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ABSTRACT The metabolic state of the brain can greatly impact neurologic func-
tion. Evidence of this includes the therapeutic benefit of a ketogenic diet in neu-
rologic diseases, including epilepsy. However, brain lipid bioenergetics remain
largely uncharacterized. The existence, capacity, and relevance of mitochondrial
fatty acid B-oxidation (FAO) in the brain are highly controversial, with few ge-
netic tools available to evaluate the question. We have provided evidence for
the capacity of brain FAO using a pan-brain-specific conditional knockout (KO)
mouse incapable of FAO due to the loss of carnitine palmitoyltransferase 2, the
product of an obligate gene for FAO (CPT2B~/~). Loss of central nervous system
(CNS) FAO did not result in gross neuroanatomical changes or systemic differ-
ences in metabolism. Loss of CPT2 in the brain did not result in robustly im-
paired behavior. We demonstrate by unbiased and targeted metabolomics that
the mammalian brain oxidizes a substantial quantity of long-chain fatty acids in
vitro and in vivo. Loss of CNS FAO results in robust accumulation of long-chain
acylcarnitines in the brain, suggesting that the mammalian brain mobilizes fatty
acids for their oxidation, irrespective of diet or metabolic state. Together, these
data demonstrate that the mammalian brain oxidizes fatty acids under normal
circumstances with little influence from or on peripheral tissues.
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he energy demands of the brain are thought to be overwhelmingly met by

glucose. However, the brain can catabolize other substrates, most notably
ketone bodies, which are produced using the final end products of mitochondrial
fatty acid (FA) B-oxidation (FAO), which occurs primarily when glucose is limiting,
such as during fasting or starvation (1). Neurologic dysfunction in humans is
associated with impairments in FAO, including depression (2) and autism spectrum
disorders (ASDs) (3-7). People with genetic disorders in FAO can also suffer from Citation White CJ, Lee J, Choi J, Chu T, Scafidi
neurologic disorders, including encephalopathies, seizures, and cortical atrophy 5, Wolfgang MJ. 2020. Determining the

inalv. di h h . . lati includi bioenergetic capacity for fatty acid oxidation in
(8-10). Interestingly, dietary changes that increase circulating FAs, including a the mammalian nervous system. Mol Cell Biol
ketogenic (high-fat, low-carbohydrate) diet and intermittent fasting, can be used 40:200037-20. https//doi.org/10.1128/MCB
therapeutically (11). Furthermore, caloric restriction is associated with attenuation 00037-20.
of symptoms of Parkinson’s disease (12), and a high-fat diet (HFD) was beneficial in Copyright ©2020 American Society for
R . K R . . Microbiology. All Rights Reserved.
a mouse model of Huntington'’s disease (13, 14). Despite this evidence, the contri- :
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pathology, are not defined. Accepted 16 February 2020

The brain is comprised of a unique composition of lipids compared to other tissues Q;ﬁjﬁ;%‘;g‘a"”“"pt S i 2
(15, 16). Astrocytes and neural stem cells express all the enzymes necessary for FAO, Published 28 April 2020
and the oxidation of radiolabeled FAs (17-20), ['#C]palmitate and ['#*C]oleate, has been
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observed in vitro using isolated brain tissue (17, 21-25). Still, the existence, capacity,
and relevance of FAO in the brain itself remain highly controversial (26).

The most common perception of brain bioenergetics is that the mammalian brain
is metabolically inflexible. While most vertebrate brains that have been studied rely
heavily on glucose consumption under normal conditions, there is evidence that some
invertebrates consume considerable amounts of fatty acids in nervous tissue beyond
early development, which suggests that there may not be an intrinsic disallowance of
FAO in the central nervous system (CNS) in other organisms, as well (27). Additionally,
in vertebrates, the rate-setting metabolites in FAO (acylcarnitines [ACs]) are dramati-
cally upregulated following many disparate paradigms of nerve injury, suggesting that
the mature mammalian nervous system can induce mitochondrial oxidation of FAs, at
least under some conditions (28-30). Regardless, a better understanding of FA usage in
the mammalian CNS under normal conditions is needed.

Previous studies have described FAO in the brain as improbable. Yang et al. reported
that CNS B-oxidation is limited based on brain-isolated mitochondria having 0.7% the
relative specific activity of 3-ketoacylthiolase compared to that in heart-isolated mito-
chondria (26). Clearly, the heart oxidizes more FAs than the CNS, but this is not
informative regarding whether FAO is a common metabolic process in the mammalian
nervous system. It has been speculated that neurons are unable to safely oxidize
long-chain FAs as a major energy substrate due to the high potential for reactive
oxygen species (ROS)-mediated damage (31). However, other cell types in the brain
(e.g., astrocytes) may utilize long-chain FAs to drive cellular energetics or to dispose of
unnecessary or potentially dangerous excess FAs within the nervous system (32).

FAs of all chain lengths are capable of crossing the blood-brain barrier (BBB) (33-35).
Long-chain FAs require the carnitine shuttle system for entry into the mitochondrial
matrix, while short- and medium-chain FAs can diffuse into the mitochondrial matrix
directly for B-oxidation. Carnitine shuttle and B-oxidation genes are expressed primarily
in astrocytes and neural stem cells (NSCs) throughout the brain (7, 17, 18). Oxidation of
substrates other than glucose is largely believed to occur in preweaning rodents, and
the expression of B-oxidative genes and carnitine shuttle genes (Cpt7a and Cpt2) only
continues to increase throughout neurodevelopment in rodents (17, 33).

To understand the bioenergetic capacity for FAO in a mammalian brain, we generated
mice with pan-brain-specific loss of the product of an obligate gene in FAO, carnitine
palmitoyltransferase 2 (CPT28~/~). We used CPT28~/~ mice to explore the bioenergetic
capacity for FAO in the brain and to discern the physiological and behavioral consequences
of the loss of FAO in the brain and the contributions of FAO in the CNS to the brain
metabolome. Additionally, we compared the brain metabolomes of CPT28~/~ mice and
wild-type (CPT2'o¥lox) mice to those of mice incapable of hepatic FAO (CPT2-~/~ mice),
which are unable to provide liver-produced ketone bodies to the brain, and peroxisome
proliferator-activated receptor a (PPARa) knockout (KO) mice, which display a dysfunctional
fasting response. Through biochemical experiments and metabolic phenotyping, behav-
joral testing, and unbiased and targeted metabolomics, we demonstrate that FAO occurs
within the CNS under normal conditions with no impact on FAO metabolites in other
tissues, nor is brain FAO influenced by disparate dietary conditions.

RESULTS

Development of mice with a pan-brain-specific loss of fatty acid oxidation. To
better understand the bioenergetic capacity for FAO in the mammalian brain and to
determine the biochemical and physiological impacts of its loss in vivo, we generated
mice with a pan-brain-specific KO of CPT2, encoded by an obligate gene for long-chain
mitochondrial FAO. Loss of functional CPT2 prevents acyl transfer from carnitine to
coenzyme A (CoA), which is necessary for mitochondrial entry, and therefore prevents
the subsequent oxidation of long-chain FAs. A mouse model with a Cpt2 loss-of-
function allele was previously generated by flanking exon 4 of the Cpt2 gene, which
contains the protein-coding sequence for catalytically active residues with loxP recom-
bination sites (CPT2'9x/1x) (Fig. 1A) (36). Recombination of exon 4 results in a frameshift
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FIG 1 Development of mice with pan-brain-specific deletion of Cpt2. (A) Scheme depicting gene-targeting strategy for the Cpt2 gene. (Adapted from
reference 36.) (B) mRNA abundances of Cpt2 in isolated cerebellum, cortex, and hippocampus from adult CPT2'ox/lox and CPT28~/~ mice (n = 5). (C)
Oxidation of [1-'“CJoleic acid to #CO, in P2 primary cortical astrocytes derived from CPT2'o/lox and CPT28~/~ mice (n = 6). [Etomoxir] = 100 uM. CPM,
counts per minute. (D) Whole wet weights of CPT2!ox/lox (n = 5) brains and CPT2B~/~ (n = 6) brains as a percentage of body weight. (E) Concentrations
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of the remaining exons. Generating a mouse line with a pan-brain-specific loss of CPT2
(CPT28~/7) was accomplished by breeding CPT2'o¥!ox mice with nestin-Cre transgenic
mice until they were homozygous for the floxed allele (37). CPT2B~/~ mice are viable
and fertile. As expected, CPT28~/~ mice exhibited a significant depletion in Cpt2 mRNA
in multiple brain regions, including the cerebellum, cortex, and hippocampus (Fig. 1B).

