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Abstract

While the brain’s high energy demands are largely met by glucose, brain is also
equipped with the ability to oxidize fatty acids for energy and metabolism. The brain
expresses the carnitine palmitoyltransferases (CPTs) that mediate carnitine-
dependent entry of long-chain acyl-CoAs into the mitochondrial matrix for f-oxidation
— CPT1la and CPT2 located on the outer and inner mitochondrial membranes,
respectively. Their developmental profile, regional distribution and activity as well as

cell type expression remain unknown.

We determined that brain CPT1a RNA and total protein expression were unchanged
throughout post-natal development (PNDO, PND7, PND14, PND21 and PND50);
however, CPT2 RNA peaked at PND 21 and remained unchanged through PND50 in
all regions studied (cortex, hippocampus, midbrain, and cerebellum). Both long-chain
acyl CoA dehydrogenase (ACADL) and medium acyl-CoA dehydrogenase (ACADM)
showed a similar developmental profile to CPT2. Acylcarnitines, generated as result
of CPT1la activity, significantly increased with age and peaked at PND21 in all brain
regions, concurrent with the increased expression of enzymes involved in

mitochondrial B-oxidation. The CPT system is highly enriched in vivo in hippocampus

This article is protected by copyright. All rights reserved.



and cerebellum, relative to cortex and midbrain, and is exclusively present in
astrocytes and neural progenitor cells, while absent in neurons, microglia, and
oligodendrocytes. Using radiolabeled oleate, we demonstrate regional differences in
brain fatty acid oxidation that may be blocked by the irreversible CPT1a inhibitor
etomoxir. This study contributes to the field of knowledge of brain cell-specific
metabolic pathways, which are important for understanding normal brain

development and aging, as well as pathophysiology of neurological diseases.

Introduction

The brain has high energy demands which account for approximately 20% of the
body’s resting metabolic rate (Kety 1957; Rolfe and Brown 1997). While glucose is
the principal bioenergetic substrate for adult brain, the flexibility to utilize other fuels
such as ketones during fasting or physiological stress is an important adaptation
(Owen et al. 1967). Ketones and lactate are particularly important bioenergetic
substrates during early postnatal brain development (Cremer 1982), when glucose
preferentially supports biosynthesis via the pentose phosphate pathway,
independent of its oxidative degradation within mitochondria as pyruvate (Baquer et
al. 1977; Brekke et al. 2015; Hakim et al. 1980). The oxidative metabolism of glucose
and other substrates is also highly compartmentalized in brain. Diverse cell types
may vary in terms of bioenergetic needs and preferences, often in a region-specific

and activity-dependent manner (McKenna et al. 2015).

In addition to its constant high energy requirements, the brain is also characterized
by a unique lipid composition (Lynen 1957) . Numerous studies, including those

highlighted in Table 1, suggest the importance of lipid metabolic flux within the brain
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(Blankman et al. 2007; Ellis et al. 2013; Inloes et al. 2014; Kamat et al. 2015; Lee et
al. 2015; Long et al. 2011; Nguyen et al. 2014; Wolfgang et al. 2006; Wolfgang et al.
2008). Although it is unclear why glucose has been selected over other substrates as
the principal bioenergetic source in adult brain (Schonfeld and Reiser 2013), the
ability of brain to oxidize fatty acids has been well known for decades (Bernoud et
al. 1998; VIGNAIS et al. 1958). Despite this, there is still much to be learned about
which cell types oxidize fatty acids in vivo and under what conditions, particularly
during early postnatal development when lipid-rich milk is the principal source of

nutrition.

Several studies performed in vitro have demonstrated that cultured astrocytes can
oxidize fatty acids completely to carbon dioxide (CO;,) and water, while fatty acid
oxidation could not be detected in primary cultures of neurons or oligodendrocytes
(Auestad et al. 1991a; Edmond et al. 1987). Astrocytic fatty acid oxidation was also
found to generate ketones in vitro (Blazquez et al. 1998). Astrocytes are capable of
oxidizing both medium-chain fatty acids (octanoate) and long-chain fatty acids (such
as palmitate) (Edmond et al. 1987). Medium-chain fatty acids (C6-C12) can directly
cross the mitochondrial inner membrane in order to be metabolized to acetyl-CoA via
B-oxidation in the mitochondrial matrix; however, long-chain fatty acids must be
transported into the matrix via the carnitine shuttle system. Indeed, it was observed
that carnitine supplementation increased palmitate oxidation in cultured astrocytes
(Edmond et al. 1987). Long-chain fatty acids must be esterified as acyl-CoA
intermediates in order to gain access to the mitochondrial matrix via the subsequent
transacylation reactions of the carnitine palmitoyltransferases (CPT) of the outer and
inner mitochondrial membranes, CPT1 and CPT2, respectively (Fig. 1). CPT1

