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Abstract

The transcription factor peroxisome proliferator-activated receptor (PPAR)-6 promotes
oligodendrocyte differentiation and myelin formation in vitro and is prevalent throughout the brain
and spinal cord. Its expression after injury, however, has not been examined. Thus, we used a
spinal contusion model to examine the spatiotemporal expression of PPAR-§ in naive and injured
spinal cords from adult rats. As previously reported, PPAR-8 was expressed by neurons and
oligodendrocytes in uninjured spinal cords; PPAR-6 was also detected in NG2 cells (potential
oligodendrocyte progenitors) within the white matter and gray matter. After spinal cord injury
(SCI), PPAR-8 mRNA and protein were present early and increased over time. Overall PPAR-6+
cell numbers declined at 1 day post injury (dpi), likely reflecting neuron loss, and then rose
through 14 dpi. A large proportion of NG2 cells expressed PPAR-§ after SCI, especially along
lesion borders. PPAR-6+ NG2 cell numbers were significantly higher than naive by 7 dpi and
remained elevated through at least 28 dpi. PPAR-8+ oligodendrocyte numbers declined at 1 dpi
and then increased over time such that >20% of oligodendrocytes expressed PPAR-6 after SCI
compared with ~10% in uninjured tissue. The most prominent increase in PPAR-6+
oligodendrocytes was along lesion borders where at least a portion of newly generated
oligodendrocytes (bromode-oxyuridine +) were PPAR-6+. Consistent with its role in cellular
differentiation, the early rise in PPAR-6+ NG2 cells followed by an increase in new PPAR-6+
oligodendrocytes suggests that this transcription factor may be involved in the robust
oligodendrogenesis detected previously along SCI lesion borders.
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Peroxisome proliferator-activated receptors (PPARs) were first discovered as molecules
activated by carcinogenic drugs that led to marked production of liver peroxisomes
(Issemann and Green, 1990). These molecules belong to the nuclear hormone receptor
family and function as ligand-activated transcription factors (Qi et al., 2000). Three isoforms
of PPAR have been identified to date: a, 6 (also called B), and v, all of which form
heterodimers with retinoid X receptors (Qi et al., 2000; Hihi et al., 2002). PPARs are widely
distributed throughout the body and are primarily known for their metabolic functions. For
instance, PPAR-a and PPAR-y are involved in lipid and glucose metabolism, respectively.
PPAR-§ is the most abundant PPAR isoform in the body and recent studies demonstrate its
involvement in muscle fatty acid oxidation (Wang et al., 2004), skin wound healing (Tan et
al., 2007), and embryonic development (Nadra et al., 2006). In addition, it appears to play a
global role in cellular differentiation, as has been shown for keratinocytes, endothelial cells,
colonic epithelial cells, and adipocytes (Matsusue et al., 2004; Kim et al., 2006; Muller-
Brusselbach et al., 2007).

Within the central nervous system (CNS), PPAR-§ is known to be expressed by
oligodendrocytes and neurons (Woods et al., 2003; Benani et al., 2004; Hall et al., 2008). Its
functions in the adult CNS are not entirely clear, but several reports implicate a role for
PPAR-& in myelination and oligodendrocyte development. For instance, PPAR-8 expression
peaks during late development coinciding with the onset of myelination (Braissant and
Wahli, 1998) and, accordingly, PPAR-6 knock-out mice display reduced myelination of the
corpus callosum (Peters et al., 2000). Other work showed that PPAR-8 stimulates myelin
protein expression and differentiation of oligodendrocyte lineage cells in vitro (Granneman
etal., 1998; Saluja et al., 2001). The sustained expression of PPAR-§ in the adult CNS
suggests that it contributes to normal physiological functions of oligodendrocytes (and
neurons).

Because of its myelinogenic actions, PPAR-6 may also play an important role in CNS
pathologies involving oligo-dendrocyte loss and/or demyelination. Spinal cord injury (SCI)
is one such condition. Oligodendrocytes are rapidly lost at the injury site and
oligodendrocyte apoptosis occurs for at least 2 weeks post injury (Crowe et al., 1997;
Grossman et al., 2001; Zai and Wrathall, 2005). This dramatic loss in oligodendrocytes is
thought to contribute to the vulnerability and abnormal conduction properties of axons after
injury. Interestingly, recent reports demonstrate that oligodendrocyte generation occurs
concomitant with oligodendrocyte apoptosis within the traumatized spinal cord and that new
oligodendrocytes survive for at least 6 weeks after SCI (Zai and Wrathall, 2005; Horky et
al., 2006; Rabchevsky et al., 2007; Tripathi and McTigue, 2007). Oligodendrogenesis and
NG2+ oligodendrocyte progenitor cell accumulation is especially prominent during the first
14 days post injury (dpi) in tissue bordering the lesions (McTigue et al., 2001; Tripathi and
McTigue, 2007). Determining which molecules regulate progenitor cell proliferation and
differentiation in this region will provide insight into an environment that clearly supports
spontaneous adult oligodendrogenesis. As described above, PPAR-6 is a potential candidate
if it is expressed at the correct time and location post injury. However, no studies to date
have examined PPAR-& expression in injured CNS tissue. Hence, we characterized the
spatio-temporal expression pattern and cellular distribution of PPAR-§ after spinal contusion

J Comp Neurol. Author manuscript; available in PMC 2014 May 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Almad and McTigue

Page 3

in rats. Specifically, we determined the cells of origin and compared expression in the lesion
borders with that in outlying spared tissue along the pial border.

Collectively, the data show that PPAR-6+ cells increase significantly after SCI and remain
elevated for several weeks. Many of these PPAR-&+ cells are NG2 progenitors at 7 dpi and
new oligodendrocytes at 14 dpi, suggesting that PPAR-§ is present in cells as they
differentiate from a progenitor stage to a more mature oligodendrocyte. Most of these
PPAR-&+ cells are located along the lesion borders, revealing that PPAR-§ is a viable
candidate for influencing glial responses and differentiation in the reactive gliogenic zone
bordering spinal contusion lesions.

MATERIALS AND METHODS

Spinal cord injury

Adult female Sprague-Dawley rats (205-222 g; Harlan, Houston, TX) were anesthetized
with ketamine (80 mg/kg, i.p) and xylazine (10 mg/kg, i.p.), and a dorsal laminectomy was
performed at the T8 vertebral level. Rats then received a moderate spinal contusion injury
using the Infinite Horizons device (Precision Systems and Instrumentation, Lexington, KY)
with a preset force of 150 kDynes (actual forces were 150-167 kDynes). The muscles over-
lying the spinal cord were then sutured and the skin was closed by using surgical clips.
Animals were given 5 ml of saline and placed into warm recovery cages. Postsurgical care
included 5 days of treatment with antibiotics (gentomicin, 5 mg/kg) and saline to maintain
hydration, and twice-a-day manual bladder expression until spontaneous voiding returned.
All procedures conformed to NIH and The Ohio State University animal care guidelines.