Astrocytes and NSCs express FA oxidative enzymes at high levels in comparison to
neurons and other cell types of the brain (7, 17, 19, 38). Therefore, we generated
primary astroglia from CPT2'o*/lox (wild-type) and CPT2B~/~ mice. Primary postnatal day
2 (P2) cortical astrocytes derived from CPT28~/~ mice resulted in a significant depletion
of the ability to fully oxidize [1-"4CJoleic acid to '#CO,, equivalent to a saturating dose
of the FAO inhibitor etomoxir (Fig. 1C) yet with no changes in tissue wet weight in the
CPT2B~/~ brains (Fig. 1D). Furthermore, brain-specific loss of CPT2 did not lead to an
accumulation of triacylglycerol in cortices from CPT28~/~ mice (Fig. 1E), as suggested
from studies in invertebrates (39, 40). Changes were also not observed in free glycerol
(Fig. 1F) or B-hydroxybutyrate (Fig. 1G). Perhaps less expected, there was no significant
compensation in glucose oxidation after loss of FAO in the brain using CPT28~/~ cortex
(Fig. TH) nor compensation in glucose uptake due to loss of Cpt2 expression in primary
P2 cortical astrocytes (Fig. 11). No significant differences in lipid peroxidation were
observed in the hippocampus or cerebellum in CPT28~/~ explants (Fig. 1J). Finally, we
generated three-dimensional renderings of whole brains from CPT28~/~ and CPT2'ox/lox
adult female mice using high-resolution magnetic resonance imaging (MRI) (Fig. 1K).
There were no major observable changes in gross brain size or anatomy due to
genotype. Regional volumes were calculated using the MRI renderings of CPT28~/~ and
CPT2'ox/lox prains (see Fig. STA in the supplemental material). While not significant,
lateral ventricles appeared smaller in CPT28~/~ mice. In summary, we generated a
model with the loss of a gene necessary for FAO to study the contributions of FAO to
CNS bioenergetics, metabolic biochemistry and physiology, and animal behavior.

Brain-specific loss of long-chain fatty acid oxidation does not affect systemic
metabolic physiology. It has been suggested that the brain can sense caloric density
by linking the central oxidation of FAs to the regulation of body weight and glucose
tolerance (41-43). CPT2B~/~ mice exhibited a decrease in Cpt2 mRNA in kidney and
gonadal white adipose tissue (QWAT) but did not exhibit changes in the wet weight of
any tissue (see Fig. S1C and D). The loss of long-chain FAO in the CNS may result in
systemic changes in metabolic biochemistry and/or physiology by disruption of neu-
roendocrine signaling or, more broadly, by dampening general CNS function and the
ability of the brain to communicate with peripheral tissues. Therefore, we examined the
parameters of metabolic health in CPT28~/~ mice under low- and high-fat feeding
paradigms. Loss of CPT2 in the brain did not result in major body weight changes in
18-week-old CPT28~/~ males or females after a 15-week-long high-fat or low-fat diet
(LFD) (Fig. 2A). In CPT28~/~ males, blood glucose was increased 1.5-fold after 15 weeks
of LFD, but no significant changes were apparent after an HFD (Fig. 2B) There were also
no significant differences in serum lipid metabolites in CPT28~/~ mice at 18 weeks of
age after a 15-week-long HFD or LFD (Fig. 2B). These data suggest either brain FAO per
se is not required for peripheral metabolic health or additional stressors may be
necessary to uncover whether long-chain FAO in the CNS has a role in the maintenance
of systemic metabolic homeostasis in vivo.

Loss of brain-specific long-chain fatty acid oxidation has a subtle impact on
behavior. While the functional role(s) of long-chain FAO within the mammalian brain

FIG 1 Legend (Continued)
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of triacylglycerol in cortical tissue in 18-week-old CPT2'o/lox and CPT28~/~ mice after 15 weeks of low-fat or high-fat diet (n = 5). (F) Concentrations of free
glycerol in cortical tissue in 18-week-old CPT2'olox and CPT28~/~ mice after 15weeks of low-fat or high-fat diet (n =5). (G) Concentrations of
B-hydroxybutyrate in cortical tissue in 18-week-old CPT2'ox/lox and CPT28~/~ mice after 15 weeks of low-fat or high-fat diet (n = 5). (H) Oxidation of
[U-"“Clglucose to #CO, using approximately 30 mg of ex vivo brain tissue from CPT2'ox/lox and CPT28~/~ mice (n = 5). (I) Uptake of [*H]2-deoxyglucose
into P2 primary cortical astrocytes derived from CPT2'ox/lox and CPT28~/~ mice (n = 6). (J) A TBARS assay used hippocampus and cerebellum tissues
from CPT2'o1ox and CPT2B~/~ mice (n = 5). (K) Representative MRI renderings of sagittal, axial, and coronal planes from CPT2'o/lox and CPT28~/~ mice.
1, lateral ventricles; 2, cortex; 3, hippocampus; 4, cerebellum. The data are expressed as means and standard errors of the mean (SEM). The data shown

were analyzed using Student two-tailed t tests. *, @ = 0.05; **, « = 0.01; ***, « = 0.001; ns, not significant.
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FIG 2 Brain-specific loss of long-chain fatty acid oxidation does not systemically affect peripheral metabolism in CPT28~/~ mice. (A) Body weights
of male and female CPT2'olox and CPT28~/~ mice from the beginning of low-fat or high-fat diets at 3 weeks of age to 18 weeks of age. Males,
CPT2'ox/ox, Jow-fat, n = 16, and high-fat, n = 14; CPT28~/~, low-fat, n = 8, and high-fat, n = 17. Females, CPT2'olox, low-fat, n = 9, and high-fat,
n = 14; CPT28~/~, low-fat, n = 3, and high-fat, n = 13. The data were analyzed using Student two-tailed t tests. (B) Blood glucose in 18-week-old
male CPT2'ox/lox and CPT28~/~ mice after 15 weeks of low-fat and high-fat diets. CPT2'ol°x, low fat, n = 16, and high fat, n = 14; CPT28~/~, low
fat, n =8, and high fat, n =17. (C) Serum metabolites (B-hydroxybutyrate, NEFAs, and triacylglycerol) in 18-week-old male CPT2'e/lox and
CPT28~/~ mice after 15 weeks of low-fat and high-fat diets. CPT2'olox, [ow fat, n = 8, and high fat, n = 8; CPT28~/—, low fat, n = 8, and high fat,
n = 8. The data were analyzed using ordinary two-way analysis of variance with Sidak’s test for multiple comparisons. The data are expressed as
means * SEM. *, a = 0.05; ***, « = 0.001.

is unknown, it is known that total lipid abundance in the brain is high and that the brain
lipid composition is specialized to maintain proper structure and function (15, 16).
Inborn errors in FAO have been associated with neurodevelopmental abnormalities
(4-7). The previous reports are based on total systemic loss of mitochondrial
B-oxidation. However, the specific impact of FAO loss in the brain on animal behavior
is not known. Perhaps behavioral defects can be attributed to neurodevelopmental
delays due to perturbations in NSC homeostasis after loss of FAO (7). To determine the
behavioral impact due to the loss of FAO in the brains of mice, we performed
behavioral tests to learn about emotionality, motor function, and social memory recall.

