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Macrophage Transcriptional Profile Identifies Lipid
Catabolic Pathways That Can Be Therapeutically Targeted
after Spinal Cord Injury
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Although infiltrating macrophages influence many pathological processes after spinal cord injury (SCI), the intrinsic molecular mecha-
nisms that regulate their function are poorly understood. A major hurdle has been dissecting macrophage-specific functions from those
in other cell types as well as understanding how their functions change over time. Therefore, we used the RiboTag method to obtain
macrophage-specific mRNA directly from the injured spinal cord in mice and performed RNA sequencing to investigate their transcrip-
tional profile. Our data show that at 7 d after SCI, macrophages are best described as foam cells, with lipid catabolism representing the
main biological process, and canonical nuclear receptor pathways as their potential mediators. Genetic deletion of a lipoprotein receptor,
CD36, reduces macrophage lipid content and improves lesion size and locomotor recovery. Therefore, we report the first macrophage-
specific transcriptional profile after SCI and highlight the lipid catabolic pathway as an important macrophage function that can be
therapeutically targeted after SCI.
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Introduction
Spinal cord injury (SCI) results in extensive infiltration of mac-
rophages that play both beneficial and detrimental roles in mul-
tiple aspects of SCI pathology including inflammation, scar
formation, and axon regeneration. For example, macrophage de-

pletion acutely after SCI improves locomotion, increases tissue
sparing, and reduces scar formation (Popovich et al., 1999; Zhu et
al., 2015b). On the other hand, macrophages can promote axon
regeneration as well as remyelination (Gensel et al., 2009; Kigerl
et al., 2009; Miron et al., 2013; Kwon et al., 2015). While the
macrophage phenotype seems to be partly responsible for these
different pathologies, the molecular pathways underlying macro-
phage function after SCI are still poorly understood.

An important determinant of macrophage function is their
surrounding microenvironment (Amit et al., 2016). After SCI,
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Significance Statement

The intrinsic molecular mechanisms that regulate macrophage function after spinal cord injury (SCI) are poorly understood. We
obtained macrophage-specific mRNA directly from the injured spinal cord and performed RNA sequencing to investigate their
transcriptional profile. Our data show that at 7 d after SCI, macrophages are best described as foam cells, with lipid catabolism
representing the main biological process and canonical nuclear receptor pathways as their potential mediators. Genetic deletion
of a lipoprotein receptor, CD36, reduces macrophage lipid content and improves lesion size and locomotor recovery. Therefore, we
report the first macrophage-specific transcriptional profile after SCI and highlight the lipid catabolic pathway as an important
macrophage function that can be therapeutically targeted after SCI.
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this environment changes dramatically over the first week. The
first few days are dominated by an inflammatory response that
perpetuates a “cytokine storm,” which promotes monocyte mi-
gration to the injury site and their differentiation into macro-
phages that also contribute to this inflammatory environment.
After the acute inflammation subsides, the massive cell death that
follows results in an environment filled with cellular debris, es-
pecially myelin debris that creates a unique lipid-dense environ-
ment (Wang et al., 2015). Recent studies suggest that myelin
debris have significant effects on macrophage function after SCI
(Greenhalgh and David, 2014; Kroner et al., 2014; Wang et al.,
2015). This is reminiscent of specialized macrophages called
foam cells that reside in lipid-dense atherosclerotic plaques
(Schulz and Massberg, 2014). While myelin-laden macrophages
in the CNS have also been referred to as foam cells (Bogie et al.,
2013; Wang et al., 2015), whether they share similar genetic pro-
files as classic foam cells in peripheral tissues is not known.

A comprehensive transcriptome-wide analysis of macro-
phages may provide important mechanistic insight into their
complex functions after SCI. However, virtually all previous
transcriptomic studies on SCI have used homogenates of the en-
tire injury site, which is problematic in trying to understand
macrophage-specific pathways since other cell types such as neu-
rons, microglia, and astrocytes contribute to the RNA expression
patterns and have overlapping as well as distinct functions after
SCI (Lööv et al., 2012; Evans et al., 2014; Greenhalgh and David,
2014; Sofroniew, 2015). Recent gene profiling techniques, such as
translating ribosome affinity purification (TRAP) and RiboTag,
have made it possible to obtain cell type-specific information
from complex tissue (Heiman et al., 2008; Sanz et al., 2009).
These techniques use GFP (for TRAP) or hemagglutinin (HA; for
RiboTag) to tag ribosomal protein subunit that can be immuno-
precipitated from complex tissue followed by RNA isolation.
While TRAP requires generation of a new transgenic mouse line
for each cell type of interest, a distinct advantage of RiboTag is
that RiboTag mice can be bred to any preexisting Cre driver mice,
thereby making this technology a very efficient choice for isolat-
ing cell type-specific RNA.

In this study, we used the RiboTag method and RNA-sequencing
to obtain a macrophage-specific transcriptional profile after SCI. We
compared macrophages as they first enter the injury site (3 d) and
when their population reaches a peak (7 d) to gain a better under-
standing of how macrophage function changes during this critical
pathogenic period. Our gene expression data demonstrates macro-
phages whose function transitions from inflammation and migra-
tion to lipid catabolism that is mediated by canonical nuclear
receptor pathways. Reducing macrophage lipid content by genetic
deletion of the lipoprotein receptor, CD36, is associated with re-
duced lesion size and improved locomotion after SCI. To our
knowledge, this is the first study to perform a cell type–specific
genomewide transcriptional analysis of macrophages after SCI and
provides important insight into molecular pathways of lipid catab-
olism that can be therapeutically targeted after SCI.

Materials and Methods
Animals and surgical procedures. LysM-Cre mice (The Jackson Laboratory
stock #004781; RRID:IMSR_JAX:004781) were bred to Rpl22(HA)fl/fl Ribo-
Tag mice (The Jackson Laboratory, stock #011029; RRID:IMSR_JAX:
011029) to generate LysMRpl22(HA) mice that were heterozygous for lysM-Cre
(knock-in line) and homozygous for Rpl22(HA). CD45.1 mice were pur-
chased from The Jackson Laboratory (stock #002014; RRID:IMSR_JAX:
002014). Rosa26-tdTomato reporter mice were kindly donated by Dr. F.
Wang (Arenkiel et al., 2011). CD36 KO mice were obtained from The Jack-

son Laboratory (stock #019006; RRID:IMSR_JAX:019006). All mice were in
the C57BL/6 genetic background.

