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Abstract

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) promote functional recovery in rats undergoing spinal cord injury

(SCI). However, the precise molecular mechanism coupling n-3 PUFAs to neurorestorative responses is not well un-

derstood. The aim of the present study was to determine the spatiotemporal expression of fatty acid binding protein 5

(FABP5) after contusive SCI and to investigate whether this protein plays a role in n-3 PUFA–mediated functional

recovery post-SCI. We found that SCI resulted in a robust spinal cord up-regulation in FABP5 mRNA levels (556 – 187%)

and protein expression (518 – 195%), when compared to sham-operated rats, at 7 days post-injury (dpi). This upregulation

coincided with significant alterations in the metabolism of fatty acids in the injured spinal cord, as revealed by

metabolomics-based lipid analyses. In particular, we found increased levels of the n-3 series PUFAs, particularly doc-

osahexaenoic acid (DHA; 22:6 n-3) and eicosapentaenoic acid (EPA; 20:5 n-3) at 7 dpi. Animals consuming a diet rich in

DHA and EPA exhibited a significant upregulation in FABP5 mRNA levels at 7 dpi. Immunofluorescence showed low

basal FABP5 immunoreactivity in spinal cord ventral gray matter NeuN+ neurons of sham-operated rats. SCI resulted in a

robust induction of FABP5 in glial (GFAP+, APC+, and NG2+) and precursor cells (DCX+, nestin+). We found that

continuous intrathecal administration of FABP5 silencing with small interfering RNA (2 lg) impaired spontaneous open-

field locomotion post-SCI. Further, FABP5 siRNA administration hindered the beneficial effects of DHA to ameliorate

functional recovery at 7 dpi. Altogether, our findings suggest that FABP5 may be an important player in the promotion

of cellular uptake, transport, and/or metabolism of DHA post-SCI. Given the beneficial roles of n-3 PUFAs in amelio-

rating functional recovery, we propose that FABP5 is an important contributor to basic repair mechanisms in the injured

spinal cord.
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Introduction

Spinal cord injury (SCI) elicits a highly debilitating pathol-

ogy leading to significant neurological dysfunction. Initial

trauma to the spinal cord results in a primary mechanical insult

followed by progressive secondary tissue damage.1 Whereas sec-

ondary injury processes, such as excitotoxicity, ischemia, inflam-

mation, demyelination, and apoptosis, are deleterious, injury to

the spinal cord also initiates a number of endogenous restorative

responses.2–4 Among them, 1) angiogenesis, 2) remyelination, 3)

transcriptional upregulation of proregenerative genes and 4) neu-

rotrophic factors, 5) axonal regeneration, 6) activation of endoge-

nous antioxidant defenses, and 7) accumulation of prorestorative

fatty acids are well-described spontaneous repair responses post-

SCI. Although limited and fragmented, these processes provide a

striking example of the spinal cord inherent capacity for tissue

repair.

The dietary-essential n-3 polyunsaturated fatty acids (PUFAs)

are major components of the neural membrane phospholipids,

having important roles in maintaining cell structure, function, and

serve as precursors to a myriad of signaling molecules. SCI results

in severe perturbations to the metabolism of these fatty acids,

particularly docosahexaenoic acid (DHA; C22:6 n-3).5–8 Our lab-

oratory and others have shown that administration of DHA has

polytarget actions and is capable of attenuating secondary damage

while promoting functional recovery post-SCI.9–14 DHA confers
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strong prophylaxis against functional impairments when supplied

before SCI4,8,13,15,16; however, the molecular target underlying

these repair responses still remains elusive.

Fatty acid binding proteins (FABPs) are abundant cytosolic

proteins that function as counterparts to extracellular albumin by

binding, transporting, and facilitating the signaling of fatty acids

(FAs) and other lipophilic molecules. This family of proteins is

currently composed of 10 members and possesses distinctive

tissue-specific distribution that may indicate functional differences.

The FABP3 (heart type), FABP5 (epidermal type), and FABP7

(brain type) are the main members expressed in the central nervous

system (CNS). Emerging evidence demonstrates that CNS FABPs

are implicated in neurogenesis,17 neurotransmission,18 cognition,19

and circadian rhythmicity.20 Interestingly, FABPs exhibit differ-

ential binding affinities for PUFAs, resulting in activation of gene

transcription and signaling cascades. For instance, the FABP3

binds avidly to the n-6 PUFA arachidonic acid,21 whereas FABP7

preferentially binds to DHA.22,23 Notably, the FABP5, which is

also referred as keratinocyte- or epidermal-FABP, DA11, and

mal1, binds both arachidonic acid (AA) and DHA with high af-

finity.24,25 This unique binding property suggests that FABP5 may

play crucial roles in maintaining adequate n-6 to n-3 PUFA levels

and therefore in modulating key restorative and inflammatory

signaling pathways.

FABP5 is very abundant in neurons of the retina, hippocampus,

cerebellum, and cerebral cortex as well as in motor neurons in the

spinal cord during development.26–28 However, levels of FABP5

decrease during early post-natal periods and remain very low in

the adult brain.29 FABP5 is markedly upregulated in different

animal models of neurotrauma, including kainic acid–induced

brain injury,30 peripheral nerve injury,31 and after cerebral is-

chemia in primates.32 We have shown that FABP5 binds to

DHA and may be required during neurite outgrowth and cell

survival.25–28,33 Mechanistically, emerging evidence from our lab

demonstrates that this protein plays crucial roles in stress re-

sponses during lipotoxicity through activation of antioxidant

signaling pathways.34 Here, we investigate the expression and

distribution of FABP5 and explore its role in functional recovery

after contusive SCI in adult rats.

Methods

Animals

Experimental protocols were performed in compliance with
Loma Linda University School of Medicine (Loma Linda, CA)
and University of Puerto Rico School of Medicine (San Juan,
Puerto Rico) regulations and institutional guidelines consistent
with the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals. Young-adult female Sprague-
Dawley rats were obtained from Hilltop (Scottsdale, PA; used for
albumin-DHA experiments) and Charles River Laboratories
(Portage, MI; used Western blot, immunohistochemistry, and
special diet studies), housed with a light/dark cycle of 12/12 h,
and fed ad libitum. A cohort of animals was fed custom AIN-93G–
based diets that were prepared with alterations to the n-3 FA
source as described previously.4,8 Please refer to Tables 1 and
2 for a detailed description of the composition of the diets. Ani-
mals received the diets for 8 weeks before injury and for an ad-
ditional week post-SCI.

