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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 ([1-14C]20:4n-6) or palmitic ([1-14C]16:0) acid in vivo. Analysis of
brain mRNA 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 [1-14C]20:4n-6 was reduced 24%, while that for [1-14C]16:0 was unaffected. Within the
organic and aqueous fractions, significantly more [1-14C]20:4n-6 was distributed into the aqueous fraction,
suggesting a disruption in the metabolic targeting of 20:4n-6 in 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 20:4n-6 level was reduced
25%, while the proportion of totaln-6 fatty acids was reduced in the major phospholipid classes. Thus,
these results demonstrate for the first time that H-FABP expression influences brain 20:4n-6 uptake and
trafficking as well as steady-state brain lipid levels.

The physiological function of heart-type fatty acid binding
protein (H-FABP)1 in brain fatty acid uptake and subsequent
metabolism is not well understood. A recently produced
H-FABP gene-ablated mouse (1, 2) provides a useful tool
for studying this issue. H-FABP is a 15 kDa cytosolic protein
found in heart, muscle, brain, and lactating mammary gland
(3-6). A unique promoter region appears to account for the
specific tissue localization of H-FABP expression (7).
H-FABP binds fatty acids with a high affinity and can

transport fatty acids between vesicles via a collisional
mechanism involving the direct interaction between H-FABP
and membrane for fatty acid binding to occur (8). H-FABP
also demonstrates a preferential binding of then-6 fatty acid
family (9), suggesting a potential role for trafficking of
arachidonic acid (20:4n-6). Further, H-FABP binds epoxy-
eicosatrienoic acids in vitro and prolongs the half-life of these
molecules by preventing their hydration (10). H-FABP levels
are reduced nearly 35% in aged mouse brain (11), and they
are also reduced in brain regions affected by Alzheimer’s
disease (12), suggesting that H-FABP may have an important
role in normal brain function. However, the role of H-FABP
in brain fatty acid uptake and lipid metabolism in intact
animals is poorly understood.

H-FABP gene-ablated mice demonstrate a normal phe-
notype with regard to fertility, sex ratio, and weight gain
(1). These mice develop cardiac hypertrophy with increasing
age (1) and have altered fatty acid uptake and trafficking
characteristics both in vivo (1, 13) and in isolated myocytes
(2). The slower uptake of fatty acids results in a shift in heart
glucose utilization (1, 2), although the capacity of mitochon-
dria for â-oxidation remains intact (2). In heart, there are no
compensatory increases in the expression of or levels of other
FABP types or of putative membrane-associated fatty acid
transport proteins (2), although a similar effect in brain is
unknown.
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The brain expresses three different members of the fatty
acid binding protein family (14, 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 cells (15, 16) and is
expressed at lower levels in adult mice (6, 15). B-FABP has
a preference for binding then-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 brain (6). 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 well (15).
H-FABP has repeatedly been identified in the brain (5, 6,
15, 19) and is expressed in neurons with the highest level of
expression in cortical layers, in the hippocampus, and in the
dentate gyrus (15, 19). H-FABP is estimated to comprise
0.01% of the total cytosolic protein in adult brain (6).
Because H-FABP has a binding preference forn-6 fatty acids
(9), it suggests that this protein may be involved in neuronal
20:4n-6 uptake and trafficking.

While FABPs facilitate fatty acid uptake, FABP expression
is also associated with an increase in phospholipid mass and
alterations in phospholipid acyl chain composition (20, 21).
Liver FABP (L-FABP) expression and intestinal FABP (I-
FABP) expression increase the basal total phospholipid mass
1.7- and 1.3-fold in L-cell fibroblasts, respectively (20, 21).
This is consistent with the observed capacity for FABP to
enhance phosphatidic acid biosynthesis in vitro (22-24).
I-FABP expression and L-FABP expression increase the
mass of individual phospholipid classes as well as the mass
of the plasmalogen subclasses of the ethanolamine and
choline glycerophospholipids (20). Similarly, in hearts from
H-FABP gene-ablated mice, the individual phospholipid class
mass, including the plasmalogens, is altered (13), suggesting
FABP expression impacts phospholipid metabolism in vivo.
Further, I-FABP expression and L-FABP expression increase
the degree of unsaturation in phospholipid acyl chain
composition in L-cell fibroblasts (20). In hearts from
H-FABP gene-ablated mice, there is a derangement of 20:
4n-6 targeting, as these levels are decreased in heart
phospholipids (13). Hence, FABP expression alters steady-
state phospholipid mass and acyl chain composition, sug-
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 [1-14C]16:0 or [1-14C]20:4n-6 (170
µCi/kg) and brain fatty acid incorporation and disposition
were assessed using standard lipid analytical techniques. The
effects of H-FABP deletion on steady-state phospholipid
mass and phospholipid acyl chain composition were also
addressed. In addition, using RT-PCR, we demonstrate no
compensatory changes in other FABPs found in the brain.
Our results show a differential effect of H-FABP on fatty
acid incorporation, with deletion decreasing 20:4n-6 incor-
poration, indicative of a previously unknown role for
H-FABP in brain fatty acid uptake. Furthermore, H-FABP
was important in the trafficking of 20:4n-6 to cellular lipid
pools, consistent with the decrease in phosphatidylinositol

20:4n-6 levels in gene-ablated mice, suggesting that H-FABP
has a role in directing 20:4n-6 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 Surgery.After the mice were anesthetized with
halothane (1-3%), their femoral artery and vein were
catheterized with polyethylene tubing (PE-10). The wound
area was anesthetized with xylocaine (1%) and closed using
standard surgical staples. The hindquarters of the mouse was
immobilized by taping the hind legs and hindquarters to a
wooden block, and the mice were maintained post-opera-
tively in a temperature-controlled environment for 3-4 h.

