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Abstract

Traumatic spinal cord injury (SCI) causes marked neuropathological changes in the spinal cord, resulting in
limited functional recovery. Currently, there are no effective treatments, and the mechanisms underlying these
neuropathological changes are not completely understood. In this study, two-dimensional gel electrophoresis
coupled with mass spectrometry was used to investigate injury-related changes in the abundance (SYPRO Ruby
stain) and phosphorylation (Pro-Q Diamond stain) of proteins from the soluble fraction of the lesion epicenter at
24 h following SCL Over 1500 SYPRO Ruby-stained spots and 100 Pro-Q Diamond-stained spots were examined.
We identified 26 unique proteins within 38 gel spots that differentially changed in abundance, phosphorylation,
or both in response to SCI. Protein redundancies among the gel spots were likely due to differences in prote-
olysis, post-translational modifications, and the existence of isoforms. The proteins affected were blood-related
proteins, heat-shock proteins, glycolytic enzymes, antioxidants, and proteins that function in cell structure, cell
signaling, DNA damage, and protein degradation. These protein changes post injury may suggest additional
avenues of investigation into the underlying molecular mechanisms responsible for the pathophysiological

consequences of SCL.
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Introduction

RAUMATIC SPINAL CORD INJURY (SCI) is a major public

health problem, often leaving patients with lifelong dis-
abilities. Currently, there are more than 250,000 individuals in
the United States living with a SCI, and approximately 11,000
additional persons are injured each year (www.spinalcord
.uab.edu). At the present time, there are no effective treatments
for SCI (Wuermser et al., 2007), and functional recovery is
limited. Maximization of functional recovery after SCI de-
pends on rapid diagnosis of the severity of the injury and
initiation of appropriate clinical management. Use of high-cost
imaging methods (e.g., computed tomography scans and
magnetic resonance imaging) may help define injury location
and severity (Kaji and Hockberger, 2007). However, these
imaging technologies cannot be used to elucidate the biologi-
cal mechanisms underlying the progressive cell death after
SCI, and the current lack of reliable biomarkers for monitoring

molecular changes over time following SCI makes an accurate
evaluation of the progression of SCI difficult.

SCI causes marked neuropathology — following the initial
insult, there is a delayed and prolonged period of secondary
damage due to the activation of several destructive patho-
physiological and pathobiochemical cascades. Secondary in-
jury is characterized in part by increased permeability of the
blood—spinal cord barrier (Noble and Wrathall, 1987, 1988),
inflammatory responses (Ahn et al., 2006; Bareyre and
Schwab, 2003), oxidative stress (Hall and Springer, 2004;
Springer et al., 1997), and cell death (Grossman et al., 2001;
Ling and Liu, 2007; Springer, 2002), but the exact molecular
mechanisms and biochemical pathways mediating secondary
damage remain elusive. This incomplete understanding of
disease pathogenesis has greatly impeded the development of
therapeutic strategies.

Microarrays are beginning to reveal global changes in gene
transcripts following SCI (Aimone et al., 2004; Bareyre and
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Schwab, 2003), but this work has not yet extended into a
global analysis of protein changes. Proteomic approaches are
important tools for the study of SCI because the initial injury
initiates a complicated sequence of cellular events that affects
many aspects of cell signaling, translational regulations, post-
translational modifications, and steady-state protein levels
(Cox et al., 2005; Denslow et al., 2003; Fagan et al., 2007; Ko-
beissy et al., 2006; Ottens et al., 2007; Siman et al., 2004, 2005;
KXK. Wang et al,, 2004). Although the proteomic profile of
contusive brain injury has been well documented (Denslow
et al., 2003; Kobeissy et al., 2006; Ottens et al., 2007; Siman
et al., 2004, 2005; K.K. Wang et al., 2004), similar studies fol-
lowing SCI have been limited.

Many protein kinases and phosphatases are expressed in
high levels in the mammalian central nervous system (CNS).
To date, virtually no phosphoproteomic approaches have
been used in studies of SCI. Reversible phosphorylation of
serine, threonine, and tyrosine residues is one of the most
significant post-translational modifications of proteins, which
plays an important role in various types of metabolic regu-
lation and signal transduction (Cohen, 1982, 1992; Hunter,
2000; Pawson and Scott, 2005) and, as such, is likely to be
involved in the mechanisms contributing to secondary injury
following the initial insult. Studying changes in the phos-
phoproteome should lead to a more complete understanding
of the pathogenesis of the secondary injury of SCI. Two-
dimensional gel electrophoresis (2-DE) coupled with mass
spectrometry (MS) was used in this study to investigate
injury-related changes in the proteome and phosphopro-
teome of the rat spinal cord at 24h following a mild-to-
moderate spinal cord contusion. This approach may provide a
better understanding of the complex molecular mechanisms
of SCI and may eventually lead to the identification of novel
biomarker candidates.

Methods
Subjects

Subjects were 22 Long-Evans, young adult, female rats
(Harlan Laboratories, Inc., Indianapolis, IN) that weighed
approximately 200g at the time of surgery. The rats were
housed in the vivarium of the University of Kentucky College
of Medicine on a 12:12 h light/dark cycle with food and water
available ad libitum. The animal unit of the College of Medi-
cine at the University of Kentucky Medical Center is fully
accredited by AAALAC. The care of animals used in this ex-
periment complied with standards set forth in the U.S. Public
Health Service Policy on Humane Care and Use of Laboratory
Animals and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All experimental pro-
cedures were approved by the University of Kentucky In-
stitutional Animal Care and Use Committee and conformed
to guidelines of the Society for Neuroscience and the Society
for Neurotrauma.

