, 1994; Vander Heiden et al., 2009;
Vaishnavi et al., 2010) to distinguish between glycolysis and aerobic
glycolysis. As described above, glycolysis digests glucose to pyruvate and is an integral step of oxidative phosphorylation. Aerobic
glycolysis also refers to the breakdown of glucose to pyruvate but is
not followed by the citric acid cycle and the electron transport
chain. Despite its name and unlike oxidative phosphorylation,
aerobic glycolysis does not consume oxygen and is therefore not an
aerobic process. Although both aerobic glycolysis and oxidative
phosphorylation produce ATP from glucose, oxidative phosphorylation is a much more efﬁcient producer of energy. In most tissues
of the body, aerobic glycolysis is a pathway typically associated
with hypoxic conditions (insufﬁcient oxygen availability) or
dysfunction of the mitochondria that would prevent oxidative
phosphorylation from occurring (Ullah et al., 2006; Soane et al.,
2007; Perez de Heredia et al., 2010; Nielsen et al., 2013). However, aerobic glycolysis also occurs in the brain under normal conditions despite the presence of sufﬁcient oxygen for oxidative
phosphorylation (Raichle et al., 1970; Wyss et al., 2011). Moreover,
some authors have noted the importance of aerobic glycolysis as a
contributor of carbon to the anabolic processes that synthesize the
constituent molecules of the brain, including lipids, proteins, and
nucleotides (Raichle, 2010; Vaishnavi et al., 2010).
We review the contributions of the two major metabolic pathways, aerobic glycolysis and oxidative phosphorylation, toward
meeting the developing brain's energy requirements and the
necessary contribution of molecules to its biomass. Because protracted development is a hallmark of human brain growth and
development (Leigh, 2004), we review how humans may differ
from other primates in their reliance of these pathways over time.
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For more detail regarding the biochemical and neurological basis
for these hypotheses, we refer the reader to a recent review by
Bauernfeind et al. (2014). Finally, we consider what gene sequence
evolution and differential gene expression tell us about how brain
glucose metabolism may differ in humans compared with other
primates. We discuss the importance of these issues for the
development, function, and maintenance of the energetically
expensive human brain.
A brief review of metabolic pathways and anabolic processes
When a molecule of glucose enters a cell, the typical outcome is
for it to be immediately converted into pyruvate by glycolysis, a
process that occurs in the cytoplasm of the cell and generates two
molecules of ATP (Nelson and Cox, 2008). Pyruvate can be converted
into lactate, for short-term energy storage, or acetyl coenzyme A
(acetyl-CoA), which is used in the oxidative phosphorylation
pathway. In oxidative phosphorylation, acetyl-CoA enters the
mitochondria and is completely metabolized into carbon dioxide
and water by the citric acid cycle. The electron transport chain
follows and a total of around 36 molecules of ATP are produced per
molecule of glucose (Fig. 1). Through aerobic glycolysis, one of the
molecules derived from glucose may be used as a precursor to
biosynthetic pathways, including the synthesis of fatty acids and
€k
other lipids required for myelination (Brown et al., 2001; Tekko
et al., 2005) or the synthesis of amino acids necessary for building
the complex proteins that compose the cell's structural and functional elements including enzymes (Nelson and Cox, 2008). Indeed,
the synthesis of enzymes by aerobic glycolysis may even be critical
to the development and maintenance of the molecules that
compose the citric acid cycle, suggesting interdependence between
aerobic glycolysis and oxidative phosphorylation (Hovda et al.,
1992, 2006). An intermediate molecule of glycolysis, glucose-6phosphate, may be used by the pentose phosphate pathway (PPP)
for the synthesis of nucleotides. Each of these anabolic processes

Figure 1. The potential outcomes of glucose entry into a neuron are diagramed. Larger boxes surround several stages of the metabolic pathways and encompass the steps that are
referred to by glycolysis, oxidative phosphorylation, and aerobic glycolysis. Although aerobic glycolysis produces only two molecules of ATP, it provides molecules, glucose6-phosphate and pyruvate, that can be used as substrates for nucleotide, amino acid, and fatty acid synthesis. Oxidative phosphorylation is an efﬁcient producer of ATP, yielding
approximately 36 molecules of ATP per molecule of glucose. The major steps within glycolysis and oxidative phosphorylation have the names of the enzymes or transporters next to
them or a listing of how many molecules are involved in the process. Importantly, these molecules may be explored as potential targets of gene regulation that may change the
kinetics of these glucose metabolism pathways. This ﬁgure is reproduced with permission from Bauernfeind et al. (2014).
