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with resulting exacerbated α-motoneuron activity. To identify potential contributions of
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neuroactive substances in the development of such spasticity state, we employed a
well-defined spinal injury-evoked spasticity rat model. Signaling molecules were analyzed

Keywords:

in the spinal parenchyma below the level of spinal injury and in the corresponding dorsal

Spinal cord trauma

root ganglion cells using Kinex™ antibody microarrays. The results uncovered the

Spasticity

involvement of angiogenesis and neurodegeneration pathways together with direct

Hyper-reflexia

cross-talk mediated by several hub proteins with SH-2 domains. At 2 and 5 weeks after

Proteomic profiling

transection, up-regulation of several proteins including CaMKIV, RONα and PKCδ as well as

Dorsal root ganglia

MAPK3/ERK1 phosphorylation was observed in the spinal ventral horns. Our results

Spinal gray matter

indicate that these signaling molecules and their neuronal effector systems cannot only
play an important role in the initiation but also in the maintenance of spasticity states after
spinal trauma. The exclusivity of specific protein changes observed in lumbar spinal
parenchyma but not in dorsal root ganglia indicates that new treatment strategies should
primarily target specific spinal segments to prevent or attenuate spasticity states.
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synthase; JNK, c-Jun N-terminal kinase; Lck, lymphocyte-specific protein-tyrosine kinase; LTP, long-term potentiation; MAPK,
mitogen-activated protein kinase; MEKK4, MAPK/ERK kinase kinase 4; MSP, macrophage-stimulating protein; NMDA, N-methyl
D-aspartate; PK, protein kinase; RONα, macrophage-stimulating protein receptor alpha chain; SCI, spinal cord injury; TEK/TIE2,
angiopoietin-1 receptor-tyrosine kinase; VEGFR, vascular endothelial growth factor receptor
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Biological significance
Development of progressive muscle spasticity and rigidity represents a serious complication
associated with spinal ischemic or traumatic injury. Signaling proteins, including their
phosphorylation status, were analyzed in the spinal parenchyma below the level of spinal
injury and in the corresponding dorsal root ganglion cells in a rat model of spinal injury using
Kinex™ antibody microarrays. The results uncovered direct protein interaction mediated
cross-talk between angiogenesis and neurodegeneration pathways, which may significantly
contribute to the healing process in the damaged region. Importantly, we identified several
target proteins exclusively observed in the spinal lumbar ventral horns, where such proteins
may not only play an important role in the initiation but also in the maintenance of spasticity
states after spinal trauma. Hence, potential new treatment strategies such as gene silencing or
drug treatment should primarily target spinal parenchymal sites at and around the injury
epicenter and most likely employ intrathecal or targeted spinal segment-specific vector or drug
delivery. We believe that this work will stimulate future translational research, ultimately
leading to the improvement of quality of life of patients with spinal traumatic injury.
© 2013 Elsevier B.V. All rights reserved.

1.

Introduction

Development of progressive muscle spasticity and rigidity
represents serious complications associated with spinal ischemic
or traumatic injury. Spasticity is defined as velocity-dependent
increase in muscle tone described as progressive increase in
muscle resistance with increased velocity of muscle stretch;
whereas rigidity is characterized by the presence of velocityindependent increase in muscle tone [1,2]. According to the
National Spinal Cord Injury Statistical Center, there are approximately 12,000 new cases of spinal cord injury (SCI) every year in
the United States (https://www.nscisc.uab.edu/) and 130,000 new
injuries are reported annually worldwide [3]. Systematic clinical
studies show that 36–80% of patients with spinal traumatic injury
show gradual appearance of muscle spasticity or rigidity several
months to years after spinal trauma [4–6]. The underlying
mechanism leading to a progressive appearance of clinically
defined spasticity is multifactorial and may include the loss of
descending motor tracts as well as other modulatory pathways
that control the activity of spinal inhibitory circuits. Resultant
loss of descending inhibition has been linked with: i) increase in
tonic α-motoneuron firing [7,8], ii) increase in Ia afferentmediated input during muscle stretch [9], and/or iii) exacerbated
sensory responses to peripheral c-fiber stimulation known as
allodynia [10,11]. Loss or decrease in gamma-aminobutyric acid
(GABA)-mediated presynaptic [12], recurrent [13] and reciprocal
[14] inhibition as well as the loss of its inhibitory effect in flexor
afferent pathway [15] has been shown to represent one of the key
mechanisms leading to the development of these neurologically
and electrophysiologically defined pathological states [5]. Consistent with the role of altered inhibition in the evolution of chronic
spasticity, pharmacological and clinical experimental studies
have demonstrated a potent anti-spasticity effect after systemic
or intrathecal delivery of baclofen (GABA B receptor agonist) [16],
systemic treatment with tizanidine (α2-adrenergic agonist) [17],
or dorsal rhyzotomy [18]. With reference to previous studies and
using rat model of chronic spinal ischemia-induced spasticity
and rigidity, we have demonstrated a comparable anti-spasticity
effect after intrathecal treatment with nipecotic acid (GABA

uptake inhibitor) or baclofen [9], and α-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) receptor antagonist
NGX424 in spastic baclofen non-treated [19] or spastic baclofentolerant animals [20].
In addition to a well-documented role of an altered GABA
system in spasticity, several other neuromodulators/signaling
molecules have been shown to participate in potentiating
neuronal activity under a variety of pathological conditions. It
has been demonstrated that proinflammatory cytokines TNF-α,
IL-1β, and IL-6 or chemokines CCL2/MCP-1 and CX3CL1/
fractalkine as well as growth factors released by spinal glial cells
maintain the neuropathic pain after nerve injury or inflammation [21]. Nerve injury or spinal cord injury induces a profound
activation of mitogen-activated protein kinases (MAPKs) in glial
cells and neurons in the spinal cord. The three sub-groups of
MAPKs, namely extracellular signal regulated kinases (ERKs), p38
MAPK and c-Jun N-terminal kinases (JNKs) are activated in spinal
glia after nerve injury and play an important role in chronic pain
sensitization by signaling to the inflammatory mediators [21].
High levels of ERK activation following SCI were correlated with
increased expression of the neurokinin-1 receptor, N-methyl
D-aspartate (NMDA) receptor subunits NR1, NR2A and the
transcription factor cAMP response element binding protein
(CREB) [22]. Glutamate transmission via NMDA inclusive of
AMPA/kainate receptors is essential for ERK activation in spinal
cord dorsal horn neurons [23] as well as α-motoneurons [18].
Additionally, potentiation of extracellular calcium influx into
nociceptive neurons after glutamate receptor activation has been
demonstrated to be linked to increased activity of multiple
intracellular protein kinases including calcium/calmodulin-dependent protein-serine kinase 2 (CaMKII), protein kinase A and C
(PKA and PKC). PKC is widely reported to play a role in long term
potentiation of spinal nociceptive neurons [24,25]. The role of
several such signaling molecules in the development of spasticity
remains to be defined.
In recent years, several molecular–analytical techniques
have been used to characterize changes in spinal parenchyma
mainly during early acute and sub-acute stages after SCI.
cDNA microarrays were used to characterize global changes in
gene transcripts following SCI [26,27]. Two-dimensional gel
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electrophoresis was commonly used to identify changes at
protein levels [28–32]. However, recent advances in proteomics offer new approaches including quantitative mass
spectrometry and protein arrays, where mass spectrometry
is the key technology contributing to the proteome studies
including phosphoproteomes. Such protein phosphorylation
studies require a lot of starting material and phospho-peptide
enrichment [33]. On the other hand, antibody-dependent
protein arrays facilitate in depth studies of cell signaling
proteins and their regulatory phosphorylations using low μg
amount of cell lysate proteins. Regardless of the proteomic
approaches to date, molecular changes that might contribute
to secondary damage and thus increase functional deficits
including appearance of spasticity after SCI have not been
satisfactorily characterized. Additionally, no conclusive data
is available at present that would provide a temporal and
spatial characterization of the protein changes analyzed in
parallel in spinal parenchyma and dorsal root ganglion cells
(DRGs) at time points corresponding to the secondary damage
and development of spinal trauma-induced spasticity.
In the present study, by using rat spinal transection model of
chronic spasticity coupled with Kinex™ antibody microarrays,
we have characterized the levels as well as phosphorylation
status of a large number of signaling proteins, including kinases,
phosphatases and other proteins, which were simultaneously
analyzed in each of the samples of lumbar spinal gray matter or
DRGs caudal to the spinal injury site. The data obtained was
statistically analyzed for differences between spinal transection
and control samples and additionally, further evaluated using
bioinformatic tools, thus allowing implementation of regulated
proteins into cellular signaling and protein interaction networks.
Selected significant quantitative changes in protein levels/
phosphorylations were verified using western blot and localization of these proteins within specific neural cell types was
confirmed by immunofluorescence staining and confocal
microscopy.

