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Brain Arachidonic Acid Incorporation Is Decreased in Heart Fatty Acid Binding
Protein Gene-Ablated Mice
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ABSTRACT. Heart fatty acid binding protein (H-FABP) is expressed in neurons, but its role in brain fatty
acid incorporation and metabolism is poorly defined. We examined the effect of H-FABP gene ablation
on brain incorporation of arachidonic ([#€]20:4n-6) or palmitic ([14+4C]16:0) acid in vivo. Analysis of

brain mMRNA confirmed gene ablation and demonstrated no compensatory changes in the levels of other
FABP mRNA in the gene-ablated mice. In brains from H-FABP gene-ablated mice, the incorporation
coefficient for [144C]20:4n-6 was reduced 24%, while that for [4#€]16:0 was unaffected. Within the
organic and agueous fractions, significantly moré42}20:4n-6 was distributed into the aqueous fraction,
suggesting a disruption in the metabolic targeting of 8@4n these mice. There was less incorporation

of [1-14C]20:4n-6 into total phospholipids and a marked reduction (51%) in the level of incorporation
into the choline glycerophospholipids (ChoGpl). Because FABP can influence steady-state lipid mass,
brain individual lipid masses were measured. The brain total phospholipid mass was reduced 17% by
gene ablation, ascribed to a 27% and 32% reduction in the masses of ChoGpl and sphingomyelin,
respectively. Plasmalogen subclass masses were also reduced, suggesting that H-FABP may augment
brain plasmalogen synthesis. In gene-ablated mice, the phosphatidylinositol&2@del was reduced

25%, while the proportion of totai-6 fatty acids was reduced in the major phospholipid classes. Thus,
these results demonstrate for the first time that H-FABP expression influences brair620pdake and
trafficking as well as steady-state brain lipid levels.

The physiological function of heart-type fatty acid binding transport fatty acids between vesicles via a collisional
protein (H-FABP} in brain fatty acid uptake and subsequent mechanism involving the direct interaction between H-FABP
metabolism is not well understood. A recently produced and membrane for fatty acid binding to occ@8j.(H-FABP
H-FABP gene-ablated mousg, (2) provides a useful tool  also demonstrates a preferential binding ofrik@fatty acid
for studying this issue. H-FABP is a 15 kDa cytosolic protein family (9), suggesting a potential role for trafficking of
found in heart, muscle, brain, and lactating mammary gland arachidonic acid (20m@6). Further, H-FABP binds epoxy-
(3—6). A unigue promoter region appears to account for the eicosatrienoic acids in vitro and prolongs the half-life of these
specific tissue localization of H-FABP expressioi).( molecules by preventing their hydratiatQj. H-FABP levels
H-FABP binds fatty acids with a high affinity and can are reduced nearly 35% in aged mouse bréaib),(and they
are also reduced in brain regions affected by Alzheimer’s
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The brain expresses three different members of the fatty 20:4n-6 levels in gene-ablated mice, suggesting that H-FABP

acid binding protein family14, 15). In brain, expression of
these intracellular fatty acid binding proteins is temporally
and spatially distinct. Brain FABP (B-FABP) is develop-
mentally expressed in radial glial celld5 16) and is
expressed at lower levels in adult mi& 15). B-FABP has

a preference for binding the-3 fatty acid family 6, 17)

and may be involved in the trafficking and targeting of these

fatty acids during brain development, especially to myelin
(18). B-FABP is estimated to comprise 0.1% of the total
cytosolic protein in adult brain6j. Epidermal FABP (E-

FABP) is expressed in the adult animal but is expressed

primarily in gray matter in glial cells, although there does
appear to be some expression in white matter as W8}l (
H-FABP has repeatedly been identified in the brang,

15, 19) and is expressed in neurons with the highest level of
expression in cortical layers, in the hippocampus, and in the

dentate gyrus1, 19). H-FABP is estimated to comprise
0.01% of the total cytosolic protein in adult brai)(
Because H-FABP has a binding preferenceférfatty acids

has a role in directing 206 to specific phospholipid
classes.

EXPERIMENTAL PROCEDURES

Animals.Male mice (25-30 g) were obtained from the
Cardiovascular Research Institute Maastricht and were
maintained on standard laboratory chow diet and water ad
libitum. Prior to surgery and infusion, the mice were fasted
overnight prior to the morning of surgery, with infusion
occurring 3-4 h post-operative. Mice in both groups were
9—15 months old, and there were no correlations between
age and any of the lipid parameters measured in either group.
This study was conducted in accordance with the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals (NIH Publication 80-23) and under an
animal protocol approved by the IACUC at the University
of North Dakota (Protocol 0110-1).

Mouse SurgeryAfter the mice were anesthetized with

(9), it suggests that this protein may be involved in neuronal halothane (+3%), their femoral artery and vein were

20:4n-6 uptake and trafficking.

catheterized with polyethylene tubing (PE-10). The wound

While FABPs facilitate fatty acid uptake, FABP expression area was anegthetized with xylo.caine (1%) and closed using
is also associated with an increase in phospholipid mass ar]dstandard surgical staples. The hindquarters of the mouse was

alterations in phospholipid acyl chain compositi@®,(21).
Liver FABP (L-FABP) expression and intestinal FABP (I-

iImmobilized by taping the hind legs and hindquarters to a
wooden block, and the mice were maintained post-opera-

FABP) expression increase the basal total phospholipid masdiVely in a temperature-controlled environment for 4 h.

1.7- and 1.3-fold in L-cell fibroblasts, respectiveB( 21).