Surgical procedures

All surgical techniques were performed under aseptic
conditions and were conducted as previously described
(McEwen et al., 2007; Ravikumar et al., 2007). Rats were an-
esthetized with 40 mg/kg (i.p.) sodium pentobarbital (Nem-
butal; Abbott Laboratories, North Chicago, IL) and dorsal
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incisions were made in the skin and underlying muscles. The
muscles were retracted and a partial laminectomy was per-
formed at thoracic segment 10 (T10). Eleven rats received no
further surgery and served as the sham controls (laminectomy
only). The muscles at the incision site were then closed with
5-0 absorbable braided suture (Ethicon, Somerville, NJ) and
the skin was closed with 9-mm wound clips (Becton Dick-
inson, Sparks, MD).

The vertebral column of the 11 remaining rats was stabi-
lized by clamping the vertebrae at T9 and T11. The spinal cord
was then injured at T10 with the Infinite Horizons impactor
(Precision Systems and Instrumentation, Lexington, KY),
which has been described in detail (Q. Cao et al., 2005; McE-
wen et al., 2007; Ravikumar et al., 2007; Scheff et al., 2003).
Briefly, a stainless-steel-tipped probe (2.5mm in diameter)
was rapidly lowered onto the dorsal surface of the spinal cord
until an impact force of 150 kdynes was achieved. This injury
parameter produced a mild-to-moderate SCI. A data ac-
quisition program subsequently displayed the actual force
applied to the spinal cord, the maximum spinal cord dis-
placement, and the velocity of the probe at the time of peak
force and peak displacement. The incision site was then closed
in layers as described for the sham controls. All rats were
placed into an incubator for 2 to 3 h to recover from anesthesia
and then returned to their home cages in the colony room.

Protein extraction and quantification

At 24h after surgery, 12 rats (six injured and six sham
controls) were deeply anesthetized with 100 mg/kg sodium
pentobarbital (i.p.). An 18-gauge needle was attached to a 30-
ml syringe that had been filled with ice-cold PBS. The needle
tip was inserted into the caudal-most region of the vertebral
column, and the buffer was rapidly injected in order to force
the spinal cord out through the rostral foramen. A 5-mm
segment of spinal cord tissue at T10, centered on the injury
epicenter or the laminectomy site of the sham controls, was
rapidly excised and immediately homogenized in a lysis
buffer (8 M urea, 4% CHAPS (w/v), 0.5% IPG buffer [pH 3-
10]) that was supplemented with a protease inhibitor cocktail
(1:100; Sigma-Aldrich, St. Louis, MO). The spinal cord sam-
ples were then sonicated at 100 W for 30's and centrifuged at
12,000¢ for 1 h. The supernatants were carefully removed, and
the protein concentrations were analyzed in triplicate with a
2-D Quant Kit (GE Healthcare, Piscataway, NJ). The super-
natant samples were then aliquot and stored at —70°C until
analyzed further.

Two-dimensional gel electrophoresis

For each sample, 500 ug protein was combined with 2 ug
ovalbumin (internal standard), and the samples were pas-
sively rehydrated onto 24-cm immobilized pH gradient (IPG)
strips (pH 3-10; GE Healthcare). Isoelectric focusing was then
performed using an Ettan IPGphore II System (GE Health-
care). Specifically, IPG strips were incubated for 15 min in an
equilibration buffer (50 mM Tris-HCl [pH 8.8], 6 M urea, 30%
glycerol, 2% SDS, and trace amounts of bromophenol blue)
supplemented with 1% DTT, followed by a 15-min incubation
in a fresh equilibration buffer supplemented with 2.5% io-
doacetamide. Each IPG strip was then placed on top of a large
format 12.5% SDS-polyacrylamide gel (25.5 cmx21.2 cm; Jule,
Inc., Milford, CT), along with a peppermint-stick phospho-
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protein molecular weight standard (Invitrogen, Carlsbad,
CA), and subjected to 2-DE at 5 W per gel for 30 min followed
by 17 W per gel for 5h, using an Ettan DALT-6 vertical system
(GE Healthcare). Gels were stained with Pro-Q Diamond
phosphoprotein gel stain according to the manufacturer’s
instructions (Invitrogen) in order to reveal phosphoprotein
expression. The gels were then scanned with a Typhoon 9400
laser scanner (GE Healthcare) at excitation and emission
wavelengths of 532nm and 560 nm respectively. Gels were
subsequently stained with SYPRO Ruby protein gel stain ac-
cording to the manufacturer’s instructions (Invitrogen) in
order to reveal total protein expression, and rescanned at
excitation and emission wavelengths of 457 nm and 610nm
respectively.

ImageMaster 2D Platinum software (V6.0; GE Healthcare)
was used to normalize, quantify, and compare the gel spots.
Gels were normalized based on matched spots between gel
pairs. Only spots that were consistently present in the gels from
at least five of the six rats in each experimental group were
analyzed further, in order to guard against spot differences that
were due either to gel-to-gel variation or biological variation
inherent among the rats. The final spot matches among the gels
were verified manually, and the quality of the gel spots of
interest was further examined with a three-dimensional view
of these gel regions. The x and y axes represented the isoelec-
tric point (pI), which ranged from 3 to 10, and the molecular
weight (MW), which ranged from 10 to 100 kDa respectively.
The z-axis corresponded to the pixel intensity.