Rats received contusion injuries with the standard New York
University/MASCIS impactor weight-drop device.35 This model
simulates most of the biomechanics of human SCI, including
changes in gross histological appearance, altered FA metabolism,
cell death, and loss of sensorimotor function. Contusion parameters

were not significantly different among the different treatment
groups. To perform the surgery, skin and muscles overlying the
spinal column were incised and a laminectomy was performed at
the thoracic level 10 (T10). Contusions were generated by releasing
a weight (10 g, rod diameter of 2 mm) from a height of 12.5 mm on
the exposed dura of the spinal cord. Sham animals received only a
laminectomy surgery. Post-surgery, muscle layers were sutured and
the skin closed with wound clips. Bladders were expressed until
voiding reflexes were reestablished. Cefazolin (25 mg/kg, subcu-
taneously [s.c.]; Bristol-Myers Squibb, New York, NY) and Bu-
prenex� (buprenorphine; 0.05 mg/kg, s.c.; Reckett and Colman
Pharmaceuticals, Inc. Richmond, VA) were given to all rats for 5
and 3 consecutive days, respectively. Animals were allowed to
survive for 1 week post-surgery.

Table 1. Diet Composition

Ingredient

AIN-93G
control
diet (%)

AIN-93G fish
oil–enriched
diet (%)

Casein 20 20
l-cystine 0.3 0.3
Corn starch 39.7 39.7
Maltodextrin 13.2 13.2
Sucrose 10 10
Fiber 5 5
Vitamin mix 1 1
Mineral mix 3.5 3.5
Choline bitartrate 0.25 0.25
tBHQ 0.0014 0.0014
Soybean oil 7 0.77
Fish oil (DHA + EPA + cholesterol) 0 6.23
Cholesterol (added to match fish

oil levels)
0.0121 0

% kcal from carbohydrates 64.7 64.7
% kcal from protein 18.8 18.8
% kcal from fat 16.5 16.5

Total kcal 3.77 3.77

tBHQ, tert-butylhydroquinone; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid.

Table 2. Detailed FA Composition of the Diets

FA
AIN-93G control
diet (g/100-g)

AIN-93G fish
oil–enriched diet

(g/10-g)

C14:0 0.81 0.50
C16:0 0.32 1.51
C18:0 ND 0.29
Total saturated FA 1.13 2.30

C16:1 0.04 0.68
C18:1 1.57 1.23
Total monosaturated FA 1.61 1.91

C18:2 n-6 3.55 0.55
C18:3 n-3 0.48 0.19
C20:4 n-6 ND 0.08
C20:5 n-3 ND 0.85
C22:5 n-3 ND 0.33
C22:6 n-3 ND 0.56
Total polyunsaturated FA 4.09 2.57

FA, fatty acid; ND, not detected.
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Metabolomics-based lipid analyses

We used standard unbiased metabolic profiling to detect and
determine the spinal cord lipid levels, as previously described by
our group4,8,15 and others.7,36–39 Briefly, animals were deeply an-
esthetized and transcardially perfused with ice-cold phosphate-
buffered saline (PBS). Spinal cord samples (75–100 mg) were
dissected and flash frozen in liquid nitrogen. Samples were im-
mediately stored at -80�C and homogenized in water at the time of
analyses. Protein was precipitated with methanol containing four
standards to report on the extraction efficiency. The resulting su-
pernatant was split into equal aliquots for analysis on the three
platforms. Aliquots were subsequently dried under nitrogen and
vacuum desiccated. The metabolomics profiling strategy used for
this analysis was based on a combination of three independent
platforms: ultra-high-performance liquid chromatography/tandem
mass spectrometry (UHPLC/MS/MS2) optimized for basic species,
UHPLC/MS/MS2 optimized for acidic species, and gas chroma-
tography/mass spectrometry (GC/MS). Aliquots of a well-
characterized human plasma pool served as technical replicates
throughout the data set, extracted water samples served as process
blanks, and a cocktail of standards added to every analyzed sample
allowed for instrument performance monitoring. Experimental

samples and controls were randomized across platform run days.
Metabolites were identified by automated comparison of the ion
features in the experimental samples and compared to a reference
library of chemical standard entries that included retention time,
molecular weight (m/z), preferred adducts, and fragments as well as
associated MS spectra. The detected lipid features were curated by
visual inspection for quality control using software developed at
Metabolon�.40

RNA extraction

Intraperitoneal injections of pentobarbital (40–50 mg/kg) were
administered to induce euthanasia followed by transcardial perfu-
sion with ice-cold 0.01 M of PBS (pH 7.4; Sigma-Aldrich, St.
Louis, MO). Spinal cord segments compromising the lesion epi-
center (5 mm) were collected and total RNA was extracted using
Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA), ac-
cording to the manufacturer’s instructions. RNA concentration was
determined by measuring absorbance at 260 nm on a NanoDrop
spectrophotometer (Thermo Scientific, Waltham, MA). We used
800 nanograms of the total RNA for the first-strand complimentary
DNA (cDNA) synthesis.