Quantitative real-time PCR analysis

Naive and injured rats (n=4-5/group) at 7, 14, and 28 dpi were anesthetized and perfused
with cold diethylene pyrocarbonate (DEPC)-treated phosphate-buffered saline (PBS; pH
7.4). Spinal cords were excised (4 mm) centered on the epicenter and homogenized in 1 ml
of Trizol (Invitrogen, Carlsbad, CA). RNA was extracted by using a standard chloroform/
phenol protocol. Known concentrations of purified RNA were used for cDNA synthesis.
RNA was reverse-transcribed by using SuperScript Il and random primers (Invitrogen) to
obtain cDNA. Quantitative real-time polymerase chain reaction (PCR) analysis was
conducted by using specific primers designed for rat tissue. The primer sequences for
PPAR-§ are forward primer 5'-GGCTGAAGAAGACGGAGAGTGA’3’ and reverse
primer 5"-TGCGTGCAGCCTTAGTACATG-3" and for 18s ribosomal RNA they are
forward primer 5-TCCGGAACTGAGGCCATGAT-3" and reverse primer 5-
TTTCGCTCTGGTCCGTCTTG-3" The primer sequences were confirmed by BLAST
analysis for highly similar sequences against known databases. A 96-well plate was set up
by using 10 ng of cDNA, 500 nM of forward and reverse primer, and SYBR green master
mix (Applied Biosystems, Foster City, CA) in a 20-pl reaction volume. Each sample was run
in triplicate and SYBR green fluorescence was detected by Applied Biosystems 7300 (Ririe
etal., 1997). A standard curve was generated for each gene by using a cDNA dilution series,
and melting point analysis was performed to confirm a single amplification product.
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Relative PPAR-6 to 18s gene expression was quantitated by using the comparative Ct
method (Schmittgen et al., 2008).

Western blot analysis

Injured and naive rats (n=2/group) at 1, 7, 14, and 28 dpi were anesthetized and perfused
with cold 0.1 M PBS. Spinal cords (4 mm) centered on the epicenters were collected and
homogenized in T-PERS buffer (pH 7.6; Pierce, Rockford, IL), EDTA (1X), and protease
inhibitor (1X). Detailed blotting methods have been described previously (Tripathi and Mc-
Tigue, 2008). Briefly, homogenates were centrifuged and supernatants were used to measure
protein concentrations. Next, 10 ug of protein was loaded and resolved by using a 4-12%
Bis-Tris Nupage gel (Invitrogen) and then transferred to a nitrocellulose membrane. The
membrane was blocked in 5% milk in PBS (0.1 M) for 1 hour and then incubated at 4°C
overnight on a shaker in the appropriate primary antibody. The next day the membrane was
washed 4-5 times with 0.5% Tween in PBS and placed in an appropriate secondary anti-
body for 2 hours at room temperature on a shaker. Next the membrane was washed and
developed by using the Super Signal West pico chemiluminescent kit (Pierce) for 5 minutes.
The membrane was exposed to autoradiographic X-ray films (ISC BioExpress, Kaysville,
UT) and signal was detected. The primary antibodies used were rabbit polyclonal PPAR-8&
(1:1,000; Cayman Chemicals, Ann Arbor, MI) and monoclonal a-tubulin (1:2,500; Abcam,
Cambridge, MA), which was used as a loading control.

To confirm the specificity of PPAR-6 antibody, 1 ug of human recombinant protein of
PPAR-a (cat. no. P1048; Protein One, Bethesda, MA), PPAR-86 (cat. no. 10007451;
Cayman Chemicals), and PPAR-y (cat. no. 10009987; Cayman Chemicals) were subjected
to gel separation and detected as described.

Bromodeoxyuridine (BrdU) administration

Solution was made fresh daily by dissolving BrdU (Roche Diagnostics, Indianapolis, IN) in
warmed sterile saline (20 mg/ml). Rats were given a single injection of BrdU (50 mg/kg,
i.p.) daily through the first 7 dpi.

Immunohistochemistry

Naive and injured rats (n=4/group) at 1, 3, 7, 14 or 28 dpi were anesthetized with an
overdose of ketamine/xylazine (1.5X surgery dose) and intracardially perfused with 0.1 M
PBS followed by 4% paraformaldehyde. Spinal cords were isolated and postfixed for 2
hours and then transferred to 0.2 M phosphate buffer (PB) overnight. Spinal tissue was
cryopreserved in 30% sucrose for 48 hours, after which cords were blocked into 1-cm pieces
centered on the injury epicenter, frozen in OCT (Electron Microscopy Sciences, Hatfield,
PA), and then sectioned at 10 um on a cryostat. Lesion epicenters were identified as sections
containing the least amount of white matter sparing by using standard
immunohistochemistry protocols to label myelin and axons (Tripathi and McTigue, 2007).

Double-labeling for PPAR-8& and NG2 was performed by first blocking with BP+ (4%
bovine serum albumin [BSA]/0.1% Triton X-100) and then overlaying sections with a
PPAR-&-specific rabbit polyclonal antibody (1:1,500, Cayman Chemicals) and a
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monoclonal anti-NG2 antibody (1: 100; US Biological, Swamscott, MA) overnight. The
next day, sections were incubated with biotinylated goat anti-rabbit antibody (1:2,000;
Vector, Burlingame, CA) and a biotinylated mouse antibody (1:800; Vector) in BP+ for 1
hour and then treated with 6% hydrogen peroxide in methanol. Sections were next incubated
with Elite Avidin Biotin Conjugate (ABC; Vector) and then visualized with 3, 3’-
diaminobenzamide (DAB; Vector) substrate for PPAR-8 antibody and SG substrate (Vector)
for NG2 antibody.

PPAR-6 expression in oligodendrocytes was visualized with immunofluorescence by
blocking sections as above and then incubating them overnight with anti-PPAR-& (1: 2,000)
and the monoclonal CC1 antibody (1:2,000, Abcam), which labels oligodendrocyte cell
bodies. The next day the sections were overlaid for 30 minutes with the secondary
antibodies Alexa Fluor 546 and Alexa Fluor 488 (1:1,000; Molecular Probes, Eugene, OR)
for PPAR-6 and CC1, respectively. Cell nuclei were counterstained with Drag5 (1:3,000,
Biostatus Limited, Leicestershire, UK). PPAR-6 expression in neurons was examined by
using a monoclonal NeuN antibody (1:5,000, Chemicon, Billerica, MA) as described above.