2.

Material and methods

All procedures were approved by the Institutional Animal
Care Committee at the University of California, San Diego
(Protocol No. S01193) and were in compliance with The
Association for Assessment of Laboratory Animal Care
guidelines for Animal use. All efforts were made to minimize
group size with respect to statistical study evaluation as well
as animal suffering. Male Sprague–Dawley rats were obtained
from Harlan (Indianapolis, IN) and were housed in standard
cages with corncob bedding. Rat spinal cord transection was
carried out at the age of 7.5 weeks and weight of 270–300 g.
Animals had access to food and water ad libitum and were
housed individually after surgery. A 12 hour light/dark cycle
(lights on at 7:00 am) was used throughout their housing.

2.1.

Experimental groups and tissue sample collection

For each time point analyzed (2 weeks and 5 weeks after SCI),
four control animals and four animals with complete spinal
transection were used as independent samples. Biological
replicates in each group of samples or controls (n = 4) were
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used for microarray analysis, as well as independent biological replicates (n = 4) were prepared for western blot analyses
and immunohistochemistry. Lumbar spinal cords and corresponding DRGs were used in all experiments.

2.2.

Spinal cord transection

Rats were anesthetized with 1.5–2% isoflurane, placed into a
spinal unit apparatus (Stoelting, Wood Dale, IL) and a partial
laminectomy of Th8–Th9 vertebra was performed using a
dental drill (exposing the dorsal surface of Th10 spinal
segment). The spinal cord was then transversally cut using
scalpel blade. After transection, the incision was cleaned with
3% H2O2 and penicillin/streptomycin mixture and closed in
two layers. Animals were then allowed to recover and the
presence of spasticity and touch-evoked hyper-reflexia
assessed at 7 day intervals (as described in Section 2.2). All
animals with spinal transection were treated with antibiotics
(cefazolin; 5 mg/kg/day, s.c.) for 10–14 days.

2.3.
Identification of muscle spasticity in rats with spinal
trauma injury
After spinal transections, animals (n = 4) were tested for the
presence of spasticity by measurement of spinal hyper-reflexia
after applying two qualitatively different sensory input stimuli:
a) Touch-evoked muscle hyper-reflexia: Fully awake animals
were placed into a plastic-tube restrainer. Two stainless
steel electromyography (EMG) recording electrodes were
placed into gastrocnemius muscle 1 cm apart. Using von
Frey filaments, a progressively increased force (1–15 g) was
then applied into a plantar surface of the left hind limb
paw. Before, during, and for 5 s after application of each
force test, the EMG signal was recorded and stored on a
computer for subsequent analysis. The EMG signal was
amplified with an alternating current-coupled differential
amplifier (model DB4; World Precision Instruments, Sarasota, FL) and bandpass filtered at 100 Hz to 10 kHz.
b) Muscle stretch-evoked spasticity: The presence of muscle
spasticity was identified as a velocity-dependent increase
in ankle resistance which correlated with increased EMG
activity measured in the gastrocnemius muscle during
computer-controlled ankle dorsiflexion [9]. Briefly, rats
with spinal transection were individually placed in a
plastic restrainer, and one hindpaw was securely fastened
to the paw attachment metal plate, which was
interconnected loosely to the “bridging” force transducer
(LCL454G, 0–454 g range; or LCL816G, 0–816 g range;
Omega, Stamford, CT). After a 20 min acclimatization
period, rotational force was applied to the paw attachment
unit using a computer-controlled stepper motor (MDrive 34
with onboard electronics; microstep resolution to 256
microsteps/full step; Intelligent Motion Systems,
Marlborough, CT), causing the ankle to dorsiflexion. The
resistance of the ankle was measured during 40° of
dorsiflexion at progressively increased rotational velocities
of 40°, 200° or 400° s− 1, and data were collected and
analyzed using custom software (Spasticity version 2.01;
Ellipse, Kosice, Slovak Republic).
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Protein sample collection and preparation

The whole sample preparation procedure was done at 4 °C.
The Kinex™ lysis buffer, pH 7.2 containing 20 mM MOPS,
2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 60 mM
β-glycerophosphate, 20 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonylfluoride,
3 mM benzamidine, 5 μM pepstatin A, 10 μM leupeptin, and
1% Triton X-100 was freshly prepared and kept on ice. Each
animal was deeply anesthetized with 100 mg/kg sodium
pentobarbital applied intraperitoneally and transcardially
perfused with 300 mL of ice cold heparinized (4000 USP
units/L) PBS.
Technique of spinal cord tissue and DRG harvest was
identical to spinal cord transected and naïve, non-injured
animals. To remove lumbar portion of the spinal cord, a
18-gauge needle was attached to a 30-mL syringe that had
been filled with ice-cold PBS and 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 Th11–12 foramen. DRGs (L2–L6) were
rapidly dissected using rongeur. Both isolated lumbar spinal
cords and ganglia were snap-frozen in isopentane pre-chilled
to − 80 °C before further processing.
Whole frozen lumbar spinal cords were then mounted on
cryostat holders using mounting media. White matter and the
dorsal portion of the gray matter were then trimmed off. Only
gray matter ventral horns were harvested, cut to small pieces
and directly lyzed in the Kinex™ buffer. DRGs were mounted
on cryotome target in the Kinex™ lysis buffer and cut to 30 μm
slices. Both tissues were disrupted by sonication in ice cold
Kinex™ lysis buffer, and the suspensions were centrifuged at
21,000 g for 45 min at 4 °C. The protein concentrations in
collected supernatants were determined using BCA assay
(Thermo Scientific, Rockford, IL). The protein concentration of
each sample was adjusted to 2 mg/mL, DTT was added to final
concentration of 1 mM, and the lysates were frozen to −80 °C.

2.5.

Antibody microarray

The Kinex™ KAM-1.1 antibody microarray was used to
perform an unbiased characterization of signaling proteins
that are regulated during sub-acute to chronic phases of SCI.
The antibody microarray allowed monitoring of protein levels
and/or site-specific protein phosphorylations of kinases,
phosphatases and other signaling molecules. In total, this
microarray featured 626 antibodies of which 369 were
pan-specific and 257 were protein phospho-site-specific. For
clarity, all of the numbering of the phospho-sites in this report
refer to the human cognates. The Kinex™ KAM-1.1 antibody
microarray analyses were performed as described previously
[34–36] and according to instructions available on www.
kinexus.ca. The antibodies printed on the Kinex™ KAM-1.1
antibody microarray were selected from more than 3000
commercial antibodies that were independently tested by
Kinexus for positive western blot signals. The antibodies were
also chosen based on their reactivities with target proteins in
human, mouse and rat model systems. Briefly, 50 μg of
proteins of the control and treated samples were separately
labeled with the same fluorescent dye and unincorporated

dye molecules were removed by ultrafiltration. Purified
labeled proteins from two samples were incubated separately
on the opposite ends of antibody microarray as the microarray featured two identical fields of antibody grids and 652
antibody duplicates were printed within each field. After
washing, arrays were scanned using a Scan Array Express
Reader (Perkin Elmer, Wellesley, MA) with a resolution of
10 μm, and acquired images were quantified using ImaGene
software (BioDiscovery, El Segundo, CA).

2.6.

Microarray data analysis

The net signal median for each antibody spot was obtained by
subtraction of the background from signal intensity of the
spot. For the spots with median signal values lower than
background, net signal median value equal to 1 was assigned
to avoid negative values in follow-up analysis. The quality of
all microarrays was then verified computationally. The values
of net signal medians were normalized by multiplying with
the normalization coefficient, calculated for each of the two
samples measured on one array as average sum of net signal
medians of all spots on array divided by sum of net signal
medians corresponding to individual sample on the array.
The calculated values of normalized net signal medians for
individual spots were part of the report provided by Kinexus
service. Such normalization allowed comparison of groups
and further statistical analysis. The normalized net signal
medians of two on-array duplicates for each antibody were
then averaged. The variances in averaged normalized net
signal medians between control and transected spinal cord
samples were compared using F-test for each time-point and
tissue type. According to F-test results, unpaired two-sample
t-test for populations with equal or unequal variance was
calculated and differences between control and experimental
samples (n = 4 for each group) with p < 0.05 were considered
as significant. Signal-to-noise ratios (SNRs) of individual
antibody spots on the array were calculated by dividing the
signal and background intensities. The SNRs of each sample
type (4 biological replicates with 2 on-array duplicates) were
averaged and the proteins with SNRs in both control and
treated samples below stringent cut-off value of 1.5 were
removed from the list of different proteins in order to consider
unambiguous spots with higher signal intensity on the
microarray.