FIG. 1. SCI leads to robust alterations to the PUFA neurometabolome during the subacute injury phase. Heatmap representation of
unsupervised hierarchical clustering for detected PUFAs (rows) on each sample type (columns) (A). Shades of gray represent metabolite
decreases and increases, respectively, relative to the median metabolite levels. See scale. PLS-DA score plot containing two first
components (B). Each plot mark corresponds to an observation (individual rat spinal cord sample). The confidence ellipses illustrate the 95%
confidence regions. Principal component 1 (x-axis) shows distinctive spectra between sham and injury groups. SCI led to a significant
increase in levels of both DHA and EPA at 7 dpi (n= at least 7 rats; p<0.05) (C). No changes were observed in levels of AA when
comparing sham versus injury groups at 7 dpi (p>0.05). AA, arachidonic acid; DHA, docosahexaenoic acid; dpi, days post-injury; EPA,
eicosapentaenoic acid; PLS-DA, partial least squares discriminant analyses; PUFAs, polyunsaturated fatty acids; SCI, spinal cord injury.
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The first-strand cDNA synthesis was primed using oligo (dT)
based on the SuperScript II First-Strand synthesis kit (Invitrogen,
Carlsbad, CA). The synthesized cDNA was used as a template for
estimation of FABP5 transcription in spinal cord tissue by real-time
polymerase chain reaction (PCR). cDNA was amplified by PCR
using a pair of primers specific for FABP5 (forward [FWD]: 5¢-
TTA CCC TCG ACG GCA ACA A-3¢; reverse [RV]: 5¢-CCA TCA
GCT GTG GTT TCA TCA-3¢); FABP3 (FWD: 5¢-AGG TGG CTA
GCA TGA CCA AG-3¢; RV: 5¢-GTC ATC TGC TGT GAC CTC
GT-3¢); and FABP7 (FWD: 5¢-TGT GAC CAA ACC AAC GGT
GA-3¢; RV: 5¢-AGC TTG TCT CCA TCC AAC CG-3¢). Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH; FWD: 5¢-TGC
CAC TCA GAA GAC TGT GG-3¢; RV: 5¢-TTC AGC TCT GGG
ATG ACC TT-3¢), cyclophylin B (FWD: 5¢-CTG TCG ATT CCC
TCA CAG GT-3¢; RV: 5¢-AAA ATC AGG CCT GTG GAA TG-

3¢), and b-actin (FWD: 5¢- GGG AAA TCG TGC GTG ACA TT-3¢;
RV: 5¢-GCG GCA GTG GCC ATC TC-3¢) served as internal
controls for normalization. Real-time PCR amplification and
analysis were carried out on a CFX96 Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA). SYBR green I (P/N
4309155; Applied Biosystems, Foster City, CA) was used as a
fluorescent reporter dye for the presence of double-stranded DNA.
PCR conditions were optimized and 25-lL reactions were prepared
(SYBR Green PCR Master Mix, 10 lM of forward/reverse primer,
and 50 ng of cDNA). A negative (mock) control reaction without
reverse transcription was included in each experiment, and speci-
ficity of the FABP5 PCR product was confirmed by gel electro-
phoresis and melting curve analysis. A single melting curve peak
was used to determine specificity for each additional target gene.
Relative levels of FABP3, 5, and 7 messenger RNA (mRNA) were
calculated using the comparative Ct (crossing threshold) as previ-
ously described.41 Each sample was normalized to its GAPDH and/
or b-actin mRNA content. Relative gene expression levels were
normalized to sham animals receiving control diets.

Western blot

The spinal cord segment containing the lesion epicenter was
dissected and protein extraction performed using adapted protocols
from previously published reports.26,28,42 Briefly, dissected tissue
was homogenized in ice-cold lysis buffer (1% Triton X-100,
50 mM of Tris [pH 7.5], 150 mM of NaCl, 5% glycerol, and 1 mM
of ethylenediaminetetraacetic acid) with a cocktail of inhibitors
contained in complete minitablets (Roche, Indianapolis, IN). After
being centrifuged at 20,000g for 10 min, the supernatant (cytosolic)
fraction was extracted for analysis. The cytosolic protein concen-
tration was determined using Bio-Rad’s DC Protein assay ac-
cording to the manufacturer’s instructions (Bio-Rad Laboratories).

Forty micrograms of protein (40lg) were subjected to a 4–12%
gradient sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (conditions: 45 min, 200 V constant, at room temperature) and
electroblotted using nitrocellulose membranes (conditions: 90 min,
35 V constant, at room temperature). All experiments were per-
formed using NuPage Novex� pre-cast gels and pre-mixed buffers
and the XCell SureLock� Mini-Cell System (Invitrogen, Carlsbad,
CA). To verify transfer, the nitrocellulose membrane was stained
with 0.1% Ponceaus S (in 0.1% glacial acetic acid) for 10 min and
then rinsed with 1X Tris-buffered saline (TBS) three times for
10 min each. To reduce background staining, the nitrocellulose
membrane was immersed in blocking solution (7.5% nonfat milk,
in TBS; pH 7.5) for 2 h at room temperature. The membrane was
probed overnight at 4�C with the previously reported rabbit anti-
FABP5 serum polyclonal antibody25 (1:1000) diluted in blocking
solution plus 0.1% Tween-20 (1X TBS). Negative control experi-
ments were performed using rabbit pre-bleed serum at the same
concentration used to immunodetect FABP5. After, the membrane
was washed three times for 10 min each in blocking solution and the
secondary antibodies (IRDye 800CW-conjugated donkey anti-
rabbit immunoglobulin G [IgG] and IRDye 680–conjugated don-
key antimouse IgG; both 1:1,000; LI-COR� Biosciences, Lincoln,
NE) were applied to the membrane and incubated for 1 h at room
temperature. The membrane was washed five times with TBS and
Tween 20 and once with TBS for 5 min each. Membrane analysis
was performed using the Odyssey� Infrared Imaging System (LI-

FIG. 2. FABP5 expression is induced by contusive SCI. SCI
significantly increased levels of FABP5 mRNA levels at 7 dpi
( p< 0.01) (A). Densitometric analyses of Western blotting showed
increased protein levels in SCI rats when compared to sham con-
trols at 7 dpi (n= at least 6 rats; p< 0.05) (B). Pre-bleed serum
controls acquired from rabbits used to generate the FABP5 antibody
were used to validate the specificity of the immunoreaction (B’).
dpi, days post-injury; FABP5, fatty acid binding protein 5; mRNA,
messenger RNA; O.D., optical density; SCI, spinal cord injury.

‰

FIG. 3. FABP5 is mostly expressed by neurons in sham animals and in glia in the injured spinal cord. Basal levels of FABP5
expression were detected in the spinal cord gray matter (A). Increased FABP5 immunoreactivity was observed in spinal cord ventral
white (VWM) and gray matter (VGM) at 7 dpi (B). Interestingly, this expression was more prominent in neuron- and glial-like cells (C
and D). Confocal imaging definitively colocalizes FABP5 to neurons (NeuN+) (E) and activated astrocytes (GFAP+) (F); see arrows.
Scale bars: 20lm. dCST, dorsal corticospinal tract; dpi, days post-injury; FABP5, fatty acid binding protein 5; GFAP, glial fibrillary
acidic protein; NeuN, neuronal nuclei.
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COR� Biosciences). Relative levels of FABP5 protein were nor-
malized to the amount of b-actin in each sample.