ImageMaster software was then used to quantify the
amount of phosphorylation (Pro-Q Diamond staining) in each
gel spot using the algorithm for volume (Vol). The amount of
protein (SYPRO Ruby staining) in each spot was calculated as
a function of the total protein in the gel using the percent
volume (%Vol) algorithm. Subsequently, the relative volume
ratio (Vol. Ratio), the ratio of the Pro-Q Diamond signal to the
SYPRO Ruby signal (Volpro-q/Volsyrro ruby), Was used to
calculate the relative phosphorylation level at each gel spot in
order to relate the amount of phosphorylation to the amount
of protein in each gel spot. Scatter plots for each gel set were
produced in order to improve the validity of these algorithms.
Fold increases in the amount of phosphorylation or total
protein at each gel spot following SCI were calculated from
the ratio between the injured and sham control samples
(SCI/sham). Fold decreases in phosphorylation or total pro-
tein following SCI were calculated by dividing one by the
ratio of the injured to sham samples. Unpaired Student’s
t-tests were used to compare the volumes of the gel spots of
the injured and the control samples, and p values <0.05 were
considered statistically significant.

In-gel digestion and mass spectrometric analyses

The gel spots that differed between the injured and sham
samples were subsequently excised and digested with 150 ng
porcine modified trypsin protease (Promega, Madison, WI).
The tryptic peptides were extracted from the gel plugs, re-
constituted in 10 ul of 0.1% trifluoroacetic acid (TFA), and
bound to ZipTipSCX pipette tips according to the manufac-
turer’s instructions (Millipore, Bedford, MA). Samples were
then directly spotted onto stainless-steel matrix-assisted laser
desorption/ionizing (MALDI) target plates by eluting them
from the pipette tips with a solution composed of 30%

265

methanol, 5% fresh ammonium hydroxide, and 0.1% TFA.
Once dry, the spots were overlaid with 0.6 ul of «-cyano-4-
hydroxycinnamic acid matrix (recrystallized from product
obtained from Sigma).

MS spectra were generated with an ABI 4800 MALDI
TOF/TOF Analyzer (Applied Biosystems, Foster City, CA)
using 400 laser shots. The 10 largest peaks from each spot
were individually selected for tandem mass spectrophoto-
metric (MS/MS) analysis using collision-induced dissociation
in order to fragment each peptide. The spectral data were
searched against the SwissProt database 52.4, as of 5/1/2007
(species Rodentia), using GPS Explorer software (V3.5; Ap-
plied Biosystems) with Mascot 2.0 software (Matrix Science,
Ltd.). Mass tolerance was set at 100 ppm for MS and 0.4 Da for
MS/MS. Fixed modifications (carbamidomethylation) and
variable modifications (deamidation, methionine oxidation,
N-terminal acetylation, pyroglutamation [Glu or GIn]) were
allowed.

The MS results from each spectrum were analyzed using
the peptide mass fingerprint (PMF) module of the Mascot
algorithm (www.matrixscience.com), which identified the
protein(s) in each spot, based on the tryptic peptide mass,
yielding both the protein score and the protein score confi-
dence interval percentage (CI%). Similarly, the 10 tandem
MS/MS spectra from selected spots (PMF protein score <400)
were further analyzed using the MS/MS ion search module of
the Mascot algorithm. This algorithm identified the protein(s)
in a spot based on the accurate parent peptide mass (from the
MS spectrum) and the fragment MS/MS spectrum of any
single peptide mass, yielding both the total ion score and the
total ion score CI%. These calculations represent the combined
score and Cl% for all the peptide MS/MS spectra from the
spot that correspond to the identified protein. For both sets of
data, CI% of at least 95% was considered statistically signifi-
cant at the 0.05 level.

Western blotting

Antibodies against enolase, dihydropyrimidinase-related
protein-2 (DRP-2), and glial fibrillary acidic protein (GFAP)
were used with Western blotting to corroborate some of the
results of the 2-DE analysis. The remaining 10 rats were dee-
ply anesthetized at 24h post surgery (five injured and five
sham controls), and the spinal cords were rapidly extracted
from the vertebral column via pressure injection as already
described above. A 5-mm segment of spinal cord tissue at T10,
centered on the injury epicenter or the laminectomy site of the
sham controls, was rapidly excised and homogenized in fresh
RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.5% SDS) supplemented with a pro-
tease inhibitor cocktail (1:100; Sigma). The samples were
sonicated at 100 W for 30's and then centrifuged at 12,000 for
1h. The protein concentrations of the supernatants were then
measured in triplicate with a 2-D Quant Kit (GE Healthcare).
The samples were divided into aliquots and stored at —70°C
until analyzed further.

Samples (10 ug protein) were subsequently loaded onto
4-20% Tris-HCl Criterion gradient gels (Bio-Rad Labora-
tories, Hercules, CA), along with 15 ul of the Precision-Plus
dual-color molecular weight marker (Bio-Rad). The proteins
were separated by molecular weight and transferred to
polyvinylidene difluoride (PVDF) membranes using standard
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techniques. The membranes were blocked in 5% nonfat dry
milk for 1h and then incubated overnight at 4°C in blocking
solution that contained the primary antibody of interest.
Rabbit polyclonal antienolase (Santa Cruz Biotechnology,
Santa Cruz, CA) and anti-GFAP (Sigma) antibodies were both
used at dilutions of 1:10,000; the mouse monoclonal anti-DRP-
2 antibody (Immune-Biological Laboratories, Takasaki-Shi,
Gunma, Japan) was diluted 1:15,000. Membranes were wa-
shed and then incubated for 2h at room temperature in a
blocking solution that contained the appropriate secondary
antibody: horseradish peroxidase-conjugated affinity-pure
goat anti-rabbit or goat anti-mouse IgG (Jackson Im-
munoResearch Laboratories, West Grove, PA) diluted
1:50,000. Each membrane was then washed and incubated in
ECL-Plus detection reagent (GE Healthcare), and the chemi-
luminescent signal was detected on Hyblot CL autoradiog-
raphy film (Denville Scientific, Metuchen, NJ). Films were
scanned with a tabletop scanner, and images were saved for
subsequent analysis of band densities.

