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The inflammatory response contributes importantly to secondary tissue damage and functional deficits after spinal cord injury (SCI). In
this work, we identified mitogen-activated protein kinase (MAPK)-activated protein kinase 2 (MAPKAPK2 or MK2), a downstream
substrate of p38 MAPK, as a potential target using microarray analysis of contused spinal cord tissue taken at the peak of the inflamma-
tory response. There was increased expression and phosphorylation of MK2 after SCI, with phospho-MK2 expressed in microglia/
macrophages, neurons and astrocytes. We examined the role of MK2 in spinal cord contusion injury using MK2 �/� mice. These results
show that locomotor recovery was significantly improved in MK2 �/� mice, compared with wild-type controls. MK2 �/� mice showed
reduced neuron and myelin loss, and increased sparing of serotonergic fibers in the ventral horn caudal to the injury site. We also found
differential expression of matrix metalloproteinase-2 and 9 in MK2 �/� and wild-type mice after SCI. Significant reduction was also seen
in the expression of proinflammatory cytokines and protein nitrosylation in the injured spinal cord of MK2 �/� mice. Our previous work
has shown that macrophages lacking MK2 have an anti-inflammatory phenotype. We now show that there is no difference in the number
of macrophages in the injured spinal cord between the two mouse strains and little if any difference in their phagocytic capacity,
suggesting that macrophages lacking MK2 have a beneficial phenotype. These findings suggest that a lack of MK2 can reduce tissue
damage after SCI and improve locomotor recovery. MK2 may therefore be a useful target to treat acute SCI.

Introduction
The inflammatory response after injury is essential for clearance
of tissue debris, tissue remodeling and repair. However, the in-
flammatory response after injury to the CNS, such as after spinal
cord injury (SCI), can contribute to secondary tissue damage and
thus increase functional loss (Blight, 1994; Kwon et al., 2005;
Donnelly and Popovich, 2008; Popovich and Longbrake, 2008).
This loss is permanent after SCI because of the limited capacity of
the CNS for regeneration and self-renewal. The localized immune
response after SCI, involving neutrophils, microglia/macrophages,
and reactive astrocytes, contributes to this secondary damage
(Giulian and Robertson, 1990; Taoka et al., 1997; Popovich et al.,
1999, 2002; Tonai et al., 2001; Gris et al., 2004). Under such

conditions, these cells release various cytotoxic mediators, in-
cluding proinflammatory chemokines/cytokines (McTigue et al.,
1998; Rice et al., 2007), reactive oxygen species (Bao et al., 2004),
and proteases (Noble et al., 2002; Wells et al., 2003b).

Injury and disease can elicit stress-related and inflammatory
stimuli that activate the p38 mitogen-activated protein kinase
(MAPK) pathway. p38 MAPK influences the production of
proinflammatory cytokines, excitatory molecules, and mediators
of oxidative stress (Saklatvala, 2004; Peifer et al., 2006). Previous
studies have shown that p38 MAPK is expressed after SCI in
microglia/macrophages, neurons and astrocytes, and is impli-
cated in mediating chronic pain (Jin et al., 2003; Crown et al.,
2008; Kobayashi et al., 2008). However, p38 MAPK also mediates
a variety of cellular functions involved in development, cell sur-
vival and proliferation (Roux and Blenis, 2004; Krens et al.,
2006). Studies inhibiting p38 MAPK after SCI have shown differ-
ing results, from slightly improved outcome (i.e., increased
standing frequency) and reduced apoptosis (Horiuchi et al.,
2003; Z. Xu et al., 2006) to no improvements in locomotor recov-
ery (Stirling et al., 2008). The inhibitors used against p38 MAPK
can block both its beneficial and detrimental effects, which may
account for these ambiguous results and may also reflect feed-
back control of p38 in its kinase cascade (for review, see Gaestel et
al., 2009). MK2, which is downstream of p38 MAPK, may there-
fore be a better candidate for therapeutic intervention, as its in-
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hibition would likely have fewer detrimental effects than would
the inhibition of p38 MAPK.

MK2 is activated by phosphorylation (Gaestel, 2006), result-
ing in the increased production and activation of matrix metal-
loproteinases (MMPs) (L. Xu et al., 2006), proinflammatory
cytokines (Kotlyarov et al., 1999; Winzen et al., 1999), and nitric
oxide (Thuraisingam et al., 2007). MK2 knock-out mice show
reduced neurotoxicity and neuroinflammation in models of Par-
kinson’s disease (Thomas et al., 2008) and cerebral ischemia
(Wang et al., 2002), and in in vitro models of Alzheimer’s disease
(Culbert et al., 2006). The phosphorylated form of MK2 (pMK2)
has been localized to microglia and astrocytes under these condi-
tions. In this study, we identified MK2 as a gene of interest at the
peak of the inflammatory response after SCI using pathway anal-
ysis of microarray data from contused mouse spinal cords. We
assessed the cell type-specific expression of pMK2 after SCI, and
evaluated its contribution to tissue damage and locomotor recov-
ery using MK2�/� mice.