Tracer Preparation.[1-14C]16:0 and [1-14C]20:4n-6 were
synthesized by Moravek Biochemical (Brea, CA). The
radiotracer was prepared by taking an aliquot of the tracer
in ethanol and evaporating the ethanol under a constant
stream of N2 at 50°C. Prior to use, radiotracer purity was
assessed by gas-liquid chromatography and was found to
be >97%. The fatty acid tracer was solubilized in 5 mM
HEPES (pH 7.4) buffer containing “essentially fatty acid
free” bovine serum albumin (50 mg/mL, Sigma Chemical
Co., St. Louis, MO). Solubilization was facilitated by
sonication in a bath sonicator for 45 min at 45°C. The
appropriate amount of radiotracer was prepared for each
mouse using the mouse’s weight based upon the infusion
parameters of 170µCi/kg (25).

Infusion (intraVenous).Awake, fasted, adult male mice
were infused with 170µCi/kg of either [1-14C]16:0 or
[1-14C]-20:4n-6 into the femoral vein over the course of 10
min at a constant rate of 30µL/min to achieve steady-state
plasma radioactivity. Prior to and during the experimental
period, arterial blood samples (∼20 µL) were taken to
determine plasma radioactivity. Following infusion, each
mouse was killed using pentobarbital (100 mg/kg, intrave-
nous). Its brain was rapidly removed and frozen in liquid
nitrogen. The time from pentobarbital injection to freezing
was 25( 5 s. All tissue was stored at-80 °C until it was
used.

Plasma Extraction.Arterial blood samples, taken at fixed
times during the infusion period, were stored for up to 10
min on ice before the plasma was separated by centrifugation
with a Beckman (Fullerton, CA) microfuge. Plasma lipids
were then extracted by transferring a 10µL aliquot of plasma
into a tube containing 2 mL of chloroform and methanol
(2:1, v/v) and then mixing it by vortexing (26). The addition
of 0.4 mL of 0.9% KCl to these tubes resulted in two phases.
These phases were thoroughly mixed and then separated
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overnight in a -20 °C freezer. The upper phase was
removed, and the lipid-containing lower phase was rinsed
with 0.43 mL of the theoretical upper phase to remove any
aqueous soluble contaminants (26). The radioactivity in the
upper phase was determined using a Beckman LS5000 CE
liquid scintillation counter. Lower phase radioactivity was
assessed in a portion of the lower phase using a Beckman
LS5000 CE liquid scintillation counter.

Blood Extraction. Following the procedure described
above for plasma, whole blood was extracted to correct for
radioactivity contributed by residual blood left in the tissue.
For the brain, the level of residual blood left in the brain
tissue was estimated to be 2% (27-29).

Tissue Lipid Extraction.Frozen brain tissue was pulverized
at liquid nitrogen temperatures. Lipids from brain tissue
powder were extracted in a Tenbroeck tissue homogenizer
using a two-phase system (26). Briefly, the tissue mass
(grams) was multiplied by a correction factor of 1.28 to
convert it to an equivalent value expressed in milliliters (30).
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 homogenized
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% KCl solution
was added to this combined lipid extract. After vigorous
mixing, phase separation was facilitated by centrifugation
as described above. The upper phase and proteinaceous
interface were removed and saved in a 20 mL glass
scintillation vial. The lower organic phase was washed twice
with 2 mL of theoretical upper phase, with phase separation
facilitated by centrifugation between washes. The washes
were removed and combined with the previously removed
upper phase. The washed lower phase was dried under a
stream of nitrogen, and the lipids were redissolved in 1 mL
of n-hexane and 2-propanol (3:2, v/v) containing 5.5% H2O.

Aqueous Fraction.The radioactivity in the aqueous
fraction from the brain tissue extraction, including the
theoretical upper phase from the two wash steps, was
measured using liquid scintillation counting. Radioactivity
was determined after addition of 10 mL of Scintiverse II
BD (Fisher Scientific, Pittsburgh, PA) using a Beckman
LS5000 CE liquid scintillation counter. The addition of the
aqueous material to the scintillation cocktail did not adversely
affect the counter efficiency.

Thin Layer Chromatography.Phospholipids and neutral
lipids were separated by thin-layer chromatography (TLC).
For each separation, 100µL of sample was spotted onto a
TLC plate. Phospholipids were separated on heat-activated
Whatman silica gel-60 plates (20 cm× 20 cm, 250µm)
and developed in a chloroform/methanol/acetic acid/water
mixture (50:37.5:3.5:2 by volume) (24). This method sepa-
rates all major phospholipids. Neutral lipids were separated
on heat-activated Whatman silica gel-60 plates (20 cm×
20 cm, 250µm) and developed in a petroleum ether/diethyl
ether/acetic acid mixture (75:25:1.3 by volume) (31). This
solvent system resolves cholesteryl esters, diacylglycerols,
nonesterified fatty acids, and triacylglycerols. Lipid fractions
are identified using authentic standards (Doosan-Serday,
Englewood Cliffs, NJ, and NuChek Prep, Elysian, MN).

Mass of IndiVidual Lipid Classes.Phospholipid mass was
determined by assaying the lipid phosphorus content of
individual lipid classes separated by TLC as described above
(32). Cholesterol mass was assayed using an iron binding
assay after separation by TLC as described above (33).