Each membrane was subsequently striped with Pierce
Restore-Plus western blot stripping buffer according to the
manufacturer’s instructions (Thermo Fisher Scientific, Rock-
ford, IL). The membranes were reblocked in 5% nonfat dry
milk for 1h and then incubated overnight at 4°C with a mouse
monoclonal antibody to f-actin (1:2500) (Sigma), which
served as an internal load control. Membranes were washed
and incubated in horseradish peroxidase-conjugated affinity-
pure goat anti-mouse IgG (Jackson ImmunoResearch La-
boratories) diluted 1:50,000 as already described. Membranes
were then washed and incubated in a ECL-Plus detection
reagent (GE Healthcare), and the films were developed and
scanned as described.

Statistical analysis

ImageQuant TL image analysis software (GE Healthcare)
was used to quantify the volume of the immunopositive
bands identified with each of the primary antibodies. Band
volumes for enolase, DRP-2, and GFAP for each subject were
normalized to the volume of the corresponding actin band,
and unpaired Student’s t-tests were used to compare the rel-
ative band volumes of samples from the injured rats to the
sham control rats, and p values <0.05 were considered sta-
tistically significant.

Results

The biomechanical parameters of the injury (peak force,
peak displacement, and impact velocity) did not differ be-
tween rats utilized for the 2-DE or the Western blot analyses
(data not shown). The volumes of the ovalbumin-positive gel
spots (2-DE) or the actin-positive bands (Western blotting) did
not significantly differ between the injured and control sam-
ples (data not shown), suggesting that similar amounts of
protein for each sample were loaded onto the gels.

The 2-DE analysis revealed 26 unique proteins within 38
gel spots from the soluble fraction that were differentially
regulated in abundance, phosphorylation, or both at 24 h fol-
lowing SCI. Figure 1 shows representative Pro-Q Diamond-
stained (protein phosphorylation) and SYPRO Ruby-stained
(total protein) 2-DE spot maps from one injured rat and one
sham control rat. Nineteen SYPRO Ruby-stained gel spots
were detected only in the gels from the SCI rats (Table 1).
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Fifteen SYPRO Ruby-stained gel spots that were present in the
gels from both groups of rats either increased (eight spots) or
decreased (seven spots) in volume following SCI (Table 2).
Four gel spots contained proteins that were phosphorylated
only following SCI (Table 3A). Four additional gel spots that
contained proteins phosphorylated in the samples from both
groups of rats either increased (two spots) or decreased (two
spots) in phosphorylation level following SCI (Table 3B). The
Western blot analysis corroborated the findings of the 2-DE
analysis (Fig. 2).

Vascular damage

Several blood-related proteins were either found only in the
injured tissue (Table 1) or highly upregulated in the injured
tissue compared to the sham controls (Table 2; p < 0.05). These
proteins included albumin precursor, albumin, transferrin,
kininogen precursor, fetuin A, apolipoprotein A, galectin,
p-globin, and hemoglobin. The phosphorylation of fetuin A,
p-globin, and hemoglobin also increased at 24 h following SCI
(Table 3; p < 0.05).

Cellular damage

GFAP is the major intermediate filament protein of mature
astrocytes. The results of the 2-DE analysis (Fig. 1, Table 2)
demonstrate that GFAP protein levels at the injury epicenter
significantly decreased by 24 h following the injury (p < 0.05).
There was a similar trend with the Western blotting analysis
(Fig. 2), but the effect fell short of statistical significance
(p =0.09). DRP-2, which is associated with synaptic plasticity,
decreased in abundance by 24h following SCI (p <0.05).
Western blotting revealed two DRP-2-immunopositive bands
with slightly different MW (Fig. 2). The volume of the higher
MW band (approximately 60 kDa) significantly decreased as a
result of the injury (p < 0.01), whereas the volume of the lower
MW band (approximately 55kDa) significantly increased
(p <0.01). Neurofilament light chain, which is a major com-
ponent of the neural cytoskeleton, was detected in two gel
spots. One spot was present and phosphorylated only in the
samples from the injured spinal cords (p < 0.05). The other
spot was present in the gels from rats of both experimental
groups, but the MW was approximately 20kDa lower than
the theoretical value. The protein in this latter gel spot de-
creased in abundance (p < 0.05) but increased in phosphory-
lation at 24 h after SCI (p < 0.05). Finally, probable coiled-coil
domain-containing protein 8 (CCDC 8), which functions in
DNA damage, was phosphorylated only in the injured spinal
cord (p <0.05).