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uses glucose (or a downstream molecule) as a source of carbon for
the creation of biomolecules. Consequently, although oxidative
phosphorylation is the more efﬁcient producer of energy, aerobic
glycolysis contributes precursor molecules for the synthesis of
lipids, proteins, and nucleotides that are essential to the structure
and function of cells (Vander Heiden et al., 2009, 2010; Raichle,
2010).
Throughout the lifetime, the energetic and anabolic needs of the
brain change (Erecinska et al., 2004). Postnatal brain development
requires additional lipids and proteins to support the maturational
processes of axonal elongation (Jareb and Banker, 1997; Goldberg,
2003; Zivraj et al., 2010), myelination (Baumann and Pham-Dinh,
2001; Lee, 2001; Rinholm et al., 2011), and synaptogenesis (Knott
et al., 2006). It appears that in early postnatal brain development
the lipid requirements of the rapidly growing brain may be so
extensive that the endogenous production of fatty acids from
glucose may be supplemented by ketone bodies from the diet
(Edmond, 1974; Yeh et al., 1977; Sheaff-Greiner et al., 1996;
reviewed in; Cunnane et al., 2003). Once brain maturation is
complete, synthesis of lipids, proteins, and nucleotides must
continue, albeit at a lower rate, to replace the constituent molecules
of the cell, including those that compose the cell membrane, ion
channels, neurotransmitter receptors, myelin sheaths, and signal
transduction pathways (Star et al., 2002; Ehlers, 2003; Yi and
Ehlers, 2005; Marder and Goaillard, 2006; Raichle, 2010;
Fünfschilling et al., 2012). Furthermore, dendritic spines and synapses require the addition of lipids and proteins to support the
structural modiﬁcations that underlie learning (Li et al., 2004;
Sheng and Hoogenraad, 2007; Newman et al., 2011; Suzuki et al.,
2011). Therefore, glucose taken up by the brain must continually
contribute to aerobic glycolysis, and the biosynthetic processes it
supports, to meet the anabolic requirements necessary for proper
neuronal growth, maturation, and function throughout the lifetime.
Positron emission tomography (PET) tracks the uptake of a
radiolabeled molecule, typically glucose, in the brain and has been
an immensely informative method as to the biochemical needs of
the brain during cognitive tasks and in the resting state (Mintun
et al., 2001; Buckner, 2012; Barks et al., 2013). It is widely recognized that the majority of energy in active brain tissue fuels
neurotransmission (Magistretti et al., 1999; Attwell and Laughlin,
2001; Harris et al., 2012), but it is important to consider that
brain activity invoked by performing a speciﬁc cognitive task
typically elicits an increase of local energy uptake by only about 5%
(Sokoloff et al., 1955). Therefore, the brain uses the vast majority of
its glucose to maintain its physiological baseline, including the
maintenance of the ion gradient across the neuronal membrane
(the neuron's resting membrane potential) (Attwell and Laughlin,
2001; Raichle, 2010). Although the synaptic activity underlying
cognitive tasks is an important consideration to brain metabolism,
it is not the sole, or even the most signiﬁcant, metabolic expense.
The fact that the brain uses glucose for oxidative phosphorylation
and aerobic glycolysis (energetic or anabolic processes, respectively) poses an additional challenge to the interpretation of the
PET studies using radiolabeled glucose (Raichle, 2010). By tracking
both radiolabeled glucose and oxygen, PET studies are able to
decipher how much glucose is allocated to which metabolic
pathway because oxidative phosphorylation requires oxygen and
aerobic glycolysis does not (Vaishnavi et al., 2010).
Human neurodevelopment and energetics
At birth, the human brain weighs roughly 360 g and comprises
about 25% of its adult size (Dobbing and Sands, 1979; Robson and
Wood, 2008). Postnatal brain growth continues rapidly for the
ﬁrst few years of life, and around the age of seven, the adult human

brain volume is obtained (Dobbing and Sands, 1979). Although
neurogenesis (the production of new neurons) occurs in the postnatal primate brain (Gould, 2007), it is limited in scope by how
many neurons are produced and is restricted to the olfactory bulb,
hippocampus, and a few neocortical regions (Kornack and Rakic,
1999, 2001; Rakic, 2002). Consequently, postnatal brain growth is
not the result of the addition of new neurons but the maturation of
those already existing. Neuronal maturation is critical for the
development of function and includes the processes of axonal
elongation, dendritic branching and elaboration, myelination of
axons, and the proliferation of synapses and subsequent elimination of superﬂuous synapses (synaptic pruning) (Goldman-Rakic,
1987; Hensch, 2004).