2.7.

Bioinformatic evaluation of quantitative microarray

To characterize and visualize the impact of spinal transection at
the time point of resultant spasticity into cellular signaling
networks, UniProtKB accession numbers of regulated (phospho)
proteins were submitted to the PANTHER database (Version 7.2,
release date 2012-03-16, www.pantherdb.org) [37]. The
PANTHER Pathway, consisting of over 175 primarily signaling
pathways, was used to determine the distribution of significantly regulated proteins among individual signaling pathways.
In case the protein was not assigned to any signaling pathway,
its classification according to the PANTHER biological process
was used. To investigate distributions in affected signaling
pathways, chi-squared test was calculated with respect to the
number of on-array proteins and differences between the
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expected and observed frequencies with p < 0.05 were considered as significant.
Interologous Interaction Database (I2D) of known and
predicted mammalian and eukaryotic protein–protein interactions (Version 1.95, release date 2012-02-02, http://ophid.
utoronto.ca) [38] was queried online via a web interface to
search for possible interaction partners with human selected
as a target organism with respect to the numbering in Kinexus
array, which refers to the human cognates. Protein–protein
interaction networks were visualized using NAVIGaTOR 2.2.1
(http://ophid.utoronto.ca/navigator/). In protein–protein interaction networks, nodes represent proteins and edges between
nodes represent physical interactions between proteins.

conjugates were used (Supplementary Table 1). As secondary
antibodies, DyLight 488-, 549- or 649-conjugated AffiniPure
F(ab′)2 Fragment of Donkey Anti-Rabbit, Anti-Mouse or
Anti-Goat IgG (H + L) (Jackson Immunoresearch, Suffolk, UK)
were used. Nuclei were stained by DAPI (0.1% w/v) in PBS-TX
for 10 min. After final washing in PBS containing 0.3% (v/v)
Triton X-100, the spinal cord sections were mounted on glass
slides, all sections were overlaid by ProLong® Gold Antifade
Reagent (Life technologies, Carlsbad, CA) and covered by cover
slips. Images were captured by Olympus Fluoview FV1000
confocal microscope and visualized in FV10-ASW, Version 2,
software (Olympus, Tokyo, Japan).

2.8.

3.

Western blotting

Tissue lysates for western blotting were prepared using SDS
lysis buffer containing 31.25 mM Tris–HCl (pH 6.8), 1% SDS (w/
v), 12.5% glycerol (v/v), 0.02% bromophenol blue (w/v), and
1.25% β-mercaptoethanol, boiled for 4 min at 100 °C, and then
frozen to − 80 °C. The western blots were performed using
Kinetworks™ KCSS-1.0 Screen service (www.kinexus.ca). The
primary antibodies to detect macrophage-stimulating protein
receptor alpha chain (RONα), HSP27 and PKCδ were selected
and diluted 1:500 or to a final concentration of 2 μg/ml for this
analysis. Chemiluminescence signals were captured by a
Fluor-S Multiimager and quantified using Quantity One 4.6.5
(Bio-Rad, Hercules, CA). The Trace Quantity of a band was
determined by the area under its intensity profile curve
(intensity × mm). The C.P.M. (count per minute) value was
calculated as the trace quantity of the band corrected to what
a scan time would yield if it was of 60 s duration. Unpaired
two-sample t-test for populations with equal variance was
calculated to compare C.P.M. values of control and spinal
trauma samples and p-values are shown in Fig. 4.

3.1.
Spinal Th9 transection leads to progressive appearance
of touch-evoked hyper-reflexia and velocity of muscle stretchdependent spasticity
3.1.1.

Immunohistochemistry

The animals were deeply anesthetized with pentobarbital
(100 mg/kg) and perfused by 250 mL of ice-cold heparinized
PBS containing phosphatase inhibitors (PBS + Inh) including
1 mM β-glycerophosphate, 5 mM sodium fluoride, 1 mM
sodium orthovanadate, 10 mM sodium pyrophosphate,
followed by 250 mL of 4% (v/v) paraformaldehyde in
PBS + Inh. The spinal cords with adjacent tissue were
dissected and post-fixed in 4% paraformaldehyde in PBS + Inh
at 4 °C for additional 48 h. The DRGs and the lumbar spinal
cords were isolated and incubated for 48 h in 15 mL of 30% (w/
v) sucrose in PBS at 4 °C. The cryoprotected tissue was frozen
in isopentan and 30 μm sections cut on Leica cryotome. The
lumbar spinal cord sections were stained as floating sections,
the ganglia sections were mounted and stained on glass
slides. The sections were washed in PBS + Inh, blocked for 1 h
in 5% (v/v) donkey serum in PBS + Inh, washed in PBS + Inh
and incubated overnight at 4 °C in primary antibody dissolved
in PBS containing 0.3% (v/v) Triton X-100. After washing in
PBS, sections were incubated for 1 h with secondary antibody
diluted 1:250 in PBS. Primary antibodies recognizing
pan-specific RONα, HSP27 and PKCδ as well as known neural
cell markers GFAP, Iba1, ChAT, NeuN and APC-Alexa 647

Touch-evoked hyper-reflexia

Rats with previous Th9 transection showed a time-dependent
appearance of touch-evoked muscle hyper-reflexia as
evidenced by measured burst EMG activity in the gastrocnemius muscle immediately after applying the mechanical
stimulus on the plantar surface of the paw. Progressive
increase in paw compression force from 3 to 15 g evoked a
clear increase in EMG activity measured in gastrocnemius
muscle. Positive EMG responses were consistently measured
at compression pressures ≥2 g at 3–5 weeks after SCI (Fig. 1A,
B, C). In contrast, in control animals no response was
measured at pressures up to 15 g (data not shown). A
comparable exacerbated EMG responses were measured in
the left and right gastrocnemius muscle.

3.1.2.
2.9.

Results

Muscle stretch-dependent spasticity

Similar to touch-evoked hyper-reflexia, the appearance of
muscle spasticity was measured at intervals 3–5 weeks after
spinal transection. The presence of spasticity was identified by
burst EMG activity and concomitant increase in ankle resistance
measured during computer-controlled ankle dorsiflexion from 0
to 40° (Fig. 1D). Increase in ankle rotational velocity from 40° s−1
to 400° s− 1 led to a clear increase in EMG response and
correlative increase in ankle resistance (Fig. 1E–F transected;
EMG and ankle resistance). In addition, long-lasting EMG
activity lasting for 1–3 s after ankle rotation was seen in 3 of
the 4 animals.