To determine the effects of FAO loss in the brain on mouse ambulation and
emotionality, we conducted a 3-zone open-field test using adult CPT28~/~ and CPT2!ox/lox
mice (Fig. 3A). Nestin-Cre expression has no known impact on ambulation using
open-field testing (44), nor did we find any changes in ambulation and emotionality
attributed to the nestin-Cre transgene after repeating the 3-zone open-field tests
described below using mice heterozygous for the floxed Cpt2 allele (CPT2'o*) with or
without the nestin-Cre transgene allele (see Fig. S2 in the supplemental material). For
3-zone open-field testing, mice were allowed to roam freely within the testing appa-
ratus for 5 min. The total movement pattern was traced using AnyMaze software
(Stoelting Co., Wood Dale, IL), which recorded ambulatory parameters, such as zone
entry number, average velocities, distances traveled, time spent in zones, and number
of immobile episodes (Fig. 3B to D; see Fig. S3 in the supplemental material) (12, 45).
Additional behaviors indicative of emotionality, such as hind-leg rearing episodes and
grooming episodes, were also recorded during the testing time (Fig. 3D). Typically,
rodents display an aversion to wide-open, well-lit spaces and tend to move along the
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FIG 3 Loss of brain-specific long-chain fatty acid oxidation results in a subtle impact on animal behavior. (A to D) Three-zone open-field test. (A) Key for
operationalization of inner, middle, and outer zones in 3-zone open-field test. Shown are representative path traces from adult female CPT2'ox/lox and CPT28~/~
mice depicting normal movement and thigmotaxis. (B) Total number of times the inner, middle, and outer zones were entered by adult female CPT2'ox/lox and
CPT28~/~ mice (n = 10). Shown are total percentages of time spent in the inner, middle, and outer zones by adult female CPT2'*"ox and CPT28~/~ mice (n = 10).
The data were analyzed using Student two-tailed t tests. (C) Total distances traveled in inner, middle, and outer zones by adult female CPT2'olox and CPT28~/~
mice (n = 10). The data were analyzed using Student two-tailed t tests. (D) Total numbers of immobile episodes, grooming episodes, and rearing episodes in
adult female CPT2'ox/lox and CPT2B~/~ mice (n = 10). The data were analyzed using Student two-tailed t tests. (E) Three-trial social recognition test. Shown are
the total amounts of time adult female CPT2'ox/lx and CPT28~/~ mice spent investigating a pup initially (Trial 1; n = 8) and in a subsequent investigation (Trial
2; n = 8) and time spent investigating a novel pup after the first two trials (Novel Mouse; n = 8). The data were analyzed using repeated-measures two-way
analysis of variance with Sidak tests for multiple comparisons. (F) Rotarod test. Shown is latency to fall in rotarod tests performed on adult male and female
CPT2'ox/lox and CPT28~/~ mice on LFD and HFD. Males, CPT2'o/lx, Jow fat (n = 16) and high fat (n = 12); CPT28~/—, low fat (n = 8) and high fat (n = 17). Females,
CPT2'o/x, Jow fat (n = 9) and high fat (n = 11); CPT28~/~, low fat (n = 3) and high fat (n = 15). The data were analyzed using ordinary two-way analysis of
variance with Sidak tests for multiple comparisons. The data are expressed as means and SEM. *, @ = 0.05; **, @ = 0.01; ns, not significant.

periphery of an open environment. Mice in the presence of stressors, such as a
predators, dietary fasting, or pharmacological-induced anxiety, all display heightened,
stereotyped movement along a solid wall, also known as thigmotaxis (46). Therefore,
increased thigmotaxis is used as a measure of increased anxiety in mice. Mice in the
3-zone open-field test displayed thigmotaxis via stereotyped movement by circling
the outer zone (Fig. 3A). There was no significant difference in the total percentages of
the 5-min testing period spent in the inner, middle, or outer zone between CPT28~/—
and CPT2'oxlox mice. The total numbers of times a mouse entered the innermost and
outermost zones were not significantly different between CPT28~/~ and CPT2'ox/lox
mice. However, the total number of entries into the middle zone was significantly
decreased in CPT28~/~ mice in comparison to CPT2'ox/1ox mice (Fig. 3B; see Fig. S3A). In
each zone, the average velocity at which the mice traveled was not significantly
changed due to genotype, yet the total distance traveled for CPT28~/~ mice compared
to CPT2'o¢lox mice in the middle zone was significantly down (Fig. 3C; see Fig. S3B). The
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ability of CPT28~/~ mice to maintain the same speed as CPT2'o¥'ox mice is likely
indicative of the retention of normal motor function. While we did observe some
significant changes in zone entry numbers and grooming behaviors, these data alone
are not sufficient to support a strong behavioral impairment due to loss of CPT2.

Other behavioral measures of anxiety in the open-field test, such as the number of
immobile episodes and the total number of rearing episodes, were not significantly
different between CPT28~/~ and CPT2'o¥!ox mice (Fig. 3D). Grooming is a complex
behavior in mice, with a stereotyped pattern of movement and duration of activity.
Irregularities in the pattern or decreases in the duration of grooming activity have been
used as an indicator of panic and anxiety in rodents (47). In CPT2B~/~ mice, we
observed a decrease in grooming episodes compared to CPT2'o¢lox mice (Fig. 3D).
Nestin-Cre-expressing mice have been reported by others to have a depressed fear
response, which is contradictory to our observed decrease in grooming episodes (44).

Errors in FAO in humans have been associated with neurodevelopmental abnor-
malities common to ASDs, including speech delay and social impairment (4-7). Loss of
CNS FAO may also affect social memory and cognitive capabilities in CPT28~/~ mice.
Three-trial social memory tests using CPT28~/~ and CPT2'o¥lox dams as subject mice
and pups as the intruder test mice were conducted to test for social memory deficits
(5, 48). For two 5-min trials, our subject dams were paired with the same intruder pup
within a testing cage. In mice with normal cognition and social memory, subject mouse
interest in the intruder pup decreases with subsequent exposures. This habituation was
quantified between trials by recording the total time the subject mouse investigated
the intruder over the total 5 min. A novel intruder pup was paired with the subject
mouse during the third (final) trial. A subject mouse with normal cognition and memory
would normally investigate the novel pup for a longer time than the investigation times
in repeated exposures to the previous pup, which demonstrates dishabituation (5, 48).
Both CPT2B~/~ and CPT2'o¢lox dams displayed the paradigm decrease in time spent
investigating a familiar pup when the sequential trials 1 and 2 were compared (Fig. 3E).
Upon introduction of a novel pup in the testing cage, only CPT2'°¥'ox dams demon-
strated a significant increase in total time spent investigating the novel pup, which
supports dishabituation of their previous conditioning (Fig. 3E). CPT28~/~ dams failed
to demonstrate recovery from previous conditioning in the presence of a novel
stimulus. However, in summary, these data, while significant, do not represent a robust
impaired behavioral phenotype.

As an additional measure of motor coordination and to determine the impact of diet
on motor coordination, 12-week-old CPT28~/~ and CPT2!°¥/lox mice were subjected to
a rotarod test while on a low- or high-fat feeding paradigm. Regardless of genotype,
males and females on an HFD exhibited decreased time on the rotarod compared to
LFD mice, which indicates impaired motor coordination under dietary stress (Fig. 3F). In
males, there was no difference in latency to fall from the rotarod between CPT28~/—
mice and CPT2o¥lox mice on either an LFD or an HFD. In females, there was no
significant difference in latency to fall between CPT28~/~ and CPT2'o¥/1°x mice on an
LFD. However, there was a significant decrease in latency to fall in CPT28~/~ females on
an HFD compared to CPT2'o¥/lox females fed an HFD (Fig. 3F). While CPT2B~/~ mice
exhibited mild motor impairments in disparate dietary states, such as an HFD, motor
function was largely unaltered by loss of functional CPT2 in the brain.