Mouse contusive SCI was performed as described previously (Lee and
Lee, 2013). Mice were anesthetized (ketamine/xylazine, 100 mg/15 mg/
kg, i.p.) before receiving midthoracic (T8) contusive spinal cord injuries.
Female mice received a laminectomy at T8 and then the spinal column
was stabilized using spinal clamps and positioned on an Infinite Horizon
impactor device (Precision Systems and Instrumentation). The exposed
spinal cord was visually aligned with the impactor tip and then given a
moderate (75 kdyn) contusion via a computer-controlled delivery. Chi-
meric mice were 14 –16 weeks old and other mice were 7–9 weeks old at
the time of injury. All SCI mice received fluid supplements (lactated
Ringer’s solution, 1 ml), antibiotics (Baytril, 10 mg/kg), and analgesics
(buprenorphine, 0.05 mg/kg) subcutaneously for the first week (twice
per day) following surgery. Twice daily bladder expressions continued
for the duration of the study. All procedures involving animals were
approved by the University of Miami Institutional Animal Care and Use
Committee and followed NIH guidelines.

Locomotor recovery in CD36 KO mice was assessed by two people
using the Basso Mouse Scale (Basso et al., 2006) open field test at 1 d and
weekly after injury. Scores for left and right hindlimbs were averaged for
each animal at each time point, and scores from the two experimenters
were averaged for each animal. Experimenters were blinded to the exper-
imental groups by housing different genotypes together, randomly se-
lecting each mouse for behavioral testing, and recording the animal
number only after testing was completed. Experimenters remained
blinded to the genotypes until the end of the experiment.

Immunohistochemistry. Mice were perfused transcardially with 4%
paraformaldehyde. Brains and spinal cords were harvested, postfixed for
2 h and placed in 30% sucrose overnight. An 8 mm mouse spinal segment
centered at the injury site was embedded in OCT compound (Tissue-
Tek) and sectioned on a cryostat. Sagittal sections were cut serially at 16
�m. Sections were washed with PBS and blocked using 5% normal goat
serum in PBS with 0.1% Triton X-100. Incubation of primary antibodies
was performed at 4°C in the blocking solution overnight, followed by
incubation of appropriate Alexa Fluor secondary antibodies (Invitrogen;
1:500). Sections were mounted in Vectashield containing DAPI (Vector
Laboratories), and images were collected with a Nikon Eclipse Ti fluo-
rescent microscope or an Olympus FluoView 1000 confocal microscope.
Primary antibodies used for immunohistochemistry were rat anti-HA
(Roche, catalog #11867423001; RRID:AB_10094468; 1:200), rabbit anti-
Iba1 (Wako, catalog #019-19741; RRID:AB_839504; 1:500), rat anti-
CD36 (R&D Systems, MAB25191; RRID:AB_11128648; 1:50), and rat
anti-GFAP (Invitrogen, catalog #130300; RRID:AB_2532994; 1:1000).

For measuring lipid droplets, after immunostaining with Iba-1 anti-
body, BODIPY (1 mg/ml; D3922, Invitrogen) was diluted in PBS and
applied to spinal cord sections for 30 min followed by three 10 min PBS
washes. All sections were mounted with Vectashield with DAPI (H-1200,
Vector Laboratories) and covered with glass coverslips. For counting
BODIPY-labeled lipid droplets in macrophages, BODIPY images were
taken using an Olympus FV1000 FluoView confocal microscope using a
60� objective. The lipid droplets on five images per section were counted
based on their size (2–5, 5–10, and 10 –100 �m 2) using ImageJ software
(version 1.50i), and the numbers were averaged for each tissue section.
For measuring lesion area, spinal cord sections were immunostained
with GFAP antibody and images of the injury site were taken on a Nikon
Eclipse Ti fluorescent microscope. Using ImageJ software, we drew a
contour around the GFAP-negative area (lesion site) and measured the
area of the enclosed region. Three spinal cord sections centered at the
injury epicenter (section with largest lesion size) were counted for each
animal and averaged for the final number of lipid droplets and lesion
area. All experimenters performing the analyses were blinded to the ex-
perimental groups.

Bone marrow transplantation. Bone marrow transplantation was per-
formed as described previously (Zhu et al., 2015b). Female lysM-Cre �/
Rpl22(HA)fl/fl donor mice (8–12 weeks old) were anesthetized (ketamine/
xylazine, 100 mg/15 mg/kg i.p) and killed by cervical dislocation. Bone
marrow cells from femur and tibia were flushed out with sterile HBSS
using a 27.5 gauge needle attached to a 10 ml syringe. Red blood cells
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from bone marrow were lysed with Tris-buffered ammonium chloride
(140 mM NH4Cl and 17 mM Tris, pH 7.65) for 1 min at 37°C. After three
washes with sterile HBSS, bone marrow cells were passed through a 40
�m cell strainer to prepare single cell suspension. The number of live cells
was estimated by trypan blue staining. Donor cells were injected into
the tail vein (5 � 10 5 cells/mouse) of female wild-type (WT) CD45.1
recipient mice (6 – 8 weeks old) that received lethal whole-body irra-
diation (900 rad, Gammacell 40, cesium-137 source) 1 d earlier. These
lysMRpl22(HA)¡CD45.1 chimeras were kept on antibiotics (gentamicin in
drinking water, 0.5 mg/ml) for 2 weeks after irradiation/transplantation
and allowed at least 8 weeks for reconstitution before receiving SCI as
described below. Since the lysMRpl22(HA) donor mice carry a normal
CD45.2 allele, the chimerism efficiency was determined by assessing the
CD45.2/CD45.1 ratio using flow cytometry as described below.