Materials and Methods
Spinal cord injury. Age-matched adult female MK2 �/� (Kotlyarov et al.,
1999) and control wild-type mice were used. Female C57BL/6 mice (8
weeks of age) were used for the Affymetrix GeneChip analysis (see be-
low). The protocol for spinal cord contusion injuries was similar to that
previously reported (Ghasemlou et al., 2005). Briefly, mice were anesthe-
tized using ketamine/xylazine/acepromazine (50:5:1 mg/kg) and a partial
laminectomy done at vertebral level T11. The adjacent vertebrae were
immobilized using serrated Adson forceps (Fine Science Tools) and the
spinal cord contused using the Infinite Horizons spinal cord impactor
(Precision Scientific). All contusions were moderate injuries with impact
force of 50 � 5 kdyn and tissue displacement of 400 – 600 �m. Animals
were killed at 1, 3, 7, 14 and 28 d postinjury for RNA and protein analysis
(n � 3– 4 per group per time point); at 12 h and 7 d postinjury for
histological analysis (n � 3– 6 per group per time point); and at 28 d after
injury for locomotor and histological analyses (n � 10 –11 per group). All
protocols were approved by the McGill University Animal Care Com-
mittee and followed the guidelines of the Canadian Council on Animal
Care.

GeneChip hybridization. Two groups of C57BL/6 mice were used for
Affymetrix GeneChip expression studies: laminectomized controls and
spinal cord contusion injury. Animals were killed 7 d after surgery and a
5 mm length of the spinal cord centered on the lesion site removed and
snap-frozen in liquid nitrogen. Spinal cords from experimental and con-
trol groups were pooled separately for each GeneChip and 3 GeneChips
were done for each group (spinal cords of 6 mice were pooled per chip).
The frozen tissue was homogenized in QIAzol reagent (Qiagen) using the
RNeasy Lipid Tissue kit, as per manufacturer’s directions. RNA purities
were analyzed before hybridization using a BioAnalyzer 2100 (Agilent)
and only samples without DNA, degraded RNA or salt contamination
were used. The RNAs were amplified and hybridized onto Mouse 430 2.0
GeneChips (Affymetrix) as per manufacturer’s instructions. This work
was performed at the McGill University Genome Centre.

GeneChip analysis. Resultant Affymetrix CEL data files, which store
the results of the intensity calculations on the pixel values from Gene-
Chips, were normalized using RMAExpress v.0.4.1, log-transformed,
and expression values saved for further analysis. Statistical analysis was
performed using MeV 4.0 (TM4) with t tests performed at p � 0.05 and
genes showing significant changes in expression saved for annotation.
For comparisons between groups, only those genes whose expression had
changed by 1.5-fold or greater were used. Annotation was performed by
extracting data from the corresponding Affymetrix GeneChip annota-
tion file with a custom program (ProbesetExtractor, Diploide BioIT)
written in Java. Gene ontology (GO) terms were classified using the Gene
Ontology Tree Manager (GOTM) (Zhang et al., 2004) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto,
2000). Pathways were analyzed using WebGestalt from GOTM and
Fatigo� from Babelomics (Al-Shahrour et al., 2005).

Locomotor analysis. Locomotor outcome after spinal cord contusion
injury was assessed using the Basso Mouse Scale (BMS) (Basso et al.,
2006). Mice (n � 10 –11 per group) were scored in an open-field envi-
ronment by two individuals blind to experimental conditions and
trained in BMS analysis in Dr. Michelle Basso’s laboratory at Ohio State
University. Consensus scores for each animal were averaged at each time
point for a maximum of 9 points for the BMS score and 11 points for the
subscore, which assesses finer aspects of locomotion. This analysis was
done in two separate cohorts of mice. Only animals used for locomotor
analysis were used for histological analysis at day 28.

Histological analysis. Mice (n � 10 –11 per group) were deeply anes-
thetized and killed by transcardial perfusion with 4% paraformaldehyde
in 0.1 M phosphate buffer (PB). A 5 mm length of spinal cord was re-
moved, centered on the epicenter of injury, postfixed for 1 h, cryopro-
tected in 30% sucrose in 0.1 M PB for 48 h and serial 14 �m cryostat
sections picked-up on glass slides. The following primary antibodies were
used for immunofluorescence labeling: rabbit anti-phospho-MK2 (1:
200; Cell Signaling Technology); rat monoclonal anti-CD11b (Mac-1)
(for microglia/macrophages; 1:200; Serotec); rat monoclonal anti-
neutrophils 7/4 (1:200; Abcam); rat polyclonal anti-GFAP (for astro-
cytes; 1:10,000; Dako); mouse monoclonal anti-NeuN (for neurons;
1:1000; Invitrogen); and rabbit anti-5HT (1:5000; Sigma-Aldrich). Tis-
sue sections were incubated with the following secondary antibodies:
donkey anti-rat IgG conjugated to Alexa Fluor594 (1:400; Invitrogen);
goat anti-mouse IgG conjugated to rhodamine (tetramethylrhodamine
isothiocyanate) (1:200; Jackson ImmunoResearch); and/or goat anti-
rabbit IgG conjugated to AlexaFluor488 (1:400; Invitrogen). Tissue sec-
tions were first blocked with an anti-mouse IgG antibody (1:100; Jackson
ImmunoResearch) for 2 h when immunostaining with an antibody gen-
erated in mouse. A rabbit polyclonal antibody against 3-nitrotyrosine
(1:400; Millipore) was used to identify nitric oxide-mediated damage and
its binding was revealed using HRP-conjugated secondary antibody and
the chromogen diaminobenzidine, as previously described (Rathore et
al., 2008). Tissue sections were stained with Luxol Fast Blue (LFB) to
assess myelin loss and with cresyl violet to assess neuron loss in the
ventral horn. Analysis of cell type-specific immunostaining (n � 6) and
markers of tissue injury (n � 9 –11) were then carried out.

