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Alternate Fuel Utilization by Brain*
George F. Cahill, Jr. and Thomas T. Aoki

In evolutionary-advanced animals, the
brain poses a unique problem in energy
support, and especially so in man, due to
its voracious but yet finicky appetite.® '
14. 2. 2. 61658 In the adult, glucose is the
sole substrate, except when levels of the
ketoacids, acetoacetate, and #-hydroxy-
butyrate are sufficiently elevated to permit
disﬂEIacement of glucose utilization."
14, 34, 39, 43 49, 5%, 62, 73, 78 Maﬂnﬂsﬂ can 3150 hE
utilized, but the needed concentration to
create an adequate plasma-to-brain gra-
dient can only be achieved by infusion.™*

In the neonate, lactate appears to be a
significant albeit quantitatively minor fuel,
as discussed by Vannucci et al. in Chapter
29, In certain pathological states character-
ized mainly or in part by lactic acidosis
such as in children with type I glycogen
storage disease or in adults with primary
lactic acidosis, lactate may become a sig-
nificant substrate, but this possibility has
not been directly studied as yet. In addi-
tion, lactate would only be of use in those
states with adequate perfusion and oxy-
genation, with high levels of lactic acid in
blood and low levels of glucose, a pattern
that occurs physiologically only with se-
vere prolonged exercise and exhaustion.
Thus, we are left with glucose and the
ketoacids as the principal substrates for
human brain. The chemistry and physiol-
ogy of ketone utilization are discussed in
Chapters 27 and 28 so this brief chapter
will focus more on the integration of CNS
fuel utilization into the remainder of the
hody, leaning heavily on some evolutional
and anthropological speculations.

ARMOR

With the emergence of the vertebrates,
the brain was encased with cartilage or
bone, which effectively precluded more
than minimal fluctuations in size. Thus,
unlike liver and muscle, glycogen storage
in brain, with its obligatory concomitant
storage of 3-4 g of water per gram of
glycogen,™ ** cannot occur except for
small amounts; yet, Karnovsky and col-
leagues discuss in Chapter 39 that even
these very small amounts may have a
physiologic role as in the sleep-awake cy-
cle, a novel and unique observation.

BLOOD-BRAIN BARRIER

An even more challenging decision was
made when brain was separated from cir-
culating fluids by the blood-brain barrier.™
In the eyes of a comparative neurochem-
istry watcher, it was the only maneuver
whereby primitive external signals could
be internalized into the more complex
metazoan organism with not only differ-
entiated and specialized cells but also with
discrete organs. Thus, external factors
such as GABA,™* glycine, or glutamate
could be preserved as internal behavioral
modulators. This concept is analogous to
the gonadal hypothesis which considers
that progesterone or some similar steroid
was produced by marine flora and initially
signaled the primitive gonadal systems of

* Supported in part by United States Public Health Service Granis AM 15191, RR 05672, and AM 07280,
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the fauna to undergo reproduction as evi-
dence of a lush environment. Eventual in-
ternalization and even neural control of
endogenous steroid production by the
primitive pituitary became selectively ad-
vantageous and was eventually controlled
by external stimuli, but then only after
integration via the high centers.

The armoring and physiologic segrega-
tion of brain from body fuels made things
metabolically more difficult, particularly
in higher vertebrates, and especially in
man. Only factors capable of crossing the
luminal and contraluminal cell walls and
the cytoplasm of endothelial cells could
gain access,” thereby effectively excluding
all macromolecules, including the free
fatty acid-albumin complex (which could
be metabolized if entered®) and various
other lipoproteins. Thus, glucose alone re-
mained in sufficient concentration in cir-
culating fluids to meet the energy needs of
the brain (except, in those instances where
the ketoacids are in high concentration).

NEUROTRANSMITTERS

The third unique metabolic problem
faced by brain is a function of both its
high rate of metabolism and the almost
“sterile saline” environment in which it
resides. The very high oxidative rate in
brain cells requires relatively high concen-
trations of tricarboxylic acid cycle inter-
mediates such as o-ketoglutarate and ox-
alacetate. In most, if not all cells, these
intermediates are in transamination equi-
librium with glutamate and aspartate, and
these in turn are in transamination equilib-
rium with all the other amino acids and
their ketoanalogues which are capable of
transamination. Thus, to be able to charge
tRNAs for protein synthesis from other
amino acids, glutamate and aspartate must
be maintained in very high concentration
in brain cytosol. Thus, the brain cell ac-
cumulates glutamate in 10mMm concentra-
tions, whereas in the extracellular fluid,
the concentration of this amino acid is 3
orders of magnitude less. Other cells in the
body have only a 1-2 order gradient and
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are thus more permeable to the dicarbox-
ylic acids.

The unidirectional flux of many com-
pounds across the blood-brain barrier has
been studied in extenso, as discussed b
Oldendorf in Chapter 15,42 5-60. 66 75 &
but net chemical flux has been more dif-
ficult to study, especially by arteriovenous
differences because of the high rate of
blood flow. These studies have been com-
pounded hj{ red cell-plasma inter-
changes. ™™ ** A net uptake of amino
acids has been demonstrated in man usinﬁ
plasma arterial-jugular vein differences,’
but with whole blood we have been unable
to demonstrate an uptake or release of any
amino acid by brain in postabsorptive
man. Chemical analyses, especially the re-
cent studies of Wurtman, Fernstrom and
their colleagues,™ " 9% 40448085, ngq  py
Fisher's group™ 7 and others, have shown
that fluctuations in contents of certain
neurotropic substances like acetylcholine
and serotonin can be altered by nutrition-
ally or metabolically related changes in
their precurser concentrations in blood,
namely, choline, tryptophan, and others
such as the branched-chain amino acids.
Thus, the brain's isolation from the re-
mainder of the circulating factors in the
organism is not as complete as implied
above, yet glutamate, glycine, proline, and
certain others are almost impermeant, as
one would expect from their CSF/brain
gradients.® %

CARCASS FUELS

To recapitulate, brain has a very high
energy demand, it cannot store calories
except as structural protein and lipid, and
it has sequestered itself from the rest of
the body by the blood-brain barrier, neces-
sitating specific transport processes for
those substances which do get across, Glu-
cose is its sole fuel except when carbohy-
drate or carbohydrate precursors are lack-
ing in the diet, as in starvation, or while
eating high fat diets—in these states, ke-
toacid utilization becomes necessary for
survival. To appreciate this observation,
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