Flow cytometry. For calculation of chimerism efficiency, 150 �l of
blood was collected from uninjured lysMRpl22(HA)¡CD45.1 chimeras
through the tail vein and mixed with heparinized HBSS (1 IU per 100 �l
blood). Immune cells from blood were enriched with Ficoll-Paque (GE
Healthcare) according to the manufacturer’s
instructions. To assess immune cell infiltration
after SCI, mice were anesthetized and perfused
transcardially with cold PBS at specified time
points after injury. A 4 mm spinal segment cen-
tered at the injury site was dissected, and the
meninges were removed. Spinal cord tissue was
dissociated and passed through a 70 �m cell
strainer. Cell suspension was mixed with my-
elin removal beads (Miltenyi Biotec, catalog
#130-096-733) and passed through a MACS LS
column (Miltenyi Biotec, catalog #130-042-
401) according to manufacturer’s instructions.
The number of live cells was quantified by
trypan blue staining. Cell suspension was Fc
blocked with anti-mouse CD16/32 (BioLeg-
end, catalog #101319; RRID:AB_1574973;
1:200) for 10 min on ice and subsequently in-
cubated for 30 min at 4°C with the following
surface antigens: anti-CD45.1-PE/Cy7 (Bio-
Legend, catalog #110729; RRID:AB_1134170;
1:500), anti-CD45.2-Pacific Blue (BioLegend,
catalog #109819; RRID:AB_492873; 1:500),
anti-CD11b-Brilliant Violet 650 (BioLegend,
catalog #101239; RRID:AB_11125575; 1:500),
anti-Ly6G-PerCP/Cy5.5 (BioLegend, catalog
#127615; RRID:AB_1877272; 1:200), anti-Ly6C-
Brilliant Violet 510 (BioLegend, catalog #128033;
RRID:AB_2562351; 1:200), anti-CD11c-APC/
Cy7 (BioLegend, catalog #117323; RRID:AB_
830646; 1:100), anti-CD86-PE/Cy5 (BioLegend,
catalog #105015; RRID:AB_493603; 1:200), and
anti-CD43-APC (BioLegend, catalog #143207;
RRID:AB_11149489; 1:200). After surface stain-
ing, cells were fixed and permeabilized using the
Foxp3 staining Kit (eBiosicence) before incubation with anti-CD206-PE/
Cy7 (BioLegend, catalog #141719; RRID:AB_2562247; 1:200). The follow-
ing isotype control antibodies were used to determine flow cytometry gating:
rat IgG2a-PerCP/Cy5.5 (BioLegend, catalog #400531; RRID:AB_893691;
1:200), Armenian hamster IgG-APC/Cy7 (BioLegend, catalog #400927;
RRID:AB_830906; 1:100), rat IgG2a-PE/Cy5 (BioLegend, catalog #400509;
RRID:AB_326531; 1:200), rat IgG2b-APC (BioLegend, catalog #400611;
RRID:AB_326555; 1:200), and rat IgG2a-PE/Cy7 (BioLegend, catalog
#400521; RRID:AB_326541; 1:200). Cell suspension was analyzed using a
BD LSRFortessa-HTS flow cytometer, and data were quantified using the
FACS-Diva software (BD Biosciences).

RNA isolation and sequencing. Protocol for RNA immunoprecipitation
was adapted from the original RiboTag paper (Sanz et al., 2009). Tissue
homogenate was prepared as follows: 4 mm spinal cord injury site tissues
at 3 and 7 d after SCI (4 animals were pooled as one biological replicate,
n � 3 at each time point) were rapidly extracted and weighed before

homogenization (6% w/v) with a prechilled Dounce homogenizer in
homogenization buffer [50 mM Tris, pH 7.5, 100 mM KCl, 12 mM MgCl2,
1% Nonidet P-40, 1 mM DTT, 200 U/ml Rnasin (Promega, catalog
#N2115), 1 mg/ml heparin, 100 g/ml cycloheximide (Sigma, catalog
#C7698), and protease inhibitor mixture (Sigma, catalog #P8340)].
Samples were then centrifuged at 10,000 � g for 10 min at 4°C. Mouse
(monoclonal) anti-HA antibody (Covance, MMS-101R-200; RRID:
AB_10064220; 10 �l) was added to the supernatant (800 �l) and the
mixture was rotated for 4 h in a cold room, followed by protein G mag-
netic beads and (Invitrogen, catalog #100.04D) incubation overnight at
4°C while rotating. The next day, samples were placed in a magnetic rack
on ice, and the supernatant was removed. Pellets were washed three times
for 5 min each in high salt buffer (50 mM Tris, pH 7.5, 300 mM KCl, 12 mM

MgCl2, 1% Nonidet P-40, 1 mM DTT, 100 g/ml cycloheximide). Total
RNA was prepared according to the manufacturer’s instructions using a
RNeasy Micro plus kit (Qiagen) and quantified with a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific).

Figure 1. Isolation of macrophage-specific mRNA from the spinal cord injury site. A–C, In uninjured spinal cord, hemagglutinin
(green) is expressed in a minor population of Iba1 � microglia and dendritic cells (red). D–F, At 7 d after SCI, HA is expressed in the
majority of myeloid cells at the injury core. Immunohistochemistry was performed on lysMRpl22(HA) mice. All images are sagittal
sections of the midthoracic spinal cord. Scale bar, 500 �M. n � 3 biological replicates per group.

Table 1. List of qPCR primers used to validate candidate genes

Gene Forward Primer (5�–3�) Reverse Primer (5�–3�)

Abca1 ACCCGCTGTATGGAAGGAAA AGGGGTTCTTCATGGTCCAG
Abcg1 ACCTACCACAACCCAGCAGACTTT GGTGCCAAAGAAACGGGTTCACAT
Acadm GCGAGCAGAAATGAAACTCC AGCTCTAGACGAAGCCACGA
Acox3 GCGAACGACAGCTCACTATG CGTCTGGCATGTACAGTTGG
Arg1 TTTTTCCAGCAGACCAGCTT CATGAGCTCCAACGGAAAGT
Cd5l GTTGGGACCTCGTTAGAAGA CGAAGATATGCAAGTGACCC
Cd11b TACCGGAAGGATTCAGCAAG TAGCAGGAAAGATGGGATGG
Cd36 GAACCACTGCTTTCAAAAACTGG TGCTGTTCTTTGCCACGTCA
Gapdh GACCTCAACTACATGGTCTACA ACTCCACGACATACTCAGCAC
Gfap TCTCCTCCTCCAGCGATTCAAC TGTGGATTTGGAGAGAAA
Hadhb ACTCGGACCAACATATGCTACT GCTAAAATCTGGCCTGAGAAGG
Lpl GGGAGTTTGGCTCCAGAGTTT TGTGTCTTCAGGGGTCCTTAG
Nse GCAACTGTTTGCTGCTCAAG TCAGCAATGAACGTGTCCTC
Plp GTTCCAGAGGCCAACATCAAGCTC AGCCATACAACAGTCAGGGCATAG
Pparg CTGTGGACCTCTCCGTGATG CCATTGGGTCAGCTCTTGTG
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RNA quality was assessed by a Bioanalyzer (Agilent Technologies),
and our samples reached an averaged RIN number of 9.8. For library
preparation, 150 –300 ng total RNA per sample were used. Ribosomal
RNA contamination was eliminated using the Ribo-Zero rRNA Removal
Kit (Illumina), and sequencing libraries were constructed using the
ScriptSeq v2 RNA-Seq Library Preparation Kit (Illumina). The samples
were pair-end sequenced at 100 bp using an Illumina HiSeq 2000 se-
quencer at the University of Miami Hussman Institute for Human
Genomics Core Facility. Sequencing data is publicly available at the Na-
tional Center for Biotechnology Information through Gene Expression
Omnibus accession number GSE84737.