Triple-label immunofluorescence was used to label PPAR-8 in new oligodendrocytes that
were generated after SCI. Sections were labeled for PPAR-& and Alexa Fluor anti-rabbit 546
and then blocked for 30 minutes followed by incubation with the CC1 antibody for 2 hours
at room temperature. Next, sections were overlaid with Alexa Fluor anti-mouse 633 (1:
1,000) for 30 minutes before incubating with 2 N HCI at 37°C for 30 minutes. Sections were
then blocked for 1 hour as above and incubated overnight with monoclonal BrdU anti-body
(1:100; Developmental Studies Hybridoma Bank, lowa City, IA). Secondary Alexa Fluor
anti-mouse 488 was applied the next day to visualize BrdU. All slides were coverslipped
with either Permount (Fisher Scientific, Fair Lawn, NJ) for DAB sections or Immu-mount
(Thermo Scientific, Pittsburgh, PA) for fluorescent sections.

All protocols included controls in which the primary or secondary antibodies were omitted.
These controls consistently revealed no labeling. Digital plates were constructed by using
Adobe Photoshop (Adobe Systems, San Jose, CA); brightness and contrast were enhanced
when necessary on microscopic images to reproduce immunolabeling as viewed through the
microscope. The high red Drag5 signal was converted to blue by using the confocal
software.

Antibody characterization

PPAR-86—The PPAR-6 antibody used was raised against human PPAR-6 amino acids 39—
54 (SSSYTDLSRSSSPPSL) and recognizes human PPAR-8 antigen. By using Western
blots on rat CNS tissue, we observed that this antibody recognized a single band at ~50 kDa
(Fig. 1B), which is the expected size for PPAR-6 as reported by the manufacturer using
protein isolated from human cortical samples (Cayman Chemicals). Confirmation of
antibody specificity was examined by performing Western blots with purified recombinant
PPAR-a, §, and -y proteins. This revealed a single band at the expected weight for the
PPAR-§ isoform and an absence of bands for the other two isoforms (Fig. 1B). The
immunohistochemical labeling pattern is nuclear and consistent with reports demonstrating
nuclear PPAR-6 expression in neurons and oligodendrocytes in rodent CNS tissue (Woods
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et al., 2003). A second antibody toward PPAR-6 against the amino acids 1-29
(MEQPQEETPEAREEEKEEVA MGDGAPELN) and a positive control (COS cell lysates
transfected with PPAR-6 vector) was generously given to us by Dr. Jeffery Peters (The
Pennsylvania State University, University Park, PA); the second antibody showed a similar
band size as the Cayman PPAR-8 antibody on rat SCI tissue, and the Cayman antibody
labeled the positive control protein (data not shown). In addition, work conducted by Han et
al. (2008) revealed decreased PPAR-6 expression with PPAR-6-specific sSiRNA versus
control siRNA when probed with the PPAR-5 antibody (Cayman Chemicals), supporting its
specificity.

NG2—The specificity of the antibody was confirmed via Western blot of rat brain tissue
and recombinant protein by the manufacturer, giving a ~280-kDa band. This antibody shows
a similar pattern in CNS tissue to the NG2 antibody generated by William Stallcup, whose
specificity was confirmed by its absence in NG2 knockout mice (Grako et al., 1999;
McTigue et al., 2006)

CC1 clone of the APC antibody—The APC antibody was described to recognize
oligodendrocytes and was shown to recognize a single band of 300 kDa from rat brains
(Bhat et al., 1996). It is raised against recombinant human APC amino acid residues 1-226.
The CC1 antibody co-localizes with Olig2, Nogo-A, and GST-pi (Linares et al., 2006;
Tripathi and McTigue, 2007; Kuhlmann et al., 2007). Additionally, mice expressing proteo-
lipid protein (PLP; expressed only in mature oligodendrocytes) under a green fluorescent
protein (GFP) promoter showed co-localization of GFP with this antibody (Fuss et al.,
2000).

Bromodeoxyuridine—This antibody was derived from a mouse myeloma cell line raised
against (BrdU)16-BSA. As expected, immunohistochemistry reveals nuclear localization and
an absence of labeling in tissue from animals that did not receive BrdU injections.

NeuN—This antibody clone, called A0, is raised against purified cell nuclei from mouse
brain by repeated immunization to recognize neurons in the CNS and peripheral nervous
system (PNS). Immunoblotting reveals three bands and it binds to DNA in vitro (Mullen et
al., 1992). This antibody primarily is nuclear but has some cytoplasmic reactivity and has
been well characterized in developing and adult nervous systems in work by Mullen et al.
(1992).

a-Tubulin—This antibody was used as a loading control for Western blot and produced a
single band at 53 kDa as expected. It complies with previous reports for Western blot of
spinal cord tissue (Mutti et al., 2007).

Data analysis

PPAR-6 counts and PPAR-6+ CC1 cell counts—High-power images were collected
from sections double-labeled for PPAR-& and CC1 (and counterstained with Drag5) located
at the epicenter and = 1.35 and 2.25 mm by using a Zeiss 510 Meta Laser Scanning
Confocal microscope (40x objective, Zoom x 2). The images were used to place sample
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boxes (0.05 mm2) in different regions of interest, which included spared white matter (along
the pial border), spared gray matter, white matter lesion border, and gray matter lesion
border, as shown in Figure 2A. Lesion borders, first mapped on adjacent sections
immunolabeled for neurofilament and myelin, were defined as the border between frank
cavitation or tissue necrosis and the edge of spared tissue containing intact myelin and axons
(white matter borders) or intact gray matter (gray matter borders). These maps were then
used to locate lesion borders on the adjacent sections labeled for PPAR-6 and CC1. This
technique has been used previously to identify lesion borders in cross sections from
contused rat spinal cords (Tripathi and McTigue, 2007). Bias in sample box placement along
lesion borders was avoided by placing the first sample box in the dorsomedialmost aspect of
the lesion border, typically located within the dorsal funicular region. Sequential boxes were
then placed around the lesion border two box widths (0.45 mm) away from the previous
sample box.