Tracer Preparation[1-14C]16:0 and [11%C]20:4n-6 were

This is consistent with the observed capacity for FABP to Synthesized by Moravek Biochemical (Brea, CA). The

enhance phosphatidic acid biosynthesis in vi2@—<24).

radiotracer was prepared by taking an aliquot of the tracer

I-FABP expression and L-FABP expression increase the in €thanol and evaporating the ethanol under a constant
mass of individual phospholipid classes as well as the massstream of N at 50°C. Prior to use, radiotracer purity was
of the plasmalogen subclasses of the ethanolamine and®ssessed by ga$iquid chromatography and was found to

choline glycerophospholipid20). Similarly, in hearts from

be >97%. The fatty acid tracer was solubilized in 5 mM

H-FABP gene-ablated mice, the individual phospholipid class HEPES (pH 7.4) buffer containing “essentially fatty acid

mass, including the plasmalogens, is alterEg),(suggesting
FABP expression impacts phospholipid metabolism in vivo

free” bovine serum albumin (50 mg/mL, Sigma Chemical
Co., St. Louis, MO). Solubilization was facilitated by

Further, I-FABP expression and L-FABP expression increase Sonication in a bath sonicator for 45 min at 46. The
the degree of unsaturation in phospholipid acyl chain appropriate amount of radiotracer was prepared for each

composition in L-cell fibroblasts 20). In hearts from

mouse using the mouse’s weight based upon the infusion

H-FABP gene-ablated mice, there is a derangement of 20:Parameters of 17aCi/kg (25).

4n-6 targeting, as these levels are decreased in heart

phospholipids 13). Hence, FABP expression alters steady-

Infusion (intravenous).Awake, fasted, adult male mice
were infused with 170uCi/kg of either [134C]16:0 or

state phospholipid mass and acyl chain composition, sug-[1-**C]-20:4n-6 into the femoral vein over the course of 10

gesting a role in cellular lipid metabolism beyond facilitation
of fatty acid incorporation. A similar function of H-FABP
in the brain is unknown.

To better address the potential role of H-FABP in brain
fatty acid incorporation and trafficking, gene-ablated mice
were infused with either [14C]16:0 or [144C]20:4n-6 (170
uCilkg) and brain fatty acid incorporation and disposition

min at a constant rate of 3@_/min to achieve steady-state
plasma radioactivity. Prior to and during the experimental
period, arterial blood samples~R0 uL) were taken to
determine plasma radioactivity. Following infusion, each
mouse was Kkilled using pentobarbital (100 mg/kg, intrave-
nous). Its brain was rapidly removed and frozen in liquid
nitrogen. The time from pentobarbital injection to freezing

were assessed using standard lipid analytical techniques. Thavas 25+ 5 s. All tissue was stored at80 °C until it was
effects of H-FABP deletion on steady-state phospholipid used.

mass and phospholipid acyl chain composition were also Plasma ExtractionArterial blood samples, taken at fixed
addressed. In addition, using RT-PCR, we demonstrate notimes during the infusion period, were stored for up to 10
compensatory changes in other FABPs found in the brain. min on ice before the plasma was separated by centrifugation

Our results show a differential effect of H-FABP on fatty
acid incorporation, with deletion decreasing 296tincor-
poration, indicative of a previously unknown role for
H-FABP in brain fatty acid uptake. Furthermore, H-FABP
was important in the trafficking of 20046 to cellular lipid

with a Beckman (Fullerton, CA) microfuge. Plasma lipids
were then extracted by transferring a/dl0aliquot of plasma
into a tube containing 2 mL of chloroform and methanol
(2:1, viv) and then mixing it by vortexin@6). The addition

of 0.4 mL of 0.9% KClI to these tubes resulted in two phases.

pools, consistent with the decrease in phosphatidylinositol These phases were thoroughly mixed and then separated
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overnight in a—20 °C freezer. The upper phase was Mass of Indiidual Lipid ClassesPhospholipid mass was
removed, and the lipid-containing lower phase was rinsed determined by assaying the lipid phosphorus content of
with 0.43 mL of the theoretical upper phase to remove any individual lipid classes separated by TLC as described above
aqueous soluble contaminangs). The radioactivity in the (32). Cholesterol mass was assayed using an iron binding
upper phase was determined using a Beckman LS5000 CEassay after separation by TLC as described ab88g (

liquid scintillation counter. Lower phase radioactivity was Plasmalogen Masd.he plasmalogen mass was determined
assessed in a portion of the lower phase using a Beckmarfollowing separation of individual phospholipid classes in
LS5000 CE liquid scintillation counter. the brain lipid extracts by high-performance liquid chroma-

Blood Extraction. Following the procedure described tography (HPLC) 84). One-half of the choline glycerophos-
above for plasma, whole blood was extracted to correct for Pholipid (ChoGpl) and of the ethanolamine glycerophos-
radioactivity contributed by residual blood left in the tissue. Pholipid (EtnGpl) fractions were dried under nitrogen and
For the brain, the level of residual blood left in the brain Subjected to mild acidic hydrolysis followed by separation

tissue was estimated to be 2%&7(-29). using HPLC 85). The proportion of plasmalogen in this
separation was used to calculate plasmalogen mass using the

EtnGpl and ChoGpl masses determined by TLC as reported
above.