Western blot analysis. A 5 mm length of the spinal cord centered on the
epicenter of injury was removed and snap-frozen in liquid nitrogen (n �
3 per group). The tissues were then homogenized in radioimmunopre-
cipitation (RIPA) buffer with protease and phosphatase inhibitors (Jeong
and David, 2003). Protein concentration was determined and the sam-
ples (40 �g each) were separated on 4 –12% gradient or 10% SDS-
polyacrylamide gels (Invitrogen) and transferred onto polyvinylidene
difluoride membranes (Millipore). The membranes were blocked for 4 h
in 5% powdered milk in PBS containing 0.05% Tween 20 (PBS-T), and
incubated with one of the following primary antibodies overnight at 4°C:
rabbit anti-phospho-MK2 (1:200), rabbit anti-MK2 (1:200), rabbit anti-
phospho-p38 (1:200), rabbit anti-p38 (1:200), rabbit anti-human
phospho-Hsp27 (which recognizes mouse pHsp25; 1:200), or rabbit
anti-human Hsp27 (which also recognizes mouse Hsp25; 1:200). All pri-
mary antibodies used were purchased from Cell Signaling Technology.
Membranes were washed in PBS-T and incubated with goat anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary antibody (1:300,000;
Jackson ImmunoResearch). The membranes were washed again in PBS-T
and the binding of HRP-conjugated antibodies detected by chemilumines-
cence (Western Lightning Chemiluminescence Reagent Plus, PerkinElmer).
Membranes were reprobed with monoclonal mouse anti-�-actin (1:300,
Sigma-Aldrich) to ensure equal loading of samples. The films were scanned
and the changes in protein expression levels between wild-type and MK2�/�

samples quantified as a ratio of the �-actin levels using ImageQuant 5.0
software.

Multiplex analysis of cytokine protein expression. A 5 mm length of
spinal cord from contused wild-type and MK2�/� mice (n � 3 per group)
were removed 12 h after injury and snap-frozen. The tissue was homoge-
nized in PBS with protease and phosphatase inhibitors, and protein concen-
trations measured using the Lowry method (Bio-Rad). Equal protein
samples from all groups were concentrated using MicroCon centrifugation
tubes (Millipore) and resuspended to a total of 80 �l per sample. The protein
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concentrations of 20 chemokines/cytokines were then analyzed using the
BioSource Mouse Cytokine 20-Plex Multiplex Bead Immunoassay (Invitro-
gen) on a Luminex-100LS system, as per the manufacturer’s protocol. Re-
sults were analyzed using Beadview multiplex data analysis software
(Millipore). Protein levels are presented as mean � SD.

Gelatin zymography. Spinal cord segments 5 mm in length centered
around the lesion epicenter from contused wild-type and MK2 �/� mice
(n � 3 per genotype) were removed and snap-frozen at 7 d postinjury
and gelatin zymography performed, as previously described (Hsu et al.,
2006). Tissues were homogenized in RIPA buffer, as above, and 10 �g of
protein from each sample was loaded onto a 10% Novex gelatin zymo-
gram gel (Invitrogen) and separated by electrophoresis at 4°C at 125 V.
The gels were placed in Renaturing Buffer for 1 h, followed by Developing
Buffer for 48 h at 37°C and then stained with 0.05% Coomassie Blue for
30 min. The gel was then destained using a 30% methanol/10% acetic
acid mixture. Clear bands indicative of matrix metalloproteinases were
identified by their molecular weight.

Macrophage phagocytosis assay. Bovine myelin (1 mg/ml) was incu-
bated with the lipophilic fluorescent dye 1,1�-dioctadecyl-3,3,3�,3�-
tetramethylindocarbocyanine perchlorate (DiI) (Invitrogen) at a final
concentration of 12.5 �g of DiI/mg of myelin for 30 min at 37°C. Excess
DiI was removed by washing the labeled myelin with PBS. MK2 �/� and
MK2 �/� macrophage cell lines (Thuraisingam et al., 2007) were then
plated into 24-well plates (5 � 10 5 cells per well) and incubated over-
night at 37°C. Twenty micrograms of DiI-labeled myelin was added to
the wells for 1 h at 37°C. Noningested or unbound myelin was removed
by washing the plates 3 times with sterile PBS. Macrophages were then
triturated off the wells and collected. Mean fluorescent intensity and the
percentage of fluorescent cells were determined by fluorescence activated
cell sorting (FACS) analysis using a FACSCalibur (BD Biosciences). Ex-
periments were repeated three times.

Quantification. Analyses of histological sections were performed using
the BioQuant Image Analysis System on a Zeiss AxioSkop2 microscope.
The epicenter of injury in all spinal cords was identified using Mac-1 and
GFAP immunoreactivity. Myelin loss in the dorsal column was measured
using LFB-stained cross-sections of the spinal cord. The threshold fea-
ture of BioQuant was used to measure the area of spared myelin within a
preset area placed directly over and within the dorsal column. The ratio
of spared myelin to the preset area was measured at �200 �m intervals
over a 2 mm length of the cord. Ventral horn neurons were also measured
at these regular intervals. For neuronal counts, values represent the sum
of cresyl violet-stained neurons in the left and right ventral horns. Sero-
tonergic (5-HT) immunoreactivity was also measured using the thresh-
old feature of the BioQuant Image Analysis System to identify the pixel
density representing all immunopositive axons in the ventral horn 1 mm
caudal from the injury site. Neutrophil numbers at 1 d postinjury in
cross-sections of the spinal cord were counted using 7/4 immunoreactiv-
ity and DAPI to label the nucleus. Neutrophils were counted in three
spinal cord sections �100 �m apart, centered at the epicenter of injury.
Protein levels and MMP activity were analyzed by quantifying digitized
images of gels using ImageQuant 5.0 software. Comparisons of two data-
sets were analyzed by Student’s t test, while data with 	2 variables (i.e.,
over time or distance) were analyzed by two-way repeated-measures
(RM) ANOVA with post hoc Tukey tests. All data are plotted as mean �
SE unless otherwise specified. Locomotor analysis was performed in two
cohorts of mice, which were used for subsequent histological analysis.