resides on the outer mitochondrial membrane and converts long-chain acyl-CoAs to
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acylcarnitines and free CoASH. Acylcarnitines likely traverse the mitochondrial outer
membrane through the voltage-dependent anion channel (VDAC), as CPT1A was
found to form hetero-oligomeric complexes with VDAC and long-chain acyl-CoA
synthetase (Lee et al. 2011). The acylcarnitine is then transported across the inner
mitochondrial membrane via the carnitine-acylcarnitine translocase, and the inner
membrane-associated acyltransferase CPT2 converts the long-chain acylcarnitine
back to an acyl-CoA that is primed for the B-oxidation enzymatic machinery of the
matrix. CPT1 is the rate-limiting enzyme in mitochondrial B-oxidation of long-chain
fatty acids, and CPT1a is the predominant isozyme in brain. As the rate-determining
step, CPT1la is regulated by endogenously produced malonyl-CoA, an intermediate
in fatty acid synthesis (Blazquez et al. 1998). Brain-specific CPT1c is closely
related to CPTla. While it also binds malonyl-CoA, CPT1c lacks detectable
acyltransferase activity and therefore does not participate in the 3-oxidation of long-
chain fatty acids (Wolfgang et al. 2006; Wolfgang et al. 2008). Due to the
importance of the carnitine shuttle in fatty acid catabolism throughout all tissues,
deficiencies in either CPTla or CPT2 result in severe metabolic derangements
characterized by hypoketotic hypoglycemia and sudden death. Clinical presentation,
however, depends on severity of the deficiency and hypoglycemic events (CPT1A
OMIM #255120; CPT2 OMIM# 600649, 608836, 255110). Administration of medium-
chain triglycerides can relieve hypoglycemia associated with defects in long-chain
fatty acid oxidation. Interestingly, it has been calculated via **C-labeling studies that
the medium-chain fatty acid octanoate can provide up to 20% of brain oxidative
energy production in vivo in adult rat (Ebert et al. 2003), although the relative
bioenergetic contribution of medium-chain and long-chain fatty acids has not been

determined. In addition, it is unclear the extent to which fatty acid oxidation
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contributes to brain energy metabolism during early postnatal development, a period
characterized by high bioenergetic and biosynthetic demands met by a high-fat, low-

carbohydrate milk diet.

In order to gain insight into the role of mitochondrial B-oxidation of long-chain fatty
acids during development, we characterized the expression of the carnitine
palmitoyltransferase (CPT) enzymes in developing rat brain. We sought to address
the following questions: 1) are CPTs present in the brain throughout development?
2) are there regional differences in CPT expression? 3) which cells in vivo express
CPTs?. We report that CPTla and CPT2 expression increases during brain
development and is enriched in hippocampus relative to the cortex, midbrain, and
cerebellum. We specifically show that in vivo astrocytes and Nestin-expressing
progenitor cells express CPT1a, while no CPT1a was detected in neurons, microglia,
or oligodendrocytes. These data suggest that there are profound regional, cell-
specific, and age-dependent differences in the brain’s ability to oxidize long-chain

fatty acids.

Materials and Methods

Animals

All animal procedures were approved by the Johns Hopkins University Institutional
Animal Care and Use Committee and conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Male
Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA
RRID:RGD_10395233) were housed in a temperature controlled room (20—-23°C) on

a 12-hr light:12-hr dark cycle and provided with food and water ad libitum. Rats were
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sacrificed on postnatal days (PND) 0, 7, 14, 21, 28, and 50. Rats were weaned from

the dam on PND 19 and fed a standard NIH rat chow diet.

RNA lIsolation, Purification, and Quantitative Real-Time-Polymerase Chain

Reaction (QRT-PCR)

Total RNA was isolated from cortex, hippocampus, midbrain, and cerebellum using
TRIzol (Life Technologies, Grand Island NY) and further purified using the RNeasy
Mini  Kit (Qiagen, Valencia, CA). RNA was quantified by NanoDrop
spectrophotometer, and cDNA was synthesized using 1.8ug of total RNA, random
primers, and MultiScribe High-Capacity cDNA reverse transcription kit according to
manufacturer’s instructions (Life Technologies; Cat# 4368814). RT-PCR was
performed using 10 ng of template cDNA and Bio-Rad (Hercules, CA) SsoAdvanced
SYBR Green master mix (Cat# 1725274) with primers specific to the genes of
interest (Table 2). PCR reactions were carried out in a Bio-Rad CFX Connect
thermocycler (95°C for 3 min; (95°C for 10 sec, 56°C for 30 sec) x 40 cycles; melt
curve determination by denaturation at 95°C for 10 sec and temperature ramp from
56-95°C at 0.5°C/5 sec). All data were normalized to average Ct values for the
mean of 18S and Rpl22, and data is expressed as 2", Values are shown as mean
+ SEM (n=4-7 per age), and one-way ANOVA with Tukey post-hoc testing was used
to test for statistically significant differences across ages using GraphPad Prism (La

Jolla, California).
Western Blotting

Tissue samples from cortex, hippocampus, midbrain, and cerebellum were
homogenized in RIPA buffer containing protease inhibitor. A bicinchoninic acid

(BCA) assay (Thermo Scientific, Rockford, IL) was used to determine total protein
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concentration for each sample. 20ug of total protein was loaded on NuPage 4-5%
bis tris gels (Life Technologies, Carlsbad, CA) for electrophoresis. Proteins were
transferred to nitrocellulose membranes for immunodetection. The membranes were
blocked for 1 hour in 1X casein blocking buffer (Sigma, St. Louis, MO). Membranes
were incubated in the following primary antibodies: CPTl1la 1:500 (Abcam; Cat#
ab128568, RRID:AB_11141632), ACADM (GeneTex; Cat# GTX100488,
RRID:AB_1949559), and ACADL (GeneTex; Cat# GTX81189, RRID:AB_11177205)
diluted in 1X casein. HSC70 (Thermo; 1:3,000; RRID:AB_2544813) was used as a
loading control. Following washes with TBS-T, membranes were incubated in anti-
mouse or anti-rabbit secondary antibodies (1:2,000) for 1 hour in 1X casein.
Immunoreactivity was detected by chemiluminescence. Band intensity was
determined using Image J and all data were normalized to the loading control,
HSC70. Values shown are mean = SEM (n=7-9 per age) and an unpaired t-test was
used to test for significant differences between pre-weaning (PND 7&14) and post-
weaning (PND 21, 21, &50). For PNDO tissue, cerebellum and hippocampus from 3
rats were pooled together to obtain a sufficient quantity of protein for western
blotting. HSC70 was found to be developmentally regulated at PNDO only.
Therefore, PNDO was not included in analysis for developmental differences, but
was instead graphed separately in order to illustrate regional differences using one-
way ANOVA with Tukey post-hoc testing. All statistical analyses were conducted

using GraphPad Prism (La Jolla, CA).