Phospholipid Acyl Chain CompositioThe fatty acid
composition of the Ptdins, phosphatidylserine (PtdSer),
ChoGpl, and EtnGpl was determined following transesteri-
fication in 0.5 M KOH in methanol to form the fatty acid
methyl ester 36). Individual fatty acids were separated by

as-liquid chromatography (GLC) using an SP-2330 column
0.32 mm (inside diameterx 30 m (length)] and a Trace
GLC system (ThermoElectron, Austin, TX) equipped with
dual autosamplers and dual flame ionization detectors (FID).
Fatty acids were quantified using a standard curve from
commercially purchased standards (NuChek Prep), and 17:0

Tissue Lipid ExtractionfFrozen brain tissue was pulverized
at liquid nitrogen temperatures. Lipids from brain tissue
powder were extracted in a Tenbroeck tissue homogenizer
using a two-phase systen2€). Briefly, the tissue mass
(grams) was multiplied by a correction factor of 1.28 to
convert it to an equivalent value expressed in millilite38) (

This value represents 1 volume. The pulverized tissue was
placed in the homogenizer, and 17 volumes of chloroform
and methanol (2:1, v/v) was added. Tissue was homogenize
until there was a fine particulate-like powder. The solvent
was removed and the homogenizer rinsed with 3 volumes
of chloroform and methanol (2:1, v/v). The rinse was added
to the original sample, and 4 volumes of a 0.9% KCI solution
was added to this combined lipid extract. After vigorous ;
mixing, phase separation was facilitated by centrifugation was th_e '”“?”?a' ;tandard._ .

as described above. The upper phase and proteinaceous L|qU|d_ Scm_tll_latlon C_ZountlngBands corrgspondlng t°_th‘?
interface were removed and saved in a 20 mL glass ap_prt_:pn.ate I|.p|d fractions were scraped into 20 mL liquid
scintillation vial. The lower organic phase was washed twice scintillation V'al.s' .and 0.5 mL .Of b was gdded foIIowgd
with 2 mL of theoretical upper phase, with phase separation by 10 mL of Scintiverse BD (Flshgr Smen'qﬂc). Aftgr .be'.”g
facilitated by centrifugation between washes. The washesm'xed.' the samples were quantified '_O)/ liquid scmt_lllat_lon
were removed and combined with the previously removed counting at leas1 h after the addition of the liquid

upper phase. The washed lower phase was dried under gcgtllllat;op coclktall. d for the ol dioactivi
stream of nitrogen, and the lipids were redissolved in 1 mL alculationsIntegrated areas for the plasma radioactivity

) _ . o curves were determined using the trapezoidal method (Sigma
of n-hexane and 2-propanol (3:2, v/v) containing 5.5%H Plot, Jandel Scientific, San Rafael, CA). Total radioactivity

Aqueous Fraction.The radioactivity in the aqueous  ¢qr aach individual brain fraction was normalized to the wet
fractlon from the brain tissue extraction, including the weight (grams wet weight) and divided by the integrated area
theoretical upper phase from the two wash steps, Wast piasma radioactivity. This calculation essentially normal-
measured using liquid scintillation counting. Radioactivity ;e tissue radioactivity to the exposure of plasma tracer.

was determined after addition of 10 mL of Scintiverse Il e regyiting coefficient is termed the unilateral incorporation
BD (Fisher Scientific, Pittsburgh, PA) using a Beckman cqefficient ork*, with values expressed in inverse seconds.
LS5000 CE liquid scintillation counter. The addition of the  once. k* represents the radioactivity of each fraction

aqueous material to the scintillation cocktail did not adversely ,ormalized to the amount of radioactivity in the plasma to

affect the counter efficiency. which the tissue was exposed. The following equation was
Thin Layer ChromatographyPhospholipids and neutral  used to calculate the unilateral incorporation coefficient:

lipids were separated by thin-layer chromatography (TLC).

For each separation, 100 of sample was spotted onto a =i, fTC* dt 1)

TLC plate. Phospholipids were separated on heat-activated issué.Jo “plasma

Whatman silica gel-60 plates (20 cm 20 cm, 250um) ) o ) ) )

and developed in a chloroform/methanol/acetic acid/water Wherek* is the coefficient for incorporation of tracer into a

mixture (50:37.5:3.5:2 by volume4). This method sepa-  brain compartmentgj . is the tracer radioactivity in the

rates all major phospholipids. Neutral lipids were separated brain compartmentc;,,.,,is the tracer radioactivity in the

on heat-activated Whatman silica gel-60 plates (20>cm  plasma, and is the time of tissue sampling.

20 cm, 25Qum) and developed in a petroleum ether/diethyl ~ RNA Isolation and Semiquantitadi RT-PCRTissues were

ether/acetic acid mixture (75:25:1.3 by volum8)). This isolated from wild-type and H-FABP mutant mice (10-week-

solvent system resolves cholesteryl esters, diacylglycerols,old male mice,n = 3 for each genotype) and were

nonesterified fatty acids, and triacylglycerols. Lipid fractions immediately frozen in liquid nitrogen. Total RNA was

are identified using authentic standards (Doosan-Serday,isolated using the guanidine isothiocyanate-based TRIzol

Englewood Cliffs, NJ, and NuChek Prep, Elysian, MN). solution (GIBCO-BRL, Burlington, ON) according to the
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manufacturer’s instructions. First-strand cDNA was synthe- &
sized using a Reverse Transcription System (Promega,A Qd.,e 49‘9
Madison, WI). RT-PCR was performed to assess gene ' L
expression of A-, B-, E-, and H-FABP mRNA in wild-type
and H-FABP gene-ablated brains. Primers with the following
oligonucleotide sequences were used: A-FABPTGAAC-
CTGGAAGACAGCTCCT-3and 8-TCGACTTTCCATC-
CCACTTC-3 (GenBank accession number NM_024406);
B-FABP, 53-GGGTAAGACCCGAGTTCCTC-3 and 5-
GAGCTTGTCTCCATCCAACC-3(GenBank accession num-
ber BC055280); E-FABP,'SCAAACCGAGAGCACAGT-
GA-3 and B-TTTGACCGCTCACTGAATTG-3 (GenBank B
accession number BC002008); H-FABP;GATGAAGT-
CACTCGGTGTGG-3 and 3-TGCCATGAGTGAGAGT-
CAGG-3 (GenBank accession number BC00208R2#ctin,
5'-CAGGAGATGGCCACTGCCGCA-3 and 3-CTCCT-
TCTGCATCCTGTCAGCA-3(GenBank accession number
NM_007393).