Plasmalogen Mass.The plasmalogen mass was determined
following separation of individual phospholipid classes in
the brain lipid extracts by high-performance liquid chroma-
tography (HPLC) (34). One-half of the choline glycerophos-
pholipid (ChoGpl) and of the ethanolamine glycerophos-
pholipid (EtnGpl) fractions were dried under nitrogen and
subjected to mild acidic hydrolysis followed by separation
using HPLC (35). 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 Composition.The 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
gas-liquid chromatography (GLC) using an SP-2330 column
[0.32 mm (inside diameter)× 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
was the internal standard.

Liquid Scintillation Counting.Bands corresponding to the
appropriate lipid fractions were scraped into 20 mL liquid
scintillation vials, and 0.5 mL of H2O was added followed
by 10 mL of Scintiverse BD (Fisher Scientific). After being
mixed, the samples were quantified by liquid scintillation
counting at least 1 h after the addition of the liquid
scintillation cocktail.

Calculations.Integrated areas for the plasma radioactivity
curves were determined using the trapezoidal method (Sigma
Plot, Jandel Scientific, San Rafael, CA). Total radioactivity
for each individual brain fraction was normalized to the wet
weight (grams wet weight) and divided by the integrated area
of plasma radioactivity. This calculation essentially normal-
izes tissue radioactivity to the exposure of plasma tracer.
The resulting coefficient is termed the unilateral incorporation
coefficient ork*, with values expressed in inverse seconds.
Hence, k* represents the radioactivity of each fraction
normalized to the amount of radioactivity in the plasma to
which the tissue was exposed. The following equation was
used to calculate the unilateral incorporation coefficient:

wherek* is the coefficient for incorporation of tracer into a
brain compartment,ctissue

/ is the tracer radioactivity in the
brain compartment,cplasma

/ is the tracer radioactivity in the
plasma, andT is the time of tissue sampling.

RNA Isolation and SemiquantitatiVe RT-PCR.Tissues were
isolated from wild-type and H-FABP mutant mice (10-week-
old male mice, n ) 3 for each genotype) and were
immediately frozen in liquid nitrogen. Total RNA was
isolated using the guanidine isothiocyanate-based TRIzol
solution (GIBCO-BRL, Burlington, ON) according to the

k* ) ctissue
/ /∫0

T
cplasma
/ dt (1)
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manufacturer’s instructions. First-strand cDNA was synthe-
sized using a Reverse Transcription System (Promega,
Madison, WI). RT-PCR was performed to assess gene
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-FABP, 5′-TCAAC-
CTGGAAGACAGCTCCT-3′ and 5′-TCGACTTTCCATC-
CCACTTC-3′ (GenBank accession number NM_024406);
B-FABP, 5′-GGGTAAGACCCGAGTTCCTC-3′ and 5′-
GAGCTTGTCTCCATCCAACC-3′ (GenBank accession num-
ber BC055280); E-FABP, 5′-CAAACCGAGAGCACAGT-
GA-3′ and 5′-TTTGACCGCTCACTGAATTG-3′ (GenBank
accession number BC002008); H-FABP, 5′-CATGAAGT-
CACTCGGTGTGG-3′ and 5′-TGCCATGAGTGAGAGT-
CAGG-3′ (GenBank accession number BC002082);â-actin,
5′-CAGGAGATGGCCACTGCCGCA-3′ and 5′-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
primer, 200µM dNTP, 1 unit of Taq polymerase (Takara,
Tokyo, Japan), and 1× PCR buffer (Takara). The PCR
program was initially started with 94°C denaturation for 4
min followed by 25 cycles of 94°C for 1 min, 60°C for 1
min, and 72°C for 1 min. Linear amplification of the band
was confirmed in advance for each target gene in the brain
except for A-FABP under these conditions. PCR products
were electrophoresed on a 1.5% agarose gel, and gel images
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-
tories). The values were presented as a ratio of specified gene
signal density divided by that ofâ-actin.

Statistics.Statistical analysis was done using Instat2 from
GraphPad (San Diego, CA). Statistical significance was
assessed using an unpaired, two-way, Student’st test, with
a p < 0.05 considered to be statistically significant.

RESULTS

FABP mRNA LeVels.No significant differences in B-, E-,
and A-FABP expression were detected in brains from wild-
type and H-FABP gene-ablated mice (Figure 1). Further, the
ablation of the mRNA for H-FABP was confirmed in brains
and hearts of gene-ablated mice.

Plasma CurVes. The plasma curves for [1-14C]16:0- and
[1-14C]20:4n-6-infused mice reached a steady state between
2 and 4 min following the start of infusion (data not shown).
For [1-14C]16:0-infused mice, the average integrated plasma
curve area was significantly different between groups (p <
0.05), with values of 943( 61 and 1172( 127 nCi min-1

mL-1 for control and gene-ablated mice, respectively. For
[1-14C]20:4n-6-infused mice, the average integrated plasma
curve area was 1457( 484 and 1420( 286 nCi min-1 mL-1

for control and gene-ablated mice, respectively.
Brain Fatty Acid Uptake. Brain radiotracer uptake was

normalized to the integrated area under the curve and
expressed as the incorporation coefficient,k*. For [1-14C]-
16:0-infused mice, there were no significant differences
between groups in the incorporation of tracer (Figure 2). For
[1-14C]20:4n-6-infused mice, the level of total incorporation

was reduced 24%, while the level of incorporation into the
organic fraction was reduced 30% in the gene-ablated mice.
The percent of radiotracer in the plasma extracted by the
brain was calculated, and there were no differences for
[1-14C]16:0-infused mice. In [1-14C]20:4n-6-infused mice,
0.80( 0.11% of the tracer was extracted by the brain from
plasma in control mice, while 0.61( 0.11% was extracted
from the plasma of gene-ablated mice. Thus, two different
measures of fatty acid uptake demonstrate a significant
reduction (∼25%) in the level of incorporation of 20:4n-6
into the brains of H-FABP gene-ablated mice.