Deletion of Cpt2 in the nervous system results in elevated expression of
B-oxidation enzymes. To understand the impact of Cpt2 deletion on molecular
mechanisms in the CNS, we measured the transcription of genes related to FAO,
indicative of CNS inflammation and stress, and related to BBB integrity in cortices from
CPT28—/= and CPT2lolox mjce that were either fed a normal chow diet (fed) or
subjected to a 24-h fast (fasted) and in a separate cohort of mice subjected to 15 weeks
of an HFD or an LFD. No significant changes in transcription were observed in CNS stress
markers, BBB integrity, or autophagy genes between CPT28~/~ and CPT2'o'°x cortices
across any dietary conditions (Fig. 4A, C, D, and E). Carnitine palmitoyltransferase 1a
(Cpt1a) and acyl-CoA dehydrogenase (Acadl) mRNAs were significantly elevated in both
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fed and fasted CPT28~/~ cortices compared to CPT2'o¥/!ox cortex (Fig. 4B). Hydroxyacyl-
CoA dehydrogenase (Hadh) mRNA was significantly elevated in cortices from CPT28~/—
mice only under fed conditions (Fig. 4B). These data are consistent with the transcrip-
tional response of the liver to a loss of FAO (49, 50) and suggest PPARa-dependent
regulation within the CNS (51).

Long-chain acylcarnitines accumulate in the hippocampus in CPT28~/~ mice. If
the mammalian brain oxidizes long-chain FAs substantially, then loss of FAO would be
predicted to result in dramatic changes in the metabolic profile of the brain. While the
contributions of FAO in the brain are not well defined, during fasting, the brain has
been shown to switch from using mainly glucose to the utilization of a significant
proportion of ketone bodies derived from hepatic FAO (49). To explore the impact of
panbrain Cpt2 deletion on the relative metabolite profile in the brain, we used
24-h-fasted 9-week-old male mouse hippocampi (a highly metabolically active region
of the brain) from several unique models of impaired lipid catabolism to address
outstanding questions in neurometabolism (Fig. 5A). Hippocampi from CPT28~/~ mice
were used to investigate the influence of FAO in the CNS on the brain metabolome.
Hippocampi from mice with a liver-specific deletion of Cpt2 (CPT2-/~) were used to
investigate the influence of hepatic FAO and ketone body delivery on CNS metabolism.
CPT2!ox/lox hippocampi were used as the wild-type control, and hippocampi from
PPAR« KO (PPARa~/~) mice were used to address changes in the metabolic profile in
the CNS that are attributed to the loss of the major transcriptional mediator of the
fasting response (Fig. 5A). Utilizing global unbiased metabolomics, we determined the
relative abundances of 568 metabolites. The relative differences in abundance between
metabolites across genotypes were summarized in a principal-component analysis
(PCA). The PCA of the relative metabolite summary indicates that the relative abun-
dances of metabolites from these genotypes were nicely separated, with PPARa~/—
hippocampus being the most dissimilar (Fig. 5B). Importantly, this demonstrates that a
loss of PPAR« is not synonymous with a loss in B-oxidation, as is often suggested. These
data show that the CNS metabolome is uniquely affected by tissue-specific deficits in
FA catabolism.

CPT2B~/~ mice are incapable of transferring an acyl chain from carnitine to coen-
zyme A for activation in the mitochondrial matrix for B-oxidation. While intermediates
in major metabolic pathways, including the tricarboxylic acid (TCA) cycle and glycolysis,
were largely unchanged (see Fig. S4 in the supplemental material), long-chain ACs
exhibited a stark elevation in fasted CPT28~/~ hippocampus— between 8- and 38-fold,
depending on the molecular species—compared to fasted CPT2'ox/1ox hippocampus or
any other genotype (Fig. 5C). We observed that CPT2 loss in primary P2 cortical
astrocytes led to an inability to oxidize [1-'#CJoleic acid to '*CO, (Fig. 1C). When Cpt2
is deleted in the brain, the inability to transport local acyl chains via the carnitine shuttle
in mitochondria results in a deficient capacity for oxidation of long-chain FAs and an
accumulation of long-chain AC species (Fig. 5C). These data provide strong evidence
that mitochondrial long-chain FAO (whether using local FAs or FAs transported from
peripheral tissues) occurs at a high level in the brain under normal conditions.

Oxidation of fatty acids in the liver is required to sustain ketone bodies in the
CNS upon fasting. Ketone bodies are primarily generated by long-chain FAs in the liver
(49). However, others have reported that astrocytes can use FAO to generate ketone
bodies to fuel neuron function locally (20, 21, 52). Perhaps long-chain FAO in the CNS
is necessary to regulate concentrations of ketone bodies used by the brain upon
fasting. In the relative metabolite summary described above, the ketone body
B-hydroxybutyrate was significantly depleted (4.65-fold) in hippocampi from fasted

FIG 4 Legend (Continued)
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CPT28~/~ mice after 15 weeks on a low-fat or high-fat diet (n = 6). Expression of the following genes was evaluated: genes related to
CNS health and inflammation (A), genes related to oxidative metabolism (B), metabolic genes with major expression in the CNS (C), BBB
integrity genes (D), and autophagy genes (E). The data are expressed as means and SEM. The data were analyzed using Student

two-tailed t tests. *, a = 0.05; **, @ = 0.01; ***, @ = 0.001; ns, not significant.
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FIG 5 Loss of CPT2 in the brain results in elevated
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long-chain acylcarnitines in relative metabolite summary. (A) Flowchart describing unbiased mass
spectrometry metabolomics in hippocampi from 9-week-old male 24-h-fasted mice across genotypes. (B) PCA summarizing similarities and dissimilarities of
metabolites across genotypes of the relative metabolite summary. (C) Fold changes and relative abundances of long-chain acylcarnitines in whole hippocampi
from 24-h-fasted 9-week-old CPT28~/~, CPT2-~/~, and PPARa~/~ mice in comparison and normalized to CPT2'o¥/'ox mice (n = 6). (D) Fold changes and relative
abundances of fatty acid-associated metabolites in whole hippocampi from 24-h-fasted 9-week-old CPT28~/~, CPT2-~/~, and PPARa~/~ mice in comparison and
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mice with hepatic loss of CPT2 (CPT2-~/~) compared to hippocampi from fasted
CPT2'ox/lox mice. There was no significant difference in the relative abundance of
B-hydroxybutyrate in hippocampi from fasted mice when Cpt2 was specifically deleted
in the brain (CPT28~/7) (Fig. 5D). These data suggest that if de novo ketogenesis is
occurring in the CNS, it is not sufficient to meet the demands for ketone bodies in the
brain following an acute 24-h fast. Surprisingly, the loss of ketone bodies, a major fuel
for neurons during a fast, did not result in an energy crisis in the CNS.

Unexpected contribution of fatty acid oxidation to the brain metabolome.
Long-chain ACs in the brain reportedly have roles outside of B-oxidation, including
stabilizing membrane composition and modulating gene transcription (53, 54). In our
metabolite summary described above, we observed a number of enriched metabolites
in CPT28~/~ hippocampus that may be increased due to stark elevations in specific ACs
(Fig. 5). Molecular species of long-chain ACs, including palmitoyl-L-carnitine, are incor-
porated into lipids, such as sphingomyelin, phosphatidylcholine, and phosphatidylser-
ine, when NB-2a neuroblastoma cells are supplemented with them (55). The relative
abundance of sphingomyelin was elevated 3.45-fold in CPT28~/~ hippocampus com-
pared to CPT2'o¥lex hippocampus, likely due to higher availability of palmitoyl-L-
carnitine (Fig. 5E). Increased phospholipids in CPT28~/~ hippocampus may also be the
result of elevated concentrations of long-chain AC species available for incorporation
into phospholipid (Fig. 5E). These data are consistent with an increased incorporation
of lipids in the absence of FAO.

Interestingly, several metabolites of the coenzyme A-biosynthetic pathway were
elevated in hippocampi of fasted CPT28~/~ mice compared to those of CPT2'o¥/1ox mice,
including a 2-fold increase in CoA and the CoA biosynthesis intermediates phospho-
pantetheine and 3’ dephosphocoenzyme A (Fig. 5E). Palmitoyl-L-carnitine has been
shown to potently disinhibit pantothenate kinase 2 (PanK2), which is required for the
biosynthesis of coenzyme A (56). Elevated CoA intermediates were likely attributable to
increased palmitoyl-L-carnitine (a 7.65-fold increase in CPT2B~/~ hippocampus) or
similar-chain-length AC species disinhibiting PanK2 in the CNS. These data represent a
clear physiological validation of this regulation.