Polymerase chain reaction was carried out with a Gene-
Amp PCR system 9700 (Applied Biosystems, Foster, CA)
using 100 ng of cDNA, 5 pmol of each oligonucleotide H-FABP  B-FABP  E-FABP  AFABP
primer, 200uM dNTP, 1 unit of Taq polymerase (Takara, Ficure 1: RT-PCR of brain mRNA isolated from wild-type and
Tokyo, Japan), and X1 PCR buffer (Takara). The PCR H-FABP gene-ablated (KO) micel & 3). For all FABPs except

program was initially started with 92C denaturation for 4 A-FABP, the expansion of brain mRNA and quantitation was linear
. . o between groups. Positive control tissues were obtained from wild-
min followed by 25 cycles of 94C for 1 min, 60°C for 1 type mice and were skin, adipose, and heart. Note that H-FABP

min, and 72°C for 1 min. Linear amplification of the band ~ mRNA was absent from both heart and brain. Panel A is the gel
was confirmed in advance for each target gene in the braindemonstrating the reductions in the level of tissue H-FABP mRNA

except for A-FABP under these conditions. PCR products in the KO r_nice. Panel B shows the densiometric data for a group
were electrophoresed on a 1.5% agarose gel, and gel imagegg\t/?;teignm'ce where the values represent meanthe standard
were digitally captured by ChemiDoc XRS (Bio-Rad Labo- '

ratories, Hercules, CA), and the density of the amplified band
was measured by Quantity One software (Bio-Rad Labora-

SO
wild brain  H-FABPKO brain F oS

density ratio

was reduced 24%, while the level of incorporation into the
) : - organic fraction was reduced 30% in the gene-ablated mice.
tques). The .Va'“?s. were presented asa ratio of specified 9€NEe percent of radiotracer in the plasma extracted by the
S|gnalld§n5|ty d_'V',ded by th"’}t ¢-actin. ) brain was calculated, and there were no differences for
Statistics Statistical analysis was done using Instat2 from [1-4C]16:0-infused mice. In [£4C]20:4n-6-infused mice,
GraphPad (San Diego, CA). Statistical significance was g g+ 0.11% of the tracer was extracted by the brain from
assessed using an unpaired, two-way, Studeneést, with plasma in control mice, while 0.6+ 0.11% was extracted
ap < 0.05 considered to be statistically significant. from the plasma of gene-ablated mice. Thus, two different
RESULTS measures of fatty acid uptake _demonstrgte a significant
reduction (~25%) in the level of incorporation of 20146

FABP mRNA Leels.No significant differences in B-, E-,  into the brains of H-FABP gene-ablated mice.
and A-FABP expression were detected in brains from wild-  Distribution of Fatty Acids into Metabolic Compartments.
type and H-FABP gene-ablated mice (Figure 1). Further, the The effects of H-FABP gene ablation on the distribution of
ablation of the mRNA for H-FABP was confirmed in brains fatty acids into the agueous and organic fractions were
and hearts of gene-ablated mice. determined (Figure 3). For [¥C]16:0-infused mice, there

Plasma Cures The plasma curves for [#C]16:0- and was no change in tracer distribution. In 4]20:4n-6-
[1-14C]20:4n-6-infused mice reached a steady state betweeninfused mice, 1.3-fold more tracer was targeted to the
2 and 4 min following the start of infusion (data not shown). aqueous fraction and 17% less tracer was targeted to the
For [1-4C]16:0-infused mice, the average integrated plasma organic fraction.
curve area was significantly different between groups-( Targeting of Fatty Acids to Esterified Lipid Compartments.
0.05), with values of 943 61 and 1172t 127 nCi min* The esterification of tracers into either the neutral lipid
mL~* for control and gene-ablated mice, respectively. For fraction or into the phospholipid fraction was also assessed
[1-1%C]20:4n-6-infused mice, the average integrated plasma (Figure 4). There were no differences between groups in the
curve area was 145¥ 484 and 142@- 286 nCi mimt mL~* incorporation or the distribution of [34C]16:0 into the
for control and gene-ablated mice, respectively. neutral lipids or phospholipids (Figure 3A,B). In [4€]20:

Brain Fatty Acid Uptake Brain radiotracer uptake was 4n-6-infused mice, there was a 38% reduction in the level
normalized to the integrated area under the curve andof incorporation of tracer into phospholipids, while the
expressed as the incorporation coefficidedit, For [1-14C]- incorporation into neutral lipids was unaffected (Figure 4A).
16:0-infused mice, there were no significant differences However, there was no net change in the distribution of tracer
between groups in the incorporation of tracer (Figure 2). For among the esterified neutral lipids and phospholipids (Figure
[1-14C]20:4n-6-infused mice, the level of total incorporation  4B). Thus, H-FABP gene deletion resulted in a selective
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FiGURE 2: Incorporation of [1}C]16:0 or [144C]20:4n-6 into brain
tissue from control (filled bars) and H-FABP gene-ablated (empty
bars) mice expressed as the level of total incorporation or
incorporation into the aqueous and organic fractions. All values
are expressed als" (s71) and were corrected for radioactivity
associated with the residual blood left in the brain tissue. Values

represent means the standard deviatiom(= 4—5). The asterisk  with values of 42 983t 2903 nmol/g wet weight in control
indicates statistical significance from control mige < 0.05). mice and 35 543 2084 nmol/g wet weight in gene-ablated
) _ _ L mice. The masses of phosphatidic acid (PtdOH) and of

decrease in the level of incorporation of fatty acids into the phosphatidylglycerol (PtdGro) were increased 2.6- and 2.2-
phospholipid compartment, yet H-FABP expression did not ¢4 in gene-ablated mice, respectively. The mass of choline-
alter the targeting of tracer to these two pools. containing phospholipids was also reduced, with a 27 and a

Targeting of Fatty Acid to Indidual Lipid ClassesThe 32% reduction in ChoGpl and sphingomyelin (CerPCho)
effect of H-FABP gene ablation on incorporation of fatty mass, respectively, in gene-ablated mice. These changes in
aCidS intO indiVidual ||p|d C|asseS was aISO determined (Table Steady_state mass were also demonstrated by the Correspond_
1). There were no alterations in incorporation of or targeting jng increase in the percent mole composition for PtdGro and
of [1-1C]16:0 (Table 1, top and bottom). In [f€]20:4n-  ptdOH, with a reduction in the percent mole composition
6-infused mice, the level of incorporation of tracer into the fgor ChoGpl and CerPCho. Hence, H-FABP gene ablation
ChoGpl was reduced 51% in gene-ablated mice (Table 1,sjgnificantly altered steady-state phospholipid mass, sug-

top). This reduction in the level of incorporation was also gesting that H-FABP has a role in maintaining phospholipid
reflected in a 22% reduction in the extent of targeting to piosynthesis.

Aqueous Organic

Ficure 3: Distribution of [144C]16:0 and [11%C]20:4n-6 in brain
agueous and organic fractions from control (filled bars) and
H-FABP gene-ablated (empty bars) mice. Values represent means
=+ the standard deviatiom & 4—5). The asterisk indicates statistical
significance from control micep(< 0.05).

ChoGpl (Table 1, bottom). _ _ Because FABP expression can influence plasmalogen mass
Because plasmalpgens m_braln are a large reservoir of 20:(13, 20), we also examined the effect of gene ablation on
4n-6, we also examined the incorporation of'fG]20:4n-6 brain plasmalogen mass (Table 3). Unlike targeting (-

into this compartment. There was no alteration in the 20:4n-6 to the plasmalogen subclasses, steady-state plas-
incorporation into the plasmalogen subclasses, with the only malogen mass was significantly altered by H-FABP gene
significant reduction limited to the acid stable fraction of ablation. The mass of the ethanolamine plasmalogen (PISEtn)
the ChoGpl comprised primarily of phosphatidylcholine (data was significantly reduced 13%, while that of the choline
not shown). Thus, H-FABP gene ablation caused a significant plasmalogen (PIsCho) was reduced 57% in gene-ablated as

decrease in the level of incorporation of {45]20:4n-6 into compared to control mice. The PIsEtn:PIsCho ratio was
the ChoGpl, without affecting incorporation into the ether increased in gene-ablated mice, from 510.7 for control
lipid subclasses. to 10.6 = 1.8 for gene-ablated mice. Thus, H-FABP

Brain Steady-State Phospholipid MaBsain phospholipid expression affects brain plasmalogen steady-state mass in
mass and composition were also assessed in H-FABP genethe absence of targeting 204 to the plasmalogens.
ablated and control mice (Table 2). The total phospholipid  Brain Cholesterol MassThe cholesterol mass and cho-
mass was significantly reduced 17% in gene-ablated mice,lesterol:phospholipid ratio were also determined for each
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Ficure 4: Incorporation of tracer (A) and distribution of tracer (B) in the esterified neutral lipids and phospholipids of control (filled bars)
and H-FABP gene-ablated (empty bars) mice. All values are expressé&dsas) and were corrected for radioactivity associated with the
residual blood left in the brain tissue. The distribution was determined basedktipatues found in panel A. Values represent means

the standard deviatiom(= 4—5). The asterisk indicates statistical significance from control mice (©.05).

Table 1: H-FABP Expression Increases the Level of a@4
Targeting to Choline Glycerophospholipids

Table 2: H-FABP Expression Alters Brain Steady-State
Phospholipid Mass and Compositfon