Results
Pathway-specific analysis of spinal cord injury
microarray data
Affymetrix GeneChip analysis was performed to identify path-
ways up- and downregulated in the spinal cord 7 d after contu-
sion injury. Previous studies have identified day 7 after SCI as the
peak of the macrophage response (Sroga et al., 2003). Gene ex-
pression changes in the spinal cord between laminectomized
controls and contused C57BL/6 mice were analyzed using Robust
Multiarray Average (RMA) analysis (Irizarry et al., 2003). Of the
45,101 transcripts present on the Affymetrix Mouse 430 2.0 Ge-

neChip, 2300 were upregulated and 2098 downregulated by
	1.5-fold ( p � 0.05) in the contused spinal cord relative to the
laminectomized controls. Due to the large numbers of transcripts
whose expression were significantly altered, we used the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathway analysis to
identify genes of interest (Kanehisa and Goto, 2000).

The top 10 pathways with the largest numbers of genes up-
regulated are listed in Table 1. Among the pathways identified are
those related to the inflammatory response, and cell adhesion/
migration. One of the pathways with the greatest changes in gene
expression is the mitogen-activated protein kinase (MAPK) sig-
naling pathway. The localization of several of these molecules
within the cell is shown in the KEGG pathway diagram in supple-
mental Figure 1 (available at www.jneurosci.org as supplemental
material). The top 20 upregulated genes of this pathway, sorted
by p-value, are listed in Table 2 and include genes which have previ-
ously been shown to have significant effects in SCI. These include
caspase 1 (de Rivero Vaccari et al., 2008), transforming growth
factor-�1 (Hamada et al., 1996), epidermal growth factor receptor
(Erschbamer et al., 2007), and IL-1� (Tonai et al., 1999). One of the
genes furthest downstream in this pathway, and therefore likely to
have more selective biological effects, is MK2, which also has the
second lowest p-value in the list (Table 2). Due to the role of p38

Table 1. Number of genes in KEGG pathways showing the greatest number of
genes significantly upregulated ( p < 0.05; 1.5-fold or greater) 7d after spinal cord
injury, relative to laminectomized controls

KEGG pathway Number of genes

Cytokine– cytokine receptor interaction 46
Focal adhesion 42
MAPK signaling pathway 36
Regulation of actin cytoskeleton 29
ECM–receptor interaction 28
Leukocyte transendothelial migration 27
Cell adhesion molecules (CAMs) 25
Hematopoietic cell lineage 23
Toll-like receptor signaling pathway 23
Jak-STAT signaling pathway 22
B cell receptor signaling pathway 22

Table 2. Top 20 genes from the KEGG MAPK signaling pathway significantly
upregulated 7d after spinal cord injury, listed by p value

Gene name p value Fold change

Caspase 1 0.00032 2.45
MAPK-activated protein kinase 2 0.00244 1.68
Mitogen-activated protein kinase kinase kinase 3 0.00416 1.56
Caspase 3 0.00449 1.84
Related RAS viral (r-ras) oncogene homolog 2 0.00497 1.73
Filamin C, � (actin binding protein 280) 0.00536 1.98
Mitogen-activated protein kinase kinase kinase 1 0.00594 1.70
Epidermal growth factor receptor 0.00596 1.78
Growth arrest and DNA damage-inducible 45� 0.00810 2.17
Caspase 7 0.00924 2.08
Caspase 6 0.01110 1.59
Platelet-derived growth factor receptor, � polypeptide 0.01133 2.29
Caspase 8 0.01217 2.25
Activating transcription factor 4 0.01219 1.64
Interleukin 1� 0.01234 1.76
Caspase 4 0.01495 2.47
Mitogen-activated protein kinase kinase kinase 8 0.01574 1.78
Nuclear factor of � light polypeptide gene enhancer in B-cells 2 0.01620 1.60
Transforming growth factor, � 1 0.01764 2.23
Jun oncogene 0.01913 1.65
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MAPK in mediating inflammation, we assessed the role of MK2 after
spinal cord injury.

Phospho-MK2 localization in the injured spinal cord
We first examined the levels of total and phospho-MK2 (pMK2),
at various times after spinal cord contusion injury (50 kdyn force;
400 – 600 �m tissue displacement). The pMK2 levels increased
after injury, reached maximal expression by day 7 ( p � 0.05, t
test; n � 4) (Fig. 1A,B). Total MK2 showed similar changes,
reaching peak levels at 7 d, decreasing thereafter but remaining
elevated above control levels at 28 d postinjury (Fig. 1A). The
increase in pMK2 and MK2 expression mirrors closely the entry
of immune cells and the activation of microglia/macrophages in
the injured spinal cord. We next examined the cell types express-
ing pMK2 at 12 h and 7 d after SCI. These times correspond to the
peak of proinflammatory chemokine/cytokine production (12 h)
(Bartholdi and Schwab, 1997; McTigue et al., 1998; Yang et al.,
2004; Pineau and Lacroix, 2007) and the peak of macrophage
numbers (7 d) (Sroga et al., 2003; Kigerl et al., 2006) in the injured
spinal cord.