Histology and neuroimaging

To prepare tissue for confocal immunofluorescence analyses, we
followed previously published procedures.13 Briefly, animals were
submitted to fast and humane euthanasia with Fatal-Plus� (Vor-
tech, Dearborn, MI) and perfused transcardially with PBS, fol-
lowed by 4% paraformaldehyde (PFA) in 0.1 M of phosphate
buffer.

Spinal cord segments containing the lesion epicenter were re-
moved and post-fixed for 3–5 h in 4% PFA, cryoprotected in 30%
sucrose for 12–16 h at 4�C, embedded in Tissue-Tek� O.C.T.�
compound (Sakura, Torrance, CA), and immediately frozen on dry
ice. A series of transverse 20-lm cryodissections were cut on
a Richart-Jung Cryocut 1800 cryostat (Leica, Deerfield, IL) and
placed on consecutive microscope slides (Superfrost Plus; Fisher
Scientific, Pittsburgh, PA) so that each slide contained represen-
tative sections from rostral, epicenter, and caudal regions. Spinal
cord sections were dried at room temperature for 10–15 min, wa-
shed with PBS, and post-fixed with 4% PFA for 10 min. Im-
munofluorescence double labeling has been described in previous
work.15 In brief, a mixture of our custom rabbit polyclonal anti-
rFABP528 (1:500) and mouse anti-NeuN (neuronal nuclei; 1:500;
Millipore, Temecula, CA), anti-NFH (neurofilament heavy poly-
peptide; 1:500; Millipore, Temecula, CA), anti-GFAP (glial fi-
brillary acidic protein; 1:500; Millipore, Temecula, CA), anti-CC1
(allophycocyanin [APC]-7; 1:350; Calbiochem, San Diego, CA), or
anti-CD68 (1:400; AbD Serotec, Raleigh, NC) antibodies were
used to examine colocalization of FABP5 in neurons, axons, as-
trocytes, oligodendrocytes, or macrophages, respectively. Paired
antibody solutions were applied to sections overnight at 4�C. On
the following day, sections were incubated with Alexa Flour� 488–
conjugated donkey antirabbit (1:250; Invitrogen) and Alexa Flour
594–conjugated donkey antimouse (1:250; Invitrogen) antibodies.
Primary antibody omission controls and pre-bleed serum controls
were used to further confirm the specificity of the immunofluo-
rescence double labeling. At least five sections per spinal cord were
examined under confocal laser scanning microscope (FV1000,
Olympus or LSM710; Carl Zeiss GmbH, Jena, Germany) or fluo-
rescence microscope (BZ9000; Keyence Corporation, Osaka,
Japan). Images were analyzed using ImageJ software (NIH, Be-
thesda, MD) or BZ-II Analyzer and prepared for publication with
Photoshop CS4 software (Adobe Systems, San Jose, CA).

Behavioral evaluation of spontaneous locomotion

Spontaneous open-field locomotion was evaluated using the
22-point Basso-Beattie-Bresnahan (BBB) locomotor scale.43 Ani-
mals were acclimatized to the open-field environment during sev-
eral sessions before testing. Testing sessions were videotaped and
evaluated as previously reported.8,13 Two blinded observers as-
sessed the footage and scored the locomotive function (i.e., joint
movement, paw placement and rotation, coordination, and tail and
trunk position and stability). Briefly, scores range from 0 (flaccid
paralysis) to 21 (normal gait). The rating scale involves hindlimb
movement (scores range, 0–7) and weight support with/without
coordination (scores range, 8–13), which is a major improvement in

recovery. BBB scores higher than 13 are extremely rare at 1 week
post-contusion. These scores represent constant forelimb-hindlimb
coordination and the appearance of fine motor skills.

Docosahexaenoic acid/albumin complex

DHA was complexed to human serum albumin (BUMINATE
25%; Baxter, Deerfield, IL). Buminate is manufactured from hu-
man plasma by the modified Cohn-Oncley cold ethanol fraction-
ation process, which includes a series of cold-ethanol precipitation,
centrifugation, and/or filtration steps followed by pasteurization of
the final product at 60– 0.5�C for 10–11 h. This process accom-
plishes both purification of albumin and reduction of viruses. DHA
was complexed to human albumin by incubating 20 mL of human
serum albumin (25%; Baxter) with 4.0 mg of DHA/g of albumin
(molar ratio, 0.2) in a shaking incubator at 37�C for 30 min with
vortex mixing every 5 min. A previous report showed that this
formulation leads to 2.1 – 0.1 lmol DHA/mL of albumin.44

Small interfering RNA preparation and dosing

FABP5 siRNA stock solutions (100lM) were prepared in
RNAse-free reconstitution buffer and stored in aliquots at -80�C.
In these experiments, we used a siRNA pool mixture (Smart pool
siRNA; pool no.: M-120235-00; Dharmacon Inc.; Chicago, IL).
The siSTABLE-modified nontargeting double-stranded RNA were
used as controls (no. D-001700-01-20; Dharmacon, Lafayette,
CO). The siGLO� green fluorescent oligonucleotides were used as
transfection indicators, thus permitting unambiguous visual as-
sessment of uptake into cells. Positive control experiments were
performed codelivering siGLO and/or functional cyclophilin B
siRNA (ON-TARGETplus� control siRNA, 1:1 ratio; 50 nM each;
Dharmacon). FABP5 siRNA dose-response titration was accom-
plished using varying doses of oligonucleotides (ranging from 0.5
to 2 lg). These were delivered locally into the spinal cord of naı̈ve
and injured rats by intraspinal injections or intrathecal catheters
attached to an osmotic minipump. To facilitate delivery and uptake,
siRNA aliquots were mixed (1:5, v/v) with the cationic lipid based
transfection reagent i-Fect� (Neuromics, Edina, MN).