Human neurodevelopment is characterized by heterogeneity in
the timing of neuronal maturational processes across the
neocortex. Even from the time of birth, differences in the distribution of dendrites, dendritic spines, and synapses are apparent
with primary motor and sensory cortices displaying higher densities of these microstructural elements than regions within the
prefrontal cortex (Huttenlocher and Dabholkar, 1997). Associative
regions of the neocortex, those that do not have direct connections
with sensory or motor function such as the prefrontal cortices, are
characterized as being more integrative (containing more connections from other cortical regions) in human adulthood (Elston et al.,
2001; Semendeferi et al., 2011; Spocter et al., 2012). Although
associative cortices are slower to mature than primary motor and
sensory cortices, by the time these regions have reached maturity,
they have developed a greater degree of structural complexity,
including the length and branching of dendrites and the density of
synapses (Huttenlocher and Dabholkar, 1997; Jacobs et al., 1997,
2001; Travis et al., 2005; Petanjek et al., 2011). In parallel with
the development of the cytoarchitecture of neurons, the average
thickness of the neocortex and volume of gray matter in humans
increase to about the age of 10, with associative cortices maturing
slightly later than sensory cortices (Giedd et al., 1999; Gogtay et al.,
2004; Shaw et al., 2008). Together, these data support the case for
asynchrony in the maturation of neuronal microstructure across
the human neocortex.
Like the maturation of human brain cytoarchitecture, energy
metabolism in the brain also displays a dynamic pattern over the
course of development (Chugani and Phelps, 1986, Fig. 2). Positron
emission tomography studies have shown that glucose uptake in
the human brain increases from birth until it reaches its highest
rate per gram of tissue around age two or three, which is twice that
of the adult level, and remains elevated throughout childhood
(Chugani et al., 1987). This period of elevated glucose uptake in the
human brain occurs after regions of the neocortex obtain their peak
synaptic densities (Jacobs et al., 2001; Petanjek et al., 2011) but
before an initial decrease in the rate of myelination (Miller et al.,
2012). Once peak synaptic density is reached in late childhood,
synaptic pruning occurs, decreasing the number of synapses and
reﬁning cortical circuitry (Huttenlocher, 1990; Glantz et al., 2007).
In parallel with the elimination of synapses, the brain's glucose
uptake steadily declines until it reaches its adult level (Chugani
et al., 1987). Like the pattern of synaptogenesis in the developing
brain, peak glucose uptake follows a regional pattern across the
neocortex with primary motor and somatosensory cortices reaching their adult levels prior to associative areas (Jacobs et al., 2001;
Petanjek et al., 2011). Throughout the human neurodevelopmental
sequence, the positive correlation between the rates of glucose
uptake and the anabolic processes, synaptogenesis and myelination, emphasizes the importance of the appropriation of glucose to
support the addition of biomass (Fig. 2).
Considering the dynamics of the human neurodevelopmental
sequence, it would be expected that the human brain would
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Figure 2. Rates of synaptogenesis, myelination, glucose uptake over the course of development in the human, chimpanzee, and macaque cerebral cortex. Each rate is shown relative
to its adult value. Previously published data on the developmental sequence of synapse and myelin ﬁber densities were then converted into rates of change over the lifetime by
estimating the derivative of the curve (see inset) (Gibson, 1970; Rakic et al., 1986; Petanjek et al., 2011; Miller et al., 2012; Bianchi et al., 2013). Rates of glucose uptake are known for
humans (Chugani et al., 1987) and macaques (Jacobs et al., 1995), but the rate of glucose uptake over the chimpanzee lifespan (bold dashed line) is estimated based on the
maturation of that species' cerebral microstructure. The area under the glucose uptake curve is shaded light gray (estimated proportion of oxidative phosphorylation) or dark gray
(estimated proportion of aerobic glycolysis) (Raichle et al., 1970; Settergren et al., 1976; Boyle et al., 1994). The amount of aerobic glycolysis is estimated based on the rate of anabolic
processes (synaptogenesis and myelination) occurring at any given time in a species' neurodevelopmental sequence. For each species, the rate of aerobic glycolysis begins at its
largest proportion of glucose uptake, remains high to support anabolic processes during neurodevelopment, and then declines to its adult rate. The units on the x-axes differ
between species to account for their differences in their life histories. This ﬁgure is reproduced with permission from Bauernfeind et al. (2014).