Double-immunofluorescence labeling
with anti-pMK2 and cell type-specific an-
tibodies showed that, at 12 h, pMK2 ap-
pears to be found primarily in neurons
(19.8% of NeuN� cells) and astrocytes
(66.3% of GFAP� cells) (Fig. 1C,E,F,H).
At 7 d postinjury, the number of pMK2�

neurons increased by 55%, while the
number of pMK2� astrocytes decreased
by 88% compared with 12 h after SCI (Fig.
1D,E,G,H). Microglia did not appear to
express pMK2 at 12 h after injury (supple-
mental Fig. 2, available at www.jneurosci.
org as supplemental material), while at 7 d
after SCI, which is the peak of the macro-
phage response after SCI (Sroga et al.,
2003; Kigerl et al., 2006), 45.2% of the
Mac-1� macrophage/microglia appeared
to show pMK2 immunoreactivity (Fig.
1 I, J). In contrast, very few oligodendro-
cytes showed immunoreactivity for
pMK2 (2.9% of CC1� cells) in the injured
spinal cord. Neutrophils did not express
pMK2 at either time point examined. Lit-
tle if any pMK2 labeling was detected in
the naive, injured spinal cord (supple-
mental Fig. 3, available at www.jneurosci.
org as supplemental material). Preliminary
Western blotting showed no change in
pMK2 expression at 12 h relative to lami-
nectomized spinal cord (data not shown).
On the other hand, immunofluorescence
analysis showed increased immunoreac-
tivity in neurons and astrocytes at this
time point, suggesting reduced sensitivity
at the Western blot level.

Locomotor recovery is significantly
improved in MK2 �/� mice
We next assessed the effect of MK2 on lo-
comotor recovery after spinal cord contu-
sion injury using MK2 knock-out and
wild-type mice. Genotyping and Western

blotting were done to ensure the lack of MK2 expression in the
knock-out mice (supplemental Fig. 4, available at www.jneurosci.
org as supplemental material). Locomotor recovery was evalu-
ated using the 9-point BMS (Basso et al., 2006) in replicate
studies, with the scores pooled. All mice had normal locomotor
function before injury (9/9 score and 11/11 subscore). There is a
significant improvement in locomotor recovery in MK2�/� mice
starting at 5 d postinjury (Fig. 2A; *p � 0.05). Two-way repeated-
measures ANOVA shows a significant effect between the two
genotypes over time ( p � 0.002 for BMS score; and p � 0.001 for
BMS subscore). Post hoc analysis revealed significant differences
between the two strains in the BMS score starting at day 5 and
lasting until the completion of the study at day 28 (Fig. 2 A;
*p � 0.05; two-way RM-ANOVA, post hoc Tukey test). One
day after injury, wild-type and MK2-null mice both exhibited
severe hindlimb paralysis with little, if any, hindlimb move-
ment (BMS scores � 0.23 and 0.30, respectively). By day 28,
wild-type mice had a BMS score of 5.50 � 0.36 while MK2 �/�

mice had a BMS score of 7.65 � 0.32. Differences in locomotor
control were further evident in the BMS subscores, which as-

Figure 1. A, Western blots for total and pMK2 in naive (N) spinal cord and at 1, 3, 7, 14 and 28 d after SCI show increasing levels
of total and pMK2 protein beginning 3 d after injury, reaching a peak by day 7. B, Quantification of pMK2 from Western blots. The
values show fold increase relative �-actin (*p � 0.05; n � 4; see supplemental Fig. 7, available at www.jneurosci.org as
supplemental material for comparison with total MK2). C–J, Representative micrographs of immunofluorescence labeling of spinal
cord sections 12 h (C, F ) and 7 d (D, G, I, J ) after SCI labeled for pMK2, cell type-specific antibodies, and DAPI staining (merged
images). C, D, Double labeling with anti-pMK2 and anti-NeuN for neurons at 500 �m caudal to epicenter. F, G, Double labeling for
anti-pMK2 and anti-GFAP for astrocytes at 500 �m caudal to epicenter. I, J, Double labeling for pMK2 and anti-Mac-1 for macro-
phages at epicenter of injury (I ) and microglia (J ) at 500 �m caudal to epicenter. Arrows point to pMK2-immunopositive cells and
insets in panels show higher-magnification images of pMK2 � cells from the boxed areas. Note that pMK2 labeling is localized
primarily to the nuclei of macrophages/microglia, which are double-labeled with Mac-1, a cell surface label. As a result, the two
labels are not superimposed but the staining nevertheless shows colabeling of the same cell. Quantitative analysis of pMK2 �

neurons (E) and astrocytes (H ) at 12 h and 7 d after injury. n � 6 per time point. Scale bar, 100 �m.
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sess finer aspects of locomotor control. Significant improve-
ment in BMS subscores was seen in MK2-null mice from day
10 to day 28 after SCI (Fig. 2 B). At 28 d postinjury, MK2 �/�

mice had a mean subscore that was 4.25 points higher than
wild-type mice (*p � 0.001; two-way RM-ANOVA, post hoc
Tukey test).