Injections

A group of animals were placed in a Digital Lab Standard�
stereotaxic frame (Stoelting, Wood Dale, IL) and received in-
traspinal injections containing the FABP5 siRNA. Injections were
performed in anesthetized rats using the stereotaxic spinal adapter
and clamping system. The custom-made glass micropipette (ex-
ternal diameter = 25–35 lm; Clunbury Scientific, LLC; Bloomfield
Hills, MI) was filled with the oligos and iFect (Neuromics) trans-
fection reagent and attached to a Hamilton� syringe connected to a
micromanipulator. The tip of the micropipette was lowered into the
spinal cord and intraspinal injections were made bilaterally ac-
cording to the following stereotaxic coordinates (from midline
medial-lateral [ML] to dorsal-ventral [DV]; 0.25 lL per injection):
1) 0.7 mm ML, -1.5 mm DV; 2) 0.7 mm ML, -1.3 mm DV; 3)
0.7 mm ML, -0.9 mm DV; and 4) 0.7 mm ML, -0.6 mm DV.
siRNA dose and volume selected was based on previous
works.41,45,46 After each injection, siRNA was allowed to disperse
over a 2-min period and the micropipette slowly withdrawn. After

FIG. 4. FABP5 immunoreactivity is mostly observed in glial cells post-SCI. FABP5 immunoreactivity was detected in oligoden-
drocytes (A) and precursor cells expressing the NG2 proteoglycan (B). Immunofluorescence photomicrographs revealed FABP5 protein
expression in axons and cytoskeletal structures of the VWM (C) and DRG (D). FABP5 was not expressed in macrophages/monocytes
(CD68) (F). Pre-immunization serum confirmed the specificity of the immunoreaction (G). Scale bars: 20lm. APC, allophycocyanin;
dCST, dorsal corticospinal tract; DRG, dorsal root ganglion; FABP5, fatty acid binding protein 5; NFH, neurofilament heavy poly-
peptide; NG2, neuron-glial antigen 2; SCI, spinal cord injury; VWM, ventral white matter; WM, white matter.

‰
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suturing muscle and skin layers, animals were allowed to recover in
heating pads and then returned to the animal care facility. Rats were
sacrificed 72 h after the injections and the total RNA was collected
from spinal cords.

Minipumps

In another set of experiments, animals received a second narrow
laminectomy between the T11 and T12 level to expose the spinal
cord, as previously reported.41 The dura was carefully punctured
with a 27- to 32-gauge needle, raised with fine forceps, and cut with
scissors avoiding damage to the spinal cord. A small s.c. pocket was
made over the sacral vertebrae caudal to the incision, and a primed
Alzet� osmotic minipump (model 2001D; 1-lL infusion per hour

over 7 days; DURECT Corp., Cupertino, CA) was placed in the
pocket with the pump flow moderator facing the incision. Pumps
were primed with DHA-albumin complex (DHA), FABP5 siRNA,
and vehicle controls. Control pumps were filled with the scramble
nontargeting oligos or ethanol vehicle. Animals did not show any
noticeable signs of hypersensitivity or distress during the infusion
period. The intrathecal catheter, consisting of sterile 28-G poly-
urethane tubing (Alzet�; P/N 000740-1), was inserted through the
punctured dura and placed in the lesion epicenter. Tubing was
attached to the fascia over the paravertebral muscles at the incision
margin, secured with Krazy Glue (Elmer’s Products Inc., Colum-
bus, OH) onto the proximal portion of the T13–T14, and reinforced
with sutures. Muscle and skin layers were closed after the surgery.
The surgeon lacked knowledge of the experimental groups.

FIG. 5. FABP5 expression is prominent in sprouting fibers and neural stem cells post-SCI. Confocal microphotographs show that
FABP5 protein colocalized with cells and structures that were positive to the growth-associated protein 43 (GAP43+) (A and B).
Notably, we observed FABP5 expression in neurogenic niches post-SCI, as evidenced by colocalization of FABP5 to GM cells positive
to doublecortin (DCX) (C) and WM cells immuoreactive to nestin (D). Scale bars: 20lm. DAPI, 4¢,6-diamidino-2-phenylindole;
FABP5, fatty acid binding protein 5; GM, gray matter; SCI, spinal cord injury; WM, white matter.
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Statistical analysis

Data are expressed as the mean – standard error of the mean
(SEM), and statistical analysis was performed by repeated mea-
sures and two-way analysis of variance (ANOVA). Bonferroni’s
multiple comparison post-hoc test was used to compare differences
among samples. All other data were assessed by Mann-Whitney’s U
test, unless stated otherwise. MetaboAnalyst (www.metaboanalyst.
ca)47, and the ‘R’ program (http://cran.r-project.org/) were used to
analyze the metabolomics data sets. Unsupervised hierarchical
clustering was used to generate heat maps. Partial least squares
discriminant analyses (PLS-DA) were obtained using the variation
scores of the first two principal components. The point marks in the
plot represent the variability in relative lipid metabolite levels de-
tected for each animal. Hotelling’s T2 confidence ellipse, at a sig-
nificance level of 0.05, revealed no outliers following autoscaling.
Differences were consider to be significant when p< 0.05.

Results

Injury to the spinal cord results in a marked
perturbation to the metabolism of polyunsaturated
fatty acids

To test the hypothesis that contusive SCI results in lipid deregu-

lation during the subacute phase at 1 week post-injury, we analyzed

the spinal cord lipid profile using both LC/MS and GC/MS. Heatmaps

revealed marked differences in lipid profiles between groups

(Fig. 1A). We found increased levels of PUFAs in spinal cord tissue of

injured animals at 7 days post-injury (dpi). PLS-DA revealed sig-

nificant metabolomic separations between sham and injured groups at

7 dpi ( p<0.05 by permutation test; data not shown; Fig. 1B).

We found that levels of n-3 PUFAs in the spinal cord had a

robust contribution to the metabolomic differences observed. In

particular, levels of DHA and EPA were significantly increased at

7 dpi (n= 7–8 rats per group; p< 0.05). Unexpectedly, no significant

changes were observed in spinal cord levels of the n-6 PUFA, AA,

when compared to sham rats at 7 dpi ( p > 0.05).