Distribution of Fatty Acids into Metabolic Compartments.
The effects of H-FABP gene ablation on the distribution of
fatty acids into the aqueous and organic fractions were
determined (Figure 3). For [1-14C]16:0-infused mice, there
was no change in tracer distribution. In [1-14C]20:4n-6-
infused mice, 1.3-fold more tracer was targeted to the
aqueous fraction and 17% less tracer was targeted to the
organic fraction.

Targeting of Fatty Acids to Esterified Lipid Compartments.
The esterification of tracers into either the neutral lipid
fraction or into the phospholipid fraction was also assessed
(Figure 4). There were no differences between groups in the
incorporation or the distribution of [1-14C]16:0 into the
neutral lipids or phospholipids (Figure 3A,B). In [1-14C]20:
4n-6-infused mice, there was a 38% reduction in the level
of incorporation of tracer into phospholipids, while the
incorporation into neutral lipids was unaffected (Figure 4A).
However, there was no net change in the distribution of tracer
among the esterified neutral lipids and phospholipids (Figure
4B). Thus, H-FABP gene deletion resulted in a selective

FIGURE 1: RT-PCR of brain mRNA isolated from wild-type and
H-FABP gene-ablated (KO) mice (n ) 3). For all FABPs except
A-FABP, the expansion of brain mRNA and quantitation was linear
between groups. Positive control tissues were obtained from wild-
type mice and were skin, adipose, and heart. Note that H-FABP
mRNA was absent from both heart and brain. Panel A is the gel
demonstrating the reductions in the level of tissue H-FABP mRNA
in the KO mice. Panel B shows the densiometric data for a group
of three mice where the values represent means( the standard
deviation.
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decrease in the level of incorporation of fatty acids into the
phospholipid compartment, yet H-FABP expression did not
alter the targeting of tracer to these two pools.

Targeting of Fatty Acid to IndiVidual Lipid Classes.The
effect of H-FABP gene ablation on incorporation of fatty
acids into individual lipid classes was also determined (Table
1). There were no alterations in incorporation of or targeting
of [1-14C]16:0 (Table 1, top and bottom). In [1-14C]20:4n-
6-infused mice, the level of incorporation of tracer into the
ChoGpl was reduced 51% in gene-ablated mice (Table 1,
top). This reduction in the level of incorporation was also
reflected in a 22% reduction in the extent of targeting to
ChoGpl (Table 1, bottom).

Because plasmalogens in brain are a large reservoir of 20:
4n-6, we also examined the incorporation of [1-14C]20:4n-6
into this compartment. There was no alteration in the
incorporation into the plasmalogen subclasses, with the only
significant reduction limited to the acid stable fraction of
the ChoGpl comprised primarily of phosphatidylcholine (data
not shown). Thus, H-FABP gene ablation caused a significant
decrease in the level of incorporation of [1-14C]20:4n-6 into
the ChoGpl, without affecting incorporation into the ether
lipid subclasses.

Brain Steady-State Phospholipid Mass.Brain phospholipid
mass and composition were also assessed in H-FABP gene-
ablated and control mice (Table 2). The total phospholipid
mass was significantly reduced 17% in gene-ablated mice,

with values of 42 983( 2903 nmol/g wet weight in control
mice and 35 543( 2084 nmol/g wet weight in gene-ablated
mice. The masses of phosphatidic acid (PtdOH) and of
phosphatidylglycerol (PtdGro) were increased 2.6- and 2.2-
fold in gene-ablated mice, respectively. The mass of choline-
containing phospholipids was also reduced, with a 27 and a
32% reduction in ChoGpl and sphingomyelin (CerPCho)
mass, respectively, in gene-ablated mice. These changes in
steady-state mass were also demonstrated by the correspond-
ing increase in the percent mole composition for PtdGro and
PtdOH, with a reduction in the percent mole composition
for ChoGpl and CerPCho. Hence, H-FABP gene ablation
significantly altered steady-state phospholipid mass, sug-
gesting that H-FABP has a role in maintaining phospholipid
biosynthesis.

Because FABP expression can influence plasmalogen mass
(13, 20), we also examined the effect of gene ablation on
brain plasmalogen mass (Table 3). Unlike targeting of [1-14C]-
20:4n-6 to the plasmalogen subclasses, steady-state plas-
malogen mass was significantly altered by H-FABP gene
ablation. The mass of the ethanolamine plasmalogen (PlsEtn)
was significantly reduced 13%, while that of the choline
plasmalogen (PlsCho) was reduced 57% in gene-ablated as
compared to control mice. The PlsEtn:PlsCho ratio was
increased in gene-ablated mice, from 5.1( 0.7 for control
to 10.6 ( 1.8 for gene-ablated mice. Thus, H-FABP
expression affects brain plasmalogen steady-state mass in
the absence of targeting 20:4n-6 to the plasmalogens.