Other classes of metabolites were affected by the loss of long-chain FAO by
unknown means, including drastic changes in individual polyunsaturated fatty acids
(PUFAs), decreased short-chain ACs, and decreased N-acetyl amino acids (Fig. 5E).
Short-chain ACs may be consumed when long-chain ACs are unavailable for oxidation
in the CNS. Acetyl groups resulting from the oxidation of long-chain ACs may be
required for incorporation into N-acetyl amino acids.

Fatty acid oxidation within the brain is not impacted by diet and has no impact
on systemic acylcarnitines. In order to quantitatively measure if FAO in the brain is
modulated based on diet, we measured steady-state concentrations of AC species by
targeted metabolomics in cortices from male CPT2'o%/lox and CPT28~/~ mice. Cortices
from fed and 24-h-fasted mice were collected at 9 weeks of age. Also, cortex tissues
were collected from 18-week-old male CPT2'ox/lox and CPT28~/~ mice after a 15-week-
long low- or high-fat diet. The steady-state concentrations of total ACs were deter-
mined by taking the sum of all ACs with the exception of free carnitine. Steady-state
concentrations of total ACs in CPT28~/~ cortex were elevated compared to CPT2!ox/lox
cortex within a range of approximately 1.5- to 2.5-fold across all dietary states (Fig. 6A
and B). Acetylcarnitine was modestly, but significantly, decreased in fed CPT2B~/—
cortex compared to CPT2'o¥lox cortex, but steady-state concentrations of acetylcarni-

FIG 5 Legend (Continued)
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normalized to CPT2'ox/'x mice (n = 6). (E) Fold changes and relative abundances of additional metabolites in whole hippocampi from 24-h-fasted 9-week-old
CPT28-/—, CPT2-/~, and PPARa~/~ mice in comparison and normalized to CPT2'*lx mice (n = 6). (C to E) (Left) The data are represented as fold changes in
CPT28~/—, CPT2-~/~, and PPARa~/~ mice in comparison to CPT2'olox mice. The statistical significance of the metabolites shown was determined using the
two-stage false-discovery rate (FDR) method of Benjamini, Krieger, and Yekutieli with an FDR (Q) of 10%. Fold changes in green boxes are significantly increased,
fold changes in red boxes are significantly decreased, and fold changes in yellow boxes are not significantly affected by genotype. (Right) The same data are

represented as means of relative species abundance plus SEM in the graphs. **, « = 0.01; ****, « = 0.0001.
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FIG 6 Long-chain acylcarnitines are contained within the CNS and are unaffected by diet. (A and C) Concentrations of steady-state acylcarnitines were
determined using approximately 25 mg of cortex tissue from 9-week-old CPT2'ox/lox and CPT28~/~ mice given the control fed diet and after a 24-h fast (n = 6).
(B and D) Additionally, steady-state acylcarnitines were determined using approximately 25 mg of cortex tissue from 18-week-old CPT2'o!ox and CPT28~/~ mice
after 15 weeks on a low-fat or high-fat diet (n = 6). (E) Representative heat map images of charged mass acylcarnitine species and a phosphatidylcholine (PC
K+) control from 50-um-resolution MALDI IMS of 10-um coronal brain slices from 24-h-fasted 6-month-old CPT2'ex/'ox (n = 3) and CPT28~/~ (n = 3) mice. The
data are expressed as means and SEM. The data were analyzed using ordinary and repeated-measures two-way analysis of variance where appropriate, with
Sidak tests for multiple comparisons. *, @ = 0.05; **, @ = 0.01; ***, @ = 0.001; ****, « = 0.0001.
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tine were unchanged by diet. Free carnitine was unchanged by diet, as well. Although
nonsignificant, free carnitine was elevated in cortices of CPT28~/~ mice fed a low-fat
diet compared to cortices of CPT2'ox/lox mice (Fig. 6B).

As in hippocampus, long-chain ACs were dramatically elevated in CPT28~/~ cortex
compared to CPT2'e¥1ox cortex, ranging from approximately 3- to over 20-fold in all
dietary states, depending on the AC molecular species (Fig. 5C and 6C and D). In
CPT2B~/~ cortex, dietary conditions had a minimal effect on the steady-state concen-
trations of long-chain ACs. Long-chain AC species were largely unchanged by any diet
in both CPT28~/~ and CPT2'o¥lox cortices. However, linoleyl carnitine (C,5.,) was
significantly elevated (2.27-fold) in the cortices of 24-h-fasted CPT28~/~ mice compared
to cortices of fed CPT28~/~ mice (Fig. 6C). Steady-state concentrations of other, shorter
ACs were decreased in the cortices of 24-h fasted CPT28~/~ mice compared to cortices
of fed CPT28~/~ mice, including the following ACs: dodecenoyl carnitine (C,,.,), lauroyl
carnitine (C;,.,), decanoic acid (C,,.), and isovaleryl/2-methylbutyryl carnitine (Cs.,)
(see Fig. S5A and B in the supplemental material). In the cortices of CPT28~/~ mice fed
a high-fat diet, palmitoleyl carnitine (C,4.,) was significantly decreased in comparison to
cortices of CPT28~/~ mice fed a low-fat diet (Fig. 6D). In summary, diet and fasting had
a minimal effect on the steady-state concentrations of ACs regardless of chain length,
suggesting that the brain oxidizes fatty acids independently of elevated blood lipo-
protein or free fatty acid concentrations. The minimal contributions of diet to acylcar-
nitine concentrations in the brain may be due to the rate of passage of dietary fatty
acids across the BBB. When supplied with 100 uM oleate, primary astrocytes from
CPT28~/~ mice expelled nearly three times as much oleylcarnitine (C,g.;) into media
(see Fig. S5E).

To explore the regional distribution of ACs throughout different regions of the brain,
we performed matrix-assisted laser desorption ionization imaging mass spectrometry
(MALDI IMS), with the Applied Imaging Mass Spectrometry (AIMS) core facility at Johns
Hopkins School of Medicine, at 50-um resolution using representative 10-um coronal
slices, ~3.5mm from the anterior of the brain, which represented brain regions
including parts of the cortex, hippocampus, midbrain, and some cerebellum on a single
slice. The sample brains were from 24-h-fasted adult CPT2'o</!ox and CPT28~/~ mice to
determine the spatial resolution of metabolites after FAO deletion in the brain. The
representative coronal sections described above allowed comparison of metabolites
throughout the brain (Fig. 6E). In representative heat maps of charged ions that
correspond to selected ACs, we observed ubiquitously increased abundances of C, .,
Cie1r Cigqs @nd Cig.5 ACs throughout all brain regions in CPT28~/~ coronal slices
compared to CPT2'oxlox glices, while ionized phosphatidylcholines (PC K*) remained
unchanged between the two slices from both genotypes (Fig. 6E). These data further
validate the increase in long-chain ACs in CPT2B~/~ brains.