Carnitines and Acylcarnitines: Blood levels of acylcarnitines were quantified using
a well-established method of testing dry blood (DBS) with modifications as previously
described (Lee et al. 2016). Punched 1/8" DBS samples were submerged in 100 pl

of methanol solution containing internal standards acyl carnitines (NSK B-
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Cambridge Isotopes). Samples were incubated at 4°C for 20min, dried under the
nitrogen and then 60 yl 3N HCI in n-butanol was added. The samples were
incubated for 15 min at 65 °C. After incubation the samples were evaporated to
dryness under nitrogen, and the residue containing butylated acyl carnitines was
reconstituted in 100yl of mobile phase acetonitrile/water/formic acid
(H20:CH3CN:HCOOH; 80:19.9:0.1 viv%). Samples were vortexed, transferred to a
centrifuge filter and spun. Collected filtrate was transferred to an injection vial.

All tissue samples were prepared using well described methods with modifications.
Briefly, all brain samples were weighed and collected in liquid nitrogen. Frozen tissue
was homogenized in methanol solution containing internal standards of acyl
carnitines (NSK B, Cambridge Isotopes), sonicated for 10min at room temperature,
and centrifuged for 4min at 13,000rpm at 4C. Following centrifugation, the liquid
phase was transferred to the clean glass tube and evaporated to dryness under
nitrogen. Dried samples were resuspended by adding 60 yl 3N HCI 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 pl of mobile phase
acetonitrile/water/formic acid (H,O:CH3CN:HCOOH; 80:19.9:0.1 v/v%). Samples
were vortexed, transferred to a centrifuge filter and spun. The obtained filtrates were

transferred to injection vials.

Acylcarnitines were analyzed employing an APl 3200 mass spectrometer (AB
SCIEX, Foster City, CA) operated in positive ion mode employing precursor ion scan
for m/z 85, which is generated as a characteristic product ion of butyl ester of acyl
carnitine species. Quantitation of acyl carnitines was achieved by Chemoview (AB
SCIEX) application. All blood samples are reported as nmol/ml, and tissue samples

as pmol/mg.

This article is protected by copyright. All rights reserved.



Fatty Acid Oxidation

Hippocampus and cortex were rapidly dissected, placed in separate stoppered tubes
with labeling media containing 0.12 pCi [1-**C] oleic acid (Moravek Biochemicals,
Brea, CA), and incubated at 37°C with gentle shaking for 3 hours. Labeling media
was composed of 20% Neurobasal medium (Gibco; Cat#21103-049) and 80%
glucose-, glutamine-, and pyruvate-free DMEM (Gibco#A14430) supplemented such
that final concentrations were 5mM glucose, 25uM glutamine, 50uM pyruvate, and
0.2% (w/v) bovine serum albumin (BSA) (Sigma A9647). Etomoxir-treated samples
were incubated with 100uM etomoxir (Sigma E1905) in the labeling media,
administered at the time of initiating the assay. **CO, was trapped on a filter paper
suspended in the headspace of the flask by addition of 200uL 70% perchloric acid to
the flask and 150uL 1M NaOH to the filter paper and incubating the samples at 55°C
for 1 hour. The filter paper was placed in scintillation fluid and counted. Counts were
normalized to wet tissue weight (mg). Rat primary cortical astrocytes (Invitrogen)
were cultured in 85% DMEM, 15% fetal bovine serum, and 1%
penicillin/streptomycin antibiotic (Invitrogen) at 37°C in a humidify-controlled
incubator at 10% CO,. For the [1-**C] oleate oxidation experiments, 400,000 cells
were seeded in a T-25 stoppered flask. All assays were conducted between passage
3 and 5. Cells were labeled with same amount of [1-'*C] oleate and same media
composition as was used with the brain samples, in the presence or absence of

100uM etomoxir.
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Immunofluorescence

Free floating 50um coronal brain sections underwent antigen retrieval by incubation
in 1XSSC buffer (pH 8.5-9) for 30 min. in a 80°C water bath, and were blocked for
lhr and 15 min in 20% natural goat serum, 1% BSA and 0.3% TX-100 in PBS
Primary antibodies used were CPT1la 1:150 (Abcam; Cat# ab128568), CPT2 1:250
(Abcam; Cat# ab110293, RRID:AB_10860357), GFAP 1:750 (Abcam; Cat# ab4674,
RRID:AB_304558), Ibal 1:750 (Wako; Cat# 019-19741, RRID:AB_839504), NeuN
1:1,000 (Millipore; Cat# MAB377, RRID:AB_2298772), Olig2 1:100(Millipore; Cat#
AB9610, RRID:AB_10141047), and laminin 1:25 (Sigma; L9393, RRID:AB_477163).
Secondary antibodies raised in goat (FITC anti-rabbit, TRITC anti-mouse, and Alexa
Fluor 647 anti-chicken) were applied for 1.25 hrs at 1:200. Sections were incubated
in To-Pro-3 1:750 (Molecular Probes; Cat#T3605) for 1 hour. Images were obtained

using a Zeiss LSM 510 Meta confocal microscope.