appropriate different amounts of glucose to aerobic glycolysis at
different times throughout the lifetime. In preterm infants, when
the brain is growing at its fastest rate and neurons are proliferating,
the brain metabolizes 90% of glucose by aerobic glycolysis (Altman

et al., 1993; Powers et al., 1998). Following birth, when there is very
little neurogenesis in the brain, 35% of glucose is consumed by
aerobic glycolysis (Settergren et al., 1976). In adulthood, the
throughput of aerobic glycolysis diminishes to 10e12% of the
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glucose available to the brain (Raichle et al., 1970; Boyle et al., 1994).
Although there are no direct data on the rate of aerobic glycolysis at
other points of development, the rates of anabolic processes allow
us to predict the amount of aerobic glycolysis throughout human
neurodevelopment (Fig. 2). In early postnatal neurodevelopment,
as synaptic connections become more numerous, we would predict
the proportion of glucose processed by aerobic glycolysis to remain
elevated (around 35%) to support axonal elongation, synaptogenesis, and myelination (Bauernfeind et al., 2014). The rate of
aerobic glycolysis would decrease in the later juvenile period as the
rates of synaptogenesis and myelination diminish. As anabolic
processes and the rate of aerobic glycolysis decline, the proportion
of glucose metabolized by oxidative phosphorylation would increase to support the energy demands of synaptic transmission.
During human adulthood, aerobic glycolysis continues to metabolize glucose and likely contributes molecules to anabolic processes
necessary for biomolecular turnover and experience-dependent
learning.
Differences in the neurodevelopmental sequence of primates
Human developmental sequences are protracted compared
with other primates (Leigh, 2004), and predictably, the human
brain reaches its adult size at a later age compared with other
primates (Robson and Wood, 2008; Neubauer et al., 2010; McFarlin
et al., 2013). From the perspective of cytoarchitectural development, the human brain displays an extended period of synaptogenesis compared with macaques (Huttenlocher and Dabholkar,
1997; Petanjek et al., 2011). Likewise, an extended time course of
myelination of cortical axons exists in the human brain compared
with macaques (Yakovlev and Lecours, 1967; Gibson, 1970) and
chimpanzees (Miller et al., 2012). Although humans and chimpanzees display a similarly delayed period of synaptogenesis
compared with the macaque (Bianchi et al., 2013), protracted
myelination and synaptic pruning in humans allows for a longer
period of experience-dependent learning to occur prior to the
completion of neuronal maturation (Goldman-Rakic, 1987; Miller
et al., 2012).
Compared with humans, the maximum rate of glucose uptake in
rhesus macaques and vervet monkeys occurs earlier in postnatal
life, between the second and sixth months after birth, and occurs
synchronously across neocortical regions (Jacobs et al., 1995). The
timing of maximum glucose uptake coincides with the timing of
the greatest synaptic densities in the macaque, which also displays
synchrony across regions (Rakic et al., 1986; Bourgeois et al., 1994).
Therefore, like humans, the timing of maximum glucose uptake in
the macaque monkey brain occurs concurrently with peak synaptic
density. However, humans differ from other primates in that the
development of their cytoarchitecture is more protracted and
asynchronous across the neocortex. Nothing is known about the
glucose uptake in the brains of other primate species over the
course of their neurodevelopment.
Because the neurodevelopmental sequence varies across primates, it is anticipated that differences would exist in the duration
of elevated aerobic glycolysis to support anabolic processes. As in
humans, it appears that the fastest rate of brain growth also occurs
in the ﬁrst few years of neonatal life in other primates (Robson and
Wood, 2008; McFarlin et al., 2013), presumably due to the rapid
development of neuronal cytoarchitecture. To support the
augmentation of brain biomass occurring in these earliest stages of
life, aerobic glycolysis is expected to be high across all primates.