Reduced secondary damage after SCI in MK2 �/� mice
We next assessed the histological differences in the spinal cord
tissue that may account for the improved locomotor recovery
after SCI in MK2�/� mice. These included neuron loss, myelin
loss, and sparing of serotonergic innervation in the ventral horn
caudal to the injury epicenter at 28 d after SCI. The survival of
ventral horn neurons, which play an important role in locomotor
function, is significantly greater in MK2�/� mice relative to wild-
type controls (Fig. 3A–C; p � 0.012 between groups, two-way RM-
ANOVA). Post hoc analysis revealed significant differences between
the two strains at 400–1000 �m caudally and 1000 �m rostrally
compared with wild-type controls (Fig. 3A; *p � 0.05, two-way RM-
ANOVA, post hoc Tukey test). The average of these values over the 2
mm distance is also significantly different (wild-type � 408 � 31 vs
knock-out � 535 � 32; p � 0.011; t test). Myelin loss, another
marker of secondary damage, was measured using LFB. This was
quantified in the region of the dorsal column, which shows the max-
imum amount of white matter damage because of the direct impact
of the contusion force. Based on the area of LFB staining, there was
increased sparing of myelin in the dorsal column of MK2 knock-out
mice, compared with wild-type mice (Fig. 3D–F; p � 0.029 between
groups, two-way RM-ANOVA). Post hoc analysis revealed signifi-

cant differences at 600 and 400 �m rostral, and 600 �m caudal to the
injury epicenter (Fig. 3D; *p � 0.05, two-way RM-ANOVA, post hoc
Tukey test). These differences are unlikely to be due to differences in
oligodendrocyte apoptosis as very few oligodendrocytes expressed
pMK2 after SCI as mentioned above. Moreover, myelination is un-
affected in the uninjured CNS and peripheral nerve of MK2�/� mice
(data not shown). These results indicate that a lack of MK2 reduces
secondary tissue damage in the spinal cord after contusion injury in
mice.

In addition, the density of serotonergic innervation 1 mm
caudal to the injury site was also examined as this descending
serotonergic input from the raphe nuclei in the brainstem is
thought to be important for locomotor control (Ribotta et al.,
2000; Antri et al., 2002; Oatway et al., 2005). This analysis re-
vealed significantly greater sparing of serotonergic fibers caudal
to the injury site ( p � 0.002, t test) in MK2�/� mice, relative to
wild-type controls (Fig. 3G–I).

Reduced proinflammatory cytokine levels and neutrophil
influx in MK2 �/� mice
We examined the expression of chemokines and cytokines using
a bead-based Multiplex cytokine protein assay at 12 h after SCI.
This time point was chosen because increased expression of che-
mokines and cytokines occurs within the first 24 h after SCI
(Yang et al., 2004; Pineau and Lacroix, 2007). Mice lacking MK2
showed a marked reduction in the expression of several cyto-
kines, relative to wild-type controls (Table 3). Tumor necrosis
factor � (TNF-�) showed a striking 26.5-fold reduction, while
CCL3/MIP-1� showed a 10.4-fold reduction in the injured spinal
cord of MK2-null mice relative to injured wild-type mice. In
addition, basic fibroblast growth factor and interleukin-12 (IL-
12) levels were reduced 2.1-fold and 2.6-fold, respectively in tis-
sue from MK2-null mice. For reasons that are not clear at present,
IL-5 and CCL2/MCP-1 [chemokine (C-C motif) ligand 3/mono-
cyte chemotactic protein-1] showed increases in MK2-null mice
of 2.4-fold and 2.7-fold, respectively.

As the cytokines reduced in MK2�/� mice have been impli-
cated in mediating neutrophil entry into the CNS, we next exam-
ined the influx of neutrophils into the spinal cord of MK2�/� and
wild-type mice 12 h after injury because the peak of neutrophil
influx into the spinal cord occurs early after injury (Donnelly and
Popovich, 2008; Stirling and Yong, 2008). Interestingly, there
were very few, if any, neutrophils present in the spinal cords of
MK2�/� mice at this time (1.0 � 0.44), while neutrophils were
found in significant numbers throughout the injured spinal cord
tissue of wild-type mice (12.1 � 0.9; p � 0.001; t test; n � 9).
Those that were present in the CNS of MK2 knock-out mice were
found near blood vessels or the meninges. In contrast to the
reduction in neutrophils, there were no differences in the density
or numbers of macrophages in the spinal cords of MK2�/� mice,
compared with wild-type controls, at 7 d after injury (data not
shown).

Changes in Hsp25 phosphorylation and other markers of
secondary damage in MK2 �/� mice
The phosphorylation of heat shock protein 25 (Hsp25), which is
a direct substrate of MK2, has been shown to alter chemokine/
cytokine, MMP and complement production (Hansen et al.,
2001; Rousseau et al., 2006). Hsp25 expression was therefore as-
sessed 7 d after SCI because at the Western blot level the maxi-
mum expression of MK2 was at day 7. Western blot analysis of the
spinal cord at 7 d after SCI showed no change in levels of total Hsp25
between the two strains of mice (Fig. 4A,C), but there was a marked

Figure 2. A, MK2 �/� mice show significant improvement in locomotor recovery, assessed
using BMS analysis, compared with wild-type mice starting as early as 5 d after injury and
improving even further during the 28 d duration of the study. B, The BMS subscores, which
measure finer aspects of locomotor control, also show marked improvement in MK2 �/� mice
between days 10 and 28 after SCI. *p � 0.05; n � 10 –11 per group.
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reduction in the level of phospho-Hsp25 in MK2-deficient mice,
relative to wild-type controls (Fig. 4B,C; *p � 0.05; t test). In con-
trast, both total and phosphorylated levels of p38 MAPK, which is
upstream of and stabilized by MK2, are reduced in MK2�/� mice
(data not shown), as has previously been reported (Kotlyarov et al.,
2002).