Brain Cholesterol Mass.The cholesterol mass and cho-
lesterol:phospholipid ratio were also determined for each

FIGURE 2: Incorporation of [1-14C]16:0 or [1-14C]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 ask* (s-1) and were corrected for radioactivity
associated with the residual blood left in the brain tissue. Values
represent means( the standard deviation (n ) 4-5). The asterisk
indicates statistical significance from control mice (p < 0.05).

FIGURE 3: Distribution of [1-14C]16:0 and [1-14C]20:4n-6 in brain
aqueous and organic fractions from control (filled bars) and
H-FABP gene-ablated (empty bars) mice. Values represent means
( the standard deviation (n ) 4-5). The asterisk indicates statistical
significance from control mice (p < 0.05).
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group. The level of brain cholesterol was significantly (p <
0.05) reduced 24% in brains from gene-ablated mice
compared to control. The cholesterol mass was 26 827(
1595 nmol/g wet weight in control mice and 20 341( 1384
nmol/g wet weight in gene-ablated mice. The brain choles-
terol:phospholipid ratio was 0.619( 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 Composition.Acyl chain
compositions were determined for ChoGpl, EtnGpl, PtdSer,
and PtdIns (Table 4). For ChoGpl, the level of totaln-6 fatty

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 22:6n-3 or 20:4n-6 proportions. Similarly, in
EtnGpl, the total level ofn-6 fatty acids was decreased 11%,
but there was no change in the 20:4n-6 or 22:6n-3 levels.
For PtdSer, the level of totaln-6 fatty acids was decreased
13%, but there was no net change in 20:4n-6 or 22:6n-3.

FIGURE 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 expressed ask* (s-1) and were corrected for radioactivity associated with the
residual blood left in the brain tissue. The distribution was determined based uponk* values found in panel A. Values represent means(
the standard deviation (n ) 4-5). The asterisk indicates statistical significance from control mice (p < 0.05).

Table 1: H-FABP Expression Increases the Level of 20:4n-6
Targeting to Choline Glycerophospholipidsa

[1-14C]16:0 [1-14C]20:4n-6

control gene-ablated control gene-ablated

class mean SD mean SD mean SD mean SD

k* (×10-5 s-1)
DAG 1.1 1.0 1.1 0.9 1.2 0.7 0.7 0.4
EtnGpl 0.8 0.6 0.9 0.4 2.0 0.6 1.0 0.7
PtdIns 0.4 0.4 0.1 0.1 6.4 1.9 5.2 2.2
PtdSer 0.0 0.0 0.1 0.2 1.2 0.6 0.8 0.9
ChoGpl 4.5 0.9 4.9 0.6 9.2 1.6 4.5 1.9b

CerPCho 0.3 0.5 1.3 0.4 0.6 0.4 0.6 0.8
n ) 4 n ) 5 n ) 4 n ) 5

(B) % Distribution
DAG 10.5 10.1 8.0 7.1 5.4 3.4 4.9 2.1
EtnGpl 7.4 5.3 6.6 4.5 9.2 2.9 7.9 5.6
PtdIns 3.6 3.9 0.5 1.2 28.5 7.0 36.1 7.8
PtdSer 0.0 0.0 1.1 1.3 5.2 2.8 5.9 6.1
ChoGpl 50.2 8.5 40.9 6.5 40.9 5.6 31.8 5.2b

CerPCho 3.4 4.6 11.4 3.6 3.0 2.0 4.5 4.6
n ) 4 n ) 5 n ) 4 n ) 5

a Values represent the mean( the standard deviation (n ) 4-5).
The distribution ofk* was determined using the values in the top portion
of the table.b Significantly different from the control group value (p
< 0.05).

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

mass (nmol/g wet weight) composition (mol %)

control gene-ablated control gene-ablated

mean SD mean SD mean SD mean SD

Ptd2Gro 871 287 710 171 2.0 0.6 2.0 0.4
PtdGro 253 130 562 114b 1.0 1.2 1.6 0.3
PtdOH 245 132 626 240b 0.5 0.3 1.7 0.6b

EtnGpl 13329 1441 12161 779 31.0 2.9 34.1 2.5b

PtdIns 1421 219 1330 210 3.3 0.5 3.7 0.5
PtdSer 4225 584 3869 441 9.6 0.9 10.8 1.0
ChoGpl 17891 1461 13026 1023b 41.5 1.9 36.5 2.6b

CerPCho 4802 599 3260 816b 11.1 1.1 9.5 1.4b

n ) 9 n ) 7 n ) 9 n ) 7
a Values represent the mean( the standard deviation (n ) 5-6).

b Significantly different from the control group value (p < 0.05).

Table 3: H-FABP Expression Increases Brain Steady-State
Plasmalogen Massa

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

control gene-ablated control gene-ablated

mean SD mean SD mean SD mean SD

PakEtn and PtdEtn 7021 843 6538 421 52.2 1.2 53.8 2.5
PlsEtn 6430 675 5622 540b 47.8 1.2 46.2 2.5
PakCho and PtdCho 16043 689 12265 908b 92.7 1.1 95.8 0.8b

PlsCho 1267 174 551 72b 7.3 1.1 4.2 0.8b

n ) 9 n ) 7 n ) 9 n ) 7

a Values represent the mean( the standard deviation (n ) 7-9).
b Significantly different from the control group value (p < 0.05).
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However, in PtdIns, the levels of 20:4n-6 were reduced 25%
accompanied by a 2.4-fold increase in the level of 22:6n-3
in gene-ablated mice. This phospholipid class demonstrated
a number of important changes in acyl chain composition,
including more oleic acid (18:1n-9) 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 20:4n-6 and 22:6n-3 in PtdIns. Thus,
although then-6 fatty acid index was decreased in all of the
major phospholipid classes, the greatest magnitude of
changes was found in PtdIns.