3.2.
Utilization of the antibody microarray approach for
the analysis of spinal cellular signaling proteins
Protein extracts were prepared from lumbar spinal ventral
horns 2 weeks after SCI, lumbar spinal ventral horns 5 weeks
after SCI, lumbar DRGs 5 weeks after SCI and control SHAMoperated ventral horns and DRGs. Each group consisted of 8
samples including 4 samples prepared from 4 animals with
complete Th9 transection and 4 samples prepared from
control SHAM-operated animals. The consistency of antibody
microarray assay was demonstrated by plotting the normalized net signal median values for two replicates of each
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Fig. 1 – Development of touch-evoked hyper-reflexia and ankle-rotation-evoked muscle spasticity in rats after Th9 spinal
transection. (A–F) In fully awake restrained animals mechanical force was applied into plantar surface of the paw using von
Frey filaments. Compression force-dependent increase in EMG response was seen at intervals from 3 weeks after spinal
transection (A–C). To identify the presence of muscle spasticity ankle rotational force was applied in fully awake animals and
ankle rotated 40° at progressively increased ankle rotational velocities (40° → 200° → 400°/s) and EMG activity and
corresponding ankle resistance measured using digital transducer (D). At high rotational velocities, a clear exacerbated EMG
response and resulting increase in muscle resistance was measured at 40°/s rotation (E) and at 400°/s rotation (F).

antibody that revealed correlation with the values of coefficients of determination (R2) from 0.89 to 0.64 and median 0.81
(Supplementary Fig. 1). The highest intensity signal observed
was 25,500 counts, and the lowest reproducible signal was 225
counts thus providing 100-fold range of linear detection of
protein binding in Kinex™ antibody microarray. The net
signal medians of all spots captured on individual chip were
normalized using normalization coefficients which ranged
from 0.77 to 1.23 with median value 1.00 for all chips.
Consequently, 1.2 and higher fold changes in averages of
normalized net signal medians between two compared
samples were deemed to be a potential alteration in either
protein turnover or phosphorylation between these samples.
The significance of low fold change values was corroborated
by p-value of 0.01 while for the spots with fold change 1.5

higher p-value of 0.05 was applied. For simplification of the
result outcome, it is assumed that the pan-specific antibodies
tracked changes in protein levels, and the phospho-site
antibodies monitored the phosphorylation status of specific
phospho-sites in target proteins [39]. The performance of
several hundreds of antibodies used by Kinexus on their Kinex
™ antibody microarray is available in open-access KiNET-IB
website (www.kinet.ca).

3.3.
Overview of protein level/phosphorylation changes in
lumbar spinal ventral horns and dorsal root ganglion cells
caudal to spinal transection
The lists of averaged normalized net signal medians for
all antibody spots in all analyzed samples together with
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Table 1 – Changes in regulation of protein species up to 5 weeks after spinal transection.
Serial no.
1139
1141
1119
1121
555
553
441
447
445
591
595

UniProtKB accession

Protein name

P23443
P23443
Q15418
Q15418
P45983
P45983
P04792
P04792
P04792
P06239
P06239

p70/p85 ribosomal protein-serine S6 kinase alpha
p70/p85 ribosomal protein-serine S6 kinase alpha
Ribosomal S6 protein-serine kinase 1/2
Ribosomal S6 protein-serine kinase 1/2
Jun N-terminus protein-serine kinase
Jun N-terminus protein-serine kinases
Heat shock 27 kDa protein beta 1 (HspB1)
Heat shock 27 kDa protein beta 1 (HspB1)
Heat shock 27 kDa protein beta 1 (HspB1)
Lymphocyte-specific protein-tyrosine kinase (Lck)
Lymphocyte-specific protein-tyrosine kinase (Lck)

summary statistics are shown in Supplementary Table 2. A
statistical microarray data analysis revealed 85 significant
protein level/phospho-site protein phosphorylation changes
with minimal fold change ± 1.2 and p < 0.05 present in at
least one of three treated sample groups compared to
corresponding controls in rat spinal cord transection model
of spasticity evolved up to 5 weeks after injury (Supplementary Table 3).
These changes represented 13.6% of all 626 antibodies used
in this study. Among these significant changes, 2 proteins
(2.36%) and 1 protein phosphorylation (1.18%) were increased
while 4 proteins (4.71%) and 2 protein phosphorylations
(2.36%) were decreased in lumbar spinal ventral horns
2 weeks after SCI (Supplementary Table 3A). More noticeable
were the changes typical for lumbar spinal ventral horns
5 weeks after SCI including increased levels of 16 proteins
(18.82%) and 12 phospho-site protein phosphorylations
(14.12%), while 30 proteins (35.29%) and 14 protein phosphorylations (16.47%) were decreased (Supplementary Table 3B).
Typical for DRGs 5 weeks after SCI, decreases were noticed in
the levels of 3 proteins (3.53%) and 1 protein phosphorylation
(1.18%) (Supplementary Table 3C).
Despite distinct numbers of protein changes in observed
time intervals and locality, there was only one protein that
decreased in 5 weeks after SCI, namely, STE20-like proteinserine kinase (UniProtKB access. Q9UHG7) which overlapped
between lumbar spinal ventral horns and DRGs (Supplementary Table 3D). This confirmed considerable distinct spatial
distribution of protein changes in spinal cord caudal to the
region of transection. As regards temporal changes, no
regulated protein levels or protein phosphorylations common
to lumbar spinal ventral horns were observed 2 and 5 weeks
after SCI, possibly indicating dynamic course of evolving
spasticity after spinal transection. Interestingly, five proteins
exhibited the changes of their different species, which were
mainly apparent in ventral horns 5 weeks after SCI, except for
different phospho-sites of p70/p85 ribosomal protein-serine
S6 kinase alpha observed also at 2 weeks after SCI (Table 1).
From the experimental results obtained, it was evident
that decreases mainly in protein levels (44% of all changes)
and down-regulation of phospho-site protein phosphorylations (20% of all changes) were dominant compared to
increases in protein levels. Apparently, the highest number
of changes observed in lumbar spinal ventral horns 5 weeks

Phospho-site
T229
T421 + S424
S221/S227
S363/S369
T183/Y185
Pan-Specific
Pan-Specific
S15
S15
Pan-Specific
S157

Fold change
1.45
−1.24
1.25
−1.30
−1.21
−1.85
1.39
−1.39
−1.37
−1.58
−1.86

SCI
2
5
5
5
5
5
5
5
5
5
5

weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks

after SCI (Supplementary Table 3B), timely correlated with
appearance of functional/mechanical signs of spasticity as
identified by increase in ankle resistance during computercontrolled ankle dorsiflexion and increase in EMG activity in
the gastrocnemius muscle (Fig. 1). With a variety of significant
changes in protein levels and phospho-site protein phosphorylations, we further focused on: (i) marked changes observed
relative to maximum fold change and significance; (ii)
regulatory proteins/protein phosphorylations involvement in
cellular signaling pathways; and (iii) protein–protein interaction network connections to the regulated proteins after
spinal transection.

3.4.
The most marked protein changes observed in spinal
ventral horns and dorsal root ganglion cells related to spasticity
appearance during secondary damage after spinal injury
From our experimental results, it was evident that the number
of marked protein changes observed up to 5 weeks after spinal
injury was not high (Table 2). Such changes included upregulation of CaMKIV and down-regulation of MAPK/ERK kinase
kinase 4 ( MEKK4), MAPK/ERK kinase kinase 2 as well as focal
adhesion protein-tyrosine kinase (FAK) phosphorylation on
Ser843 which were observed 2 weeks after trauma.
The most marked difference appeared to be the increased
phosphorylation on Ser1107 of eukaryotic translation initiation
factor 4 gamma (eIF4G) 5 weeks after trauma reflecting only one
protein change fulfilling most stringent criteria of fold change
>2 and p < 0.01 (Table 2A). The increase in the level of striatin-3
and decrease of insulin-like growth factor receptor (IGFR) were
among the most marked changes observed in lumbar spinal
ventral horns at 5 weeks after SCI (Table 2B).
In total, 28 significant changes were observed in ventral
horns with fold change > 1.2 and p < 0.01 (Table 2C). Two
proteins including preimplantation protein 3 and RONα, and
four phospho-site changes such as microtubule-associated
protein tau (Ser515) and ribosomal S6 protein-serine kinase 1/
2 (Ser221/Ser227) were increased. Among 15 decreasing levels
of proteins, lymphocyte-specific protein-tyrosine kinase (Lck)
and angiopoietin-1 receptor-tyrosine kinase (TEK/TIE2) represented the most significant changes. Additionally, the known
proteins of several signaling cascades such as JNK1/2/3 or
PKCδ were identified. Interestingly, three apoptotic proteases,
pro-caspase 6, 7 and 9 (CASP6, CASP7 and CASP9) were
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Table 2 – The most marked protein level/phosphorylation changes in ventral horns of spinal parenchyma up to 5 weeks
after spinal transection.
Serial no.