However, because synaptogenesis and myelination reach their
adult levels at a very early age in macaque monkeys, the rate of
aerobic glycolysis would be expected to quickly diminish. Although
we do not know how glucose uptake in the chimpanzee would

compare with other primates, one might predict a trajectory that is
intermediary between humans and macaque monkeys due to a
period of postnatal synaptogenesis that is similar to that of humans
(Bianchi et al., 2013), but with a shorter period of myelination
(Miller et al., 2012). Accordingly, elevated aerobic glycolysis in the
chimpanzee may extend to a later developmental stage than in the
macaque but an earlier absolute age than in humans (Bauernfeind
et al., 2014; Fig. 2).
When comparing brain metabolism across primate species,
glucose uptake rates should be considered in the context of overall
brain size. Kleiber's law states that the amount of energy per gram
of tissue required to sustain an organ decreases with increased
mass (Kleiber, 1932). A PET study examining the amount of oxygen
uptake by the brains of adult mammals and primates, including
humans and macaque monkeys, found that larger brains do indeed
require less oxygen for each gram of tissue (presumably to support
oxidative phosphorylation) than other primates by a scaling rate of
0.75 (Mink et al., 1981; but see; Karbowski, 2007). However, other
studies have shown that the rate of glucose uptake per gram of
tissue at rest in the human brain (Clarke and Sokoloff, 1999) is
indistinguishable from that of the macaque monkey (Kennedy
et al., 1978). One interpretation of these data is that humans have
more molecules of glucose available at rest for processes other than
oxidative phosphorylation than macaque monkeys, which may
mean a higher rate of aerobic glycolysis (using glucose and no oxygen) at rest (Bauernfeind et al., 2014). Although this interpretation
is speculative, a higher resting throughput of the aerobic glycolysis
pathways for anabolic processes in humans compared with other
primates would support higher rates of biomolecular turnover and
synaptic plasticity (remodeling of synapses) in humans, which
could potentially increase the capacity to learn. To our knowledge, a
direct comparison of the ratio of glucose and oxygen uptake in the
brain by PET has only been performed in adult humans (Vaishnavi
et al., 2010). Performing similar studies in other primates would
determine if the proportions of glucose contributed to oxidative
phosphorylation and aerobic glycolysis differ across primates.
Imprint of changing energy requirements in the human
genome
The underlying physiological mechanisms that support glucose
metabolism are under the control of the genome and its expression.
Therefore, the study of gene sequences or the expression levels of
gene transcripts supporting glucose metabolism, and related
functions, are crucial to our understanding of how energy may be
used in the brain by disparate primate species. Furthermore,
because the duration of the neurodevelopmental sequence appears
to be of particular importance to the resulting phenotype of the
adult primate brain (Leigh, 2004; Barrickman et al., 2008; Barton
and Capellini, 2011), the regulation of gene expression over the
lifetime is an important consideration. We review what is known
about comparative primate brain energetics from the genetic
perspective with the goal of appreciating what drives speciesspeciﬁc phenotypic differences.
Several lines of evidence suggest that glucose metabolism, and
oxidative phosphorylation in particular, has been a target of natural
selection in primate evolution. Lactate dehydrogenase (LDH) is an
enzyme that reversibly converts pyruvate into lactate. While the
LDH isozyme, LDHA, more rapidly converts pyruvate to lactate,
another subtype, LDHB, favors the conversion of lactate to pyruvate
(Dawson et al., 1964). Because pyruvate is a necessary molecular
substrate for oxidative phosphorylation, the ratio of these LDH
subtypes helps to determine the kinetics of glucose metabolism.
Although astrocytes, a type of glial cell, contain both LDHA and
LDHB, only LDHB is present in neurons (Fig. 3) (Bittar et al., 1996).
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Figure 3. A schematic of the astrocyte-lactate shuttle. An astrocyte uptakes glucose
from the blood and metabolizes it into pyruvate by glycolysis. In the astrocyte, LDHA
converts pyruvate to lactate, and LDHB can change lactate back into pyruvate (Bittar
et al., 1996). The astrocyte-neuron lactate shuttle transports lactate from the astrocyte to a presynaptic neuron (Dienel and Hertz, 2001; Magistretti, 2009). Within the
neuron, LDHB converts lactate into pyruvate, which, once converted into acetyl-CoA, is
used in oxidative phosphorylation.