Quantitative real-time PCR. To validate our RNA sequencing results, we
performed quantitative real-time PCR (qPCR) analysis of select genes using
total RNA from injury site homogenates rather than RiboTag polyribosomal
mRNA. This was mainly due to technical issues including insufficient RNA
generated using RiboTag to run validation qPCRs on many genes and the
complexity of generating another set of RiboTag chimeric mice solely for
validation purposes. At 3 and 7 d after SCI, C57BL/6 mice were anesthetized
and transcardially perfused with cold PBS. A 4 mm segment of the spinal
cord centered at the injury site was dissected and homogenized, and total
RNA was isolated according to manufacturer’s instructions using a RNeasy
Micro plus kit (Qiagen). RNA quantity was measured using a NanoDrop
1000 (Thermo Fisher Scientific). RNA was treated with DNAase (AMPD1,
Sigma-Aldrich) and reverse transcribed to cDNA using the Advantage RT-
for-PCR Kit (ClonTech). Transcript levels were assessed by one-step qPCR
assays using SYBR Green PCR Master Mix (Applied Biosystems) in a 7300
Real Time PCR machine (Applied Biosystems). Fold enrichment was calcu-
lated using the ��Ct method with normalization to GAPDH. Primer se-
quences are listed in Table 1.

Bioinformatic analysis. RNA-seq read alignment, transcript assembly, and
differential expression analysis were performed on the ‘‘Pegasus” high-
performance computing cluster of the University of Miami. The Tuxedo
Suite tools (Bowtie, TopHat, Cufflinks, and CummeRbund software pack-
ages; RRID:SCR_013194) were used to analyze and visualize the raw se-
quencing data as described previously (Lerch et al., 2012; Trapnell et al.,
2012). Raw reads were first aligned to the mouse reference genome (assem-
bly mm10) while supplying with a reference genome annotation (combined
Ensembl, RefSeq, and University of California, Santa Cruz annotations) us-
ing Tophat software, version 2.0.12 (Kim et al., 2013). Aligned reads were
then assembled into transcripts with the same reference genome annotation
by the Cufflinks software, version 2.2. Next, gene expression levels were
estimated and normalized by Cuffquant, version 2.2.1, and input into
Cuffdiff version 2.2.1 (Trapnell et al., 2013) for gene differential expression
analysis. Cuffdiff determines p values based on the square root of the Jensen–
Shannon divergence between the relative abundance of transcripts. False
discovery rate (FDR)-adjusted p values were calculated with the Benjamini–
Hochberg method. We considered transcripts as differentially expressed
(DE) if the FDR-adjusted p value was �0.05

We generated a master list of macrophage-specific genes by combining
all genes represented in at least one of the following publicly available
RNA sequencing data sets from isolated macrophages: Helft et al. (2012)
(GEO GSE38838, FACS-purified alveolar macrophages); Hickman et al.
(2013) (PRJNA219501, FACS-purified peritoneal macrophages); Melo
et al. (2013) (SRP011061, cultured bone marrow-derived macrophages);
Devaud et al. (2014) (GSE56904, FACS-purified renal macrophages).
We then filtered our data set against the above gene list and eliminated
the genes in our data set that were not in the master gene list since they
were most likely due to contamination from other cell types during our
enrichment procedure.

The gene set enrichment analysis (GSEA; RRID:SCR_003199; Sub-
ramanian et al., 2005) was performed using our entire data set of
Fragments Per Kilobase of transcript per Million mapped reads
(FPKM) values and custom gene sets created from published microar-
ray data. The following software parameters were used: 10000 gene
permutations, “3 d” versus “7 d” as the phenotypes, and t test as the
ranking metrics. For single-sample GSEA (ssGSEA) analysis, 19 dif-
ferent macrophage types were obtained from nine publicly available
data sets. A list of DE genes between each treatment group and the
listed control was obtained, using criteria of log2FC � 1.5 and an

adjusted p value of �0.05, using the limma Bioconductor R package
(Smyth, 2005). We then used the ssGSEA method (Barbie et al., 2009)
to assess the activation of the DE genes from each treatment group in
both day 3 and day 7 macrophages independently. This method was
implemented using the gene set variation analysis Bioconductor R
package (Hänzelmann et al., 2013).

Figure 2. Myeloid cells labeled in lysM-Cre mice are representative of the general macro-
phage population after SCI. A–T, We performed SCI on lysMtdTom¡WT chimera mice and as-
sessed the injury site using flow cytometry to determine whether macrophages labeled in
lysMtdTom mice (CD11b �/tdTom �; B, red) were representative of the general macrophage
population in the injury site (CD11b �/CD45 hi; A, circled region). Except for a slight difference in
Ly6C � cells at 14 d after SCI, macrophages labeled in lysMtdTom (red bars) mice did not differ
from the general macrophage population (gray bars) in the percentage of cells that expressed
Ly6G, CD11c, CD86, CD206, or CD43 at both 7 and 14 d after SCI. *p � 0.05 using Student’s
unpaired t test. n � 5 biological replicates per group. Error bars indicate SEM.
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Results
Isolation of macrophage-specific mRNA after spinal
cord injury
To generate a genetic mouse model that can be used to obtain
mRNA specifically from macrophages at the spinal cord injury
site, we bred lysM-Cre mice to Rpl22(HA)fl/fl mice to generate

lysMRpl22(HA) mice in which hemagglutinin-tagged ribosomal
protein L22 (Rpl22) is expressed specifically in myeloid cells. The
uninjured spinal cord of lysMRpl22(HA) mice contained very little
HA expression, most likely because lysM-Cre mice preferentially
label macrophages over microglia (Fig. 1A–C; Zhu et al., 2015a).
One week after SCI, the injury site is filled with Iba1� macro-

Figure 3. Macrophages at 3 and 7 d after SCI display distinct clustering and different expression of highly enriched genes. A, The 3 d (n � 3) and 7 d (n � 3) samples showed a range of 80 –107
million 100 base pair sequence reads with 84 –90% alignment. B, C, Both principal component analysis of all genes (B) and hierarchical clustering of differentially expressed genes (C) showed small
intragroup differences and distinct separation of the 3 d and 7 d macrophage data sets. D, Venn diagram displaying the number of same or different genes from the top 20% of the highest expressed
genes (2416 genes with highest FPKM values) in 3 and 7 d macrophages. From the top 20% expressed genes represented in D, the 25 genes with the highest FPKM values are listed in E and F. n is
the number of biological replicates. Error bars indicate SEM.
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phages that express HA (Fig. 1D–F), demonstrating the expected
recombination and expression pattern in lysMRpl22(HA) mice after
SCI.