UniProtKB
accession

Target
protein

A. Fold change > 2.00 and p < 0.01
299
Q04637
eIF4G

B. Fold change > 2.00 and p < 0.05
113
Q16566
CaMKIV
681
351
1147
491

Q9Y6R4
Q05397
Q13033
P08069

MEKK4
FAK
SG2NA
IGF1R

C. Fold change > 1.20 and p < 0.01
679
Q9Y2U5
MEKK2
1109
Q04912
RONα
699
1297

Q9Y3A3
P43403

mMOB1
ZAP70

645

Q02750

MEK1

1225
1119
553

P10636
Q15418
P45983

Tau
RSK1/2
JNK1/2/3

511
331

Q13418
P30101

ILK1
ERP57

551
591
1247
213

Q9UHG7
P06239
Q02763
P68400

JIK
Lck
TEK/TIE2
CK2a

1287
915
133
563

P30291
Q05655
P55212
P05412

Wee1
PKCδ
CASP6
Jun

253
135

P53355
P55210

DAPK1
CASP7

139

P55211

CASP9

595
41
1153

P06239
Q13315
Q06124

Lck
ATM
SHP2

7

P00519

Abl

219
1121

Q9Y281
Q15418

Cofilin 2
RSK1/2

177

P06493

CDK1/2

Full target protein name

Phospho site

Fold change

p-Value

SCI

Eukaryotic translation initiation
actor 4 gamma 1

S1107

2.01

0.0031

5 weeks

Calcium/calmodulin-dependent
protein-serine kinase 4
MAPK/ERK kinase kinase 4
Focal adhesion protein-tyrosine kinase
Striatin-3
Insulin-like growth factor receptor
protein-tyrosine kinase

Pan-specific

2.30

0.0117

2 weeks

Pan-specific
S843
Pan-specific
Pan-specific

−2.02
−2.01
2.60
−2.45

0.0187
0.0489
0.0141
0.0259

2
2
5
5

MAPK/ERK kinase kinase 2
Macrophage-stimulating protein
receptor alpha chain
Preimplantation protein 3
Zeta-chain (TCR) associated
protein-tyrosine kinase, 70 kDa
MAPK/ERK protein-serine
kinase 1 (MKK1)
Microtubule-associated protein tau
Ribosomal S6 protein-serine kinase 1/2
Jun N-terminus protein-serine kinases
(stress-activated protein kinase
(SAPK)) 1/2/3
Integrin-linked protein-serine kinase 1
ER protein 57 kDa (protein disulfide
isomerase-associated 3; 58 kDa glucose
regulated protein)
STE20-like protein-serine kinase
Lymphocyte-specific protein-tyrosine kinase
Angiopoietin-1 receptor-tyrosine kinase
Casein protein-serine kinase 2 alpha/alpha
prime
Wee1 protein-tyrosine kinase
Protein-serine kinase C delta
Pro-caspase 6 (apoptotic protease Mch2)
Jun proto-oncogene-encoded AP1
transcription factor
Death-associated protein kinase 1
Pro-caspase 7 (ICE-like apoptotic protease
3 (ICE-LAP3), Mch3)
Pro-caspase 9 (ICE-like apoptotic protease
6 (ICE-LAP6), Mch6, APAF3)
Lymphocyte-specific protein-tyrosine kinase
Ataxia telangiectasia mutated
Protein-tyrosine phosphatase 1D
(SHPTP2, Syp, PTP2C)
Abelson proto-oncogene-encoded
protein-tyrosine kinase
Cofilin 2
Ribosomal S6 protein-serine
kinase 1/2
Cyclin-dependent protein-serine
kinase 1/2

Pan-specific
Pan-specific

−1.63
1.90

0.0077
0.0017

2 weeks
5 weeks

Pan-specific
Y315 + Y319

1.70
1.39

0.0003
0.0027

5 weeks
5 weeks

T385

1.37

0.0041

5 weeks

S515
S221/S227
Pan-specific

1.30
1.25
−1.85

0.0048
0.0085
0.0062

5 weeks
5 weeks
5 weeks

Pan-specific
Pan-specific

−1.73
−1.65

0.0075
0.0011

5 weeks
5 weeks

Pan-specific
Pan-specific
Pan-specific
Pan-specific

−1.59
−1.58
−1.56
−1.55

0.0094
0.0002
0.0005
0.0033

5
5
5
5

weeks
weeks
weeks
weeks

Pan-specific
Pan-specific
Pan-specific
Pan-specific

−1.52
−1.49
−1.43
−1.41

0.0049
0.0097
0.0075
0.0054

5
5
5
5

weeks
weeks
weeks
weeks

Pan-specific
Pan-specific

−1.39
−1.34

0.0055
0.0075

5 weeks
5 weeks

Pan-specific

−1.32

0.0077

5 weeks

S157
S1981
S576

−1.86
−1.76
−1.50

0.0042
0.0008
0.0090

5 weeks
5 weeks
5 weeks

Y412

−1.37

0.0100

5 weeks

S3
S363/S369

−1.37
−1.30

0.0041
0.0057

5 weeks
5 weeks

T161/T160

−1.23

0.0050

5 weeks

decreased. As regards phospho-site changes, seven were
decreased including Lck on Ser157 (Table 2C).
None of the proteins/protein phosphorylation changes met
the above mentioned criteria of most marked changes in
DRGs 5 weeks after SCI.

weeks
weeks
weeks
weeks

3.5.
Bioinformatic evaluation of antibody microarray data
to assign relevant signaling pathways
With a variety of significant changes in protein levels and
protein phosphorylations detected using the Kinex™ KAM-1.0
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antibody microarray, the importance of such alterations in
spinal cellular signaling in the rat with spinal injury-induced
spasticity was investigated using the PANTHER database. The
major pathways with ten or larger numbers of regulated
proteins are listed in Table 3. Among significantly regulated
(p < 0.05) are those related to angiogenesis, neurodegeneration,
integrin signaling, RAS pathway, growth factor signaling
(fibroblast growth factor, platelet derived growth factor), and
FAS pathway. Subsequent pathways of importance with 5 to 9
regulated proteins included the interferon-gamma signaling,
insulin/IGF, endothelin, interleukin and p53 pathways, vascular
endothelial growth factor signaling, inflammation mediated by
chemokines and cytokines, B cell and T cell activation, oxidative
stress response, Toll-like receptor signaling, p38 MAPK and
transforming growth factor beta signaling.
The pronounced pathway with the highest number of
observed protein alterations was angiogenesis (Tables 3 and 4).
The regulated proteins (Fig. 2) included decrease in important
up-stream components of this signaling pathway such as TEK/
TIE2 and fibroblast growth factor receptor (FGFR) as well as IGFR
[40]. Furthermore, many intermediate signaling components
including the level of PKCδ and MAPKs (JNK1/2/3, MAPK3/Erk1
Thr202 + Tyr204, p38) were involved. Most importantly, several
of the down-stream proteins of the angiogenesis pathway, and
therefore likely to have more selective biological effects,
included decreased levels of transcription factor Jun and
CASP9 as well as lower phosphorylation of endothelial nitric
oxide synthase (eNOS) on Thr495, while the level of small HSP
protein HSP27 was increased although its phosphorylation on
Ser15 was decreased (Table 1).
Another significant pathway of the top regulated spinal
cellular signaling in rat with spinal injury-induced spasticity
was the neurodegeneration pathway (Tables 3 and 5). In case of
the Jun, JNK1/2/3, Src, PKCδ, p38 MAPK, MEK4, PKBα and Erk1
proteins that were assigned to angiogenesis but also related to
neurodegenerative disease pathways (Tables 4 and 5), where it
was evident that these proteins participated in the cross-talk of
a variety of cellular signaling pathways (Supplementary Table
3). More importantly, distinct proteins that appeared to be more
selectively related to the neurodegenerative diseases were
recognized (Table 5). According to PANTHER, the participation
of the Lck and Lyn kinases, as well as casein protein-serine
kinases (CK2a and CK1g2) was evident and these proteins were
mainly assigned to Parkinson disease. Furthermore, the CASP6
and CASP8, which appeared to be selective for the Huntington
disease pathway, were down-regulated.

3.6.
Model of protein–protein interaction network connecting
angiogenesis and neurodegeneration signaling after spinal
transection
The selective proteins differentially regulated during secondary damage and evolving spasticity up to 5 weeks after spinal
transection were introduced into I2D database in order to
graphically visualize possible functional relationships among
these molecules (Fig. 3). Only the proteins that were assigned
by PANTHER either to angiogenesis pathway (Table 4; FAK,
TEK/TIE2, CASP9, SHP2, eNOS, FGFR, HSP27, Crystallin αB) or
neurodegeneration (Table 5; Lck, CK2a, CK1g2, CASP6, Lyn,
CASP8) but not to both processes, were implemented in this
evaluation.
In total, 1427 interactions were recognized for 14 selected
proteins mentioned above. Computer modeling highlighted
direct interactions between angiogenesis regulating proteins
FAK and TEK/TIE2, and the Lck and Lyn kinases involved in
neurodegenerative pathway, which may form the central hub
of the network. Furthermore, interactions of protein phosphatase SHP2 with Lck as well as CASP9 with CASP8 were
identified in the connecting of angiogenic and neurodegenerative pathways. Direct interconnections between these proteins were further extended by high number of indirect
interactions. Contrary to this, the FGFR, eNOS, Crystallin αB
and HSP27 involved in regulation of angiogenesis and CK2a,
CK1g2 and CASP6 regulating neurodegeneration, remained
segregated from the key central interaction network.