[1-*4C]16:0 [144C]20:4n-6 mass (nmol/g wet weight) composition (mol %)
control gene-ablated control gene-ablated control gene-ablated control  gene-ablated
class mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD
k* (x10°s™) Ptd,Gro 871 287 710 171 20 06 20 04
DAG 1.1 1.0 1.1 0.9 1.2 0.7 0.7 04 PtdGro 253 130 562 124 10 1.2 16 03
EtnGpl 08 0.6 09 04 20 06 1.0 0.7 PtdOH 245 132 626 240 05 03 17 0B
Ptdins 0.4 0.4 0.1 0.1 64 19 52 22 EtnGpl 13329 1441 12161 779 31.0 29 341 b25
PtdSer 0.0 00 01 0.2 12 06 08 09 Ptdins 1421 219 1330 210 33 05 37 05
ChoGpl 45 0.9 49 0.6 92 16 45 19 PtdSer 4225 584 3869 441 96 0.9 108 1.0
CerPCho 03 05 1.3 04 06 04 06 08 ChoGpl 17891 1461 13026 1023415 1.9 365 2%
n=4 n=>5 n=4 n=>5 CerPCho 4802 599 3260 8&1611.1 1.1 95 14
(B) % Distribution n=9 n=7 n=9 n=7
DAG 105 10.1 80 71 54 34 49 21 aValues represent the meanthe standard deviatiom(= 5—6).
EtnGpl 74 53 6.6 4.5 9.2 29 79 56 b Significantly different from the control group valup & 0.05).
Ptdins 3.6 3.9 05 12 285 7.0 361 78
PtdSer 0.0 00 1.1 13 52 28 59 6.1
ChoGpl 50.2 85 409 65 409 56 318 5.2 Table 3: H-FABP Expression Increases Brain Steady-State
CerPCho 34 46 114 3.6 3.0 20 45 46 Plasmalogen Ma3s
n=4 n=5 n=4 n=5

aValues represent the mean the standard deviatiom(= 4—5).
The distribution ok* was determined using the values in the top portion

of the table? Significantly different from the control group valug (
< 0.05).

group. The level of brain cholesterol was significanthy<
0.05) reduced 24% in brains from gene-ablated mice
compared to control. The cholesterol mass was 26827
1595 nmol/g wet weight in control mice and 20 3411384
nmol/g wet weight in gene-ablated mice. The brain choles-
terol:phospholipid ratio was 0.61:8 0.038 in control mice
and 0.566+ 0.059 in gene-ablated mice. However, because
of a net reduction in total phospholipid mass, the cholesterol:
phospholipid ratio was not different between groups.

Brain Phospholipid Acyl Chain CompositioAcyl chain
compositions were determined for ChoGpl, EtnGpl, PtdSer,
and PtdIns (Table 4). For ChoGpl, the level of taté fatty

mass (nmol/g wet weight) % Gpl class (mol %)

control  gene-ablated control gene-ablated

SD mean SD mean SD

PakEtn and PtdEtn 7021 843 6538 421 522 1.2 538 25

PIsEtn 6430 675 5622 52047.8 1.2 462 25

PakCho and PtdCho 16043 689 12265 082.7 1.1 958 0!8

PIsCho 1267 174 551 %2 73 11 42 08
n=29 n=7 n=29 n=7

aValues represent the meahn the standard deviatiom(= 7-9).
b Significantly different from the control group valup & 0.05).

mean SD mean

acids was decreased 20% in the gene-ablated mice and the
n-3/n-6 ratio was increased 1.2-fold, although there was no
net change in 22163 or 20:4-6 proportions. Similarly, in
EtnGpl, the total level of-6 fatty acids was decreased 11%,
but there was no change in the 26:@ or 22:6-3 levels.

For PtdSer, the level of total-6 fatty acids was decreased
13%, but there was no net change in 2064or 22:61-3.
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Table 4: H-FABP Expression Alters Brain Phospholipid Fatty Acid Composition

ChoGpl EtnGpl PtdSer Ptdins
control gene-ablated control gene-ablated control gene-ablated control gene-ablated
fatty acid mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD
16:0 320 23 340 38 44 03 47 0.9 30 1.0 23 06 98 0.8 4.9 *° 09
18:0 176 05 170 1.0 230 10 223 0.6 422 10 408 L0836 05 328 07
18:1n-9 22.9 1.0 24.4 1.1 12.4 1.8 15.1 0.7 16.8 2.2 18.2 1.3 6.3 0.8 12.4 0.5
18:1n-12 84 0.2 80 03 3.0 0.6 33 05 24 03 25 02 39 02 41 0.2
18:2n-6 0.8 0.1 0.9 0.1 NB ND¢ 0.7 0.7 ND ND¢ ND¢
20:1n-9 15 0.2 14 0.1 33 12 47 0.6 1.3 03 16 0.2 °ND 25 04
20:31-6 1.1 0.4 0.5 0.1 1.9 1.3 ND 0.5 0.1 0.4 0.0 NB ND¢
20:4n-6 7.7 0.7 6.7 0.7 153 12 147 0.3 58 05 52 0.6 405 13 303°"° 02
22:4n-6 NDe ND¢ 5.1 0.1 5.0 0.1 2.1 0.1 2.1 0.1 2.4 1.8 1.8 0.7
22:,1-3 NDe ND¢ ND¢ ND¢ 0.5 0.4 1.0 0.8 NB ND¢
22:1-3 72 06 70 0.8 316 18 304 14 247 26 257 15 35 01 85 P 1.6
sat 496 19 510 28 274 11 269 14 452 06 432 09 434 1.0 37.7° 0.9
unsat 504 19 490 238 726 11 731 14 548 06 56.8 0.9 56.6 1.0 62.3° 09
MUFA 327 11 338 15 187 35 229 %9 205 25 223 15 102 1.0 189 b9
PUFA 176 1.3 152 14 539 25 502 14 344 27 346 23 46.4 17 434 P14
n-3 77 0.6 72 08 316 18 304 14 252 29 267 18 35 01 8.7 1.7
n-6 100 11 79 1b 223 14 198 083 9.1 0.6 79 0% 429 17 347 07
n-3/n-6 0.77 0.09 091 005 142 011 154 0.08 279 045 340 @®230.09 0.01 025 0.05
unsat/sat 1.02 0.07 096 0.10 266 0.15 272 0.19 121 0.03 1.32° 0.0530 0.05 1.66 0.07
PUFA/MUFA 054 0.04 045 003 297 056 221 022 171 031 156 0.21 462 060 229 @17
MUFA/sat 0.66 0.04 0.67 0.07 0.69 0.16 0.86 0.11 045 0.05 0.52 "0.08.24 0.02 050 0.02
PUFA/sat 0.36 004 030 0.4 197 004 187 0.11 0.76 0.06 0.80 0.07 1.06 0.07 1.15 0.06
n=>5 n=>5 n=>5 n=>5 n=>5 n=>5 n=>5 n=4