It was noted whether box location fell in white matter or gray matter bordering the lesion. If
a box spanned gray and white matter, it was moved laterally until it was located entirely
within gray or white matter. In spared white matter, sample boxes were consistently placed
along the pial border in the dorsolateral white matter, the lateral funiculus, and the ventral
funiculus. For spared gray matter, sample boxes were centered in dorsal or ventral horns,
when present. Within each sample box, the total number of cells (Drag5+) and PPAR-6 cells
were counted, and then the number of PPAR-6+ nuclei belonging to CC1+ cells was
determined. PPAR-6+ profiles were identified as immuno-reactivity co-localized with a
Drag5+ nucleus. Double-labeled cells were identified by merging the CC1 image with the
PPAR-6/Drag5 image and counting the number of cells in which CC1 completely
surrounded the PPAR-8/Drag5+ nucleus; single-labeled CC1+ cells with Drag5+ nuclei
were also counted.

To correct for size of the profiles being counted, an Abercrombie correction was performed
(Coggeshall et al., 1996; Guillery et al., 1997). For this, the size of PPAR-8+ nuclei in the
immunolabeled sections was determined by using the confocal software to measure the
distance from the top to bottom of PPAR-6+ nuclei sampled from injured and naive tissue.
The correction factors obtained by measuring average nuclear size for PPAR-8+ cells and
PPAR-&8+ oligodendrocytes were 0.62 and 0.64, respectively, which were multiplied to all
the cell counts. Final data are presented as profiles/mm?.

PPAR-6+ NG2 cell counts—Sections double-labeled for PPAR-6 and NG2 and
counterstained with methyl green were used to quantify the total number of NG2 cells and
the number of NG2 cells expressing PPAR-6+ nuclei. Cells single-labeled for NG2 or
double-labeled for NG2 and PPAR-6 were manually counted by using a 63x oil objective on
a Zeiss Axioplan 2 Imaging light microscope. A standardized sample box (0.025 mm?2) was
placed in the regions of interest as above; sequential sample boxes were placed along lesion
borders 0.32 mm (two box widths) distal to the previous box. Boxes within spared tissue
were placed as described above. Positively labeled cells were identified as PPAR-6+ or
methyl green+ nuclei surrounded by NG2 immunoreactivity. The Abercrombie correction
was again applied to these data. For this, Axiovision software (Zeiss) controlling a light
microscope with an automated stage was used to measure the distance between the top and
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bottom of positively labeled nuclei within these sections. The average nuclear size was
multiplied to obtain a correction factor of 0.625, which was used to multiply all cell counts;
final counts are reported as profiles/mm?.

GraphPad Prism 5.01 (GraphPad Software, La Jolla, CA) was used for statistical analyses,
which included one-way ANOVA followed by Bonferroni post hoc tests for total profiles/
animal. For counts across different distances along the spinal cord, a two-way repeated
measures ANOVA followed by Bonferroni post hoc test was used. P < 0.05 was considered
significant. All data are graphed as mean £ SEM. All microscopic images were arranged
into plates by using Adobe Photoshop; contrast and brightness were enhanced when needed
to reproduce images as viewed through the microscope.

PPAR-6 mRNA and protein are expressed after SCI

PPAR-8 mRNA expression after SCI was determined by quantitative real-time PCR on
injured spinal cord tissue at 7, 14, and 28 dpi with naive tissue serving as control. The ratio
of PPAR-8 versus the internal control 18s ribosomal RNA shows that PPAR-6 mRNA is
elevated threefold by 28 dpi, which is significantly greater than that in naive and 7 and 14
dpi (Fig. 1A). The presence of PPAR-6 protein after SCI was confirmed by Western blot
(Fig. 1B). The PPAR-6 antibody used for the study recognizes a specific single band at the
appropriate molecular weight in spinal cord homogenates; this antibody did not bind to other
PPAR isoforms (left; Fig. 1B) when probed by using recombinant PPAR-a, & and -y
proteins. The PPAR-8 levels at 1 and 3 dpi appear lower than those in naive animals, which
probably reflect the loss of neurons at the injury site. This early loss is confirmed below
(Fig. 2E).

PPAR-6+ cells increase after SCI

The spatial and temporal distribution of PPAR-8+ cells after SCI was compared in cross
sections of naive and injured spinal cords. Regions of interest include spared white matter
(WM) and gray matter (GM) along the pial border, and white matter and gray matter along
the lesion border (WMLB and GMLB, respectively; Fig. 2A). Uninjured spinal cords
contained PPAR-6+ cells scattered throughout the gray and white matter, as expected (Fig.
2B). After SCI, the number of PPAR-6+ cells progressively increased in WMLB during the
first 2 weeks (Fig. 2C). At 14 dpi, the number of cells was significantly greater in WMLB
compared with spared and naive WM (Fig. 2D). PPAR-6+ cell numbers returned to naive
levels by 28 dpi.

In GMLB, PPAR-&+ cells were significantly reduced by 1 dpi (likely due to neuron loss)
and then increased threefold through 7 dpi and 14 dpi (Fig. 2E). Intriguingly, the number
dropped again by 28 dpi in GMLB such that it was significantly lower than controls. In
spared GM, PPAR-&+ cell numbers were not significantly altered after SCI (Fig. 2E).
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NG2 cells expressing PPAR-6 increase after SCI

NG2 cells are thought to be comprised at least partially of oligodendrocyte progenitors in
the adult CNS and after SCI (Yoo and Wrathall, 2007). To determine whether potential
oligodendrocyte progenitors expressed PPAR-§ after SCI, we performed double-label
immunohistochemistry for PPAR-8 and NG2 and quantified the number of single-and
double-labeled NG2 cells as above. PPAR-8+ NG2 cells were detected in uninjured spinal
tissue and markedly increased after injury, especially along lesion borders (Fig. 3A-C).

Quantification of PPAR-6+ NG2 cells in WMLB revealed that cell numbers doubled
between 1 and 3 dpi, and then increased threefold by 7 dpi, which was significantly greater
than that in naive WM (Fig. 3D). PPAR-8+ NG2 cells remained significantly elevated in
WMLB through at least 28 dpi. Furthermore, there were significantly more PPAR-6+ NG2
cells along lesion borders compared with outlying white matter at 7 and 28 dpi within the
same sections (Fig. 3D).

Gray matter changes in PPAR-8+ NG2 cell numbers differed from white matter in terms of
timing and distribution. An increase in GMLB was detected at 3 dpi, which was
significantly higher at 7 dpi (P < 0.01; Fig. 3E). At 14 and 28 dpi, however, PPAR-8+ NG2
cell counts had declined to nonsignificant levels. In contrast to spared white matter, spared
gray matter contained significantly more PPAR-8+ NG2 cell numbers than naive at 3 and 7
dpi.