To distinguish between microglia and hematogenous
macrophages present at the injury site, we performed bone
marrow transplantation using lysMRpl22(HA) mice as the donor
(carrying the CD45.2 allele) and C57BL/6 WT mice (carrying
the CD45.1 allele) as the recipient to generate lysMRpl22(HA)¡WT chi-
meric mice in which only the hematogenous myeloid cells express
HA-tagged Rpl22. A chimerism efficiency of 80 –90% was
achieved as determined by the CD45.1 to CD45.2 ratio in blood
samples using flow cytometry. At 7 d after SCI, injury site tissue
from lysMRpl22(HA)¡WT mice was dissected, homogenized, and
immunoprecipitated using a monoclonal antibody against HA,
followed by RNA extraction. As expected, the RNA was enriched
for CD11b (macrophages, �8-fold) and depleted of neuron spe-
cific enolase (neurons, �6-fold), glial fibrillary acidic protein
(astrocytes, �15-fold), and proteolipid protein (oligodendro-
cytes, �28-fold; enrichment data not shown).

Since lysM-Cre mice do not label all macrophages (Clausen
et al., 1999; Abram et al., 2014), we wanted to determine
whether the recombined macrophages were representative of
the general macrophage population. Thus, we used lysMtdTom

mice (lysM-Cre mice bred to Rosa26-tdTomato mice) as the
donor and C57BL/6 mice as the recipient to generate
lysMtdTom¡WT chimeric mice in which only bone marrow-
derived myeloid cells express tdTomato. At 7 and 14 d after
SCI in lysMtdTom¡WT mice, injury sites were processed for
flow cytometry, and the general macrophage population
(CD11b �CD45 hi cells) was compared to recombined macro-
phages (CD11b �tdTomato � cells; Fig. 2 A, B). Approximately
49% of the total macrophage population was tdTomato �, sug-
gesting that we obtained RNA from �49% of the macrophages
using the RiboTag method. Ly6G � cells comprised �3% of
these cell populations, indicating that CD11b �CD45 hi cells
were mostly macrophages rather than neutrophils at 7 and
14 d, consistent with previous reports (Stirling and Yong,
2008; Beck et al., 2010). At 7 d after SCI, the antigenic profile
using Ly6C, CD11c, CD86, CD206, and CD43 between these
two groups was similar (Fig. 2C–H ). At 14 d, the two popula-
tions continued to be mostly similar with the exception of
Ly6C that was expressed by a slightly larger percentage
of tdTomato � cells (24 vs 15%; Fig. 2I–T ). Taken together,
our data indicate that the lysM-Cre expressing macrophages at
the injury site are representative of infiltrating macrophages in
general.

Sequencing macrophage-specific mRNA after spinal
cord injury
Sequencing of RNA from macrophages in the SCI site of
lysMRpl22(HA)¡WT chimeric mice at 3 and 7 d after SCI resulted
in �80 –107 million 100 bp pair-end reads, of which 84 –90%
aligned with the mouse reference genome (Fig. 3A). A total of
15,565 genes were identified with 5597 being differentially ex-
pressed between 3 and 7 d macrophages as determined by
Cuffdiff (FDR-adjusted p � 0.05). Principal component analysis
of all genes in each biological sample revealed separation between
the 3 and 7 d experimental conditions (Fig. 3B). Hierarchical
clustering and heat map of differentially expressed genes showed
similar results (Fig. 3C). We compared the top 20% most highly
expressed genes between 7 and 3 d. Of the 2416 genes, 1725 genes
were common to both time points, whereas 367 genes were
unique to 3 d and 324 genes were to 7 d macrophages (Fig. 3D).

Figure 4. The most differentially expressed genes between macrophages at 3 and 7 d
after SCI. A rank order list of 100 genes that were expressed higher in 7 or 3 d macrophages
is shown. Note that although ctss, ctsd, ctsb, apoe, psap, and gpnmb are also very highly
expressed at 3 d, they are not included in the graph because their differential expression
could not be mathematically calculated (results in infinity).
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Interestingly, ctss, ctsd, ctsb, apoe, psap, and gpnmb were expressed
only at 3 d and were not detected at 7 d (Fig. 3E), even though
many genes highly expressed in 7 d macrophages were also de-
tected at low levels in 3 d macrophages (Fig. 3F). ctss, ctsd, and

ctsb (cathepsins family members) and psap (prosaposin) are lys-
osomal hydrolases involved in degradation of proteins and gly-
cosphingolipids. Apoe encodes apolipoprotein E, which is a
secreted protein that plays important roles in lipid metabolism.

Figure 5. GO analysis shows enrichment of genes related to cell migration and cytokine signaling in 3 d macrophages. A, B, Many of the enriched biological processes are related to cell migration
(A), while cytokine signaling represent the top two enriched pathways (B). C, Consistent with cell migration in response to cytokine signaling, many of the enriched cellular components are related
to the cell membrane and extracellular matrix. D, E, Top differentially expressed genes (compared to 7 d) that are related to cytokine signaling (D) or cell adhesion (E). ARVC, Arrhythmogenic right
ventricular cardiomyopathy. Differentially expressed genes (fold change 	 2, FDR-adjusted p � 0.05) were analyzed using the DAVID bioinformatics tools with the following statistical testing
cutoffs: p (Expression Analysis Systematic Explorer [EASE] score) � 0.05; FDR � 0.1; percentage of genes involved in a given term, 	1%. *Migratory behavior refers to the GO term “locomotory
behavior” (GO:0007626). “Migratory behavior” was used instead to avoid confusion with locomotor recovery after SCI.
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Gpnmb (also known as osteoactivin) is a phagocytic protein and
an inflammatory mediator that is upregulated during monocyte-
to-macrophage differentiation (Ripoll et al., 2007; Li et al., 2010).
This unique gene expression profile suggests that macrophages
have started to clear tissue debris from the injury site upon their
arrival at 3 d after SCI. Of the top differentially expressed genes
between 3 and 7 d macrophages, cxcl3, myl1, cacna1 g, tcap, and
des were the highest at 3 d, and rpgrip1, serpinb1c, cd5l, msrb2, and
cxcr1 were the highest at 7 d (Fig. 4).