3.7.
Verification of differentially expressed proteins RONα,
HSP27 and PKCδ using western blot analysis
Using Kinex™ microarrays, non-denatured proteins were
analyzed, and this increased the possibility of false positives
and false negatives due to antibody cross-reactivity and
blocked epitopes in protein complexes, respectively. Therefore, several candidate changes observed on Kinex™ microarrays were selected for verification by western blotting.
Importantly, we focused mainly on the altered proteins that
may potentially serve as new targets in developing treatment
strategies.
Immunoblot experiments were performed to verify relevant protein changes: RONα (Table 2), HSP27 (Table 4; Figs 2
and 3) and PKCδ (Tables 2, 4 and 5; Fig. 2). The results shown in
Fig. 4 confirmed significantly higher levels of RONα and HSP27
in ventral horns 5 weeks after transection. Contrary to the

Table 3 – Signaling pathways with the highest number of protein alterations after spinal transection.
Signaling pathway (PANTHER 7.2)
Angiogenesis (P00005)
Neurodegeneration (P00049, P00003, P00029)
Integrin signaling pathway (P00034)
Apoptosis signaling pathway (P00006)
Fibroblast growth factor signaling pathway (P00021)
Ras pathway (P04393)
Platelet derived growth factor signaling pathway (P00047)
Epidermal growth factor signaling pathway (P00018)
FAS signaling pathway (P00020)

No. of regulated proteins

No. of on-array proteins

17
16
14
13
12
12
11
11
10

54
65
30
61
33
42
42
49
17

p-Value
0.0010
0.0216
2.75 × 10−05
0.1159
0.0017
0.01556
0.0401
0.1115
4.21 × 10−05
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Table 4 – Regulated proteins/phosphoproteins in angiogenesis pathway (P00005) assigned by PANTHER 7.2.
Serial no. UniProtKB
accession
1247
563

Q02763
P05412

553

P45983

139

P55211

1153

Q06124

915
667

Q05655
P45985

555

P45983

301
361

P29474
P11362

441

P04792

1181

P12931

779

Q16539

881
351
317

P31749
Q05397
P27361

235

P02511

Target
protein

Full target protein name

TEK/TIE2
Jun

Angiopoietin-1 receptor-tyrosine kinase
Jun proto-oncogene-encoded AP1
transcription factor
JNK1/2/3
Jun N-terminus protein-serine
kinases (stress-activated protein
kinase (SAPK)) 1/2/3
CASP9
Pro-caspase 9 (ICE-like apoptotic
protease 6 (ICE-LAP6), Mch6, APAF3)
SHP2
Protein-tyrosine phosphatase 1D
(SHPTP2, Syp, PTP2C)
PKCδ
Protein-serine kinase C delta
MEK4
MAPK/ERK protein-serine
kinase 4 (MKK4)
JNK
Jun N-terminus protein-serine kinase
(stress-activated protein kinase (SAPK))
eNos
Nitric-oxide synthase, endothelial
FGFR1
Fibroblast growth factor
receptor-tyrosine kinase 1
HSP27
Heat shock 27 kDa protein
beta 1 (HspB1)
Src
Src proto-oncogene-encoded
protein-tyrosine kinase
p38a MAPK Mitogen-activated protein-serine
kinase p38 alpha
Akt1
Protein-serine kinase B alpha
FAK
Focal adhesion protein-tyrosine kinase
Erk1
Extracellular regulated
protein-serine kinase 1 (p44 MAP kinase)
Crystallin aB Crystallin alpha B (heat-shock 20
kDa like-protein)

decrease in PKCδ level observed on microarray, western blot
showed significant increase of this protein. This may reflect
increased interactions of PKCδ within complexes.

3.8.
Localization of differentially expressed proteins RONα,
HSP27 and PKCδ
Selected proteins were further investigated for their cellular
localization within specific neural cell types using immunohistochemistry. Co-staining was performed with currently accepted markers such as NeuN typical for neuronal nuclei, ChAT
indicating cholinergic neurons, particularly α-motoneurons in
ventral horns, Iba1 typical for microglia, GFAP for staining
astrocytes and APC showing oligodendrocytes that may be
present in spinal ventral horn sections. According to immunohistochemical observations, the expansion of GFAP-positive
astrocytes and Iba1-positive microglia were characteristic for
response to SCI up to 5 weeks after trauma.
The expression of RONα in spinal cord evidently increased
after SCI. While in control spinal cord the RONα remained
undetectable in both gray and white matter, two weeks after SCI
several RONα positive cells appeared in the gray matter (Fig. 5A′;
arrowheads). In addition, the RONα expression at 5 weeks after
SCI was markedly induced in the white matter (Fig. 5A″), where
the protein was localized in GFAP positive astrocytes (Fig. 5B″).
As the RONα receptor is typically expressed on macrophages
[41], we examined the RONα expression in microglia, which
represents endogenous macrophage lineage present in the

Phospho-site

Fold change p-Value

SCI

Pan-specific
Pan-specific

−1.56
−1.41

0.0005
0.0054

5 weeks
5 weeks

Pan-specific

−1.85

0.0062

5 weeks

Pan-specific

−1.32

0.0077

5 weeks

S576

−1.50

0.0090

5 weeks

Pan-specific
S257 + T261

−1.49
−1.55

0.0097
0.0114

5 weeks
2 weeks

T183/Y185

−1.21

0.0242

5 weeks

T495
Pan-specific

−1.55
−1.28

0.0368
0.0372

5 weeks
5 weeks

Pan specific

1.39

0.0388

5 weeks

Y529

1.26

0.0451

5 weeks

Pan-specific

1.37

0.0478

5 weeks

T308
S843
T202 + Y204; T185/Y187

1.43
−2.01
1.32

0.0485
0.0489
0.0489

5 weeks
2 weeks
5 weeks

S45

−1.53

0.0490

5 weeks

central nervous system. However, there was no co-localization
of RONα with microglial marker Iba1 (Fig. 5C–C″).
In both control and trauma spinal cords, HSP27 was
expressed in cytoplasm of large ChAT and NeuN positive cells
(α-motoneurons) in ventral horns (Supplementary Fig. 2A, A′, B,
B′). The spinal cord trauma induced HSP27 expression in
additional large NeuN positive but ChAT negative neurons
distributed over the gray matter (Supplementary Fig. 2A′ and 2B
′; arrowheads). In the white matter, HSP27 levels in astrocytes
notably increased 5 weeks after SCI (Supplementary Fig. 2C, C′).
In spinal ventral horns of control and SCI samples, PKCδ was
expressed in large ChAT positive motoneurons (Supplementary
Fig. 3A–A″). After SCI, the PKCδ expression was induced in small
cells of irregular shape distributed in both gray (Supplementary
Fig. 3B–B″) and white matter (Supplementary Fig. 3C–C″ and 3D–
D″). These cells were negative for NeuN and GFAP staining of
neurons and astrocytes, respectively. In the white matter
adjacent to ventral horns, several PKCδ positive cells were
positive for APC marker of mature oligodendrocytes (Supplementary Fig. 3D–D″, arrowheads). The remaining PKCδ positive,
but NeuN, GFAP or APC-negative cells might represent
microglia.

4.