Statistical Analysis

All data were analyzed using GraphPad Prism 6.0 (GraphPad Software). Multiple
comparisons were calculated using one-way ANOVA with Tukey post-hoc correction.
Acylcarnitines were analyzed using two-way ANOVA with Bonferroni post-hoc
correction. Results were presented as mean + standard error of the mean (SEM).

Significance was determined as *p<0.05; **p<0.01; ***p<0.001.
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Results

Regional and developmental changes in expression of brain carnitine

palmitoyltransferases (CPTSs)

CPT1la is the rate-determining step and CPT2 is an obligate step for mitochondrial 3-
oxidation of long-chain fatty acids by mediating the carnitine-dependent entry of acyl-
CoAs into the mitochondrial matrix (Fig.1). CPTla and CPT2 expression was
evaluated across development with particular interest in pre-weaning (PND 0, 7 &
14) compared to post-weaning (PND 21, 28 &50) time periods. Using gRT-PCR, we
guantified the expression of CPT1la and CPT2 mRNA across development in four
brain regions (cortex, hippocampus, midbrain, and cerebellum), and data is
displayed relative to PND 0 (Fig.2A). There were no significant developmental
changes in CPT1a RNA expression in the hippocampus, midbrain, and cerebellum.
In the cortex, CPT1a RNA expression was significantly elevated at PND 14 relative
to PND 7. In contrast, CPT2 transcript abundance was highly developmentally
regulated in the cortex, midbrain, and cerebellum, and significantly increased with
age. No age differences were detected in CPT2 mRNA expression in hippocampus.
CPT2 mRNA was more dynamically regulated than CPT1la across development in

cortex, midbrain and cerebellum (Fig 2A).

Developmental expression of total CPT1a protein was measured by western blotting,
and no significant differences were detected in pre-weaning ages vs. post-weaning
ages (Fig.2B). CPT1a protein was enriched in hippocampus and cerebellum in all

ages studied (Fig. 2C, data shown for CPT1a at PND 0, *p<0.05, **p<0.01).
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Once long-chain fatty acids are transferred across the mitochondrial inner
membrane, they undergo [-oxidation—a process that is initiated by acyl-CoA
dehydrogenases. Specifically, long-chain acyl-CoA dehydrogenase (ACADL) initiates
B-oxidation of C14-C20 acyl-CoAs, where medium-chain acyl-CoA dehydrogenase
(ACADM) acts on C6-C12 substrates. Hence, we quantified regional and
developmental regulation of ACADL and ACADM in developing rat brain at the level
of MRNA and protein abundance (Fig.3). ACADL transcript abundance did not
change with age in hippocampus and cerebellum. There was, however, an age-
associated increase in cortex and midbrain, which was highest at PND 50 (p<0.05)
(Fig.3A). Western blot analyses revealed that ACADL is significantly higher at PND

21, 28 and 50 compared to PND 7 and 14 (*p< 0.05, **p< 0.01) (Fig.3 B&E).

In cortex and cerebellum, ACADM RNA expression increased significantly with age
such that expression at PND7 is significantly less than that at PND50 (*p<0.05);
there were no differences observed between PND 21 vs. 28 vs. 50 (Fig 3C). Total
protein expression of ACADM peaked in all brain regions at PND 28 and 50, and
there were significant differences between pre- and post-weaning ages (***p< 0.001,

****n< 0.0001) in all four regions studied (Fig.3 D&E).

Developmental profile of acylcarnitine levels in different brain regions

The function of CPTla is to generate acylcarnitines, which become transferable
across the mitochondrial inner membrane via the carnitine-acylcarnitine translocase.
Plasma acylcarnitines are commonly used to screen and diagnose inborn errors of
metabolism of fatty acid oxidation. The developmental profile of free carnitine,
palmitoylcarnitine (C16), stearoylcarnitine (C18), and oleoylcarnitine (C18:1) was

characterized both in plasma (Fig.4A) and in brain regions (Fig. 4B). The full panel of

This article is protected by copyright. All rights reserved.



acylcarnitines measured in plasma and brain regions are provided in Supplemental
Tables 1-4. In plasma, C18 peaked at PND 0&7, whereas maximum concentrations
of C18:1, C16, and free carnitine peaked at PND7, PND7&14, and PND 14&21
respectively (Fig.4A). For all measures, there were significant effects of age (****=
p< 0.0001) as determined using one-way ANOVA. Brain free carnitine, C16, C18,
and C18:1 concentrations showed significant main effects of age, brain region, and
significant interactions as analyzed using two-way ANOVA (Fig. 4B) (****= p<
0.0001,*= p< 0.05). In particular, free carnitine, C16, C18, C18:1 peaked at PND21
in all brain regions (n=5/group; ***= p< 0.0001,*= p< 0.05). Interestingly, mRNA
abundance of the plasma membrane carnitine transporter OCTN2 had a similar
pattern of increased expression in all brain regions across the time points studied
(Supplemental Figure 1) which may support an increased capacity for acylcarnitine
synthesis. We observed that plasma levels of acylcarnitines did not reflect
acylcarnitine profiles in normal developing brain. In fact, the highest tissue
acylcarnitine levels corresponded to lower concentrations of plasma acylcarnitines,
perhaps indicative of higher uptake and utilization of plasma acylcarnitines at later

developmental time points.
CPTla-dependent fatty acid oxidation in hippocampus and cortex