Spinal cord injury increases the messenger RNA
and protein levels of fatty acid binding protein 5

Because of the hydrophobicity of n-3 PUFAs, their intracellular

transport and signaling may be facilitated by FA binding proteins in

the cytoplasm. To determine expression levels of FABPs, we

measured mRNA levels of the main FABPs using quantitative real-

time PCR (qRT-PCR). Although there was a slight tendency for

increased expression, we found no significant changes in mRNA

levels of FABP3 and FABP7 post-SCI when compared to sham

controls at 7 dpi ( p> 0.05). Notably, FABP5 mRNA levels were

significantly upregulated at 7 dpi (556– 187% increase; mean –
SEM; n = 7–8 rats; p < 0.01; Fig. 2A), suggesting a potential role for

this protein gene in lipid metabolism and signaling after PUFA

accumulation in SCI rats.

We used Western blotting to confirm that FABP5 mRNA is

translated into protein post-SCI. Whereas immunoblotting with the

anti-FABP5 antibody detected a single 15-kDa peptide in rat spinal

cords extracts (Fig. 2B), no immunoreactivity was observed when

we replaced the primary antibody with the pre-bleed serum controls

acquired from the rabbits used to generate the FABP5 antibody

(Fig. 2B’). This finding validated the specificity of the im-

munoreaction. Our densitometric analyses revealed a 518– 195%

increase in FABP5 protein levels when compared to sham controls

at 7 dpi (n= 6–7 rats; p< 0.05; Fig. 2B). No significant FABP5

protein changes were observed between SCI and sham rats at 1 and

3 dpi (data not shown). No significant changes were observed in

b-actin levels between groups ( p> 0.05).

Fatty acid binding protein 5 immunoreactivity
is observed in spinal cord neurons and glia

We found very low basal expression of FABP5 in spinal cord of

sham animals, which was mostly localized in the gray matter (GM;

Fig. 3A). In contrast, SCI rats showed a robust increase in immu-

noreactivity to FABP5 after injury (Fig. 3B). Higher magnification

photomicrographs revealed expression of FABP5 in neuron- and

glial-like cells (Fig. 3C,D).

Double-labeling immunostaining for FABP5 and NeuN showed

selective expression of FABP5 in distinct ventral motor neuron

populations in regions distal (>2.5 mm) from the lesion epicenter

(Fig. 3E). FABP5 immunoreactivity was observed in reactive as-

trocytes in the dorsal corticospinal tract (dCST) and ventral white

matter (VWM) of contused spinal cord (Fig. 3F). We found FABP5

expression in oligodendrocytes and putative oligodendrocyte pre-

cursor cells, as evidenced by FABP5ir in APC+ (Fig. 4A) and

neuron-glial antigen 2 (NG2)+ (Fig. 4B) cells, respectively. Double

immunofluorescence revealed FABP5 expression in axons and

cytoskeletal structures of the VWM (Fig. 4C) and dorsal root

ganglion (Fig. 4D) at 7 days post-SCI. Colocalization of FABP5

with the macrophage marker, CD68+, was not observed (Fig. 4F).

FIG. 6. FABP5 is markedly upregulated at 7 dpi in animals fed
DHA-rich diets. Injured rats consuming diets rich in DHA for 8
weeks pre-injury and 7 days post-injury showed improved loco-
motor recovery when compared to animals receiving control diets at
7 dpi (n= at least 24 animals; p<0.0001) (A). Animals with a DHA-
enriched diet presented an increased in levels of FABP5 mRNA
expression when compared to injured animals receiving control diets
(n= at least 7 rats; p<0.05) (B). BBB, Basso-Beattie-Bresnahan
locomotor scale; DHA, docosahexaenoic acid; dpi, days post-injury;
FABP5, fatty acid binding protein 5; mRNA, messenger RNA.
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Incubations replacing the primary antibody with pre-immunization

serum confirmed the specificity of the immunoreaction (Fig. 4G).

Fatty acid binding protein 5 is highly expressed
in neural precursor cells after spinal cord injury

We investigated expression of FABP5 in neural precursor cells and

structures associated with regeneration and repair using triple-

labeling immunohistochemistry. Interestingly, we found that FABP5

expression colocalized with cells and structures that are positive to the

growth-associated protein 43 (GAP43; Fig. 5A,B). We also observed

a large subpopulation of doublecortin+ and nestin+ cells expressing

FABP5, suggesting its potential as a biomarker for neurogenesis. This

validates our previous observations, which demonstrated that FABP5

expression is important for neurite outgrowth.25

A prorestorative diet rich in docosahexaenoic acid
increases the messenger RNA levels of fatty acid
binding protein 5 after spinal cord injury

In agreement with our previous published observations, we

found that a diet rich in DHA significantly improved functional

recovery at 7 dpi (Fig. 6A; n= at least 24 animals; p< 0.0001).

Interestingly, animals fed the DHA-enriched diets for 8 weeks

before SCI showed higher levels of FABP5 mRNA expression at

7 dpi when compared to injured animals receiving control diets

( p < 0.05; Fig. 6B). Although the diet rich in DHA did not affect

mRNA levels of FABP3, we found a slight, yet significant, decrease

in the levels of FABP7 in animals fed DHA-enriched diets when

compared to animals fed control diets at 7 dpi (data not shown).