Macrophage transcriptional profile shifts from cell migration
and cytokine signaling to lipid catabolism from 3 to 7 d after
SCI
To identify the major biological processes that are altered be-
tween 3 and 7 d macrophages, we performed gene ontology
(GO) enrichment analysis on the differentially expressed genes
between the two groups using the DAVID bioinformatics tool

(Huang da et al., 2009). While a diverse range of biological pro-
cesses were revealed at 3 d after SCI, many of the most signifi-
cantly enriched biological processes such as migratory behavior,
cell and biological adhesion, taxis and chemotaxis, and leukocyte
migration pertained to macrophage migration (Fig. 5A). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
revealed cytokine-cytokine receptor interaction and chemokine
signaling pathway as the two most enriched pathways (Fig. 5B).
Consistent with cytokine/chemokine signaling, plasma mem-
brane and extracellular space were the most enriched cellular
components (Fig. 5C). Since cell migration was identified as the
most prominent feature of macrophages at 3 d, we extracted
genes that are associated with the GO terms related to cell migra-
tion. Manual annotation of the genes broadly categorized them
into “cytokines and receptors” and “adhesion molecules” (Fig.
5D,E). The most enriched chemokines/cytokines included cxcl3
and ctgf (connective tissue growth factor), whereas the most en-

Figure 6. A, GO analysis shows enrichment of genes related to lipid catabolism and immune response in 7 d macrophages. Most of the enriched biological processes are related to lipid catabolism
with some representation of immune response processes. B, C, Enrichment of lipid catabolic processes is consistent with enrichment of lysosome pathway (B) as well as lysosomal cellular
components (C). D, E, Top differentially expressed genes (compared to 3 d) that are related to lipid metabolism processes (D) or immune response processes (E). Differentially expressed genes (fold
change 	 2, FDR-adjusted p � 0.05) were analyzed using the DAVID bioinformatics tools with the following statistical testing cutoffs: p (EASE score) � 0.05; FDR � 0.1; percentage of genes
involved in a given term, 	1%.
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riched cytokine receptor was tnfrsf19 (also known as TROY; Fig.
5D). Whereas this enrichment reflects differences between 3 and
7 d macrophages, in terms of expression in FPKM values, ccl2,
ccl7, and ccl12 were the highest expressed chemokines (Fig. 3E).
Consistent with macrophage migration, other notable pathways
included cell adhesion molecules and calcium signaling (Fig. 5B).
The most enriched adhesion molecule was selp (P-selectin), and
the most enriched member of the cadherin family was pcdh9
(protocadherin 9; Fig. 5E). Both selectins and cadherins are
calcium-dependent cell adhesion molecules, and the most en-
riched calcium channel was cacna1g, which is the primary pore-
forming subunit of voltage dependent calcium channels (Fig.
5E). Taken together, enriched genes in 3 d macrophages are con-
sistent with interaction of macrophages with the extracellular
environment as they migrate in response to chemokines ex-
pressed at the injury site.

Whereas the list of biological processes enriched at 3 d was
diverse, enriched biological processes in 7 d macrophages
almost entirely pertained to lipid catabolism, including glyco-
sphingolipid, sphingolipid, and glycolipid catabolism (Fig.
6A). KEGG pathway analysis showed lysosome as the most
significantly enriched pathway in 7 d macrophages (Fig. 6B),
whereas cellular component analysis revealed enrichment of
genes associated with lysosome, lytic vacuole, and vacuole

(Fig. 6C). The most enriched lipid processing enzyme was lpl
(lipoprotein lipase), and the most enriched lipid transporter/
receptor was cd36, which is a class B scavenger receptor for
oxidized low-density lipoprotein (Fig. 6D). In terms of gene
expression in FPKM values, cd5l and lpl were the two highest
expressed genes in 7 d macrophages (Fig. 3F ). Cd5l (also
known as Apoptosis Inhibitor of Macrophages, or AIM) is also
a mediator of lipid metabolism and a known ligand of CD36
(for review, see Sanjurjo et al., 2015). In addition to lipid cata-
bolic processes, immune response was also an enriched biological
process (Fig. 6A). Igf1 (insulin-like growth factor) was the most en-
riched cytokine/growth factor, while ctse (cathepsin E) was the most
enriched MHC-related antigen processing gene (Fig. 6E).

Using the genes associated with lipid catabolism in our gene
ontology analysis (Fig. 6), we used ingenuity pathway analysis
(IPA) to assemble a protein interaction network (Fig. 7). IPA
identified five molecules as network hubs: TNF, CD36, LPL,
PPAR�, and ABCA1. While tnf expression was decreased in 7 d
macrophages, expression of the other four hub genes was in-
creased. These four genes were validated in total RNA from injury
site homogenate using qPCR (Fig. 8). Based on these network
interactions, IPA identified Liver X Receptor/Retinoid X Recep-
tor (LXR/RXR) and Peroxisome Proliferator-Activated Receptor
alpha (PPAR�/RXR�) as two canonical pathways that are

Figure 7. Pathway analysis identifies canonical lipid metabolism pathways with distinct network hubs. Molecular network generated by ingenuity pathway analysis using 7 d macrophage genes
represented in lipid catabolism GO biological processes. Direct interactions are represented by continuous lines, while indirect interactions are represented by dashed lines. The color intensity of a
molecule indicates the degree of increased (red) or decreased (green) enrichment of the gene compared to 3 d macrophages. Other colors indicate the presence (gray) or absence (white) of a given
gene in the data set. The network forms hubs around cd36, lpl, pparg, abca1, and tnf (blue dotted circles). LXR/RXR and PPAR�/RXR� canonical pathways (CPs) are the most highly enriched
pathways identified by the network analysis.

2370 • J. Neurosci., March 1, 2017 • 37(9):2362–2376 Zhu, Lyapichev et al. • Lipid Catabolic Pathways in Macrophages after SCI



activated in 7 d macrophages. Nuclear receptors LXR and PPAR
form obligate heterodimers with RXR to regulate fatty acid syn-
thesis and degradation, respectively (Nagy et al., 2012). Taken
together, our data suggest that the most significant change in
macrophage function from 3 to 7 d after SCI is increased lipid
catabolism with nuclear receptors LXR, PPAR, and RXR as their
major regulators.

Macrophages at 7 d after SCI resemble foam cells
The predominance of lipid catabolic pathways suggested that
7 d macrophages were foam cells, which are specialized mac-
rophages characterized by overexpression of the LXR/RXR
pathway, the presence of lipid droplets, and commonly found
in atherosclerotic plaques (Thomas et al., 2015). Thus, we
performed gene set enrichment analysis (GSEA) to compare
our data set with a previously published transcriptomic mi-
croarray data set that focused specifically on peritoneal foam
cells in mice fed high-cholesterol and high-fat diet (Spann et
al., 2012). Foam cell and non–foam cell signature gene sets
were created by combining genes upregulated at least 1.5-fold
in foam (210 genes) or non-foam (614 genes) cells, respec-
tively. Both signature gene sets were then overlaid with our
entire set of genes for enrichment analysis. Most notably, non–
foam cell genes were highly overrepresented in 3 d macro-
phage genes, while foam cell genes were overrepresented in 7 d
macrophage genes (Fig. 9 A, B). Our GSEA data were consis-
tent with histological evidence showing the absence of lipid

droplets at 3 d after SCI (Fig. 9C–E) and their presence in
macrophages at 7 d after SCI (Fig. 9F–H ). We also performed
ssGSEA analysis to compare our 7 d data sets to 19 other
macrophage treatment conditions (Fig. 10), including another
foam cell data set from an independent study (Thomas et al.,
2015). When 7 d macrophages were compared to all other
macrophage phenotypes, foam cells displayed the highest ssG-
SEA score (Fig. 10). Taken together, our data show that mac-
rophages most resemble foam cells by 7 d after SCI.