DISCUSSION

Fatty acids are rapidly taken up by the brain and esterified
into stable lipid compartments; however, the role of proteins
in facilitating this process is poorly understood. Both
transporters localized in the plasma membrane (37-42) and
FABP localized in the cytosol (1, 2, 13) may facilitate this
process in the brain as well as other organ systems. Although
the role of membrane-localized transporters in brain fatty
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 uptake (37, 40,
41). Similarly, H-FABP expression in heart stimulates fatty
acid uptake in isolated heart myocytes (1, 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 esterification
into stable lipid compartments, is unknown. To address this
issue, we infused H-FABP gene-ablated and control mice
with either [1-14C]16:0 or [1-14C]20:4n-6 and quantified
incorporation and disposition of brain fatty acids into stable
lipid compartments. Further, because FABP expression can
impact steady-state phospholipid mass (13, 20, 21), we

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 brain (14, 15), the
existence of a similar compensatory mechanism is less likely.
This was confirmed using PCR to quantify mRNA from total
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
and 20:4n-6, but differentially affects targeting of these fatty
acids to heart lipid compartments (13). However, in brain
there was a differential effect at the level of fatty acid uptake,
with a reduction in the level of total 20:4n-6 incorporation
in the absence of any alteration in 16:0 incorporation (Figure
2). This is consistent with the observation that H-FABP has
a preference for binding of then-6 fatty acid family (9).
However, the striking difference between 16:0 and 20:4n-6
incorporation demonstrates a means by which the brain may
selectively take up fatty acids with greater biological
significance, such as 20:4n-6 for use by neurons, which
account for∼10% of the cells found in brain (44). In this
light, the impact of H-FABP expression on this process is
considerably greater than the 25% reduction in the level of
incorporation may imply.

In cell expression systems, FABP expression stimulates
fatty acid uptake nearly 1.7-fold (45-48), but the enhance-
ment in uptake is dependent upon the type of FABP (46,
47). Nonetheless, in these systems, FABP expression en-
hances incorporation to an extent similar to the decrease in
the level of incorporation observed in the H-FABP gene-

Table 4: H-FABP Expression Alters Brain Phospholipid Fatty Acid Compositiona

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 32.0 2.3 34.0 3.8 4.4 0.3 4.7 0.9 3.0 1.0 2.3 0.6 9.8 0.8 4.9 0.9b

18:0 17.6 0.5 17.0 1.0 23.0 1.0 22.3 0.6 42.2 1.0 40.8 0.8b 33.6 0.5 32.8 0.7
18:1n-9 22.9 1.0 24.4 1.1 12.4 1.8 15.1 0.7b 16.8 2.2 18.2 1.3 6.3 0.8 12.4 0.5b

18:1n-12 8.4 0.2 8.0 0.3 3.0 0.6 3.3 0.5 2.4 0.3 2.5 0.2 3.9 0.2 4.1 0.2
18:2n-6 0.8 0.1 0.9 0.1 NDc NDc 0.7 0.7 NDc NDc NDc

20:1n-9 1.5 0.2 1.4 0.1 3.3 1.2 4.7 0.6 1.3 0.3 1.6 0.2 NDc 2.5 0.4
20:3n-6 1.1 0.4 0.5 0.1b 1.9 1.3 NDc 0.5 0.1 0.4 0.0 NDc NDc

20:4n-6 7.7 0.7 6.7 0.7 15.3 1.2 14.7 0.3 5.8 0.5 5.2 0.6 40.5 1.3 30.3 0.2b

22:4n-6 NDc NDc 5.1 0.1 5.0 0.1 2.1 0.1 2.1 0.1 2.4 1.8 1.8 0.7
22:5n-3 NDc NDc NDc NDc 0.5 0.4 1.0 0.8 NDc NDc

22:6n-3 7.2 0.6 7.0 0.8 31.6 1.8 30.4 1.4 24.7 2.6 25.7 1.5 3.5 0.1 8.5 1.6b

sat 49.6 1.9 51.0 2.8 27.4 1.1 26.9 1.4 45.2 0.6 43.2 0.9 43.4 1.0 37.7 0.9b

unsat 50.4 1.9 49.0 2.8 72.6 1.1 73.1 1.4 54.8 0.6 56.8 0.9 56.6 1.0 62.3 0.9b

MUFA 32.7 1.1 33.8 1.5 18.7 3.5 22.9 1.9b 20.5 2.5 22.3 1.5 10.2 1.0 18.9 0.9b

PUFA 17.6 1.3 15.2 1.4b 53.9 2.5 50.2 1.4 34.4 2.7 34.6 2.3 46.4 1.7 43.4 1.4b

n-3 7.7 0.6 7.2 0.8 31.6 1.8 30.4 1.4 25.2 2.9 26.7 1.8 3.5 0.1 8.7 1.7b

n-6 10.0 1.1 7.9 1.0b 22.3 1.4 19.8 0.3b 9.1 0.6 7.9 0.7b 42.9 1.7 34.7 0.7b

n-3/n-6 0.77 0.09 0.91 0.05b 1.42 0.11 1.54 0.08 2.79 0.45 3.40 0.23b 0.09 0.01 0.25 0.05b

unsat/sat 1.02 0.07 0.96 0.10 2.66 0.15 2.72 0.19 1.21 0.03 1.32 0.05b 1.30 0.05 1.66 0.07b