Examination of the rostral-caudal distribution of PPAR-8+ NG2 cells at 7 dpi revealed a
significant elevation throughout the entire extent of the injury site (Fig. 3F). This
distribution was similar at 14 dpi (Fig. 3F) and 28 dpi (data not shown), with the exception
of a reduction to naive levels in epicenter sections. Thus, most PPAR-8+ NG2 cells present
chronically after SCI are distributed rostral and caudal to epicenter.

We next determined the ratio of NG2 cells that expressed PPAR-& by comparing the number
of PPAR-8+ NG2 cells with the total number of NG2 cells present (Fig. 3G). In naive tissue,
the majority of NG2 cells (~86%) expressed PPAR-8. By 3 dpi, the number of NG2 cells
and NG2/PPAR-6 double-labeled cells increased significantly but the ratio of cells
expressing PPAR-8 remained similar to naive. By 7 dpi, the total number of NG2 cells had
again increased, but only 65% of NG2 cells expressed PPAR-6 at this time, which suggests
that NG2 cells may upregulate PPAR-8 subsequent to dividing. At later times post injury,
NG2 cell numbers had declined and the ratio of cells expressing PPAR-8 returned to ~ 86%.
Overall, NG2 cell numbers were significantly greater than in naive tissue at 3—-28 dpi, which
indicates that the majority of newly derived NG2 cells present after SCI express PPAR-8.

PPAR-6+ oligodendrocyte numbers increase after SCI

Because PPAR-8 may be involved in oligodendrocyte differentiation and is present in the
majority of NG2 cells, we next examined whether PPAR-6 was expressed by oligo-
dendrocytes after SCI. Immunolabeling for CC1, a marker for oligodendrocyte cell bodies,
confirmed our previous results showing that oligodendrocyte numbers increase along lesion
borders and revealed that many more oligo-dendrocytes in this region compared with outer
spared white matter expressed PPAR-§ (Fig. 4).

J Comp Neurol. Author manuscript; available in PMC 2014 May 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Almad and McTigue

Page 10

Quantification of double-labeled PPAR-6+ CC1 cells in white matter revealed ~50%
reduction in spared white matter and WMLB at 1 dpi (Fig. 5A). PPAR-5+ oligodendrocyte
numbers rose between 1 and 7 dpi such that numbers in spared white matter returned to
naive levels and numbers in WMLB exceeded naive levels and were significantly greater
than WMLB levels at 1 dpi (Fig. 5A). PPAR-6+ CC1 cells continued to increase through 14
dpi, at which time the numbers became significantly greater the naive and adjacent outlying
spared white matter along the pial border (Fig. 5A). Thus, PPAR-6+ oligodendrocyte
numbers continually rise in WMLB between 1 and 14 dpi.

Along gray matter lesion borders, the numbers of PPAR-6+ oligodendrocytes declined
significantly to near zero by 1 dpi. The numbers rose over the first week post injury such
that at 7 and 14 dpi, GMLB contained significantly more PPAR-8+ oligodendrocytes than
comparable regions at 1 dpi. Thus, similar to WMLB, oligodendrocytes expressing PPAR-8
increased over time in gray matter bordering the lesion.

The rostral-caudal distribution of PPAR-8+ oligodendrocytes in white matter was examined
at 14 dpi. The largest accumulation of double-labeled cells was detected in lesion borders at
the epicenter and caudal to the lesion site (Fig. 5C). Indeed, caudal to epicenter, the number
of PPAR-&+ oligodendrocytes was significantly greater than naive levels.

As previously shown, there was a robust increase in total oligodendrocyte number compared
with naive by 14 dpi (P < 0.01; Fig. 5D). Within the population of oligodendrocytes present
after SCI, the number that expressed PPAR-6 rose significantly over time compared with 1
dpi and naive spinal cords (P < 0.01; Fig. 5D). The fact that this number increased over time
suggests that new oligodendrocytes generated after SCI expressed PPAR-8. To verify this,
confocal analysis was used to examine sections triple-labeled for oligodendrocytes (CC1),
PPAR-§, and BrdU (Fig. 6). Indeed, PPAR-8+ oligodendrocytes with BrdU+ nuclei were
detected, thereby confirming that PPAR-8§ is expressed in new oligodendrocytes that
differentiated from proliferating progenitors after SCI.

PPAR-§ is present in neurons in spared tissue

Because PPAR-§ has also been detected in neurons in the normal CNS, we investigated
whether neurons present after SCI expressed PPAR-6. Indeed, PPAR-& co-localized with
NeuN, a neuronal marker, in spared gray matter present at the lesion poles (Fig. 7A-C).
Thus, neurons near lesioned tissue maintain PPAR-6+ expression after SCI.

DISCUSSION

The main finding of this work is that NG2 cells and oligodendrocytes expressing the
transcription factor PPAR-8 increase after SCI and correlate in time and location to tissue
regions known to exhibit robust oligodendrogenesis. Studies from our lab and others
examining the dynamic nature of cell death and replacement in spinal cord injured tissue
show that oligodendrocytes are lost early and then replenished in the first 2 weeks following
injury (Zai and Wrathall, 2005; Horky et al., 2006; Tripathi and McTigue, 2007). Formation
of new oligodendrocytes is especially pronounced in peri-lesion tissue, in which they vastly
outnumber oligodendrocytes present in outlying spared tissue and in naive white matter
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(Tripathi and Mc-Tigue, 2007). These new oligodendrocytes are likely derived from NG2+
progenitor cells that undergo robust proliferation during the first week post injury and
accumulate in tissue adjacent to the lesion (McTigue et al., 1998, 2001; Tripathi and
McTigue, 2007; Yoo and Wrathall, 2007).

Oligodendrocyte genesis and survival are regulated and influenced by multiple external and
internal signaling molecules. Several studies have detected upregulation of growth factors
after SCI that may positively influence oligodendrocyte survival and/or generation. For
example, neurotrophin-3, brain-derived neurotrophic factor, glial growth factor, fibroblast
growth factor-2 (FGF-2), and ciliary neurotrophic factor (CNTF) are all elevated in the
vicinity of SCI lesions (Koshinaga et al., 1993; Mocchetti et al., 1996; Widenfalk et al.,
2001; Ikeda et al., 2001; Zai et al., 2005; Talbott et al., 2007; Tripathi and McTigue, 2008).
In addition to extracellular growth factors, intracellular signals play a key role in regulating
oligodendrocyte lineage cell proliferation and differentiation. For example, the transcription
factors Olig-1 and Olig-2 are integral for normal oligodendrocyte development (Lu et al.,
2001; Talbott et al., 2005).