aValues represent the meanthe standard deviatiom & 4—5). P Signifi

cantly different from the control group valup € 0.05).¢ Not detected.

However, in Ptdins, the levels of 20146 were reduced 25%
accompanied by a 2.4-fold increase in the level of B86

in gene-ablated mice. This phospholipid class demonstrated

a number of important changes in acyl chain composition,
including more oleic acid (18rt9) and less 16:0, causing a
shift in a majority of the fatty acid indices. For instance, the
n-3:n-6 ratio was increased 2.8-fold, indicating a dramatic
shift in the amount of 2046 and 22:®-3 in PtdIns. Thus,
although then-6 fatty acid index was decreased in all of the

determined the impact of H-FABP expression on brain
steady-state phospholipid mass and acyl chain composition.

In A-FABP gene-ablated mice, adipocyte E-FABP expres-
sion is enhanced, thus partially compensating for the reduc-
tion in the level of A-FABP 43). A similar compensation
could occur in the brains of H-FABP gene-ablated mice.
However, because FABPs are temporally and spatially
expressed in different cell types in the brait¥,(15), the
existence of a similar compensatory mechanism is less likely.

major phospholipid classes, the greatest magnitude ofThjs was confirmed using PCR to quantify mRNA from total

changes was found in PtdIns.

DISCUSSION

brain. Our results demonstrate no compensatory increase in
the level of FABP expression in brains from H-FABP gene-
ablated mice.

In heart, H-FABP facilitates the incorporation of both 16:0

Fatty acids are rap|d|y taken up by the brain and esterified a.nd 20:4]'6, but diﬁerentia”y affeCtS targeting Of these fatty

into stable lipid compartments; however, the role of proteins acids to heart lipid compartment$3). However, in brain
in facilitating this process is poorly understood. Both therewas a differential effect at the level of fatty acid uptake,

transporters localized in the plasma membra&ye-@2) and
FABP localized in the cytosoll( 2, 13) may facilitate this

with a reduction in the level of total 20046 incorporation
in the absence of any alteration in 16:0 incorporation (Figure

process in the brain as well as other organ systems. Although?)- This is consistent with the observation that H-FABP has
the role of membrane-localized transporters in brain fatty & Preference for binding of the-6 fatty acid family ©).

acid uptake is unknown, in heart CD-36 is involved in
facilitating myocardial fatty acid uptake, and inhibition of
this transporter inhibits cellular fatty acid uptak&7( 40,

41). Similarly, H-FABP expression in heart stimulates fatty
acid uptake in isolated heart myocytds 2) and in intact

mice (1, 13). Although the brain expresses three different
FABPs (14), the role of these proteins in brain fatty acid
uptake and subsequent metabolism, including esterificatio

into stable lipid compartments, is unknown. To address this

However, the striking difference between 16:0 and 8@4
incorporation demonstrates a means by which the brain may
selectively take up fatty acids with greater biological
significance, such as 2% for use by neurons, which
account for~10% of the cells found in brairdd). In this
light, the impact of H-FABP expression on this process is
considerably greater than the 25% reduction in the level of

nincorporation may imply.

In cell expression systems, FABP expression stimulates

issue, we infused H-FABP gene-ablated and control mice fatty acid uptake nearly 1.7-foldt6—48), but the enhance-

with either [114C]16:0 or [11“C]20:4n-6 and quantified

ment in uptake is dependent upon the type of FABB, (

incorporation and disposition of brain fatty acids into stable 47). Nonetheless, in these systems, FABP expression en-
lipid compartments. Further, because FABP expression canhances incorporation to an extent similar to the decrease in
impact steady-state phospholipid mads3, (20, 21), we the level of incorporation observed in the H-FABP gene-



H-FABP Affects Brain Fatty Acid Incorporation Biochemistry, Vol. 44, No. 16, 200%357