The peak of acylcarnitine abundance in all brain regions profiled at PND 21
corresponded with the maximal expression of CPT2 mRNA (Fig. 2A) and elevated
expression of ACADL and ACADM at PND 21 (Fig. 3). To determine whether PND
21 brain is capable of oxidizing long-chain fatty acids, we measured [1-**C] oleate
oxidation to **CO in dissected brain. We chose to focus on cortex and hippocampus
since these regions contained highest concentrations of C18 and C18:1

acylcarnitines at PND 21 (Fig. 4B). Hippocampus had two-fold higher complete
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oxidation of oleate to CO, than cortex (Fig. 5), and fatty acid oxidation in both
regions was sensitive to the CPT1a inhibitor etomoxir. Importantly, the assay media
was not supplemented with free carnitine so that oleate oxidation reflected
endogenous capacity for fatty acid oxidation. Indeed, P21 hippocampus had higher
free carnitine than cortex (Fig. 4B). It is important to note that oleate oxidation was
conducted in the presence of a physiologically-relevant glucose concentration
(5mM), unlike some early fatty acid oxidation experiments in brain which were
conducted in glucose-free perfusion media (Rossiter 1957). The finding that P21
brain readily oxidizes oleate in a CPTla-dependent manner provides a functional
output for the observed concomitant increase in acylcarnitine concentrations and

CPT2, ACADL, and ACADM expression.
CPTla and CPT2 are expressed exclusively by astrocytes

In order to characterize the capacity for fatty acid oxidation in vivo with cellular
resolution, brain sections were stained for CPT1a at all the ages studied. In the
brain, CPT1la is selectively expressed by astrocytes (GFAP), not neurons (NeuN),
microglia (Ibal), or oligodendrocytes (Olig2) (Fig.6, A-D). Representative images
from PND21 rat brain (Fig.6) were taken from the dentate gyrus of the hippocampus.
CPTla was also expressed in astrocytes in the cortex, midbrain, and cerebellum
(data not shown). High magnification (Fig. 6E) further demonstrates co-localization
of CPT1a with GFAP, and not with endothelial cells (laminin). Fig. 6F confirms that
CPT2 is also expressed by astrocytes. To test the functionality of astrocytic
expression of CPTla and CPT2, we measured [1-**C] oleate oxidation by primary
astrocytes in vitro (Supplemental Figure 2). Primary astrocytes readily oxidized fatty
acids to CO, while etomoxir treatment blocked fatty acid oxidation, similar to

dissected brain regions. Another population of cells that have been shown to have
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the capacity to oxidize fatty acids is the GFAP-positive/Nestin-positive neural
stem/progenitor cells that give rise to new neurons and glia in the adult brain (Stoll et
al. 2015). We observed that CPTla co-localized with Nestin-positive neural
precursor cells in the subventricular zone of the lateral ventricles and dentate gyrus
of the hippocampus (Fig.7). These results indicate that only select cell populations

are able to use fatty acids for energy and metabolism.

Discussion

Current dogma posits that the brain is incapable of using long-chain fatty acids as a
bioenergetic substrate (Schonfeld and Reiser 2013), despite the evidence that
medium-chain and, to a greater extent, long-chain fatty acids cross the blood-brain
barrier (Ebert et al. 2003; Magret et al. 1996; Spector 1988). As a result, many
studies have focused on delineating the effects of liver fatty acid oxidation
disturbances on brain metabolism. The loss of liver fatty acid oxidation, however, is
confounded by the loss of ketone body synthesis by the liver (Lee et al. 2016),
which provides a significant source of alternative substrates for neuronal and glial
metabolism, especially during early postnatal development, fasting, and stress
(McKenna et al. 2015; Owen et al. 1967). In this study, we sought to characterize
the brain’s endogenous capacity to oxidize long-chain fatty acids, as well as
developmental regulation of the enzymes involved in mitochondrial 3-oxidation of
long-chain fatty acids. We have determined that CPT1a and CPT2 are present in
vivo throughout the brain and are highly expressed in hippocampus and cerebellum
compared to cortex and midbrain. In addition, Cptla co-localized in astrocytes
throughout the brain and Nestin (+) neural progenitor cells localized in subventricular
zone of lateral ventricle and subgranular zone of dentate gyrus. The expression of

enzymes required for mitochondrial long-chain fatty acid oxidation was found to
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increase across development, and the correlation with brain and plasma
acylcarnitine levels suggests an increased capacity for fatty acid oxidation in brain of
weaned rats. Our data is consistent with findings by Guest and colleagues (Guest et
al. 2013) that C16, C18, and C18:1 are the most abundant fatty acids in human
cerebrospinal fluid and are major acyl-chain components of the white matter, with
oleic acid being the highest, followed by stearic and palmitic acids (O'Brien and
Sampson 1965a; O'Brien and Sampson 1965b). Furthermore, Guest and colleagues
(2013) demonstrated that oleic acid concentrations are inversely associated between
plasma and cerebrospinal fluid, not unlike our observation that C18:1 acylcarnitine
levels in plasma decrease concomitantly with an increase in brain C18:1
acylcarnitines. Altogether, these data provide evidence that oleate is an abundant
fatty acid that is readily oxidized by astrocytes in vivo. Specifically, oleic acid (and
not any other long chain, i.e. palmitic acid) stimulates cAMP/protein kinase
pathways, which leads to activation of SIRT1/PGC1a transcriptional complex and

results in increased fatty acid oxidation (Lim et al. 2013).