Peroxynitrite, a highly reactive oxygen species, is formed by NO
and leads to the nitration of tyrosine residues in proteins to form
3-nitrotyrosine (3-NT). This stable product is a hallmark of second-
ary damage and oxidative stress after SCI with elevated levels present
at 7 d (Liu et al., 2000; Xiong et al., 2007), corresponding with the
peak macrophage response and pMK2 levels after SCI. Immuno-
staining of the spinal cord at 7 d after SCI revealed �40% reduction
in 3-NT levels in MK2�/� mice (Fig. 4D; *p � 0.05; t test; supple-
mental Fig. 5, available at www.jneurosci.org as supplemental mate-

rial). Matrix metalloproteinases have also
been shown to play important roles in SCI.
MMP-2 and MMP-9 in particular have
been well characterized and shown to have
antagonistic effects on outcome after SCI.
MMP-2 activity is increased during wound
healing and angiogenesis (Hsu et al., 2006).
Conversely, MMP-9 is thought to be detri-
mental to recovery as it disrupts the blood–
brain barrier, allowing for the increased
influx of inflammatory cells (Noble et al.,
2002), leading to increased secondary tissue
damage. We therefore assessed MMP-2 and
-9 activities in the injured spinal cord by gel-
atin zymography at 7 d after SCI, the peak of
the macrophage response and pMK2 pro-
tein levels (Fig. 4E). This time point was
chosen for analysis because previous work
has shown that MMP-2 is not expressed be-
fore 3 d and both MMPs are expressed in the
injured spinal cord at 7 d after SCI (Goussev
et al., 2003; Hsu et al., 2008). This analysis
showed a 46% reduction in MMP-9 activity
in 2 of 3 MK2�/� mice and a 48% increase
in MMP-2 activity in 3 of 3 MK2�/� mice
examined ( p � 0.035; t test).

Macrophages lacking MK2 retain their
capacity to phagocytose myelin
Previous work from our group and others
has shown that activated MK2�/� macro-
phages show reduced expression of proin-
flammatory cytokines and nitric oxide in
vitro (Lehner et al., 2002; Thuraisingam et
al., 2007). We therefore assessed whether
these macrophages still retain their capac-
ity to phagocytose myelin. Wild-type and
MK2-null macrophage cell lines were cul-
tured in 24-well plates and incubated with
fluorescent DiI-labeled myelin. FACS
analysis of these cells 1 h after the addition
of myelin revealed a �25% reduction in
the number of phagocytic MK2-deficient
macrophages, relative to control cells (Fig.
5A; supplemental Fig. 6, available at www.
jneurosci.org as supplemental material).
However, the average fluorescence inten-
sity of phagocytosed myelin per macro-

phage was similar between the two cell lines (Fig. 5B). This
suggests that while the percentage of phagocytic macrophages is
slightly reduced in the absence of MK2, the ability of these cells to
phagocytose myelin remains unaltered.

Discussion
We studied the effects of the expression of MK2, one of the down-
stream targets of p38 MAPK that can regulate proinflammatory
function after spinal cord injury. We found increased pMK2 early
after SCI in neurons and astrocytes, and later in microglia/mac-
rophages. To understand the effects of MK2 after SCI, we used
MK2-null mice and show that there is marked improvement in
locomotor recovery; significant reduction in neuronal and mye-
lin loss, and of protein nitrosylation; reduction of phosphoryla-
tion of Hsp25 and expression of proinflammatory cytokines/

Figure 3. A, Quantification of ventral horn neuron survival at various distances rostral and caudal to the injury epicenter
(0) reveals significantly greater neuronal survival in MK2 �/� mice, relative to wild-type animals, taken 28 d after SCI. B,
C, Representative micrographs showing sparing of ventral horn neurons in wild-type (B) and MK2 �/� (C) mice in tissue
sections stained with cresyl violet at 500 �m caudal to the injury epicenter; arrows point to surviving neurons. D,
Quantification of myelin sparing in the dorsal column in serial tissue sections stained with Luxol Fast Blue rostral and caudal
to the lesion epicenter. Note the significantly greater spared myelin in MK2 �/� mice relative to wild-type animals. E, F,
Representative micrographs showing LFB staining of tissue sections from wild-type (E) and MK2 �/� (F ) mice. G, Optical
density measurements of serotonergic (5-HT) immunoreactivity indicate that MK2 �/� mice show an almost twofold
increase in 5-HT innervation of the ventral horn 1 mm caudal to the lesion epicenter compared with wild-type animals. H,
I, Representative micrographs showing 5-HT immunoreactivity in the ventral horn of the spinal cord from wild-type (H )
and MK2 �/� (I ) mice. *p � 0.05; n � 9 –11 per group; Scale bar, 200 �m.
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chemokines; reduced infiltration of neutrophils into the injured
spinal cord; and reduced MMP-9 and increased MMP-2 activity
in the MK2�/� mice relative to injured wild-type mice. Using
macrophage cell lines we also show that myelin phagocytosis is
relatively unaltered in MK2-deficient cells.

Previous studies have reported increased levels of p38 MAPK
after spinal cord injury (Horiuchi et al., 2003; Yune et al., 2003; Z.