Genetic deletion of CD36 reduces lipid droplets in
macrophages and improves recovery
Upon identification of the lipoprotein receptor, CD36, as a network
hub (Fig. 7), we sought to confirm its expression in macrophages
using immunohistochemistry. At 3 d after SCI when macrophages
start to infiltrate the injury site, there was barely detectable CD36
expression (Fig. 11A–D). However, at 7 d after SCI when macro-
phage infiltration has reached its peak, there was significantly greater
CD36 expression that co-localized with macrophages (Fig. 11E–H).
There was no detectable CD36 staining in CD36 knock-out mice,
confirming the specificity of our CD36 antibody (data not shown).
Notably, this increased expression of CD36-positive macrophages
between 3 and 7 d corresponded to the increased presence of foam
cells after SCI (Fig. 9C–H). Thus, our immunohistochemical data
confirm the increased gene expression of the lipoprotein receptor
CD36 in macrophages at 7 d after SCI.

To investigate the contribution of CD36 to lipid catabolism,
we assessed formation of lipid droplets, a hallmark of foam cells,
after SCI in CD36 knock-out mice. At 3 d after SCI, neither
wild-type nor CD36 knock-out mice had significant amount of
lipid droplet accumulation as detected by BODIPY staining of the
injury site (data now shown). However, at 7 d after SCI, the entire
injury site was filled with lipid droplets present inside macro-
phages (Fig. 11I–K). CD36 KO mice displayed significantly de-
creased number of large lipid droplets in macrophages at the
injury site (Fig. 11L–N,O), suggesting that the amount of lipid
droplets in macrophages is mediated, at least in part, by the lipo-
protein receptor, CD36, after SCI. This decrease in lipid droplets
in CD36 KO mice was associated with smaller lesion area (de-
fined as GFAP-negative area; Fig. 12A–C) as well as improved
open field locomotion at 4 weeks after SCI (Fig. 12D). Thus, our
data suggest that decreased lipid uptake through CD36 could be a
novel therapeutic target after SCI.

Discussion
Macrophages have multiple functions after CNS injury, but the
temporal occurrence of these functions and the molecular path-
ways involved are not fully understood. While transcriptomic
analysis could provide important new insights, a major hurdle in
the field has been distinguishing macrophage-specific functions
from overlapping functions in other cell types at the injury site.
Therefore, in this study, we used the RiboTag method to obtain
the first macrophage-specific transcriptional profile after SCI.
Our data indicate that macrophages acutely after SCI (3 d) are
enriched in genes associated with cell migration and cytokine
signaling. However, at a later time point (7 d), the gene expres-
sion profile transitions to reflect lipid catabolism as their primary
function through the LXR/RXR and PPAR/RXR canonical path-
ways, including CD36, which may be a potential lipid uptake
mechanism that can be therapeutically targeted to improve func-
tion after SCI.

While a major advantage of using the RiboTag method is that
it provides a snapshot of the macrophage gene expression profile

Figure 8. qPCR validation of select differentially expressed genes in 3 and 7 d macro-
phages. Total RNA isolated from the entire injury site at 3 or 7 d after SCI in C57BL/6
wild-type mice. Values are normalized to average 3 d expression levels. Error bars indicate
SEM. *p � 0.05 compared to 7 d (unpaired two-tailed Student’s t test). n � 5 per group
(biological replicates).
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while still in its native environment, a technical obstacle is mini-
mizing contamination from other cell types. For example, since
proliferating astrocytes compose such a large fraction of the cells
at the injury site, gfap was a highly expressed gene in our raw data
set even though we achieved about a 15-fold depletion of gfap
through the RiboTag method (data not shown). Therefore, we

combined the gene list from four publicly available macrophage
transcriptome data sets to generate a “master” macrophage gene
list and reasoned that any gene not on this list was most likely not
expressed by macrophages (see Materials and Methods). This
filtering process eliminated 3864 potentially contaminating genes
such as gfap, olig1, mog, tubb3 (�-tubulin III), and snap25 (en-

Figure 9. Foam cell genes are enriched in 7 d macrophages. GSEA comparing all genes in our data set to previously published data set on non-foam cells (614 genes) and foam cells (210 genes;
Spann et al., 2012) is shown. A–H, Non–foam cell genes were overrepresented in our 3 d macrophages (A), while foam cell genes were overrepresented in our 7 d macrophages (B). This was
consistent with the absence of macrophage (Iba1) lipid droplets (BODIPY; green) at 3 d (C–E; n � 7) and their presence at 7 d after SCI (F–H; n � 7). Each black vertical line in A and B represents
a macrophage gene in our data set and shows a gene’s relative location in the ranking list generated according to FPKM values. Statistical tests are shown in Table 1. Insets in D and G are magnified
images of dotted regions. Bright green dots are lipid droplets stained by BODIPY. Scale bars: 500 �m. n indicates the number of biological replicates.
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codes the t-SNARE protein, synaptosomal-
associated protein, 25 kDa). Surprisingly,
even after the filtering process, some
T-cell genes such as cd28 and cd4 were still
present in our data set (Fig. 6E). However,
the actual FPKM value of cd4 was very low
(FPKM � 0.2 at 3 d and 1.6 at 7 d). The
fact that cd3-related genes (cd3d, cd3e, and
cd247) were not detected in our data set
even before filtering indicates that con-
tamination from T cell RNA in our sample
is highly unlikely. In addition, since cd28
was found in two of the four data sets used
as filters (Melo et al., 2013; Devaud et al.,
2014), it is possible that cd28 is commonly
expressed by macrophages, although the
functional significance of this gene in
macrophages is unclear. It should also be
noted that the filtered genes in our data set
might have been from ingestion of RNA
during phagocytosis of other cell types at
the injury site. However, we do not think
this is likely because our RiboTag ap-
proach isolated translating mRNA bound
to polyribosomes, and we do not typically
detect genes such as gfap at the protein
level in macrophages.