We have observed elevated long-chain ACs in both hippocampi and cortices of
CPT2B~/~ mice across several dietary and physiological conditions (Fig. 5C and 6). While
we explored a potential systemic impact on serum metabolites, such as triacylglycerols,
ketones, and nonesterified fatty acids (NEFAs), we have not discerned how the loss of
CNS long-chain FAO impacts serum ACs. The systemic steady-state blood AC concen-
tration going toward the brain and the steady-state blood AC concentration coming
from the brain were measured in common carotid arteries (systemic blood going to the
brain) and jugular veins (blood coming from the brain) of fed 11-week-old male
CPT28~/~ and CPT2'o¥lox mice. We hypothesized that we might observe an efflux of
long-chain ACs from the brain via the CPT28~/~ jugular vein due to observed accu-
mulations of long-chain ACs in brain tissue (Fig. 5C and 6). A comparison of total ACs
between genotypes showed no significant difference in steady-state concentrations of
total ACs from arterial blood between CPT28~/~ and CPT2'o*/lox mice. Total ACs from
venous blood were significantly decreased in CPT28~/~ compared to CPT2!o¥/1ox mice.
Free carnitine and acetylcarnitine were both decreased in CPT28~/~ blood compared to
CPT2'o¥/1ox blood from both common carotid arteries and jugular veins (Fig. 7A).
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FIG 7 Long-chain acylcarnitines elevated in CPT28~/~ mouse hippocampus and cortex are contained within the
CNS and not delivered from the brain into the blood. Abundances of acylcarnitines were determined from dried
blood spots collected from common carotid arteries and external jugular veins from CPT2'olox and CPT28~/~ mice
fasted for 4 h immediately prior to blood collection (n = 5). Abundances of individual acylcarnitine species in

(Continued on next page)
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When examining individual AC species, there were few long-chain AC species that
had significant differences in concentration attributed to genotype in either arterial or
venous blood. In arterial blood, oleic acid (C,q,;) was elevated in CPT2B~/~ mice
compared to CPT2'¥lox mice. In venous blood, 3-hydroxyoleic acid (C,q.,-OH) was
depleted 2.25-fold in CPT28~/~ blood compared to CPT2'ox/!x blood (Fig. 7B). Several
shorter AC species were significantly altered in both arterial and venous blood on the
basis of genotype. Both myristoleic (C,,.;) and tetradecadienoyl (C,,.,) carnitines were
significantly elevated in arterial CPT28~/~ blood compared to arterial CPT2!°¥1ox blood.
In venous blood, propioyl (C5) and capronyl (Cg,) carnitines were decreased 1.67-fold
and 2-fold, respectively, in CPT28~/~ blood compared to CPT2'*lox blood (Fig. 7B to D).
However, none of these significant results were the result of a substantial effect size,
nor were there stereotyped differences on the basis of genotype in classes of AC
species. Therefore, these data suggest that the substrates and products of FAO are
relatively confined within the BBB.

DISCUSSION

In this study, we demonstrated evidence for the existence of robust FAO within
mammalian brains under normal circumstances. Intermediates were confined largely
within the BBB, and oxidation was not influenced by the dietary state, using a
straightforward and stringent genetic model. Previous studies showed that the brain
expresses mitochondrial B-oxidation and carnitine shuttle system enzymes over the
course of development, throughout multiple brain regions, and primarily in astrocytes
(17-19). Studies have also found that isolated brain mitochondria (23, 24), cultured
astrocytes (21, 22), ex vivo brain tissue (17), and in vivo rodents (25) are all capable of
oxidizing exogenous ['*C]palmitic acid/or [*Cloleic acid to 'CO,. In our model,
impairment of FAO in the brain is followed by an inability to oxidize radiolabeled lipid
in cultured astrocytes and stark changes in the brain metabolome in tissue. Most
notably, high accumulations of ACs in brain tissue are evidence that long-chain FAs are
mobilized in the mitochondria for B-oxidation under normal conditions and result in
the accumulation of long-chain ACs in hippocampus and cortex after the loss of CPT2.

Hepatic FAO is required for ketogenesis in the liver (49). Liver-generated ketones are
a major energy substrate in the CNS in a fasted state following the suppression of
circulating glucose, during early postnatal development, and under stress conditions
(1, 57). Hepatic ketones delivered to the brain are required to sustain brain
B-hydroxybutyrate in the fasted state. In 24-h-fasted mice incapable of hepatic FAO,
B-hydroxybutyrate was depleted in the hippocampus. However, in CPT28~/~ fasted-
mouse hippocampus, B-hydroxybutyrate abundance remained constant. While past
studies showed that astrocytes are capable of de novo ketogenesis, our data show that
the majority of ketones in the brain are not generated de novo but instead are supplied
by the liver (20, 21, 52).

FA concentrations in the brain are dependent on dietary intake (58, 59). Studies have
also shown that de novo ketogenesis in astrocytes is stimulated by a high-fat diet (60).
However, in our study, systemic changes in metabolism due to diet did not impact
long-chain FAO in the brain, likely due to the rate of passage of FAs across the BBB.
However, increased ACs were observed in media from primary astrocytes derived from
brain FAO KO mice. Additionally, long-chain ACs that accumulate as a result of CPT2
loss are retained in the brain, possibly due to the BBB. CNS-accumulated ACs are not
readily expelled into the bloodstream, nor does brain CPT2 loss result in systemic
increases in blood ACs. These data suggest that FAO in the brain occurs with minimal
influence from or impact on peripheral tissues.

Evidence from our study suggests a larger capacity and potentially a larger role for

FIG 7 Legend (Continued)

arterial and venous blood from 4-h-fasted adult mice are shown. The data are expressed as means and SEM. The
data were analyzed using repeated-measures two-way analysis of variance with Sidak tests for multiple compar-

isons. *, @ = 0.05; **, @ = 0.01; ns, not significant.
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FAO within the mammalian brain than once considered. This study supports the
significance of exploring other questions in FA neurometabolism in future studies,
including cross talk with the neuron functional role(s) and regulation of FAO in the
brain by metabolic cues. Our study and others suggest that mitochondrial B-oxidation
in the brain is largely astrocytic based on the expression and catalytic activities of
B-oxidation enzymes and on lipid oxidation studies using labeled lipid (17, 18, 21, 22,
33). However, lipids play numerous substantial yet varied roles in neurons. Hypotha-
lamic lipid-sensing neurons, outside of the BBB, are capable of rapid inhibitory effects
on liver glucose homeostasis (41, 42); neuron-associated channel proteins are regulated
by lipid (41, 42); and neurons have a unique lipid composition in cell membranes with
elevated PUFAs, such as docosahexaenoic acid (DHA) (31, 61). Interestingly, the capacity
for FAO is considered miniscule to negligible in neurons. In addition to decreased
expression of B-oxidation enzymes compared to astrocytes, neurons specifically ex-
press acyl-CoA thioesterase 7 (Acot7 product). In order to be retained within cells, FAs
require esterification to CoA, yielding acyl-CoAs. ACOT7 protein is highly abundant in
neuronal cytosol and regulates FA retention in neurons by specifically hydrolyzing
acyl-CoAs, thereby evicting FAs from neurons for use in astrocytes (29). While other
groups have suggested that FAs are packaged and shuttled from neurons to astrocytes
during times of high activity (32), no evidence regarding whether this occurs under
normal conditions with endogenous lipid exists.

Genes related to B-oxidation are important for proper brain morphology and
function. CPT1c is a brain-specific homolog of CPT1 (62). Unlike CPT1a, CPT1c protein
does not exhibit catalytic acyltransferase activity in vitro, nor does it contribute to the
B-oxidation of long-chain FAs (63-65). CPT1c KO mice do not phenocopy CPT28~/~
mice, further demonstrating the lack of a role of CPT1c in B-oxidation (65, 66). However,
CPT1c plays a role in regulating food intake and energy expenditure by binding
neuronal malonyl-CoA (64, 67, 68) When conditionally overexpressed in mouse brain,
CPT1c results in postnatal microencephaly and a diet-dependent depletion of very
long-chain FAs, which suggests CPT1c has a potentially broader role in neurometabo-
lism (37). The role of FA metabolism in neurodevelopment mentioned above may also
be observed upon overexpression of the canonical carnitine shuttle proteins CPT1a and
CPT2. Although in the present study loss of CPT2 in the brain did not affect brain
volume and had a minimal impact on gross brain anatomy, it did lead to major and
unexpected changes in the brain metabolome, supporting the importance of FAO
within the CNS.

While the brain is canonically known to use glucose as its primary energy substrate,
we showed that the mammalian CNS oxidizes long-chain fatty acids under normal
conditions. Loss of B-oxidation in the brain resulted in a minor decrease in middle-zone
exploration and a potential social memory deficit but did not result in a major overt
behavioral phenotype. Loss of FAO in the brain leads to evenly distributed accumula-
tions of long-chain ACs in multiple brain regions, among other changes to the brain
metabolome. By-products of long-chain FA B-oxidation within the CNS are confined to
brain tissue, and FAO in the brain is not modulated by diet. Regardless of any possible
undetermined functional role(s), whether for turnover of cell membrane lipid or for use
as an energetic substrate, FAO exists in the mammalian brain under normal conditions.