Accumulating evidence in recent years demonstrates that fatty acid oxidation, and
CPT1A in particular, is involved in many pathological conditions of the nervous
system. Specifically, Escartin et al. (2007) showed that CPT1A is increased in
reactive astrocytes following local ciliary neurotrophic factor stimulation, while
Shriver and Manchester (2011) demonstrated that pharmacological inhibition of
CPT1A reduced disease severity in a mouse model of multiple sclerosis and reduced
inflammatory cytokine production by encephalitogenic T-cells (Shriver and
Manchester, 2011). Lin et al. (2016) reported that human glioblastoma cells express
CPT1A and animals treated with the CPT1A inhibitor etomoxir exhibited decreased

tumor growth and longer survival in a syngeneic model of glioma (Lin et al. 2016).
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Recent advances in the field of stem cell biology highlighted the contribution of
mitochondrial CPTs in fueling progenitor cell survival. Xie and colleagues showed
that decrease of CPT1A during embryonic period disrupts homeostasis of neural
stem cells resulting in abnormal differentiation (Xie et al. 2016), while Stoll and
colleagues demonstrated that neural stem/progenitor cells in the adult sub-
ventricular zone oxidize fatty acids, and pharmacological inhibition of CPT1A
resulted in decreased proliferation of neural stem/progenitor cells in culture and in
the subventricular zone in adult mice (Stoll et al. 2015). Our observation of CPT1A
co-localization with Nestin in both the subventricular zone and the subgranular zone

of the hippocampal dentate gyrus corroborate these findings.

We have found that CPT expression increases with age in a region-specific manner,
suggesting that fully formed adult brain is capable of using fatty acids as fuel for
energy production. Consistent with that, Schulz et al. (2015) demonstrated that loss
of CPT2 in Drosophila resulted in triacylglyceride accumulation in the brain and
shorter life span. Re-expression of CPT2 in glial cells alone was sufficient to rescue
the loss-of-function phenotype and restore triacylglyceride homeostasis. Mammalian
brain has low capacity for neutral lipid storage, so it is likely that brain fatty acid
oxidation exerts other metabolic effects apart from protecting against neutral lipid
accumulation. Indeed, in the Drosophila model of CPT2 deficiency, the authors
suggested that adult brain may use fatty acids for local production of ketone bodies
(Schulz et al. 2015). This is consistent with Auestad et al. (1991), who previously
showed in vitro that cultured astrocytes are able to generate ketones, which may

serve as a fuel for the neuron (Auestad et al. 1991b).
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In summary, the mitochondrial enzymes required for f—oxidation of long-chain fatty
acids are expressed throughout the brain and increase with age until brain
maturation, despite regional differences in the developmental regulation of particular
components of the fatty acid oxidative machinery. CPTs are present specifically in
astrocytes and neural progenitor cells, and may fulfill different roles in these cells — in
astrocytes, to support not only astrocytic bioenergetic needs but also neuronal
metabolism by providing ketones, while fueling cell autonomous bioenergetic needs
in progenitor cells. Better delineating changes in these cell-specific metabolic
pathways is essential in understanding development and aging of the normal brain,

as well as alterations in many pathological conditions.
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Gene Substrate or N - :
References Symbol Enzymatic Activity Localization Additional Details
L The ABHD enzymes are serine
Brain, kidney, hydrolases named for their a/p
Medium-chain iver; i .
Long et al., 2011 ABHD3 hospholiid | ::;g?;ig;al hydrolase domain. ABHD3 may
phospholipid lipase rotein cleave oxidatively-truncated
P phospholipids.
Generates N-acyl-
N-acyl phospholipid Brain—soluble | lysophospholipids from N-acyl-
Lee etal., 2015 ABHDA lipase fraction phosphatidylserine and N-acyl-
phosphatidylethanolamine
Brain; integral . . L.
2. membrane Participates in endocannabinoid
Blankman et al., . o ignaling b lating 2-AG
ABHDG6 | arachidonoylglycerol | protein with sighaling by reguiating
2007 cviosolic levels in conjunction with MAGL
(2-AG) hydrolase yt . and ABHD12 activities
orientation
Null mutations in ABHD12 result
Brain; integral in the neurological disease
Blankman et al.., Lyso- me:nl.)ran.teh :DHARS (polyntgu.rtgpa_thy, ht:arlng
. . . protein wi 0ss, ataxia, retinitis pigmentosa
2007; Kamat et al., ABHD12 Iphosphatldylserlne extracellular/lu | and cataract); Abhd12™ mice have
2015 Ipase menal neurodegenerative disease with
orientation increased microglial activation in
cerebellum
Generates lyso-
Phosphatidylserine Brain; enriched | phosphatidylserine which is a
Kamat et al., 2015 ABHD16 lipase in cerebellum substrate for ABHD12; also
expressed in macrophages
Brain has highest cytosolic long-
chain acyl-CoA thioesterase
Acyl-CoA activity of tissues tested; Mice with
. thioesterase 7, a Neuronal; nervous system-specific deletion
Cis etal., 2013 ACOT? long-chain acyl-CoA | cytosolic of Acot7 exhibit
hydrolase neurodegeneration,
hyperexcitability, loss of lean
mass and dyslipidemia
Carnitine
; Participates in regulating energy
palmitoyltransferase | Neuronal: .
Wolfgang et al., ’ :
gang 1c; does not catalyze | integral hqmeostasus. Cptle kr.IOCkOUt
2006; Wolfgang et CPT1c Lt tor t membrane mice have lower food intake,
al., 2008 acy _ransber do protein lower body weight, and are prone
carnitine but does to high-fat diet-induced obesity
bind malonyl-CoA
DDHD domain containing 2;
Ddhd2” mice exhibit age-
Brain triglyceride dependent triglyceride
Inloes et al., 2014 | DDHD2 gy Brain P e

lipase

accumulation in brain and lipid
droplet accumulation in neurons;
deleterious DDHD2 mutations
associated with hereditary spastic
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paraplegia