Here we examined expression of a transcription factor from a different molecular family, the
peroxisome proliferator-activated receptors (PPARs). Although the range of functions of
these molecules is still under investigation, one known role for PPARSs is regulating
expression of genes involved in fatty acid metabolism and cholesterol/lipid uptake and
efflux (Oliver et al., 2001;Schmuth et al., 2004). Because oligodendrocytes have a clear
need for lipid production and metabolism during myelin synthesis, a prominent role for
PPARs in oligodendrocyte function is conceivable. In fact, previous work has shown that
PPAR-§ is present in oligodendrocytes (and neurons) in the adult CNS and that PPAR-6
activation promotes oligodendrocyte differentiation and myelin membrane formation in vitro
(Granneman and others, 1998; Saluja et al., 2001). As a first step to understanding the
function of PPAR-§ in the injured CNS, we characterized the spatial and temporal
expression of PPAR-6 after SCI to determine whether it correlates with known regions of
robust oligodendrogenesis.

Our data reveal that despite the total loss of PPAR-8+ neurons at the injury site, PPAR-§
MRNA and protein are maintained early after SCI and then increase over time along the
rostral-caudal extent of the lesion. In WM lesion borders, PPAR-8+ cell counts were
elevated by 7 dpi and peaked at 14 dpi, at which time they were significantly greater than
naive WM. Intriguingly, the numbers dropped back to control levels by 28 dpi. A similar
pattern was observed in the GM lesion border, where the PPAR-8+ cell numbers dropped at
1 dpi, returned to naive levels at 7-14 dpi, and then dropped again to less than control values
at 28 dpi. Whereas overall PPAR-8 cell numbers appear to decline in lesion borders between
2 and 4 weeks post injury, PPAR-8 mRNA rises significantly at 28 dpi, suggesting that a
subsequent increase in PPAR-8 expression may occur.

We next determined whether the PPAR-6+ cell population present after SCI included NG2+
progenitor cells or oligodendrocytes. In uninjured tissue, ~10% of oligodendrocytes and
86% of NG2 cells express PPAR-8, implicating a constitutive role of PPAR-§ in these cells.
By 1 day after injury, the total number of NG2 cells had doubled, and 94% of these cells
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expressed PPAR-8. This increase in expression concomitant with increased cell numbers
indicates that PPAR-§ is expressed by newly formed and/or infiltrating NG2 cells. Overall
NG2 cell counts continued to climb between 1 and 7 dpi, whereas the percentage of double-
labeled cells dropped to ~65%. The number of oligodendrocytes also rose during this time;
in contrast to NG2 cells, however, the percentage of oligodendrocytes expressing PPAR-6
more than doubled between 1 and 7 dpi to levels significantly greater than 1 dpi or naive
levels. Because new oligodendrocytes are thought to arise from proliferating NG2+
progenitors, a plausible explanation for the timing displayed in these results is that some
PPAR-8+ NG2 cells arising early after SCI differentiated into new PPAR-6+
oligodendrocytes, which would account for the drop in the ratio of PPAR-8+ NG2 cells at 7
dpi (see Fig. 8 for comparison of timing of PPAR-8+ expression in NG2 cells and
oligodendrocytes). This idea is supported by our data showing that some PPAR-6+
oligodendrocytes were also labeled with BrdU, indicating that these are new cells that arose
after injury.

By 14 dpi, the total number of NG2 cells was lower than at 7 dpi and the percentage of the
remaining cells expressing PPAR-8 returned to baseline levels. In contrast, the number of
oligodendrocytes continued to rise between 7 and 14 dpi, which is in accordance with our
previous data showing ongoing oligogenesis during this time (Tripathi and McTigue, 2007).
The percentage of PPAR-8+ oligodendrocytes at 14 dpi remained at 21%, suggesting that
newly formed oligodendrocytes maintained PPAR-6 expression at this time.

Although it is possible that the detected changes in PPAR-6+ cell numbers reflect general
changes in cell density after SCI due to tissue swelling and shrinkage over time, we feel this
is unlikely to be the only or even major reason PPAR-6+ cell numbers rose/fell after SCI.
Indeed, counts of the total cell number (counting all nuclei within each sampled region)
revealed a different overall pattern of cell distribution changes compared with that for
PPAR-&+ cells (see Suppl. Fig. 1). In addition, changes within PPAR-&6+ cells within a
particular area were often different depending on the cellular phenotype examined. For
instance, at 7 dpi, PPAR-6+ NG2 cells were significantly increased in gray matter, whereas
PPAR-&+ oligodendrocyte numbers in the same region were unchanged. Therefore, changes
in PPAR-8+ cell numbers likely reflect changes within specific subpopulations of cells and
not an overall increase or decrease in all cells due to tissue shrinkage or swelling.

When the spatial distribution of PPAR-8+ cells was examined in detail, it was clear that
most PPAR-6+ NG2 cells and oligodendrocytes were located along lesion borders,
particularly in white matter adjacent to the lesion. Interestingly, PPAR-6+ NG2 cells peaked
in this region at 7 dpi whereas PPAR-8+ oligodendrocytes were highest 1 week later. This
again supports the notion that PPAR-8+ progenitors gave rise to oligodendrocytes
expressing PPAR-§ in this region. We have previously shown that the lesion border area,
typically referred to as the glial scar, is a zone of active proliferation and gliogenesis after
SCI (Tripathi and McTigue, 2007). We have further illustrated that the oligogenic growth
factors CNTF and FGF-2 are prominently upregulated along SCI lesion borders, suggesting
a potential role for these factors in post-SCI gliogenesis (Tripathi and McTigue, 2007).
Notably, CNTF and FGF-2 can upregulate PPAR-a and PPAR-y expression, respectively,
and PPAR-vy can potentiate the effect of FGF-2 on osteoblasts (Neubauer et al., 2004;
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Yasuda et al., 2005; Ligon et al., 2006; Liu et al., 2007; Kakudo et al., 2007). Therefore, it is
feasible that interactions between these growth factors and PPAR-6 may also exist,
especially considering they show a similar distribution and time course of expression after
SCI.

The role PPAR-6 plays in postinjury oligodendrocyte function is not yet known. However,
logical directions for future studies may be gleaned from its role in other studies. For
instance, PPAR-8 agonist treatment in an animal model of multiple sclerosis led to reduced
proinflammatory signals and lesion load revealing anti-inflammatory and neuroprotective
characteristics for PPAR-§ (Polak et al., 2005). The same study also noted increased
expression of the myelin gene proteolipid protein (PLP) (Polak et al., 2005), which is in
accordance with previous work showing that the PLP gene contains a peroxisome-
proliferator response element (PPRE) to which PPAR-6 can bind and promote expression
(Saluja et al., 2001). As stated above, PPAR-6 activation in cultured oligodendrocytes
promotes process outgrowth and myelin sheet formation (Granneman et al., 1998).
Collectively, these data suggest that activation of PPAR-§ in the injured and/or
demyelinated CNS may promote oligodendrocyte differentiation and remyelination.
Considering that endogenous ligands for PPAR-6 are thought to include fatty acids such as
linoleic acid (Moya-Camarena et al., 1999), PPAR-8 may be a prime candidate for
therapeutic approaches targeting demyelination and oligodendrocyte loss.