Astrocytes have the ability to take up glucose from the blood vessel,
metabolize glucose to pyruvate, convert the pyruvate to lactate by
LDHA, and provision neurons with lactate to be used as an energy
source (Tanaka et al., 2004). This transfer of metabolic substrate
from astrocyte to neuron is called the astrocyte-neuron lactate
shuttle (Dienel and Hertz, 2001; Magistretti, 2009). Within the
neuron, lactate may be retroconverted into pyruvate by LDHB,
which is then converted into acetyl-CoA and used in oxidative
phosphorylation (Fig. 3). In strepsirrhines, a greater proportion of
LDHA is expressed relative to LDHB (Syner and Goodman, 1966;
Goodman et al., 1969), while in catarrhines LDHB is more prevalent (Syner and Goodman, 1966; Goodman et al., 1969). The
elevated expression of LDHB in catarrhines favors the production of
pyruvate and would support a higher rate of oxidative phosphorylation in catarrhines compared with strepsirrhines.
Additional evidence supports evolution in favor of increased
oxidative phosphorylation in the primate brain with phylogenetic
proximity to humans. Within anthropoids, genes encoding the
subunits of cytochrome c oxidase, the ﬁnal component of the
electron transport chain, show an accelerated rate of evolution in
their sequences compared with any other placental mammals
(Grossman et al., 2001; Goldberg et al., 2003; Grossman et al., 2004;
Schmidt et al., 2005; Uddin et al., 2008a; Hüttemann et al., 2011).
Additionally, the expression of COX5A, one of the genes encoding a
subunit of cytochrome c oxidase, is expressed at a higher level in
human neocortex compared with that of other great apes (Uddin
et al., 2008a). These genetic changes are indicative of increased
control over the mechanisms that process glucose by oxidative
phosphorylation within anthropoids (Pierron et al., 2011) and may
result in greater levels of ATP availability for synaptic transmission.
Although changes in gene sequence may change the efﬁciency
or function of a gene, the expression level of gene transcripts,
dictated by multiple forms of gene regulation, may also affect
phenotype (King and Wilson, 1975). For example, the gene encoding the glucose transporter in the brain, SLC2A1, has undergone
positive selection on regulatory elements within its promoter region in humans but not in chimpanzees (Fedrigo et al., 2011). This
change reﬂects an adaptation for the regulation of glucose uptake
that has evolved within the human lineage. Beyond evaluating the
expression levels of individual genes, gene enrichment analyses
compare the expression of groups of genes that share similar biological functions (Subramanian et al., 2005). Using this method, the
expression levels of genes supporting speciﬁc biological pathways
can be compared for enrichment between species. For instance,
there is a consistent pattern of upregulation in the expression of
genes involved in glucose metabolism in the human brain
compared with that of nonhuman primates, including enrichment
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for categories such as oxidative phosphorylation, electron transport, and other nuclear encoded genes that function in the mitoceres et al., 2003; Uddin et al., 2004, 2008b; Khaitovich
chondria (Ca
et al., 2006; Oldham et al., 2006; Babbitt et al., 2010). The upregulation of genes in the adult human neocortex that support
oxidative metabolism suggests that, per unit mass, the human brain
may be more metabolically expensive than the brains of other
primates (Preuss et al., 2004; Preuss, 2011). If true, the human brain
would violate the physiological principle of greater energetic efﬁciency with increased size of an organ (Kleiber, 1932).
The adult human brain phenotype results, in part, from the
dynamic regulation of gene expression during the neurodevelopmental sequence (Konopka and Geschwind, 2010).
Compared to the adult brain, the fetal human brain is enriched in
genes related to cell adhesion, and calcium ion binding (Uddin
et al., 2008b). Cellular adhesion, including that mediated by cadherins, is crucial to the development of cellular structure and
neuronal connectivity (Frank and Kemler, 2002; Junghans et al.,
2005). The protracted neurodevelopmental sequence in humans
(Fig. 2) is reﬂected by a shift in gene expression with genes related
to synapse development and other gene categories important for
neurodevelopment displaying delayed expression in the human
brain compared with macaque monkeys and chimpanzees (Somel
et al., 2009). Recently, Sterner et al. (2013) performed genetic
microarrays on a developmental series of human brain tissue to
determine if there are genes whose expression levels are correlated
to the temporal changes in glucose uptake. They found that genes
supporting nervous system development follow a trajectory similar
to that of glucose utilization. Transcriptional neoteny of genes
pertaining to neuronal maturation and glucose metabolism could
be one of the more important factors for the development of the
phenotype of the human brain (Somel et al., 2009, 2011; Liu et al.,
2012; Sterner et al., 2013). More thorough examinations of how
shifts in gene expression correlate to changes in glucose uptake in
the brain throughout development will help clarify the inﬂuence of
gene expression changes on driving metabolic demand.