MATERIALS AND METHODS

Animals. All procedures were performed in accordance with the NIH's Guide for the Care and Use
of Laboratory Animals and under the approval of the Johns Hopkins Medical School Animal Care and Use
Committee.

To generate mice with pan-brain-specific loss of function of long-chain FAO (CPT28~/~ mice), we bred
CPT2'ox/lox mice (36) to nestin-Cre transgenic mice (37). For one set of behavioral testing, CPT28~/~ mice
were crossed with wild-type mice to generate CPT2'¢* nestin-Cre mice. The mice were housed in
ventilated racks with a 14-h light/10-h dark cycle and fed a standard chow diet (2018SX; Teklad Global).
Fed and 24-h-fasted mice were euthanized at the same time of day (3 p.m.) at 9 weeks of age unless
otherwise noted. For fasting studies, mice were deprived of food for 24 h (3 p.m. to 3 p.m.). The food
deprivation schedule and timing of tissue collection were consistent for CPT2L=/~ mice (49, 50) and
PPARa~/~ mice (Jackson Laboratories; stock no. 008154).
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For diet studies, CPT2!o/lox and CPT28~/~ mice were fed either a 60% HFD (D12492; Research Diets)
or an LFD (D12450J; Research Diets) starting at 3 weeks of age and continuing for 15 weeks. Serum was
collected from LFD and HFD CPT2'o/lox and CPT28~/~ mice to measure free glycerol and triacylglycerol
(TAG) (both also measured in cortex homogenates) (Sigma), B-hydroxybutyrate (also measured in cortex
homogenates) (StanBio), and total cholesterol and NEFA (Wako). Lipid peroxidation was measured using
a TBARS assay kit (Cayman Chemical Company) in brain tissue homogenates as previously described (36).
The LFD and HFD mice were euthanized at 18 weeks of age, and tissues were collected.

Primary astrocyte isolation and culture. T-25 culture flasks (Falcon; 353109; one per cortex) were
coated with 1:500 rat tail collagen | (ThermoFisher; A1048301) in Dulbecco’s modified Eagle medium
(DMEM) for 4 h. Afterward, the culture flasks were washed with 1X phosphate-buffered saline (PBS)
(Quality Biological) and set to dry. Brains from P2 CPT2'oxlox and CPT28~/~ mice were rapidly dissected
in ice-cold 1X Hanks buffered salt solution (HBSS) (no Ca2* or Mg2*; ThermoFisher). The hippocampus,
midbrain, cerebellum, and brainstem from each cortex were discarded, and the meninges were com-
pletely removed. On ice, the cortex tissue in 1X HBSS was gently minced using sterile razor blades. The
minced cortex and 4 ml of HBSS were recovered and transferred to 14-ml round-bottom culture tubes.
One milliliter of 0.25% trypsin-EDTA was added to each round-bottom tube, and the tubes were gently
shaken for 25 min at 37°C. The cortices were washed twice with DMEM, 15% fetal bovine serum, and 1%
penicillin-streptomycin antibiotic (Invitrogen) to remove the trypsin-EDTA (ThermoFisher). The tissues
were dissociated by gently triturating them using a 2-ml sterile serological pipette, followed by three
subsequent triturations using a sterile Pasteur pipette. The supernatant from each round of trituration
was transferred to a new round-bottom tube. The cell suspension was passed through a 40-uM cell
strainer and resuspended in 5 ml of DMEM, 15% fetal bovine serum, and 1% penicillin-streptomycin
antibiotic (Invitrogen) on coated T-25 flasks. The medium of each flask was changed every 2 or 3 days.
The astroglia grew to confluence within 10 to 14 days.

Fatty acid oxidation, glucose oxidation, and glucose uptake. All labeling experiments were
performed using P2 primary cortical astrocytes from CPT2'o</lox and CPT28~/~ pups seeded in 1:500 rat
collagen (ThermoFisher; A1048301)-coated T-25 flasks or 6-well culture dishes 48 h prior to the exper-
iment. All assays were conducted between passages 2 and 4. For FAO experiments (the protocol was
modified from reference 17), 200,000 astrocytes per flask were labeled in stoppered T-25 flasks with
labeling medium containing 0.12 uCi [1-"#Cloleic acid (Moravek Biochemicals, Brea, CA) and incubated
at 37°C (5% CO,; 90% relative humidity) for 4 h. The labeling medium was composed of 20% neurobasal
medium (Gibco; 21103-049) and 80% glucose-, glutamine-, and pyruvate-free DMEM (Gibco; A14430)
supplemented so that the final concentrations were 5 mM glucose, 25 uM glutamine, 50 uM sodium
pyruvate, 0.2 mM carnitine, and 0.1% (wt/vol) bovine serum albumin (Sigma; A9647). Etomoxir-treated
samples were incubated in 100 uM etomoxir (Sigma; E1905) in the labeling medium administered at the
time of initiating the assay. *CO, was trapped on Whatman filter paper suspended in the headspace of
the flask using a center well by addition of 200 ul of 70% perchloric acid in the medium and 150 ul of
1 M NaOH directly on the filter paper and incubation at 55°C for 1 h. The filter paper was placed in 4 ml
of scintillation fluid, and the radioactivity was measured. The astrocytes were lysed using 0.5 ml 1X Triton
X-100 in 1X PBS. Counts were normalized to total micrograms of protein determined by bicinchoninic
acid (BCA) assay. Glucose oxidation was performed as previously described using [U-'#Clglucose and
approximately 30 mg of brain explant tissue from CPT2'ox/lox and CPT28~/~ adults (29). Glucose uptake
was measured using modified well-established protocols (17, 69). Astrocytes (200,000 per flask) were
labeled in 6-well culture dishes with labeling medium containing 0.2 uCi [1-3H]2-deoxy-D-glucose
(Moravek Biochemicals, Brea, CA) and incubated at 37°C (5% CO,; 90% relative humidity) for 4 h. The
labeling medium was composed of 20% neurobasal medium (Gibco; 21103-049) and 80% glucose-,
glutamine-, and pyruvate-free DMEM (Gibco; A14430) supplemented so that the final concentrations
were 5 mM glucose, 25 uM glutamine, and 50 uM sodium pyruvate. Each culture was thoroughly washed
in ice-cold 1X PBS. The cultures were dissolved in 600 wl of 1 M NaOH overnight at room temperature,
transferred to Eppendorf tubes, vortexed, and centrifuged at high speed for 30 min. The radioactivity
from 150 wl of lysate was counted in 4 ml of scintillation fluid and normalized to total micrograms of
protein as determined by BCA assay.

Acylcarnitines (cortex, blood, and primary astrocyte media). Cortical acylcarnitines were pre-
pared using well-described methods with modifications (17). Cortex was rapidly dissected and frozen on
liquid nitrogen. Approximately 25 mg of prefrontal cortex was cut from each sample and weighed on dry
ice for subsequent analysis. The frozen cortex was homogenized in methanol solution containing internal
standards of acylcarnitines (NSK B; Cambridge Isotopes), sonicated for 10 min at 20 to 25°C, and
centrifuged for 4 min at 15,520 rpm at 4°C. Following centrifugation, the liquid phase was transferred to
a clean glass tube and evaporated to dryness under nitrogen. The dried samples were resuspended by
adding 60 ul 3 N HCl in n-butanol. The samples were incubated for 15 min at 65°C and, following
incubation, evaporated under nitrogen. Butylated acylcarnitines were reconstituted in 100 ul of mobile
phase acetonitrile-water-formic acid (H,0-CH,CN-HCOOH; 80:19.9;0.1 [vol/vol/percent]). Samples were
vortexed, transferred to a centrifuge filter, and spun. The filtrates obtained were transferred to injection
vials.