Nguyen et al., 2014

MFSD2A

Docosahexaenoic
acid (DHA)
transporter in brain

Endothelium of
blood-brain
barrier
microvessels

Major facilitator superfamily
domain containing 2a; promotes
DHA uptake as lyso-
phosphatidylcholine DHA as well
as other long-chain lyso-
phosphatidylcholine species;
Mfsd2a knockout mice have
microcephaly, neuronal cell loss
and cognitive defects

Table 1. Examples of lipid metabolizing enzymes and transporters that are enriched

in brain

Table 2. RT-PCR primers for rat genes involved in mitochondrial 3-oxidation of long-

chain fatty acids

Gene Ref Seq ID Forward primer (5’2 3’) Reverse primer (5’ 2>3’)

18S RNA NR_046237.1 | GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA

Rpl22 NM_031104.1 | AGCAGGTTTTGAAGTTCACCC CAGCTTTCCCGTTCACCTTGA

Cptla NM_031559.2 | TGGGGAAGAGACAGACACCA ATCGTGGTAGAGCCAGACCT

Cpt2 NM_012930.1 | CAACTCGTATACCCAGACCCAATC GTTCCCATCTTGATCGAGGACATC

Acadl NM_012819.1 | TTTCCTCAGAGCATGACATTTT GCCAGCTTTTTCCCAGAGCT

Acadm NM_016986.2 | GGCATATGGGTGTACAGGGG ACGCAGTAGGCACACATCAT

Octn2; NM_019269.1 CACCAAAGCTCTCTGGGAAG
TACCTTGGTGCCTATGATCGC

Slc22a5
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Fig. 1. Carnitine is essential for the transport of long-chain fatty acids into the
mitochondrial matrix for -oxidation. Acyl-CoA is produced from long-chain fatty acids via
acyl-CoA synthetase. Carnitine palmitoyltransferase 1a (CPT1A) transfers acyl groups from
acyl-CoA to L-carnitine, producing acylcarnitine esters. The voltage-dependent anion channel
(VDAC) and the carnitine/acylcarnitine translocase (CACT) transport acylcarnitines across
the outer and inner mitochondrial membranes, respectively. Carnitine palmitoyltransferase 11
(CPT2) converts acylcarnitines to acyl-CoAs in the mitochondrial matrix where acyl-CoA
dehydrogenases (ACAD), including ACADL and ACADM for long- and medium-chains

respectively, facilitate p-oxidation.

Fig.2. Developmental Profile of CPT Expression. A) CPTla RNA expression was
significantly greater at PND14 relative to PND7 in the cortex (* =p<0.05). No other
significant differences in CPT1a RNA expression were identified at PND 7, 14, 21, 28, or 50
in cortex, midbrain, and cerebellum. CPT2 RNA expression is developmentally regulated in
the cortex, midbrain, and cerebellum (* =p<0.05, ** =p<0.01 relative to PND7, + =p<0.05,
++ =p< .01 relative to PND14). B) Total protein expression as measured using western
blotting revealed no significant differences in CPT1a expression developmentally. Regional
differences were evaluated at PNDO (C) and both the hippocampus (Hip) and cerebellum
(CB) had increased expression of CPT1la relative to the cortex (*=p< 0.05, **=p< 0.01).
CPT1a total protein was greater in the cerebellum than the midbrain as well (*=p< 0.05).
Values are shown as mean = SEM and data were analyzed across ages using one-way
ANOVA with Tukey post-hoc testing (A&C) or a t-test to compare pre-weaning (PND 7&14)

and post-weaning (PND 21, 28& 50) (C). In all experiments, N=5 per group.
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Fig. 3. Developmental Profile of Acyl-CoA Dehydrogenases. A) RNA expression of
ACADL was increased in the cortex at PND50 relative to PND7. B) Western blot analysis for
total ACADL showed significant effects of development on expression for all brain regions
(N=5/group; * =p<0.05, ** =p<0.01, *** =p<0.001, ****=p<0.0001 pre vs. post weaning t-
test). C) RNA expression of ACADM increases with age such that PND7 ACADM
expression is significantly less than PND 21, 28, and 50 in the cortex and cerebellum.
PND14 expression of ACADM was also reduced compared to PND50 in the cortex and
cerebellum. Values (A&C) are shown as mean £ SEM and data were analyzed across ages
using one-way ANOVA with Tukey post-hoc testing (N=5/group; * =p<0.05, ** =p<0.01,
*** =p<0.001 relative to PND7, + =p<0.05 relative to PND14). D) Western blot analysis for
ACADM showed significant effects of development on expression for all brain regions
(N=5/group; * =p<0.05, ** =p<0.01, *** =p<0.001, ****=p<0.0001 pre vs. post weaning t-

test). E) Representative western blots of ACADL and ACADM.

Fig.4. Developmental profile of free carnitine, C16, C18, and C18:1 in plasma and brain.
Plasma (A) and brain (B) samples were analyzed using tandem mass spectrometry. In plasma
(A) , there was a significant effect of age on free carnitine and C16, C18, and C18:1
acylcarnitines. Within the brain (B), cortex (Cx), hippocampus (Hp), midbrain (MB), and
cerebellum (CB) regions were analyzed, and there were significant main effects of age, brain
region, and interaction (****=p< 0.0001, *=p< 0.05). Values are shown as mean + SEM

(N=5/group) and data were analyzed using one-way (A) and two-way (B) ANOVA:s.