PUFA/MUFA 0.54 0.04 0.45 0.03b 2.97 0.56 2.21 0.22b 1.71 0.31 1.56 0.21 4.62 0.60 2.29 0.17b

MUFA/sat 0.66 0.04 0.67 0.07 0.69 0.16 0.86 0.11 0.45 0.05 0.52 0.03b 0.24 0.02 0.50 0.02b

PUFA/sat 0.36 0.04 0.30 0.04b 1.97 0.04 1.87 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

a Values represent the mean( the standard deviation (n ) 4-5). b Significantly different from the control group value (p < 0.05). c Not detected.
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ablated mice (1, 13) and in myocytes isolated from these
mice (1, 2). However, in none of these systems was there
an observable selectivity for fatty acid uptake like that
observed in the brains of H-FABP gene-ablated mice,
suggesting that the brain may use H-FABP to selectively
acquire and traffic 20:4n-6.

With regard to trafficking of these two fatty acids in the
brain, 16:0 was unaffected by H-FABP expression, while
20:4n-6 was affected. In the absence of H-FABP expression,
more 20:4n-6 was targeted to the aqueous fraction (Figure
3), indicating a greater use of 20:4n-6 for â-oxidation in the
brain, presumably for acquisition of carbon units for bio-
synthesis of other molecules such as neurotransmitters (49,
50). More importantly, H-FABP expression appears to be
key for directing 20:4n-6 for incorporation into the phos-
pholipid compartment (Figure 4A), although there was no
net change in the distribution of the fatty acid between
compartments (Figure 4B). This lack of a difference between
groups in the distribution of tracer in the total brain
phospholipid pool may reflect the very large distribution of
tracer in the phospholipid compartment (∼90%), suggesting
H-FABP has a lesser role in targeting of 20:4n-6 relative to
the ability to influence movement of 20:4n-6 from the plasma
compartment into the brain. In heart, H-FABP expression is
more important in directing 16:0 into metabolic compart-
ments and has very little effect on directing 20:4n-6 into
these same compartments, despite a greater impact on heart
20:4n-6 incorporation (13). Thus, H-FABP appears to have
a similar role in brain 20:4n-6 incorporation as it does in
heart, although in brain there was no significant effect on
16:0 incorporation.

Sterol carrier protein-2 (SCP-2) is a ubiquitously distrib-
uted protein that is expressed in the brain (51, 52). When
expressed in cells, SCP-2 stimulates cholesterol uptake and
trafficking (53, 54) as well as stimulating fatty acid uptake
and modulation of phospholipid acyl chain composition (55,
56). Because SCP-2 comprises∼0.08% of the total brain
cytosolic protein (51) and displays a broad range of ligand
binding, including a high affinity for both polyunsaturated
fatty acids and saturated fatty acids (57), this protein may
have an important role in brain saturated fatty acid uptake.
In contrast, H-FABP may influence brain 20:4n-6 uptake,
while SCP-2 may influence saturated fatty acid uptake. While
it is unlikely that the level of expression of SCP-2 is
increased in the brains of gene-ablated mice, we did not
assess this point. Nonetheless, the lack of an effect on brain
16:0 uptake in the H-FABP deficient mice may be the result
of SCP-2-mediated uptake of the saturated fatty acids into
brain, whereas in the heart, H-FABP is critical for the uptake
and trafficking of both 16:0 and 20:4n-6 (13).

FABP expression can influence fatty acid targeting within
individual phospholipid classes (13, 45, 47). In H-FABP
gene-ablated mouse hearts, despite the lack of altering
targeting of 20:4n-6 to the total phospholipid pool, H-FABP
expression did impact targeting within the individual phos-
pholipid classes (13). Similarly, in brain H-FABP gene
deletion inhibited the incorporation of 20:4n-6 into ChoGpl
(Table 1), a lipid pool that is utilized by both phospholipase
D- and phospholipase A2-mediated signaling mechanisms
(58-71). Hence, the decreased targeting of 20:4n-6 to the
ChoGpl in gene-ablated mice may impact downstream
signaling mechanisms in the brain due to a reduction in the

extent of targeting of newly taken up 20:4n-6 to this pool.
This may have an important role in diverse mechanisms such
as the response to neuroinflammation to long-term potentia-
tion in the hippocampus (58, 59, 72-74), a site where
H-FABP is strongly expressed (14).

We examined the ability of H-FABP to target 20:4n-6 to
the plasmalogen subclasses of ChoGpl and EtnGpl, because
plasmalogens are phospholipids in which 20:4n-6 is con-
centrated (75, 76) and because plasmalogens turn over rapidly
in the brain (29). We did not find any alteration in
incorporation of or targeting of 20:4n-6 to the plasmalogens.
Further, our results demonstrate that the only phospholipid
with an decrease in the level of incorporation was the
phosphatidylcholine fraction of the ChoGpl. We recently
demonstrated a similar lack of altered incorporation and
targeting of 20:4n-6 to the heart plasmalogen pools (13),
despite the fact that these pools are used for lipid-mediated
signal transduction in the heart via a plasmalogen-selective
phospholipase A2 (77-80).