Gene regulatory regions in humans also show signs of positive
selection in genes related to glucose metabolism (Haygood et al.,
2007). In the genomes of humans and chimpanzees, Haygood
et al. (2007) compared the rates of sequence evolution in the promoter regions (proximal 5 kilobases) to nearby coding regions.
When the sequence of the promoter region evolved more quickly
than its associated coding region, positive selection was inferred.
They found that humans, compared with chimpanzees, display an
excess of change in the promoter regions of genes supporting
glucose metabolism. Speciﬁc promoter regions that contain high
degrees of positive selection in humans are associated with the
genes HK1, GCK, GPI, and PFKFB3, all of which are involved in
glycolysis and the citric acid cycle (Haygood et al., 2007). These
results are suggestive of positive selection of the putative regulatory regions in categories supporting carbohydrate metabolism,
glycolysis, and other sugar metabolism in humans compared with
other primates.
A novel way of studying metabolic pathways between species
was performed by Khaitovich et al. (2008). They measured differences in the concentrations of 16 metabolites using 1H nuclear
magnetic resonance spectroscopy within the prefrontal cortex of
adult humans, chimpanzees, and macaque monkeys and found that
several of the metabolites differ in their relative concentrations
across species. Metabolites related to energy metabolism
(including lactate and creatine), neurotransmission (choline and
glycine), and lipid metabolism (acetate, choline, phosphocholine,
and glycerophosphocholine) are found in different concentrations
in the human brain compared with that of chimpanzees or macaque monkeys. This result is likely due to the human brain using
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metabolic pathways in different proportions compared to other
primates. An additional study employed gas chromatography
coupled with mass spectrometry to investigate other metabolites in
the prefrontal cortex and cerebellum of humans, chimpanzees, and
macaque monkeys across their developmental sequences while
considering the different duration of the stages of life history
(Fu et al., 2011). Overall, the small-molecule metabolites in the
adult brain of each species differed dramatically from that of the
neonate, indicative of a changing metabolic strategy from the
earliest stages of life until adulthood. The majority of the metabolites displayed similar changes in concentration across all three
primates. However, a greater number of metabolites than predicted
in the human prefrontal cortex displayed differences in the trajectories of their concentrations compared to the human cerebellum. The divergent developmental trajectories of metabolites
within the human prefrontal cortex may underlie broader differences in the maturation of metabolic pathways across the human
brain.
Taken together, the results of these studies are suggestive of
adaptive evolution supporting oxidative phosphorylation within
the primate lineage, which becomes enhanced with closer phylogenetic proximity to humans. Therefore, the adult human brain
may be especially adapted for energy production by the oxidative
phosphorylation pathway, but research has not yet fully explored
whether these changes in sequence evolution and expression levels
have made this pathway more efﬁcient. However, it is reasonable to
speculate that genetic changes affecting oxidative phosphorylation
may beneﬁt ATP availability for synaptic activity and also regulate
the efﬁciency with which energy is used. Moreover, it appears that
temporal changes in gene regulation affecting metabolic pathways
are critical to the heterochronous patterns of neurodevelopment
within the human brain.
Conclusions
Many questions remain as to how the metabolic and biochemical needs of the brain are met and how these needs may differ
across species. First, it is not clear how the brain ‘decides’ to use
oxidative phosphorylation over aerobic glycolysis and vice versa,
and the extent to which the balance between metabolic pathways
is genetically determined is unknown. Also, the degree of variation
in these pathways between humans and other species remains to
be explored, particularly as they relate to the differences in the
duration of the neurodevelopmental sequence. Understanding how
genomic changes, metabolism, cellular physiology, and the brain
phenotype relate to one another is important to our understanding
of how the human brain develops, how it has evolved to function
like it does, and how disregulation of these processes might lead to
the onset of disease (Khaitovich et al., 2008). Further explorations
into the appropriation of energy in the developing brain are warranted in an attempt to explain why it was important to alter human anatomy, diet, and life history for the sake of the high
metabolic demand of the human brain.
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