Energy metabolism

The abundance or phosphorylation of three glycolytic en-
zymes was differentially regulated within the first 24 h after
SCI. The 2-DE analysis revealed that the abundance of the
o-and y-enolase isoforms significantly decreased at 24h
following SCI (p < 0.05). These isoforms have theoretical
molecular weights of 47 and 48 kDa, respectively. An enolase-
positive doublet was identified via Western blotting (Fig. 2) at
approximately 50 kDa, and may represent a- (lower band) and
y-enolase (higher band) because this antibody will recognize
both isoforms (Santa Cruz antibody insert sheet). The vol-
umes of both enolase-positive bands tended to decrease
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FIG. 1. Representative images of gels from a sham-operated rat (left column) and a spinal cord-injured rat (right column),
which were mapped according to isoelectric point (pI) and molecular weight (MW). Thirty-eight gel spots were significantly
different between the injured and sham spinal cords with respect to protein abundance, phosphorylation, or both (colored
numbers and arrows). SYPRO Ruby Stain (bottom row): 19 gel spots were identified only in the injured samples (orange; see
Table 1); 15 gel spots were identified in both groups but protein abundance either increased (dark blue) or decreased (light
blue) after injury (see Table 2). The insets on the SYPRO Ruby-stained gels provide higher magnification of corresponding
regions of the sham and injured samples, illustrating several gel spots that were identified only after the injury. The black
numbers and arrows on the SYPRO Ruby-stained gels indicate spots that did not differ in abundance between the injured and
sham cords; however, the phosphorylation state of these spots changed with injury and is included for comparison with the
Pro-Q Diamond-stained gels. Pro-Q Diamond Stain (top row): five phosphorylated spots were identified in the injured cords
only (green; see Table 3A); four phosphorylated spots were identified in both groups of rats but phosphorylation level either
increased (brown) or decreased (tan) after injury (see Table 3B). Ovalbumin (red asterisks) is the internal standard.

following SCI, but the effect was statistically significant for the
higher MW band only (p < 0.01). In contrast, the volumes of
the 2-DE gel spots that contained triosephosphate isomerase
and phosphorylated glyceraldehyde-3-phosphate dehydro-
genase, two other glycolytic enzymes, both increased at 24h
post injury compared to sham controls (p < 0.05). The tissue
levels of creatine kinase B-type, which functions as an intra-
cellular energy buffer, decreased at the lesion epicenter at 24 h
post contusion (p < 0.05).

Cellular stress and antioxidant systems

Several gel spots from the injured spinal cords contained
heat-shock-related proteins — HSP 70, HSP 90, or a heat-shock
cognate protein of 71kDa — that were not detected in the
spinal cords of the sham controls (p <0.05). Another cell
stress-related protein, a-crystalline B-chain, was detected in
the spinal cords from rats of both experimental groups but the
abundance of this protein was significantly upregulated by
24 h following SCI (p < 0.05). The volumes of gel spots that
contained peroxiredoxin-6 and glutathione-S-transferase

(GST), which function in the endogenous antioxidant systems,
increased at 24 h following SCI (p < 0.05).

Cell signaling and protein degradation

The abundance (p < 0.05) and phosphorylation (p < 0.05)
of the adaptor protein 14-3-3 increased at 24h after SCI.
Phosphorylation of ubiquitin carboxyl terminal hydrolase L1,
which is part of the ubiquitin-proteasome system that is in-
volved in the degradation and removal of damaged, excess, or
altered proteins, increased after SCI (p < 0.05). Cathepsin D,
which is a prominent aspartic protease that is highly ex-
pressed in neuronal lysosomes and involved in the degrada-
tion of proteins, decreased in phosphorylation level at 24h
following SCI compared to sham controls (p < 0.05).

Discussion

The purpose of this study was not only to examine the
types of proteins that changed in abundance in the spinal
cord following acute SCI but also to examine injury-related
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TABLE 1. SYPRO RuUBY-STAINED GEL SPoTs PRESENT ONLY IN THE 24-H-INJURED SPINAL CORD

Gel spot number and associated NCBI Seq. No. peptides Theoretical
protein isoforms® acces. no.  cov. (%)°  (PMF)*/(MS/MS)*  MW/pI® Functions
1. 14-3-3 protein delta/zeta P631029 25 -/5 28/4.7 Adapter protein
2. Heat-shock protein HSP 90-alpha P82995% 19 15/1 85/4.9 Stress protein
3. Heat-shock protein HSP 90-alpha P82995% 15 14/- 85/4.9 Stress protein
4. Heat-shock protein HSP 90-alpha P829951 17 15/2 85/4.9 Stress protein
5. Heat-shock protein HSP 90-alpha P8299519 12 10/1 85/4.9 Stress protein
6. Transferrin P123463% 54 71/- 76/7.1 Plasma protein
9. Heat-shock cognate 71kDa protein ~ P630181¢ 23 12/3 71/5.4 Stress protein
Kininogen 2 precursor P089321 16 7/2 49/5.9 Plasma protein
Kininogen 1 precursor P0104819 16 8/1 49/6.1 Plasma protein
Heat-shock 70 kDa protein 1A /1B Q0743919 19 7/1 70/5.6 Stress protein
Heat-shock 70kDa protein 1L P550631 19 7/- 71/6.0 Stress protein
10. Kininogen-1 precursor P089349 13 8/1 72/6.3 Plasma protein
11. Heat-shock cognate 71kDa protein ~ P630181¢ 38 21/1 71/5.4 Stress protein
Serum albumin precursor P0277019 20 9/1 71/6.1 Plasma protein
Kininogen-1 precursor P0104819 41 15/3 49/6.1 Plasma protein
Kininogen 2 precursor P089327 30 14/- 49/5.9 Plasma protein
12. Heat shock-related 70kDa protein 2 P14659% 19 8/- 70/5.4 Stress protein
Serum albumin precursor P02770+ 17 7/- 71/6.1 Plasma protein
13. Heat-shock cognate 71kDa protein ~ P630171 8 3/1 71/5.4 Stress protein
17. Neurofilament light chain P1952719 42 25/2 61/4.6 Axonal cytoskeleton
18. Fetuin A P2409019 30 6/2 39/6.1 Plasma protein
19. Probable coiled-coil P62521+ 8 7/- 70/10 DNA damage
domain-containing protein 8
32. Triosephosphate isomerase P4850019 46 7/1 27/6.5 Glycolytic enzyme
33. Glutathione S-transferase Yb-3 P08009TY 30 5/1 26/7.3 Oxidative stress
35. Apolipoprotein A-I precursor P04639%Y 57 13/3 30/5.5 Plasma protein
Peroxiredoxin-6 03524419 32 7/1 25/5.7 Oxidative stress
37. Galectin P479679 60 -/7 16/6.2 Erythrocyte
differentiation
38. Beta-globin Q6ePDU6E 76 16/- 16/6.8 Erythrocyte protein
Hemoglobin subunit alpha-1/2 P019467 63 10/- 15/7.9 Erythrocyte protein