Because FABP expression is associated with increased
phospholipid mass in cell culture systems (20) as well as
associated with improved PtdOH biosynthesis in vitro (22-
24), we analyzed brain steady-state lipid mass from wild-
type and gene-ablated mice. Similar to what has been
previously reported in other systems (20, 21), H-FABP gene
deletion decreased total phospholipid mass and the mass of
individual choline-containing phospholipids (Table 2). How-
ever, consistent with what was observed in hearts from these
mice (13), there was an increase in PtdOH and PtdGro mass,
two precursors of phospholipid biosynthesis. The accumula-
tion of these precursors, especially that of PtdOH as its
synthesis is stimulated in vitro by FABP (22-24), appears
to suggest an upregulation of phospholipid biosynthesis in
the absence of H-FABP. However, a plausable alternative
explanation is that there is an accumulation of these
precursors due to a reduction in the level of ChoGpl
biosynthesis via movement of PtdOH through the Kennedy
pathway, which is the major pathway for the de novo
synthesis of ChoGpl in brain (81, 82).

Brain plasmalogen mass was also affected by H-FABP
expression. The mass of PlsEtn was only reduced 13% in
the absence of H-FABP; however, the mass of PlsCho was
reduced 57% (Table 3). The difference in magnitude between
the reduction in PlsCho and PlsEtn more than likely reflects
the dilution of the active pool of gray matter PlsEtn by that
found in myelin. We have previously reported that only gray
matter pools of PlsEtn and PlsCho have a rapid rate of
turnover (29), consistent with this hypothesis. In addition,
24 h following intracerebral injection of labeled 20:4n-6, the
highest specific activity was in PlsCho, greater than that in
PtdIns, PakCho, or PtdCho (83, 84), further supporting the
supposition that the PlsCho pool is rapidly turning over.
Alternatively, our results suggest that the replacement of
PlsCho in the absence of H-FABP, by its direct and only
precursor PlsEtn, may be limited (29). This point is
substantiated by the very large shift in the PlsEtn:PlsCho
ratio, but once again this shift in the ratio may be influenced
by the less metabolically active pool of PlsEtn in the white
matter. In heart, H-FABP appears to be more important in
maintaining the PlsEtn mass rather than that of PlsCho,
because only the PlsEtn mass is significantly reduced (31%)
by H-FABP gene ablation (13). Further, in heart, the PlsEtn:
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PlsCho ratio was slightly decreased, suggesting a greater
movement of PlsEtn into the PlsCho pool, perhaps to
maintain the integrity of the PlsCho pool that is used in
signaling (77-80). Both I-FABP expression and L-FABP
expression enhance the plasmalogen mass in L-cell fibro-
blasts (20), consistent with what was observed in vivo.
Although plasmalogens are only putative lipid signaling
molecules in the brain (29, 83-86), their rapid turnover with
half-lives on the order of 15-30 min (29) suggests that these
molecules coupled with neural signaling mechanisms, whether
that be vesicular fusion events or direct receptor-mediated
turnover as demonstrated in the heart (77-80). Hence, a
decreased plasmalogen mass and potentially altered metabo-
lism suggest a role for H-FABP in maintaining levels of this
putative signaling molecule in the brain.

Because H-FABP gene ablation decreased the levels of
20:4n-6 with replacement by 22:6n-3 in the heart (13), we
measured the phospholipid acyl chain composition in ChoG-
pl, EtnGpl, PtdSer, and PtdIns. In brain, there was a limited
impact of H-FABP gene deletion on 20:4n-6 mass, and this
was limited to a 25% reduction in the PtdIns 20:4n-6 level
(Table 4). However, in each of the major phospholipid
classes, there was a significant reduction in the level of total
n-6 fatty acids, consistent with the preference of H-FABP
for the n-6 fatty acid family (9). As in heart, brain PtdIns
20:4n-6 was replaced with more 22:6n-3. In EtnGpl and
PtdIns, there was an increase in the level of monounsaturated
fatty acids, attributed primarily to an increase in the level of
oleic acid. Expression of I- and L-FABP affected phospho-
lipid acyl chain composition in L-cell fibroblasts, with a
general trend being an increase in the degree of unsaturation
as well as an increase in 20:4n-6 and 22:6n-3 levels (20).
Our results are consistent with those observed elsewhere,
and suggest that in brain H-FABP has a significant role in
maintaining the acyl chain composition of brain PtdIns.

In summary, H-FABP gene-ablation differentially de-
creased brain fatty acid incorporation, as demonstrated by a
decrease in the level of incorporation of 20:4n-6 in the
absence of altered 16:0 incorporation. Targeting of 20:4n-6
to lipid compartments was limited to reduced targeting to
ChoGpl, a key phospholipid involved in ER lipid-mediated
signaling 20:4n-6 release. Further, steady-staten-6 fatty acid
levels were depressed in each of the major phospholipid
classes, and there was a 25% reduction in 20:4n-6 levels in
PtdIns, suggesting that H-FABP plays a role in maintaining
these levels. In addition, steady-state phospholipid mass was
also altered, including a reduction in ChoGpl and CerPCho
mass as well as a marked reduction in the mass of the
plasmalogens. Collectively, these results demonstrate a role
for H-FABP in brain 20:4n-6 incorporation, maintenance of
phospholipidn-6 fatty acid levels, and maintenance of steady-
state phospholipid mass. Because H-FABP expression in
brain is thought to be limited to neurons (14), there is a
potential impact of these changes on neuronal lipid-mediated
signal transduction. Further, these measurements were taken
in the intact brain in which neurons comprise roughly 10%
of the cells and where H-FABP comprises∼0.01% of the
total cytosolic protein (6); thus, the magnitudes of the
changes reported herein are quite significant. More impor-
tantly, these data indicate that the brain has selective
processes for the incorporation and disposition of fatty acids
into stable lipid compartments that are protein-mediated.
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