Another technical issue to consider is
that the lysM-Cre mouse line labels cells
of myeloid origin, which include mono-
cytes, tissue macrophages (including
microglia), dendritic cells, and neutro-
phils. Our use of bone marrow chimeras
eliminated microglia from our profiled
cell population, and previous study has
indicated that dendritic cells are absent
from the injury site until 56 d after SCI
in mice (Sroga et al., 2003). Neutrophil
infiltration reaches its peak at 1–2 d af-
ter injury, and then declines signifi-
cantly over the next couple of days, and
previous studies have shown that neu-
trophils are only a minor population of
myeloid cells by 7 d after SCI (Donnelly
and Popovich, 2008; Stirling and Yong,
2008; Saiwai et al., 2010). However,
since 3 d represents the tail end of neu-
trophil infiltration and the beginning of
macrophage infiltration, neutrophils
may represent a significant percentage
of myeloid cells at this earlier time
point. Thus, although macrophages are
the major myeloid cell population rep-
resented in our data set, we cannot rule
out contributions from neutrophils. In ad-
dition, macrophages profiled in our study
represent a spectrum of polarization states
that ranges from proinflammatory to anti-
inflammatory. Therefore, our data set is an
average of gene expression from many dif-
ferent types of macrophages. Future studies
on macrophage subpopulations or single-
cell analysis would be extremely informa-

Figure 10. ssGSEA analysis comparing 7 d macrophages to other macrophage treatment conditions. The 7 d macrophages are
most enriched in foam cell genes compared to genes expressed under 18 other macrophage treatment conditions. The foam cell
data set here is from Thomas et al. (2015), whereas the data set in Figure 9 is from Spann et al. (2012). 1Thomas et al. (2015);
2Haribhai et al. (2016); 3El Chartouni and Rehli (2010); 4Riquelme et al. (2013); 5Li et al. (2015); 6Goo et al. (2016); 7Robblee et al.
(2016); 8Suzuki et al. (2010); 9MacKenzie et al. (2013).

Figure 11. CD36 expression is increased in 7 d macrophages and regulates the amount of lipid droplets in macrophages after
SCI. A–O, While there is very little CD36 expression at 3 d after SCI (A–D; n � 7), it is significantly increased in macrophages (Iba1)
at 7 d (E–H; n � 7). Genetic deletion of CD36 (L–O; n � 5) resulted in less large lipid droplets (BODIPY) compared to WTs (I–K, O;
n � 6). B–D represent dotted region in A, and F–H represent dotted region in E. *p � 0.05 compared to WT (two-way ANOVA
with Bonferroni posttest). DAPI in blue in D, H. Scale bars: 50 �m. Error bars indicate SEM. n is the number of biological replicates.
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tive, and as the first macrophage-specific
transcriptional profile after SCI, our data set
will provide a contextual framework for
these studies.

Unlike macrophage behavior at 3 d
after SCI, there were no obvious biolog-
ical processes, such as inflammation,
phagocytosis, angiogenesis, wound heal-
ing, and matrix remodeling, among
many others, that could have been con-
sidered as the major macrophage func-
tion at 7 d. This is partly because 7 d
after SCI is a very dynamic and complex
period characterized by a peak number
of macrophages, fibroblasts, astrocytes,
and NG2 cells remodeling the tissue cy-
toarchitecture to form the scar, which
attains its mature state starting around
14 d after SCI (Donnelly and Popovich,
2008; Barnabé-Heider et al., 2010; So-
derblom et al., 2013). In the context of
SCI, most previous studies have focused
on the contribution of macrophage to
inflammation and cell death, scar for-
mation, and/or axon regeneration. Thus, it
was somewhat surprising to find lipid
catabolic processes and their corre-
sponding molecular pathways as the
predominant macrophage function in 7 d macrophages. This
was true whether we considered enriched genes (most differ-
entially expressed) or actual gene expression levels using
FPKM values, giving confidence to our interpretation. In ad-
dition, when we compared our data set to those from 19 other
macrophage treatment conditions (Fig. 10) using ssGSEA
analysis, we discovered that macrophages after SCI are most
similar to foam cells than any other subtypes. Importantly,
enrichment of foam cell genes in SCI macrophages was con-
firmed using foam cell data sets from two independent studies
(Spann et al., 2012; Thomas et al., 2015).

Pathway analysis of lipid catabolism-related genes revealed
several hubs, including TNF, CD36, LPL, PPARG, and
ABCA1. A recent study reported that in a model of diabetic
kidney disease, increased TNF levels can lead to reduced
ABCA1 expression that results in reduced cholesterol efflux in
podocytes (Pedigo et al., 2016). This suggests that our finding
of increased ABCA1 expression may be causally related to
decreased TNF expression (Fig. 7). In addition, these hubs
have been long known to be important mediators of athero-
sclerosis, raising the possibility that druggable targets that
have been identified in atherosclerosis and other lipid-related
disorders may be applicable to SCI. For example, use of statins
has been reported to have neuroprotective effects in several
SCI studies (Pannu et al., 2007; Holmberg et al., 2008; Gao et
al., 2016), and recent review articles highlight PPARs as po-
tential therapeutic targets after SCI (Mandrekar-Colucci et al.,
2013; Gensel and Zhang, 2015). In addition, treatment with
cyclodextrin can promote axonal growth after SCI (Mar et al.,
2016). Although most studies seem to support the use of lipid-
targeting compounds after SCI, it is important to note that
there have also been studies that did not find any beneficial
effects (Lee et al., 2010; Mann et al., 2010; Almad et al., 2011),
pointing to potential hurdles of using small compounds tar-
geting lipid pathways in preclinical SCI studies.

Previous studies have shown that genetic deletion of CD36
is protective against atherosclerotic lesion development (Feb-
braio et al., 2000). Accordingly, our data also showed im-
proved histopathology and locomotion after SCI in CD36 KO
mice. The fact that these improvements were associated with
decreased lipid droplets in macrophages at the injury site is
consistent with the function of CD36 as lipoprotein receptors,
but the precise mechanism requires further investigation since
CD36 has multiple ligands such as collagen and thrombospon-
din and is expressed on several cell types including endothelial
cells. In fact, previous study has reported that genetic deletion
of CD36 can reduce endoplasmic reticulum stress response
and apoptosis and lead to improved functional recovery after
SCI (Myers et al., 2014), suggesting that the improved func-
tion in CD36 KO mice may be through several pathways.
However, our study is the first to propose the beneficial effects
of targeting CD36 in the context of lipid metabolism in mac-
rophages after SCI.

Our study provides the first in vivo cell type–specific mac-
rophage transcriptional profiling after SCI. Our data highlight
lipid catabolic processes as the predominant macrophage
function at 7 d after SCI and provide insight into the molecu-
lar mechanisms that regulate lipid catabolism as well as iden-
tify potential novel therapeutic targets in these pathways.
What effect lipid catabolic processes have on macrophages’
ability to regulate wound healing, scar formation, and/or axon
regeneration remains to be addressed in the future.
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