A role for PPAR-6 in cell differentiation after SCI is also supported by results from other
models. For instance, PPAR-6 expression during rat embryonic development is high in the
CNS and peaks at E11.5, correlating to the time of greatest differentiation, especially in the
CNS (Braissant and Wahli, 1998). Furthermore, a role of PPAR-6 in cellular differentiation
has been demonstrated in skin keratinocytes, in which PPAR-86 null mice display
unrestricted skin proliferation resulting in enhanced skin carcinogenesis (Kim et al., 2006).
Accordingly, administration of the PPAR-& agonist GWO0742 upregulated the expression of
skin differentiation markers, making PPAR-6 an attractive target for cancer studies (Kim et
al., 2006). Similar reports have corroborated a role for PPAR-§ in differentiation of
adipocytes (Matsusue et al., 2004), trophoblasts (Nadra et al., 2006), and endothelial cells
(Muller-Brusselbach et al., 2007). PPAR-6 also has been reported to constrain endothelial
tumor genesis via regulation of the cell cycle inhibitor p57%IP2. Notably, recent work
demonstrated a role for p57X!P2 in oligodendrocyte differentiation (Dugas et al., 2007),
suggesting a possible common mechanism.

In the adult rat, the presence of PPAR-6 in the CNS is localized to oligodendrocytes and
neurons in the spinal cord and other CNS structures such as the cerebellum, hippocampus,
and thalamus (Woods et al., 2003; Benani et al., 2004). The continued expression of PPAR-
& in adult neurons in the intact CNS may provide ongoing baseline neuroprotection. For
instance, PPAR-8 agonists protect neurons treated with amyloid p in vitro by promoting
glutathione synthesis and curbing oxidative damage (Madrigal et al., 2007). PPAR-8
activation also reduces cell death of cerebellar granule neurons induced by low-KCI media
(Smith et al., 2004). Reports from in vivo studies using models of ischemia reperfusion and
Parkinson’s disease also have shown neuroprotection conferred by PPAR-§ (Iwashita et al.,
2007). Thus, the persistent expression of PPAR-6 in adult neurons may serve to promote
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baseline neuronal health as well as protect neurons surviving a nearby CNS insult such as
SCI.

In summary, this study reports the novel finding that PPAR-§ is significantly upregulated for
a protracted time after SCI. It is expressed by oligodendrocyte lineage cells and its presence
in newly formed oligodendrocytes suggests it may play a role in oligodendrocyte
differentiation as it does in other cell populations. Thus, this work sets the stage for ongoing
and future studies that will focus on determining the specific role of PPAR-§ after SCI using
therapeutic approaches as well as mice deficient in PPAR-8 expression.
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Figure 1.
Peroxisome proliferator-activated receptor-6 (PPAR-8) levels increase chronically after

SCI. A: Quantitative real-time PCR for PPAR-8 was performed on homogenates of injured
spinal cords at different days post injury (dpi) and normalized to the control gene 18s
ribosomal RNA. A significant increase in PPAR-6 mRNA was detected at 28 dpi compared
with naive spinal cords. B: The specificity of the anti-PPAR-6 antibody is demonstrated by
the presence of a single specific band for purified recombinant PPAR-5 protein but not for
recombinant PPAR-a or -y proteins. The antibody also produced a single band when probed
against spinal cord-injured homogenates, with a slight decrease at 1 dpi and subsequent
return to naive levels by 28 dpi. N, naive; d, day post injury. #, P < 0.05 vs. 14 dpi; "P <
0.01 vs. 7 dpi; **, P < 0.01 vs. Naive.
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Figure 2.

Peroxisome proliferator-activated receptor-6 (PPAR-8)+ cells increase after spinal cord
injury (SCI). A: Diagram of an injured spinal cord section demonstrating the sample box
placement used to obtain cell counts here and in Figures 3 and 5. WM, white matter; GM,
gray matter; WMLB, white matter lesion border; GMLB, gray matter lesion border. B:
PPAR-6+ cell nuclei (red) were present in white matter of naive spinal cords; sections were
counterstained with Drag5 (blue). C: Elevated PPAR-6+ cell numbers were present along
the WMLB at 14 dpi. The dotted line delineates the lesion border (lesion denoted by
asterisk). Arrows in B and C point to cells shown at higher magnification in the insets. D:
PPAR-6+ cells in WMLB increased by 7 dpi and were significant higher at 14 dpi compared
with naive WM and outlying spared WM in the same sections, P < 0.05 vs. 14 dpi WM; **,
P < 0.01 vs. Naive. E: PPAR-§ cell counts in spared GM and GMLB revealed a decline at 1
dpi, especially along the lesion borders. Cells increased significantly in GMLB at 7 and 14
dpi and then declined again at 28 dpi compared with naive. SGM, spared gray matter, P <
0.05 vs. 1 dpi GMLB; ™™, P < 0.001 vs. 1 dpi GMLB; *, P < 0.05 vs. Naive; ***, P < 0.001
vs. Naive. Dashed lines in D and E represent the number of PPAR-8+ cells in naive spinal
cord WM and GM. Scale bar =20 um in B (applies to B,C) and inset to B (applies to both
insets). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 3.
PPAR-6+ NG2 cells are elevated chronically after spinal cord injury (SCI). A: PPAR-6