Discussion

Development of progressive muscle spasticity also known as
exacerbated muscle contraction after increasing velocity of
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Fig. 2 – Angiogenesis signaling pathway regulation in the rats after Th9 spinal transection with resultant spasticity. To
visualize the impact of spinal transection on angiogenesis, majority of proteins assigned to this pathway by PANTHER
database were depicted in the model schematic. The protein phosphorylation decreases typical for 2 weeks after transection
are in yellow circle, while decreased and increased protein levels/phosphorylations typical for 5 weeks after transection are
indicated by red and green colors, respectively. Black and white shapes represent the components of the signaling pathway,
which were not measured or changed. The attenuated capacity to trigger angiogenesis via up-stream receptors appears to be
counterbalanced by promoting pro-angiogenic effects of effector molecules such as HSP27 and phosphorylated Erk1 as well as
decreases in CASP9 level and inhibitory phosphorylation of eNOS.

muscle stretch, represents a serious complication associated
with spinal traumatic injury [42]. Importantly, even in partial
spinal cord injuries in which a substantial motor function
capacity is preserved, the presence of spasticity can significantly
alter its effective functional utilization despite ongoing and
aggressive physical rehabilitation [43]. In addition to spinal
trauma, several other neuropathological conditions which lead
to a partial or complete functional loss of the inhibitory neuronal
circuits which control spinal segmental α-motoneuron excitability, can lead to the development of clinically-defined spasticity
including amyotrophic lateral sclerosis, multiple sclerosis, cerebral palsy, or brain traumatic injury [44–47].
In addition to a defined role of altered segmental inhibition in
the evolution of the spasticity state, it is well established that the
appearance of a hyperaesthesia such as tactile or thermal
hypersensitivity is equally important in the clinical presentation

of the spasticity state. Accordingly, clinical studies have shown
that the use of dorsal rhyzotomy (surgical transection of
segmental dorsal roots to eliminate sensory input) is highly
effective in ameliorating the spasticity resulting from spinal
trauma, cerebral palsy or multiple sclerosis [48,49]. Thus the
definition of pathophysiological/pathobiochemical changes affecting both neurons and glia and residing in spinal cord and
DRGs are important as they can serve to delineate a relative
contribution of these functionally and anatomically distinct cell
populations in the development of chronic spasticity.
In the present study we have analyzed the changes in
protein expression in spinal cord parenchyma and corresponding segmental DRGs at 2 and 5 weeks after spinal transections,
the time points which coincide with the appearance of clinically
defined spasticity. Our findings showing eIF4G Ser1107
hyperphosphorylation and typical decreases in protein levels
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Table 5 – Regulated proteins/phosphoproteins involved in neurodegeneration pathways (Parkinson disease (P00049),
Alzheimer disease-amyloid secretase pathway (P00003), Huntington disease (P00029)) assigned by PANTHER 7.2.
Serial no.

UniProtKB
accession

Target
protein

591

P06239

Lck

213

P68400

CK2a

595

P06239

Lck

563

P05412

Jun

553

P45983

JNK1/2/3

133

P55212

CASP6

915
667

Q05655
P45985

PKCδ
MEK4

211

P78368

CK1g2

555

P45983

JNK

607
1181

P07948
P12931

Lyn
Src

137

Q14790

CASP8

779

Q16539

p38a MAPK

881
317

P31749
P27361

PKBa (Akt1)
Erk1

Full target protein name

Phospho site

Lymphocyte-specific
protein-tyrosine kinase
Casein protein-serine kinase
2 alpha/alpha prime
Lymphocyte-specific
protein-tyrosine kinase
Jun proto-oncogene-encoded AP1
transcription factor
Jun N-terminus protein-serine
kinases (stress-activated
protein kinase (SAPK)) 1/2/3
Pro-caspase 6 (apoptotic
protease Mch2)
Protein-serine kinase C delta
MAPK/ERK protein-serine
kinase 4 (MKK4)
Casein protein-serine
kinase 1 gamma 2
Jun N-terminus protein-serine
kinase (stress-activated protein
kinase (SAPK))
Yes-related protein-tyrosine kinase
Src proto-oncogene-encoded
protein-tyrosine kinase
Pro-caspase 8 (ICE-like apoptotic
protease 5 (ICE-LAP5), Mch5,
FLICE, CAP4)
Mitogen-activated protein-serine
kinase p38 alpha
Protein-serine kinase B alpha
Extracellular regulated
protein-serine kinase 1
(p44 MAP kinase)

in ventral spinal horn below the level of transection, allow us to
hypothesize that inhibition of cap-dependent protein translation plays a significant role in sub-acute phase after spinal
cord trauma and might contribute to the healing process in
the damaged region. The key roles of angiogenesis and
neurodegeneration pathways are highlighted together with
direct cross-talk mediated by several hub proteins belonging
to the family of proteins with Src homology-2 domains such as
Lck and Lyn kinases or SHP2 with the phosphorylation site for
PKC [50]. The attenuated capacity of angiogenesis after SCI,
which was described previously [51,52] may be due to decreased
expression of receptors such as TEK/TIE2, FGFR and IGFR but
not vascular endothelial growth factor receptor (VEGFR) observed in our study. In addition, the regulation of down-stream
effector components of angiogenesis may even have a greater
effect in preventing angiogenesis failure. Such scenario is
exemplified by up-regulation of HSP27 and MAPK3/ERK1
activating phosphorylation.
To pursue any beneficial targeting of specific proteins, we
focused on proteins that appear to have important relevance
in the development of spasticity state and may potentially
serve as new targets in developing new pharmacological or
gene silencing/up-regulation-based treatment strategies.
PKCδ is the isoform of PKC protein family belonging to the
class of novel PKCs which are regulated by diacylglycerol but not

Fold change

p-Value

SCI

Pan-specific

−1.58

0.0002

5 weeks

Pan-specific

−1.55

0.0033

5 weeks

S157

−1.86

0.0042

5 weeks

Pan-specific

−1.41

0.0054

5 weeks

Pan-specific

−1.85

0.0062

5 weeks

Pan-specific

−1.43

0.0075

5 weeks

Pan-specific
S257 + T261

−1.49
−1.55

0.0097
0.0114

5 weeks
2 weeks

Pan-specific

−1.53

0.0222

5 weeks

T183/Y185

−1.21

0.0242

5 weeks

Pan-specific
Y529

−1.51
1.26

0.0271
0.0451

5 weeks
5 weeks

Pan-specific

−1.45

0.0457

5 weeks

Pan-specific

1.37

0.0478

5 weeks

T308
T202 + Y204; T185/Y187

1.43
1.32

0.0485
0.0489

5 weeks
5 weeks

calcium. In our study, PKCδ was constitutively expressed in
subpopulation of α-motoneurons and interneurons and in APC
positive glial cells. At 5 weeks after transection a significant
increase in PKCδ was measured (Fig. 4) and this increase was
primarily seen in microglial cells throughout the gray and white
matter. Previous experimental data showed that increased PKCδ
activity in spinal parenchyma could be involved in potentiating
spinal neuronal excitability [53]. It has been demonstrated that
PKCδ mediates IL-6-induced nociceptive responses in inflammatory and tumor-induced pain models in mice [54]. Injury severitydependent increase in spinal parenchymal IL-6 was previously
demonstrated [55]. Thus a similar mechanism involving IL-6/
PKCδ-mediated increase in α-motoneuron responsiveness to
peripheral stimuli may be present in spinal trauma-induced
spasticity. Using the model of murine microglial cells, it was
shown [56] that knockdown of PKCδ attenuated selectively ERK1/
2 phosphorylation, blocked NF-κB activation and suppressed
inducible nitric oxide synthase (iNOS) in reactive microglia.
Selective spinal blockade of NOS by intrathecal delivery of
L-NAME (a non-selective NOS inhibitor) lead to a potent
suppression of Ia-afferent mediated H-reflex [57] and this effect
was likely mediated through the suppression of L-NAMEsensitive NMDA receptor-coupled secondary glutamate release
[58]. We speculate that an increase in iNOS/eNOS activity in
reactive microglial cells initiated in part by increased PKCδ level/
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Fig. 3 – Protein–protein interaction network connecting signaling proteins of angiogenesis and neurodegeneration during
evolving spasticity after spinal Th9 transection. Computer modeling of protein–protein interactions depicts a high number of
mediated interactions among selected proteins assigned by PANTHER database to angiogenesis (red) or neurodegeneration
(blue) and highlights direct interconnections among several key proteins indicated by violet. The network generated by
NAVIGaTOR software is best interpreted as follows: nodes represent proteins and edges between nodes represent physical
interactions between proteins. The trends of protein changes are shown by triangles.