“refers to the spot numbers in Figure 1; "refers to the total percentage of the sequence covered by peptide mass fingerprinting (PMF); “refers
to the number of peptides that match the sequence for PMF; “refers to the number of peptides used to identify a protein by tandem mass
spectrometry (MS/MS) (CI% >95%); “refers to the theoretical molecular weight (MW) and the theoretical isoelectric point (pI); *Protein Score

CI% >95%, {Protein Score CI% >99%; Y Total Ion Score CI% >99%.

changes in protein phosphorylation. To our knowledge, this is
the first proteomic and phosphoproteomic study in which the
protein expression profile was characterized following a mild-
to-moderate contusion to the rat spinal cord. Previous stud-
ies have analyzed the proteomic profile following severe
spinal cord contusion (Tsai et al., 2008) or spinal cord tran-
section (Ding et al., 2006; Kang et al., 2006; Yan et al., 2009).
We limited our analysis to the soluble protein fraction from
the lesion epicenter at 24 h post SCI for this initial study, be-
cause we were interested in identifying proteins that would
move easily between compartments (e.g., to the cerebrospinal
fluid or serum) and could be assessed in future studies for
their biomarker potential.

MALDI-TOF and tandem MS (TOF/TOF) analyses pro-
vided sensitive and accurate mass spectral data for database
interrogation. Over 1500 SYPRO Ruby-stained spots (total
protein) and 100 Pro-Q Diamond-stained spots (phospho-
protein) were examined, resulting in the identification of 26
unique proteins within 38 gel spots from the soluble fraction
that were differentially regulated in abundance, phosphory-
lation, or both at 24 h following SCI. Protein redundancies
among the gel spots were likely due to differences in prote-
olysis, post-translational modifications, and the existence of
isoforms. Unfortunately, use of the Pro-Q Diamond phos-

phoprotein stain was incompatible with using the CyDye
DIGE Fluor minimal dyes (GE Healthcare) for quantifying
total protein. Because of this limitation, we had to use the less
sensitive SYPRO Ruby protein stain for quantifying total
protein, and we acknowledge that post-injury changes in
other less-abundant proteins most likely occurred.

We chose to study the phosphoproteome because protein
phosphorylation is an important post-translational step that
defines protein function. In some instances, phosphorylation
may activate the protein; in other situations, phosphorylation
may inhibit protein activity. Phosphorylation may cause a
protein to become bound to other proteins with specific rec-
ognition domains, effectively activating or inhibiting a par-
ticular signaling pathway. Phosphorylation may also serve as
a signal that the phosphorylated protein should be degraded
by the ubiquitin-proteosome system. Given the numerous
events that occur after SCI, we were surprised to find that only
nine protein spots were differentially phosphorylated at 24 h
following SCI. This finding maybe due to the specific sample
studied (soluble proteins at the lesion epicenter), the time
point studied post injury (24 h), or technical limitations with
the Pro-Q Diamond assay. Subsequent experiments will be
necessary to determine any site-specific changes in protein
phosphorylation following SCI.
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TABLE 3A. GEL SroTs PHOSPHORYLATED ONLY IN THE 24-H-INJURED SPINAL CORD

Gel spot number and associated NCBI acces. Seq. cov. No. of peptides Theoretical

protein isoforms® no. (%)° (PMF)*/(MS/MS)* MW/pI® Functions

17. Neurofilament light chain P1952719 42 25/2 61/4.6 Axonal cytoskeleton

18. Fetuin-A P2409019 30 6/2 39/6.1 Plasma protein

19. Probable coiled-coil P62521+ 8 7/- 70/10 DNA damage
domain-containing protein 8

30. 14-3-3 protein alpha/beta P35213% 35 20/- 28/4.8 Adapter protein

14-3-3 protein delta/zeta P63102% 48 21/- 28/4.7 Adapter protein

38. Beta-globin Q6PDU6E 76 16/- 16/6.8 Erythrocyte protein

Hemoglobin subunit alpha-1/2 P01946% 63 10/- 15/7.9 Erythrocyte protein

TaABLE 3B. GEL SroTs DIFFERENTIALLY PHOSPHORYLATED AFTER SPINAL CORD INJURY

Gel spot number and Vol.

associated Ratio Fold NCBI  Seq. cov. No. of Theoretical

protein isoforms® Vol. Ratio SCI ~ sham change acces. no.  (%)°  peptides MW/pI® Functions