ablated mice X, 13) and in myocytes isolated from these extent of targeting of newly taken up 204 to this pool.
mice (L, 2). However, in none of these systems was there This may have an important role in diverse mechanisms such
an observable selectivity for fatty acid uptake like that as the response to neuroinflammation to long-term potentia-
observed in the brains of H-FABP gene-ablated mice, tion in the hippocampus5@, 59, 72—74), a site where
suggesting that the brain may use H-FABP to selectively H-FABP is strongly expressed4).
acquire and traffic 2014-6. We examined the ability of H-FABP to target 20:8 to
With regard to trafficking of these two fatty acids in the the plasmalogen subclasses of ChoGpl and EtnGpl, because
brain, 16:0 was unaffected by H-FABP expression, while plasmalogens are phospholipids in which 20&4is con-
20:4n-6 was affected. In the absence of H-FABP expression, centrated 15, 76) and because plasmalogens turn over rapidly
more 20:4-6 was targeted to the aqueous fraction (Figure in the brain 29). We did not find any alteration in
3), indicating a greater use of 205 for S-oxidation in the incorporation of or targeting of 2046 to the plasmalogens.
brain, presumably for acquisition of carbon units for bio- Further, our results demonstrate that the only phospholipid
synthesis of other molecules such as neurotransmi#&s (  with an decrease in the level of incorporation was the
50). More importantly, H-FABP expression appears to be phosphatidylcholine fraction of the ChoGpl. We recently
key for directing 20:4-6 for incorporation into the phos- demonstrated a similar lack of altered incorporation and
pholipid compartment (Figure 4A), although there was no targeting of 20:4-6 to the heart plasmalogen pool3],
net change in the distribution of the fatty acid between despite the fact that these pools are used for lipid-mediated
compartments (Figure 4B). This lack of a difference between signal transduction in the heart via a plasmalogen-selective
groups in the distribution of tracer in the total brain phospholipase A(77—80).
phospholipid pool may reflect the very large distribution of ~ Because FABP expression is associated with increased
tracer in the phospholipid compartment90%), suggesting  phospholipid mass in cell culture systenZd)as well as
H-FABP has a lesser role in targeting of 26:@ relative to associated with improved PtdOH biosynthesis in via-
the ability to influence movement of 20146 from the plasma  24), we analyzed brain steady-state lipid mass from wild-
compartment into the brain. In heart, H-FABP expression is type and gene-ablated mice. Similar to what has been
more important in directing 16:0 into metabolic compart- previously reported in other systen#)(21), H-FABP gene
ments and has very little effect on directing 208 into deletion decreased total phospholipid mass and the mass of
these same compartments, despite a greater impact on heaihdividual choline-containing phospholipids (Table 2). How-
20:4n-6 incorporation {3). Thus, H-FABP appears to have ever, consistent with what was observed in hearts from these
a similar role in brain 204-6 incorporation as it does in  mice (L3), there was an increase in PtdOH and PtdGro mass,
heart, although in brain there was no significant effect on two precursors of phospholipid biosynthesis. The accumula-
16:0 incorporation. tion of these precursors, especially that of PtdOH as its
Sterol carrier protein-2 (SCP-2) is a ubiquitously distrib- synthesis is stimulated in vitro by FABRZ—24), appears
uted protein that is expressed in the braii, (52). When to suggest an upregulation of phospholipid biosynthesis in
expressed in cells, SCP-2 stimulates cholesterol uptake andhe absence of H-FABP. However, a plausable alternative
trafficking (53, 54) as well as stimulating fatty acid uptake explanation is that there is an accumulation of these
and modulation of phospholipid acyl chain compositibBh, precursors due to a reduction in the level of ChoGpl
56). Because SCP-2 comprise€.08% of the total brain  biosynthesis via movement of PtdOH through the Kennedy
cytosolic protein $1) and displays a broad range of ligand pathway, which is the major pathway for the de novo
binding, including a high affinity for both polyunsaturated synthesis of ChoGpl in brair8{, 82).
fatty acids and saturated fatty acidsr), this protein may Brain plasmalogen mass was also affected by H-FABP
have an important role in brain saturated fatty acid uptake. expression. The mass of PISEtn was only reduced 13% in
In contrast, H-FABP may influence brain 20:8 uptake, the absence of H-FABP; however, the mass of PIsCho was
while SCP-2 may influence saturated fatty acid uptake. While reduced 57% (Table 3). The difference in magnitude between
it is unlikely that the level of expression of SCP-2 is the reduction in PlsCho and PIsEtn more than likely reflects
increased in the brains of gene-ablated mice, we did notthe dilution of the active pool of gray matter PIsEtn by that
assess this point. Nonetheless, the lack of an effect on brainfound in myelin. We have previously reported that only gray
16:0 uptake in the H-FABP deficient mice may be the result matter pools of PIsEtn and PlsCho have a rapid rate of
of SCP-2-mediated uptake of the saturated fatty acids intoturnover @9), consistent with this hypothesis. In addition,
brain, whereas in the heart, H-FABP is critical for the uptake 24 h following intracerebral injection of labeled 26:8, the
and trafficking of both 16:0 and 20046 (13). highest specific activity was in PIsCho, greater than that in
FABP expression can influence fatty acid targeting within PtdIns, PakCho, or PtdCh83, 84), further supporting the
individual phospholipid classedd, 45, 47). In H-FABP supposition that the PIsCho pool is rapidly turning over.
gene-ablated mouse hearts, despite the lack of alteringAlternatively, our results suggest that the replacement of
targeting of 20:4-6 to the total phospholipid pool, H-FABP  PIsCho in the absence of H-FABP, by its direct and only
expression did impact targeting within the individual phos- precursor PISEtn, may be limited29). This point is
pholipid classes 13). Similarly, in brain H-FABP gene  substantiated by the very large shift in the PISEtn:PIsCho
deletion inhibited the incorporation of 206 into ChoGpl ratio, but once again this shift in the ratio may be influenced
(Table 1), a lipid pool that is utilized by both phospholipase by the less metabolically active pool of PISEtn in the white
D- and phospholipase Amediated signaling mechanisms matter. In heart, H-FABP appears to be more important in
(58—71). Hence, the decreased targeting of 2064to the maintaining the PISEtn mass rather than that of PIsCho,
ChoGpl in gene-ablated mice may impact downstream because only the PISEtn mass is significantly reduced (31%)
signaling mechanisms in the brain due to a reduction in the by H-FABP gene ablatiorl@). Further, in heart, the PISEtn:
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