Blood acylcarnitine concentrations were quantified using a well-established method of testing dried
blood spots (DBSs), with modifications, as previously described (17, 49). Blood was collected from
external jugular veins and common carotid arteries of 11-week-old CPT2'ox/lox and CPT28~/~ mice
beginning at 10 a.m. after 4 h of food deprivation (6 a.m. to 10 a.m.) to correct for inconsistent feeding
patterns. The mice were anesthetized using a regulated flow of isoflurane and were immediately
euthanized following the procedure. Punched 1/8-in DBS samples were submerged in 100 ul of meth-
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anol solution containing internal standards for acylcarnitines (NSK B; Cambridge Isotopes). The samples
were incubated at 4°C for 20 min and dried under liquid nitrogen, and then 60 wl 3 N HCl in n-butanol
was added. The samples were incubated for 15 min at 65°C and then dried under liquid nitrogen, and
butylated acylcarnitines were reconstituted in 100 ul of mobile phase acetonitrile-water-formic acid
(H,0-CH,CN-HCOOH; 80:19.9:0.1 [vol/vol/percent]). The samples were vortexed, transferred to a centri-
fuge filter, spun, and transferred to an injection vial.

Acylcarnitines were quantified from media derived from primary P2 cultured CPT2'ox/lox and CPT28~/~
mice. Oleate medium (100 uM) was composed of 20% neurobasal medium (Gibco; 21103-049) and 80%
glucose-, glutamine-, and pyruvate-free DMEM (Gibco; A14430) supplemented so that the final concen-
trations were 100 uM oleate, 5 mM glucose, 25 uM glutamine, 50 uM sodium pyruvate, 0.2 mM carnitine,
and 0.1% (wt/vol) bovine serum albumin (Sigma; A9647). Primary astrocytes were incubated in 100 uM
oleate overnight prior to medium collection and prepared as described above.

Unbiased global metabolomics. Global metabolomics were performed on rapidly dissected and
frozen (in liquid nitrogen) hippocampi from 24-h-fasted (3 p.m. to 3 p.m.) 9-week-old mice as described
previously (29, 66, 70, 71).

RNA isolation, purification, and qRT-PCR. RNA was isolated from brain tissues using TRIzol (Life
Technologies, Grand Island, NY) and further purified using an RNeasy minikit (Qiagen, Valencia, CA). RNA
was quantified with a NanoDrop spectrophotometer (ThermoFisher Scientific, Madison, WI), and cDNA
was synthesized using 0.5 to 2 ug of total RNA, random primers, and a MultiScribe high-capacity cDNA
reverse transcription kit (Life Technologies; catalog no. 4368814) according to the manufacturer’s
instructions. Quantitative real-time PCR (qRT-PCR) was performed using 10 ng of template cDNA and
Bio-Rad (Hercules, CA) SsoAdvanced universal SYBR green master mix (catalog no. 1725274) with primers
specific for the genes of interest (see Table S2 in the supplemental material). PCRs were carried out in
a Bio-Rad CFX Connect thermocycler (95°C for 10 s and 56°C to 95°C at 0.5°C/5 s). All data were
normalized to the average of housekeeping threshold cycle (C;) values from Rpl22 and 18S. Normalized
data were expressed as 22T,

Behavioral testing. All behavioral testing was performed in the light part of the light/dark cycle.
Behavioral testing included open-field, social recognition memory task, and rotarod tests, as described
below. The behavioral tasks were separated by at least 24 h, and animals were returned to their home
cages at the end of each day. All experiments were recorded and quantified by a trained observer
blinded to the genotype of the mice, using AnyMaze equipment and software (open-field and social
recognition tests) and a Rotamex apparatus (Columbus Instruments, Columbus, OH) (rotarod).

(i) Open-field testing. Open-field testing was modified from previous studies (12, 45). Testing was
carried out in a square open-field arena (AnyMaze box; 40 cm by 40 cm) under indirect diffuse room light.
Each animal was placed in the arena and observed for 5 min. Activity measures included total distance
traveled, percent time spent in active exploration (episodes of movementat =5 cm/s), and speed of
movement during the active exploration. To assess anxiety levels, the activity measures in different zones
were quantified, since mice have a natural predilection to be near a wall (46). Specifically, the arena was
divided into three zones: inner, middle, and outer. After each trial, the chamber was cleaned with a damp
towel, followed by 70% alcohol.

(ii) Social recognition memory task. The social recognition memory task was carried out in the
open-field arena by placing a mouse inside a standard mouse cage as previously described (5, 48). The
12-week-old female test mouse was exposed to the same juvenile mouse (postnatal day 21) for 2 min
over 2 trials with interinterval gaps of 20 min. For the third trial, the test mouse was exposed to a new
juvenile mouse from a different litter for 2 min. The time spent in social investigation (direct, active
olfactory exploration, i.e., sniffing and nosing head and anogenital areas, following, and pursuit) was
quantified. A decrease in time between trials 1 and 2 reflected social habituation, while an increase from
trial 2 to trial 3 was a measure of dishabituation.

(iii) Rotarod testing. The rotarod test was used to assess balance, coordination, and fatigue. Mice
were tested at 12 weeks of age using a Rotamex apparatus (Columbus Instruments, Columbus, OH) as
previously described (72-74). In brief, on day 1, the mice performed habituation trials by being placed
on a rotarod at 4 rpm for 60s. On day 2, each mouse had two trials; each trial lasted for 10 min with
60-min intertrial intervals. During the trials, the rotarod accelerated from 4 rpm to 40 rpm. Latency to fall
from the rotarod was quantified. After each trial, the Rotamex apparatus was cleared of feces and urine
using a damp paper towel and 70% alcohol and allowed to air dry.

MRI. Ex vivo MRI was performed on the heads of adult female CPT2'*/lox and CPT28~/~ mice after
exsanguination by perfusion with saline. The ex vivo MRI was performed on a vertical 9.4-T nuclear
magnetic resonance (NMR) spectrometer with a volume coil (15-mm diameter; Bruker Biospin,
Billerica, MA) as a radiofrequency transmitter and receiver. The diffusion tensor magnetic resonance
imaging (DTI) data were acquired using diffusion-weighted gradient echo and spin echo (dAwGRASE)
sequence with the following parameters: 9 diffusion-weighted images with a b value of 1,100, in
addition to two minimally diffusion-weighted images; TR/TE = 800/33.3 ms; resolution = 0.125 mm
by —0.125 mm; field of view (fov) = 16 mm by 9 mm by 18 mm. The total imaging time was
approximately 9 h. Three-dimensional T2-weighted images were acquired with the same field of
view and resolution using fast-spin echo sequence, with a TE/TR ratio of 40/2,000 ms, a flip angle of
180°, four signal averages, an echo train length of 8, and an imaging time of about 3 h. Brain regional
and total volume measurements were performed using ROIEditor (http://www.mristudio.org) and an
in-house-built atlas. We manually defined corpus collosum (entire genu) in the fractional anisotropy
images using ROIEditor and obtained the average fractional anisotropy value in the individual subjects
as in previous studies (75-77).
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MALDI-IMS. MALDI-IMS was acquired in the Applied Imaging Mass Spectrometry Core/Service
Center at Johns Hopkins using 10-um coronal slices, approximately 3.5 mm from the posterior of the
brain, from the brains of 24-h-fasted adult CPT2'ox/lox agnd CPT28~/~ mice (6 months old). All slices to be
compared were prepared on a single slide for simultaneous acquisition at 50-um resolution using a
Bruker Rapiflex MALDI-time of flight (TOF)/TOF instrument. The slides were sprayed with 5mg/ml
4-chloro-alpha-cyanocinnamic acid with a 70% acetonitrile and 2% trifluoroacetic acid solution. Data
were processed and heat map images were generated using SCiLS software (https://scils.de).

Statistical analysis. Data were analyzed using Prism 7.0 software (GraphPad). The statistical signif-

icance of the data was determined using unpaired Student two-tailed t tests for single-variable exper-
iments. For unmatched multiple-variable experiments, ordinary two-way analysis of variance (ANOVA)
with Sidak corrections for multiple comparisons was used to determine the statistical significance of the
data. For paired multiple-variable experiments, repeated-measures two-way ANOVA with Sidak correc-
tions for multiple comparisons was used to determine the statistical significance of the data.
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