29. Glyceraldehyde- 11.234+0.34** 056+0.16 220 P04797% 54 33/- 36/8.4  Glycolytic
3-phosphate enzyme
dehydrogenase

34. Ubiquitin 11.504+0.66** 024+0.14 625 QI9ROP9: 71 36/- 25/5.1  Deubiquitinating
carboxyl-terminal enzyme
hydrolase isozyme L1

27. Cathepsin D precursor |3.23+1.24* 7.41+£330 -229 DP242689 6 -/2 45/6.7  Aspartyl protease

28. Neurofilament 12.744+0.81* 6.77+3.80 —247 P1952719 20 11/1 61/4.6  Axonal
light chain cytoskeleton

The volume ratio (Vol. Ratio) of the Pro-Q Diamond and SYPRO Ruby signals (calculated from Volpso.o/Volsypro ruby) Was used to
quantify the relative phosphorylation level of each gel spot; Mean Fold Change was calculated from the ratio of SCI/sham; fold decreases
were calculated by dividing 1 by the ratio of the injured to sham samples; “refers to the spot numbers in Figure 1; Prefers to the total
gercentage of the sequence covered by peptide mass fingerprinting (PMF); “refers to the number of peptides that match the sequence for PMF;

refers to the number of peptides used to identify a protein by tandem mass spectrometry (MS/MS) (CI% > 95%); “refers to the theoretical
molecular weight (MW) and the theoretical isoelectric point (pl); *p < 0.05; **p < 0.01; fProtein Score CI% >95%, {Protein Score CI% > 99%;

¢ Total Ion Score CI% >99%.

Traumatic injury to the spinal cord causes significant
damage to the vasculature at the site of the impact (Maikos
and Shreiber, 2007; Noble and Wrathall, 1987, 1988, 1989),
causing the extravasation of blood into the spinal cord tissue.
Cells and their processes at the impact site are destroyed,
which initiates cascades of events causing additional cell
dysfunction and death that spreads distally from the injury
site (Crowe et al., 1997; Li et al., 1999; X.Z. Liu et al., 1997;
McEwen and Springer, 2005; Shuman et al., 1997; Springer
et al., 1999; Yong et al., 1998). Not surprisingly, our 2-DE
analyses revealed that the tissue levels of several blood-
related proteins were significantly upregulated following SCI
(albumin precursor, albumin, transferrin, kininogen precur-
sor, fetuin A, apolipoprotein A-I precursor, galectin, -globin,
and hemoglobin). Kang and associates (2006) and Tsai and
associates (2008) also reported the upregulation of several of
these proteins in the soluble fraction from the spinal cord at
24h following SCI. In addition, we observed that the phos-
phorylation level of three of those proteins — fetuin A, f-
globin, and hemoglobin — also increased after the injury. The
significance of the latter finding is not currently known.

GFAP, the major intermediate filament protein of mature
astrocytes, decreased at 24 h after SCI in the present experi-
ment, which supports previous reports of decreases in astro-
cyte number and GFAP mRNA at 24h after spinal cord

contusion (Grossman et al., 2001; Wu et al., 2005). However,
upregulation of GFAP was reported following a more severe
spinal cord contusion (Tsai et al., 2008) and following spinal
cord transection (Kang et al., 2006). These differences may be
due to the nature of the injury model or because a larger
segment of spinal cord was examined in those studies than in
the present study; the severity or type of injury may alter
GFAP expression levels in the tissues adjacent to the injury
epicenter. The abundance and phosphorylation of probable
CCDC 8 also increased at 24h following SCI in the present
study. Although the function of this occurrence is not un-
derstood, phosphorylation of CCDC 8 is known to occur after
DNA is damaged (Matsuoka et al., 2007).

Neurofilament proteins are major structural components of
the axonal cytoskeleton and a useful marker of neurons;
phosphorylation is important in the transport of neurofila-
ment subunits and neurofilament assembly (Grant and Pant,
2000; Yates et al., 2009). In the present experiment, the
abundance and phosphorylation of neurofilament light chain
primarily increased at 24h post injury (also see Kang et al.,
2006). However, a second gel spot contained neurofilament
light chain with a MW that was 20 kDa below the theoretical
value. This protein increased in abundance and decreased in
phosphorylation following injury and may be a degradation
product. DRP-2 (also known as collapsin response mediator
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FIG. 2. Western blot analysis of enolase, DRP-2, GFAP, and
f-actin expression following SCI. (A) Immunoblot images of
the enolase-, DRP-2-, GFAP-, and actin-positive bands for the
five subjects of each group. (B) Graphic representation of the
effects of SCI on mean band volume for each of the anti-
bodies of interest, which were normalized to the volume of
the corresponding actin band. Sh=Sham, In=24h SCI,
**p < 0.01.

protein-2 [CRMP-2] or turned on after division, 64 kD protein
[TOAD-64]) is a cytosolic phosphoprotein involved in axonal
growth and guidance as well as synaptic plasticity and mat-
uration (Goshima et al., 1995; L.H. Wang and Strittmatter,
1996). Our proteomic findings demonstrate that DRP-2 levels
in the soluble fraction decreased at 24 h post SCI, suggesting
that axonal growth and synaptic plasticity is inhibited in the
acute period following SCI. Western blot analysis further
suggested that intact DRP-2 protein (60 kDa) decreased and
the putative degradation product (55kDa) increased in
abundance at 24 h post injury (c.f., Kobeissy et al., 2006). Tsai
and associates (2008) and Kang and associates (2006) both
reported an increase in DRP-2 levels in the soluble fraction at
24h following SCI. However, it is not clear from their pro-
teomic analysis whether or not the identified protein corre-
sponded to the intact protein or the putative degradation
product.