activity may play a key role in the potentiation of neuronal
activity through its NMDA-receptor-coupled facilitatory effect on
neurons residing in previously trauma injured segments. Additionally, activation of bradykinin presynaptic and postsynaptic
B(2) receptors, has been demonstrated to potentiate synaptic
glutamate release and contribute to spinal central sensitization
which is attenuated by PKC inhibition [59].
The phosphorylation of MAPK3/ERK1 which enables kinase
activation was also significantly increased in spinal parenchyma at 5 weeks after spinal transection. Previous studies have
shown that spinal up-regulation and activation of MAPK/ERK
contribute to inflammatory pain after peripheral nerve injury
[60] and are overexpressed in spinal trauma-injured segments,
which correspond to the presence of mechanical allodynia [61].
Intrathecal treatment with ERK inhibitor reverses mechanical

allodynia in L5 spinal nerve ligation model [62] and normalizes
mechanical and heat stimulation response threshold in upper
cervical spinal nerve transection model in rat [63]. The
mechanism through which the MAPKs exert their stimulatory
neuronal effect is complex and involves regulation of the
activity of glutamate receptors, potassium channels and
transcriptional induction of several genes [23]. Accordingly,
and as for RONα (see below), we hypothesize that activation of
spinal parenchymal MAPKs including ERK1 through their
effector systems can lead to facilitatory effect of primary
afferents and/or direct activation of ventral α-motoneurons.
The high level of CaMKIV was one of the most significant
changes which preceded the onset of spasticity. This protein
belongs to the Ca2+/calmodulin family of Ser/Thr protein
kinases known as CaMKs and is known to be a distinct second

Fig. 4 – Verification of RONα, HSP27 and PKCδ protein levels in ventral horns and dorsal root ganglia cells in rats after Th9
spinal transection using western blot analysis. The immunoblot experiments were performed to verify changes in the levels of
RONα, HSP27, and PKCδ. The results of the analysis shown confirmed significantly higher level of RONα and HSP27 in dorsal
ventral horns 5 weeks after spinal injury. Contrarily to decrease in PKCδ level observed on microarray, western blot showed
significant increase of this protein in ventral horns 5 weeks after transection.
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Fig. 5 – Immunofluorescence examination of the presence of RONα-expressing cell in spinal (L3–4) parenchyma in
naïve-control animals and in animals at 2 or 5 weeks after Th9 spinal transection. (A, B, C) In naïve animals, staining with
RONα antibody showed relatively weak immunoreactivity in ependymal cells of central canal (A; yellow arrow). No RONα
expression in GFAP + astrocytes or Iba1+ microglial cells was seen (B, C). (A′, B′, C′) In contrast to control, an intense RONα
expression in α-motoneurons and interneurons was seen at 2 weeks after spinal transections (A′; white arrows). In addition,
numerous double-labeled RONα/GFAP+ astrocytes localized on the border of gray and white matter were identified (B′; white
arrows). No co-localization of RONα expression with microglial marker (Iba1) was seen (C′). (A″, B″, C″) At 5 weeks after spinal
transections, the RONα expression in neuronal populations was near completely lost (A″) but continued to be present in
activated GFAP+ astrocytes (B″; white arrowheads) but not in microglial cells (C″). Scale bars: 100 μm.

messenger and potent stimulator of Ca2+-dependent gene
expression [64]. Previous studies have demonstrated an important role of the CaMKII in modulation of synaptic plasticity via
phosphorylation of neuronal membrane receptors [65], and also
in long-term potentiation (LTP) and early synaptic LTP in the
anterior cingulate cortex in mice [66]. While the role of CaMKIV
in exacerbated neuronal activation under different pathological
states has not been sufficiently studied, another member of this
protein family, CaMKII, has been directly linked to several
pathways associated with the development of chronic pain

states resulting from peripheral nerve or spinal cord injury. One
example demonstrating this, is the intradermal injection of
capsaicin associated with increased expression and phosphorylation of CaMKII in rat spinal dorsal horn neurons. In the same
study the nociceptive behavior resulting from capsaicin injection was effectively blocked by spinal CaMKII inhibition [67].
While a direct link between the activity of CaMKII and the
effector system which mediate nociceptive responses on
cellular-neuronal level is not fully understood, several postulated mechanisms have been proposed including: i) the cyclic
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adenosine CREB is up-regulated after spinal trauma in spinal
segments which corresponds to permanent mechanical
allodynia [61]; ii) the CaMKII inhibitor (AIP)-mediated antinociceptive effect is associated with decreased spinal parenchymal CREB activity in the rat chronic peripheral nerve injury
model [68]; and iii) and activated CaMKII enhances phosphorylation of neuronal AMPA receptor GluR1 subunits after
peripheral nociceptive stimulus [67]. Jointly, these data indicate
that the activation of CaMKII can lead to up-regulation of
postsynaptic AMPA GluR1 receptor through Ca2+-dependent
CREB activation. Such a neuronal AMPA GluR1 overexpression
can then lead to increased responsiveness of affected neurons
to local or peripheral-input driven excitatory drive. In keeping
with this hypothesis, our previous data showed a significant
increase in α-motoneuron GluR1 expression in animals with
chronic spinal ischemia-induced spasticity and a potent antispasticity effect after systemic or intrathecal treatment with
AMPA receptor antagonist (NGX 424) [19,20]. Interestingly,
compared to CaMKII, CaMKIV is localized in nucleus where it
may directly phosphorylate/activate proinflammatory proteins,
mainly CREB [69].
RONα is receptor tyrosine kinase of Met proto-oncogene
family and specific receptor for macrophage-stimulating protein
(MSP). Our current data showed an intense RONα expression in
neuronal and glial populations at 2 weeks after spinal transections and continuing presence of RONα in activated astrocytes at
5 weeks after transection. Previous studies have shown that
zymosan-induced inflammation of L5 DRGs neurons in rat is
associated with prolonged mechanical hyperalgesia and together
with other cytokines such as IL-5 and IL-10, leads to an increased
MSP in previously inflamed DRGs [70]. The primary source from
which the MSP is being released and can activate RON-expressing
neurons can be multifactorial and may include MSP-synthesizing
local activated microglia, astrocytes or neurons [71,72]. Alternatively, the circulating MSP from the blood stream can be the
source of MSP in spinal areas with trauma-induced blood–brain
barrier disruption [73]. Accordingly, we speculate that a robust
expression of RONα in spinal α-motoneurons at 2 weeks after
injury may play a significant role in the initiation of spasticity
response during the same time frame. In addition, the fact that
not only α-motoneurons but also interneuronal populations
overexpressed RONα, indicates that these classes of excitatory
interneurons can similarly be responsive to a local MSP stimulation and may directly facilitate primary afferent activity and/or
trigger α-motoneuron depolarization through activation of glutamate classes of receptors.
Interestingly, none of the proteins found to be up-regulated
in spinal parenchyma were increased in DRG extracts. These
findings show that in the absence of any direct primary afferent
activation (whether mechanical, thermal of inflammationtriggered) the DRGs are quite inert to a centrally-mediated
trauma, particularly if the trauma site is relatively distant from
the primary afferent innervating below injury-intact segments.
These findings also indicate that the development of tactilemechanical hypersensitivity and muscle stretch-evoked
spasticity is primarily related to the loss of local spinal
parenchymal-segmental inhibition and/or facilitatory effect of
local inflammatory processes on primary afferent activity.
Hence, resultant potential new treatment strategies such as
gene silencing or drug treatment should primarily target spinal
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parenchymal sites at and around the injury epicenter and will
likely employ intrathecal or targeted spinal segment-specific
vector or drug delivery.

5.

Conclusion

In the present study by using a well established Th9 spinal
transection model of muscle spasticity, we characterized protein
changes at 2 or 5 weeks after spinal transection in spinal ventral
horn and DRG extracts from spinal segment below the level of
transection. The eIF4G Ser1107 hyperphosphorylation and pronounced decreases in protein levels in ventral spinal horn as well
as direct protein interaction mediated cross-talk between
angiogenesis and neurodegeneration pathways were highlighted
and might significantly contribute to healing process in the
damaged region. Several proteins including CaMKIV, RONα,
MAPK3/ERK1 and PKCδ were found to be significantly upregulated/activated in spinal parenchyma but not in corresponding DRGs. These results indicate that the activities of these
signaling molecules may not only play an important role in the
initiation but also in the maintenance of spasticity states after
spinal trauma. The exclusivity of specific protein changes to
lumbar spinal parenchyma but not to DRGs also indicates that
new treatment strategies (whether pharmacological or genebased therapies) should primarily target dermatome-musclespecific spinal segments to improve local inhibitory tone and/or
decrease the primary afferent drive in prevention of spasticity
development or treatment of spasticity states.
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