(orange) and NG2 (black) double-labeled cells were present in white matter of naive
animals. B,C: At 7 dpi, PPAR-8+ NG2 cells along white matter lesion border (WMLB; B)
and gray matter lesion border (GMLB; C) were prominent (lesion border delineated by
dashed line; asterisk denotes lesion). Arrows (A-C) indicate cells shown at higher
magnification in insets. The 7-dpi images were taken 1.35 mm rostral to epicenter. SWM,
spared white matter. D: PPAR-8+ NG2 cells increased in WMLB at 7, 14, and 28 dpi
compared with naive white matter. Lesion borders also contained more PPAR-8+ NG2 cells
than outlying spared white matter (SWM) along the pial border at 7 and 28 dpi. **, P < 0.01
vs. Naive; ***P < 0.001 vs. Naive; ™, P <0.01 vs. 28 dpi SWM; ™, P < 0.001 vs. 7 dpi
SWM. E: PPAR-6+ NG2 cells increased compared with naive in spared gray matter (SGM)
at 3 dpi and in SGM and GM lesion borders (GMLB) 7 dpi. GMLB also contained more
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cells than SGM in the same sections. Dashed lines in D and E represent the number of
PPAR-&+ cells in uninjured tissue. *, P < 0.05 vs. Naive; **, P < 0.01 vs. Naive; ***, P <
0.001 vs. Naive; ", P < 0.05 vs. 7 dpi SGM. F: PPAR-6+ NG2 cells were elevated compared
with naive tissue in the lesion epicenter at 7 dpi and rostral and caudal to the epicenter at 7
and 14 dpi. **, P < 0.01 vs. Naive; ***, P < 0.001 vs. Naive. G: The total numbers of NG2
cells and PPAR-6+NG2 cells followed a similar pattern post SCI, with significant increases
at 3—-28 dpi compared with naive tissue. *, P < 0.05 vs. Naive Total NG2 cells; ***, P <
0.001 vs. Naive Total NG2 cells; $3%, P < 0.001 vs. Naive PPAR-5 NG2 cells. Scale bar =
10 um in A (applies to A—C and insets before A—C). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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A 14 dpi SWM

Figure 4.
Peroxisome proliferator-activated receptor-6 (PPAR)-8+ oligodendrocytes (OLs) increase at

14 dpi in white matter lesion borders. A—F: Single channel and merged confocal images of
CC1+ OLs (A,D; green) and PPAR-8 (B,E; red) taken from outlying spared white matter
(SWM) and WM lesion border (WMLB) in the same cross section at 14 dpi. The number of
double-labeled PPAR-8+ CC1 cells (arrows) increased robustly along lesion borders
compared with SWM. Sections were counterstained with Drag5 (blue) and images taken
2.25 mm caudal to epicenter. The dotted line delineates the lesion border and insets show
higher magnification PPAR-6+ CCL1 cells. Scale bar= 20 um in F (applies to A-F) and insets
to C,F. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 5.
Peroxisome proliferator-activated receptor-6 (PPAR)-6+ oligodendrocytes (OLSs) increase

after spinal cord injury (SCI). A: PPAR-6+ CC1 cells decreased slightly at 1 dpi in white
matter (WM). At 7 and 14 dpi, PPAR-8+ OLs had significantly increased in WM lesion
border (WMLB) compared with 1 dpi WMLB. Furthermore, PPAR-8+ CC1 cells along the
WMLB at 14 dpi were significantly greater than naive WM and spared white matter (SWM)
within the same sections. **, P < 0.01 vs. Naive WM; °, P < 0.05 vs. 14 dpi SWM; ™, P <
0.01 vs. 1 dpi WMLB; ™, P < 0.001 vs. 1 dpi SWM. B: PPAR-6+ OLs were significantly
reduced at 1 dpi in gray matter lesion borders (GMLB) followed by a subsequent rise at 7
and 14 dpi. *, P < 0.05 vs. Naive GM; ", P <, 0.05 vs. 1 dpi GMLB; ™, P < 0.01 vs. 1 dpi
GMLB. C: PPAR-6+ OL distribution in WM at 14 dpi revealed the highest numbers were
present in the WMLB at the epicenter and caudal sections. **, P < 0.01 vs. Naive WM; ™", P
< 0.01 vs. 14 dpi SWM. D: The number of PPAR-8+ OLs had doubled by 7 dpi compared
with naive. At 14 dpi, the total number of OLs and the number of OLs with PPAR-8+ nuclei
were both significantly increased. **, P < 0.01 vs. Naive PPAR-8+ CC1 cells; ", P < 0.05
vs. 1 dpi PPAR-8+ CCl1 cells; ™, P < vs. 1 dpi PPAR-8d+ CC1 cells; ##, P < 0.01 vs. Naive
CC1 cells. SGM, spared gray matter.
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Figure 6.
PPAR-6 is expressed in new oligodendrocytes (OLs) after SCI. A-C: Single-channel and

merged confocal images of triple-label immunofluorescence for OLs (CCL1; blue),
bromodeoxyuridine (BrdU; green), and peroxisome proliferator-activated receptor-6
(PPAR)-6 (red) from a 7-dpi section. The arrow indicates a triple-labeled OL. Scale bar =
20 um in C (applies to A-C). [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7.
PPAR-§ is present in neurons after SCI. A—C: Confocal images of double-labeling for

peroxisome proliferator-activated receptor-& (PPAR)-& (red) and NeuN (green), a neuronal
marker, revealed co-localization in SCI tissue in almost all neurons in spared gray matter
(SGM). Image is from 14-dpi tissue, 2.25 mm caudal to epicenter. Scale bar = 20 pm in C
(applies to A-C). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 8.
Comparison of the percentage of NG2 cells and oligodendrocytes (OLs) expressing

peroxisome proliferator-activated receptor-& (PPAR)-8 over time after SCI. A high
percentage of NG2 cells express PPAR-6 in the normal spinal cord (86%). This proportion
dropped significantly at 7 dpi compared with naive and then returned to near normal levels
by 14 dpi. In contrast, the ratio of OLs with PPAR-8+ nuclei was ~11% in uninjured tissue
and approximately double at 7 and 14 dpi. *, P < 0.05 vs. naive.
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TABLE 1
Primary Antibodies Used in This Study
Antibody  Manufacturer Cat. no. Immunogen Species
PPAR-& Cayman Chemicals, Ann Arbor, Ml 101720 The antibody was raised against human PPAR-8& amino acids Rabbit
39-54 (SSSYTDLSRSSSPPSL)
NG2 US Biological, Swamscott, MA C5067-70F  Cell line expressing truncated rat NG2 Mouse
CC1/APC  Abcam, Cambridge, MA Ab16794 Recombinant human APC, amino acid residues 1-226 Mouse
NeuN Chemicon, Billerica, MA MAB377 Purified cell nuclei from mouse brain Mouse
BrdU Developmental Studies Hybridoma G3G4 Mouse BrdU was derived from mouse myeloma cell line Mouse
Bank, lowa City, lowa generated by the immunogen (BrdUrd)16-BSA
a-Tubulin  Abcam, Cambridge, MA Ab7291 Full-length native protein of chicken a-tubulin (from brain) Mouse

Abbreviations: PPAR-8, peroxisome proliferator-activated receptor-6; BrdU, bromodeoxyuridine; BSA, bovine serum albumin.
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