Mitochondrial function (McEwen et al., 2007; Sullivan et al.,
2007) and energy metabolism (Anderson et al.,, 1980) are
known to be impaired following SCI. In the present study,
three glycolytic enzymes were differentially altered at 24h
following SCI: the abundance of «- and y-enolase decreased,
the abundance of triosephosphate isomerase increased, and
the phosphorylation of glyceraldehyde-3-phosphate dehy-
drogenase increased. In addition, creatine kinase B-type,
which functions in energy transduction, decreased after in-
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jury. Others have reported that neuron-derived enolase (F.
Cao et al., 2008; Loy et al., 2005) and creatine kinase B-type
(Nordby and Urdal, 1982) leak from neurons into the serum
and cerebrospinal fluid, respectively, following CNS injury,
which would decrease the tissue concentrations of these en-
zymes, as found here.

The adaptor protein 14-3-3 has been implicated in the
regulation of numerous cell signaling pathways (Jin et al,,
2004; Schoonheim et al., 2007), and phosphorylation may be
important for regulating the interaction of 14-3-3 with its
binding partners (Jin et al.,, 2004; Schoonheim et al., 2007;
Springer et al., 2000). Results of the present study indicate that
the abundance and phosphorylation of adaptor protein 14-3-3
increased at 24 h following SCI, which may serve as a com-
pensatory mechanism to improve cell signaling post-injury.
Interestingly, one gel spot (in at least five of the six gels)
contained the protein 14-3-3 with a MW approximately
60kDa higher than the theoretical value. However, the im-
portance of this finding is not currently known.

HSPs increase when cells are exposed to stressors (Brown,
2007; Gutierrez and Guerriero, 1995; Q. Liu and Hendrickson,
2007; Nishimura and Sharp, 2005; Robinson et al., 2005). In the
present study, gels of the injured spinal cord samples also
contained several spots identified as HSP 70, HSP 90, or a
heat-shock cognate protein of 71 kDa, which were not present
in the gels of the sham controls. Many of these gel spots dif-
fered only in the pI value, which may indicate post-transla-
tional modifications to these proteins upon injury (Gutierrez
and Guerriero, 1995). However, de novo generation of these
proteins remains a possibility. Alpha-crystalline B-chain, an-
other stress-related protein, also increased in abundance after
SCI. Although the roles of these stress proteins in the context
of SCI are not known, upregulation of these stress proteins
may protect other proteins from stress-induced aggregation
or facilitate protein refolding as described for other patho-
logical conditions (Brown, 2007; Ganea, 2001; Gutierrez and
Guerriero, 1995; Horwitz, 1992; Q. Liu and Hendrickson,
2007; McClellan et al., 2007; Nishimura and Sharp, 2005;
Robinson et al., 2005).

Glutathione functions as part of the endogenous antioxi-
dant system and is thought to contribute to neuronal survival
after SCI (Lucas et al., 1998). Glutathione-S-transferase (GST)
functions as an antioxidant enzyme that conjugates the re-
duced form of glutathione to a wide number of hydrophobic
electrophiles. Peroxiredoxin-6 is an antioxidant enzyme that is
expressed abundantly in glial cells in the CNS (Power et al,,
2008). In the present study, the abundance of both GST and
peroxiredoxin-6 increased at 24 h following SCI, suggesting
upregulation of antioxidant systems following the injury. This
finding supports previous research from this laboratory
showing that glutathione levels increased at 24 h following a
mild-to-moderate spinal cord contusion (Azbill et al., 1997). In
support, Kang and associates (2006) also reported upregula-
tion of peroxiredoxin-6 at 24 h following spinal cord transec-
tion. Tsai and associates (2008) reported a decrease in
peroxiredoxin-6 at 24 h following spinal cord contusion, but
these differences may reflect differences due to the severity of
the injuries.

The ubiquitin-proteasome system is one of the main sys-
tems involved in the degradation and removal of damaged,
excess, or altered proteins. In this study, the phosphoryla-
tion of ubiquitin carboxyl terminal hydrolase L1 significantly
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increased by 24h post SCI. Cathepsin D is a prominent as-
partic protease that is highly expressed in neuronal lyso-
somes, which are also involved in the degradation of proteins.
In the present experiment, phosphorylation of cathepsin D
precursor decreased after injury. Others have shown that
dephosphorylation plays a role in the activation of cathepsin
D (Fialho et al., 2005) and cathepsin D activity increases 24 h
after SCI (Banik et al., 1986). The findings of the present ex-
periment also suggest that cathepsin D is activated, and
protein degradation is possibly enhanced, at 24h following
SCL

In summary, 2-DE-based proteomic approaches have a
limited dynamic range for identifying relatively high-
abundant proteins that differ between the injured and control
spinal cords within particular MW and pl ranges (Denslow
et al., 2003; Gygi et al., 2000). Differential proteomic analysis
of prefractionated samples may increase the likelihood of
identifying injury-related changes in less abundant proteins
(Kislinger et al., 2006; Taylor et al., 2003; Yates et al., 2005). In
addition, bioinformatics software for pathway analysis may
be useful for identifying signaling pathways affected follow-
ing SCI, as well as identify potential low abundance protein
targets. Regardless, the results of the current study provide a
first step in characterizing protein and protein phosphoryla-
tion changes that occur in the spinal cord following injury.
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