Fatty acid binding protein 5 small interfering RNA
penetrates spinal cord cells and blocks fatty acid
binding protein 5 expression levels

To assess the functional significance of FABP5 in SCI, we ad-

ministered a rat sequence-specific siRNA to attenuate FABP5

mRNA levels. To demonstrate diffusion of the intrathecally infused

oligodeoxynucleotides (ODNs), a group of injured animals were

treated with ODNs conjugated with fluorescein isothiocyanate

(FITC). Spinal cords were dissected out and sectioned to visualize

ODN diffusion 1 week post-implantation. We found that fluores-

cence of the tagged ODNs was noticeable near caudal regions from

the infusion site (Fig. 7A). We observed that labeled ODNs were

incorporated in spinal cord cells, as evidenced by FITC colocali-

zation with 4¢,6-diamidino-2-phenylindole (DAPI) staining

(Fig. 7B). Spinal cord sections from animals receiving nontagged

ODNs showed no fluorescence (Fig. 7C). We have extensively

validated the efficacy of this siRNA sequence to block FABP5

protein expression.25 Here, we found that intrathecal FABP5 siR-

NA administration resulted in a 60% reduction in mRNA levels of

FABP5 ( p< 0.05; Fig. 7D). In contrast, the nontargeting scramble

sequence did not perturb FABP5 mRNA levels, demonstrating that

FABP5 siRNA was both sequence and target specific. Re-

presentative Western blot shows the efficacy of this sequence to

block FABP5 protein expression (Fig. 7E)

Fatty acid binding protein 5 small interfering RNA
administration hinders locomotor recovery after
spinal cord injury

A key finding of this study is that animals receiving FABP5

siRNA showed a transient impairment in locomotor recovery at

5 dpi when compared to animals receiving the scrambled control

ODNs sequence ( p< 0.05; Fig. 8). Similarly, concomitant intra-

thecal administration of DHA and FABP5 siRNA hindered the

beneficial effects of this FA to promote locomotor recovery at 7 dpi

( p< 0.05).

Discussion

This study demonstrates that acute SCI leads to perturbations to

the metabolism of n-3 PUFAs. We show that SCI also induces a

robust upregulation in mRNA levels and protein expression of

FABP5. This study reveals that FABP5 levels are sensitive to di-

etary n-3 PUFAs found in fish oils. Post-SCI, we found high levels

of FABP5 in glial and neural precursor cells associated with repair

processes. We show that FABP5 blockade impairs spontaneous

locomotor recovery post-SCI. Notably, administration of FABP5

siRNA interfered with the ability of DHA to restore extensive

hindlimb movements and weight support stepping at 1 week post-

injury. Altogether, the findings presented herein suggest that

FABP5 plays a role in the pathophysiology of SCI and may be

implicated in functional recovery through the cellular uptake and

mobilization of n-3 PUFAs, particularly DHA.

Spinal cord injury leads to marked derangements
in n-3 polyunsaturated fatty acid metabolism

In agreement with a growing body of studies, this study dem-

onstrates that metabolism of n-3 PUFAs may play important roles

in the endogenous protective responses activated after trau-

matic brain injury and SCI.4,16,48,49 Although the available evi-

dence supports an important role for n-3 PUFAs in inflammation,

neuroprotection, neurogenesis, and plasticity, the mechanisms in-

volved in their incorporation and metabolism are largely un-

known and warrants further examination for successful clinical

translation.50

Fatty acid binding proteins regulate n-3
polyunsaturated fatty acid trafficking and metabolism

Intracellular PUFAs bind to cytoplasmic FABPs. These small

proteins are believed to promote cellular uptake and transport of

PUFAs, targeting of FAs to specific metabolic pathways, and ac-

tively participate in regulation of gene expression as well as cell

proliferation and growth.51 Among the FABP family, only three

subtypes are expressed in the CNS: the FABP3 (heart type); FABP5

(epidermal type); and FABP7 (brain type). These FABPs are be-

lieved to be important in neurogenesis and have been recently

implicated in the pathophysiology of several neural and psychiatric

disorders.52–55 Interestingly, each FABP possesses a distinctive cell

expression profile and binding affinity for different PUFAs.21–24

Long-standing evidence supports the idea that FABPs, particularly

FABP3, may maintain phospholipid pool mass and acyl chain

composition.56,57 A previous report from our group has shown that

FABP5 can bind the n-6 PUFA, AA, and the n-3 PUFAs, DHA, and

EPA with very high affinity.25 This unique binding property sug-

gests that FABP5 may have an essential role in maintaining

the cellular n-6/n-3 PUFA ratio, an important biomarker of func-

tional recovery in brain- and spinal cord–injured rats.8,58 Further,

structural analysis of rat FABP5 reveals five cysteine resi-

dues and one major disulfide bond with high binding affinity

for 4-hydroxynonenal and reactive oxygen species, and emerging

findings from our laboratory propose a role for this protein in pro-

moting antioxidant mechanisms.34,59,60
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Previous studies demonstrate the upregulation of FABP5 in

different models of neural injury.30–32,61–63 In agreement with these

findings, we demonstrate that FABP5 expression increases in SCI

rats. Interestingly, we found that this response was selective to

FABP5 given that SCI did not induce significant changes in mRNA

levels of FABP3 and FABP7 at 7 dpi. Although our study did not

rule out that other FABPs play a role in the pathophysiology of SCI,

the robust induction of FABP5 expression post-injury suggests that

this protein may be a mediator of lipid transport and metabolism

during injury periods, characterized by active cell membrane

turnover and proliferation.

During development, FABP5 is very abundant in cells with high

metabolic activity, including neurons in the retina, hippocampus,

cerebellum, and cerebral cortex as well as motor neurons in the

spinal cord.26–28 Expression of FABP5 is also evident in astrocytes

and radial glia of the rodent brain, but decreases after birth.29,64

Here, we found a subpopulation of motor neurons that were positive

to FABP5, mostly in regions proximal to the injury site post-SCI.

We observed very low FABP5 levels in neurons of the lesion

epicenter, possibly reflecting an altered metabolic state of the GM

that results in cell loss post-injury. The marked colocalized ex-

pression pattern of FABP5 with glial cells during the subacute

phase of injury supports their role as reservoirs and facilitators of

FA transport and metabolism. Our data are in agreement with

studies in mice showing increased levels of FABP7 in GFAP+

astrocytes at 7 days post-injury to the spinal cord65 or brain.66 Evi-

dence demonstrates that astrocytes have the ability to synthesize n-6

and n-3 elongation products.67,68 Together, it is thus plausible that

FABPs may facilitate DHA supply to neurons and influence neural

metabolism and synaptic activity after neurotrauma.