Fig. 5. CPT1la-dependent fatty acid oxidation in hippocampus and cortex. Oxidation of [1-
14C] oleate to **CO, in P21 cortex (Cx) and hippocampus (Hp) was measured in the presence

or absence of CPT1la inhibitor etomoxir (100 pM, ETOX). Assay was conducted in the
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presence of 0.12uCi [1-**C] oleate in modified Neurobasal medium containing 5mM glucose,
25uM glutamine, 50uM pyruvate, and 0.2% (w/v) bovine serum albumin (BSA) (N=5-

6/group).

Fig.6. CPTs are selectively expressed by astrocytes, not neurons, microglia, or
oligodendrocytes. Panels A-C show representative images of CPT1a and the nuclear marker
To-Pro-3, labeled with GFAP, NeuN, lIbal, and Olig2 in the dentate gyrus of the
hippocampus of PND 21 day old rat. CPT1a co-localizes with GFAP (A), not NeuN (B), Ibal
(C), or Olig2 (D). E) High magnification further illustrates co-localization of CPT1a with
astrocytes (red arrowheads). CPT1a is not expressed in endothelial cells (white arrow heads).
Basement membrane of blood vessels is labeled with laminin (magenta). CPTII is also

expressed by astrocytes (F).

Fig. 7. CPT1a co-localized with Nestin positive cells in the subventricular zone of the
lateral ventricles and dentate gyrus of the hippocampus. Upper panel shows representative
images sub-ventricular zone (SVZ) of lateral ventricle. Lower panel shows representative
images of dentate gyrus (DG) of hippocampus. CPT1a co-localizes with GFAP, Nestin, but
not with DAPI. Subventricular zone (SVZ); Lateral ventricle (LV); Ependymal cell layer

(ECL); Dentate gyrus (DG); Molecular layer (ML); Granular cell layer (GCL).
Supplemental data

Supplemental Figure 1. Developmental RNA expression of carnitine transporter in rat
brain. OCTN2 RNA expression was significantly greater at PND 50 relative to PND7 and
PND 14 in the cortex, hippocampus and mibrain. RNA expression of OCTNZ2 increases with
age such that PND7 OCTN2 expression is significantly less than PND 21, 28, and 50 in the
cerebellum (n=5 per group * =p<0.05, ** =p<0.01 relative to PND7, + =p<0.05, ++ =p< .01

relative to PND14).
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Supplemental Figure 2. CPT1a-dependent fatty acid oxidation in cultured rat astrocytes.
Oxidation of [1-**C] oleate to **CO; in cultured rat astrocytes was measured in the presence
or absence of CPT1a inhibitor etomoxir (100 uM, ETOX). Assay was conducted in the
presence of 0.12uCi [1-'*C] oleate in modified Neurobasal medium containing 5mM glucose,

25uM glutamine, 50puM pyruvate, and 0.2% (w/v) bovine serum albumin (BSA). N=5 per

group.

Supplemental Table 1. Blood acylcarnitines levels measured at post-natal day 0, 7, 14, 21, 28

and 50 (N=5/group).

Supplemental Table 2. Developmental acylcarnitine profile in the rat cortex at post-natal day

(PND) 0, 7, 14, 21, 28, 50 (N=5/group).

Supplemental Table 3. Developmental acylcarnitine profile in the rat hippocampus at PND 0,

7,14, 21, 28, 50 (N=5/group).

Supplemental Table 4. Developmental acylcarnitine profile in the rat midbrain at PND 0, 7,

14, 21, 28, 50 (N=5/group).

Supplemental Table 5. Developmental acylcarnitine profile in the rat cerebellum at PND 0,

7, 14, 21, 28, 50 (N=5/group).

Tables symbols and significances.

Symbol Significance

a 0 vs.7; °p<0.05; *p<0.01; ***p<0.001; ****p<0.0001

0 vs.14; °p<0.05; *°p<0.01; **°p<0.001; *°*°p<0.0001

0 vs.21; ©p<0.05; “p<0.01; ““p<0.001; “““p<0.0001

0 vs.28; 9p<0.05; “4p<0.01; “p<0.001; ““*p<0.0001

0 vs.50; p<0.05; **p<0.01; “**p<0.001; ****p<0.0001

-+~ (M [0 T

7 vs.14; 'p<0.05; "p<0.01; "p<0.001; ™p<0.0001
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7 vs.21; 8p<0.05; #8p<0.01; *88p<0.001; 5888 p<0.0001

o

7 vs.28; "p<0.05; "p<0.01; "™p<0.001; """p<0.0001

>

[ 7 vs. 50; 'p<0.05; 'p<0.01; "'p<0.001; "p<0.0001

14 vs.21; 'p<0.05; "p<0.01; ¥p<0.001; ¥p<0.0001

14 vs.28; “p<0.05; “p<0.01; *p<0.001; **p<0.0001

—_— R |-

14 vs.50; 'p<0.05; "p<0.01; "p<0.001; "p<0.0001

21 vs.28; Mp<0.05; ™Mp<0.01; "M ™p<0.001; "™ "p<0.0001

21 vs.50; "p<0.05; "p<0.01; ""p<0.001; """"p<0.0001

o |5 |3

28 vs.50; °p<0.05; *°p<0.01; **°p<0.001; ***°p<0.0001

Data were analyzed with the assistance of GraphPad Prism (version 6). Significance was
determined using one-way ANOVA with Bonferroni post hoc correction for multiple variable

experiments (n=5/age group).
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