FABP5 is expressed at high levels during neurogenesis, neuronal

migration, and differentiation.26,27,29 Further, FABP5 is highly

FIG. 7. FABP5 siRNA penetrates injured spinal cord and blocks FABP5 mRNA and protein expression. Photomicrograph of spinal
cord section from an animal receiving intrathecal FITC-tagged siRNA demonstrates penetration of oligonucleotides (A). Confocal
microscopy revealed that most staining was localized in cells of the dorsal white matter in the CST area (B). Fluorescence was absent in
the spinal cord sections from animals receiving non-FITC-tagged ODNs (C). qRT-PCR analysis of FABP5 siRNA-treated spinal cords
showed a 60% reduction in FABP5 mRNA levels relative to animals treated with control scrambled sequence oligonucleotides (n= at
least 3 animals per group; p < 0.05) (D). As recently reported,33 immunoblotting of cells treated with FABP5 siRNA showed reduced
protein levels (E). CST, corticospinal tract; DAPI, 4¢,6-diamidino-2-phenylindole; dCST, dorsal corticospinal tract; FABP5, fatty acid
binding protein 5; FITC, fluorescein isothiocyanate; mRNA, messenger RNA; ODNs, oligodeoxynucleotides; qRT-PCR, quantitative
real-time polymerase chain reaction; siRNA, small interfering RNA.
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expressed in the post-ischemic neurogenic niche.17,63 In agreement

with these reports, our findings show expression of FABP5 in pu-

tative neurogenic niches in the adult rat injured spinal cord. To

support the claim that at least some FABP5+ cells are neural pro-

genitors cells (NPCs), we found colabeling of FABP5 with dou-

blecortin (DCX), nestin, and the NG2 proteoglycan. NG2+

progenitors cells are among the first cells to react to SCI. These self-

renewing cells replenish oligodendrocyte populations within the

intact stem cell niche. We have reported that DHA treatment in-

creases the number of NPCs that express the NG2 proteoglycan in

the lesion site at 7 dpi.13 Whereas this effect may simply reflect the

role of this FA to limit the expansion of injury, our findings sub-

stantiate the relevance of DHA metabolism in neuroplasticity and

repair post-SCI. Studies have shown that NG2+ progenitors born at

7 dpi can differentiate into oligodendrocytes that ensheath axons

with myelin.69 Therefore, it is a reasonable assumption that FABP5

may recapitulate its neurodevelopmental roles and promote sur-

vival, proliferation, and differentiation of NPCs post-SCI.

We have shown that induction of FABP5 during neurite

outgrowth mobilizes FA substrates and is required for axon re-

generation of retinal ganglion cells28 and neurite formation in

nerve-growth factor–differentiated PC12 cells.25,26,33 These data

are consistent with other reports implicating in the ability of PUFAs

to promote neurite outgrowth.70–72 FABP5 expression in structural

biomarkers implicated in cytoskeletal and membrane turnover,

including neurofilament+ axons and GAP43+ cells, suggests that

FABP5 may play roles in sites of active membrane synthesis, such

as the DHA-rich growth cone.73

Targeting fatty acid transport to restore functional
recovery after spinal cord injury

A remarkable finding of this study is that intrathecal adminis-

tration of DHA, complexed to albumin or albumin alone (data not

shown), induces significant improvements in motor function post-

injury, validating the therapeutic efficacy of DHA and FA transport

to ameliorate damage in animal models of neural injury.44,74,75

Although the untargeted platforms used in this study did not pro-

vide neuroprotectin D1 (NPD1) levels, future targeted studies will

be required to identify the metabolic underpinnings of DHA’s

protective effects. Animals treated with intrathecal DHA showed

extensive movements of the hips, ankles, and knees while sweeping

their hindlimbs at 7 dpi. Similar to our previous studies, we also

observed a number of DHA-treated rats that showed occasional

weight-supported stepping at 1 week post-injury.8,13 Remarkably,

administration of FABP5 siRNA abolished this beneficial effect in

locomotor recovery post-SCI. We report a transient impairment in

locomotor recovery in animals receiving FABP5 siRNA. This ob-

servation may reflect a role for FABP5 in modulation of early

protective and reparative responses post- SCI.

In moving forward, it will be important to evaluate whether

penetration, uptake, and bioactive signaling metabolites of DHA

are altered after FABP5 siRNA administration. This remains a

major challenge ahead because of possible cellular responses as-

sociated with lipid-mediated siRNA transfection and toxicity in

neural cells. It is also important to unravel whether FABP5 interacts

with other FAs implicated in repair after neurotrauma.4,15

Concluding Remarks

Our results establish that FABP5 is an important component in

the subacute phase of SCI and may be required for important DHA-

mediated repair processes associated with plasticity and functional

recovery, such as neuroprotection, gliogenesis, neurogenesis, and

neurite outgrowth. It is clear that a better understating of the

transport and metabolism of n-3 PUFAs in the injured nervous

system is needed before we can safely develop new treatments to

facilitate endogenous repair mechanisms. For this reason, ongoing

experiments in our lab are aimed at elucidating FABP-based

strategies to accumulate n-3 PUFAs in the lesion milieu. Harnes-

sing the beneficial responses to injury holds great potential to

ameliorate neurotrauma outcomes. In this study, FABP5 emerges

as a potential intracellular target for therapeutic intervention post-

injury to the CNS.
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FIG. 8. FABP5 siRNA administration hinders locomotor recov-
ery post-SCI. BBB locomotor scores were obtained every other day
for 1 week post-SCI. Administration of 2lg of FABP5 siRNA
showed a transient impairment in locomotor recovery at 5 dpi when
compared to animals receiving scrambled sequence oligos (n= 8–9
animals per group; two-way ANOVA; p< 0.01). Notably, con-
comitant administration of DHA and FABP5 siRNA abolished the
beneficial effects of DHA to accelerate locomotor recovery at 7 dpi
(n= 3–6 animals per group; two-way ANOVA; p< 0.001). *p<0.05
when comparing FABP5 siRNA versus control at 5 dpi; **p< 0.001
when comparing DHA versus control at 7 dpi; ***p< 0.0001 when
comparing DHA versus DHA + FABP5 siRNA at 7 dpi. ANOVA,
analysis of variance; BBB, Basso-Beattie-Bresnahan locomotor
scale; DHA, docosahexaenoic acid; dpi, days post-injury; FABP5,
fatty acid binding protein 5; FITC, fluorescein isothiocyanate;
ODN, oligodeoxynucleotide; SCI, spinal cord injury; siRNA, small
interfering RNA.
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