Xu et al., 2006). Based on these results and the work of others
showing that MK2, a direct substrate for p38 MAPK, can mediate
cytotoxic effects after injury or disease (Wang et al., 2002; Culbert
et al., 2006; L. Xu et al., 2006; Thuraisingam et al., 2007; Thomas
et al., 2008), we analyzed pMK2 levels after SCI. We see that as
early as 12 h after SCI, pMK2 is expressed in neurons and astro-
cytes. This is interesting because neurons and CNS glia have been
shown to express proinflammatory cytokines within hours after
SCI (Yang et al., 2004; Pineau and Lacroix, 2007). The robust
expression of these cytokines by neurons suggests that they may
be one of the first responders to CNS injury that triggers subse-
quent immune cell infiltration and inflammation (Liu et al.,
1994; de Rivero Vaccari et al., 2008). The marked reduction of
TNF-� and CCL3/MIP-1� in the injured spinal cord of MK2-null
mice at this early time point after SCI suggests that pMK2 in
neurons and glia may play a role in the early phase of triggering
injury-induced inflammation. Seven days after SCI, pMK2 ex-
pression is seen primarily in macrophages/microglia, neurons,
and some astrocytes. MK2 has previously been shown to play an
important role in regulating proinflammatory chemokine and
cytokine expression in macrophages in vitro (Culbert et al., 2006;
Thuraisingam et al., 2007). This effect may be mediated by MK2-
dependent phosphorylation of proteins binding to AU-rich ele-
ments in the 3� untranslated region (UTR) of cytokine mRNAs,
such as TTP (Mahtani et al., 2001; Chrestensen et al., 2004),
which stabilizes the transcript and allows for efficient translation
of the protein, leading to the increased production of proinflam-
matory cytokines, including TNF-� (Winzen et al., 1999;
Mahtani et al., 2001; Neininger et al., 2002). MK2 can also phos-
phorylate Hsp25, which can also affect cytokine production
(Stokoe et al., 1992; Lopes et al., 2009). Reduced binding of phos-
phorylated TTP to UTRs results in stabilization of the mRNA and
increased cytokine production (Hitti et al., 2006), while phos-
phorylation of Hsp25 regulates mRNA stability by increasing p38
MAPK activation (Alford et al., 2007). Although the mechanism
of its actions are still unknown, it has been suggested that phos-
phorylation of Hsp25, which causes the dissociation of its multi-
meric form, may activate its chaperone function (Alford et al.,
2007; Hayes et al., 2009). Our results show reduced phosphory-
lation of Hsp25 and reduced expression of proinflammatory cy-

Figure 4. A, B, Densitometric values of Western blots for total Hsp25 (A) and phosphorylated
Hsp25 (B) in spinal cord tissue 7 d after SCI, each normalized to �-actin. Note the significant
reduction in pHsp25 levels in MK2 �/� mice [KO (knockout)] compared with wild-type mice
(WT), but no change in total Hsp25 levels between the two strains (n�3 per group). C, Western
blots showing pHSP25 and total HSP25. D, Quantification of 3-nitrotyrosine (3-NT) levels in the
lateral funiculus 7 d after SCI, measured by optical density reading of tissue sections, reveals
significantly reduced protein nitration in MK2-null mice relative to wild-type animals (n � 10
per group). Similar results were also seen in the dorsal column. E, Representative examples of
gelatin zymography showing reduced MMP-9 and increased MMP-2 in spinal cord tissue of
MK2 �/� (KO) and WT mice at 7 d after SCI (n � 4 per group). *p � 0.05.

Table 3. Results from multiplex analysis of cytokine and chemokine protein
profiles from wild-type and MK2 �/� mice 12 h after spinal cord injury listed
alphabetically

Cytokine Wild type (pg/ml) Knock-out (pg/ml) p value

2FGF basic 4050 � 790 1919 � 201 0.038
GM-CSF 18 � 7 13 � 2 0.301
IFN-� 91 � 11 106 � 6 0.139
IL-1� 77 � 20 139 � 41 0.151
IL-1� 47 � 6 33 � 9 0.145
IL-2 18 � 1 16 � 1 0.239
IL-4 60 � 7 54 � 8 0.482
1IL-5 111 � 3 262 � 46 0.021
IL-6 502 � 313 801 � 377 0.426
IL-10 347 � 68 296 � 8 0.257
2 IL-12 340 � 86 132 � 33 0.028
IL-13 31 � 0 31 � 3 0.789
IL-17 11 � 0 13 � 3 0.326
IP-10 530 � 16 383 � 137 0.247
KC 1497 � 458 1611 � 286 0.747
1CCL2/MCP-1 722 � 120 1925 � 376 0.025
MIG 33 � 6 33 � 2 0.859
2CCL3/MIP-1� 4935 � 690 474 � 173 0.001
2TNF-� 1694 � 972 64 � 5 0.049
VEGF 108 � 41 89 � 17 0.508

Values represent mean � SD.2 indicates cytokines that decreased and1 indicates cytokines that increased
expression in MK2 �/� mice. FGF, Fibroblastic growth factor; GM-CSF, granulocyte macrophage colony-stimulating
factor; IFN-�, interferon-�; IP-10, interferon-�-induced protein 10 kDa; MIG, monokine induced by IFN-�; VEGF,
vascular endothelial growth factor.

Figure 5. MK2 �/� macrophages retain their ability to phagocytose myelin. MK2 knock-out
(KO) and wild-type (WT) macrophage cell lines were incubated with or without fluorescent
DiI-labeled myelin in vitro for 30 min and analyzed by FACS to measure myelin phagocytosis. A,
FACS data show a 25% reduction in the number of MK2 �/� macrophages that phagocytose
myelin compared with wild-type macrophages. B, For the 75% of cells that phagocytose mye-
lin, there is no difference in the mean fluorescence intensity of the cells, indicating that these
MK2 �/� macrophages are able to phagocytose myelin as effectively as wild-type macro-
phages. *p � 0.05; n � 3 per group.
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tokines (TNF-�, IL-12 and CCL3/MIP-1�) in the spinal cords of
MK2�/� mice after SCI. The latter effect may underlie the
marked reduction in neutrophil influx into the spinal cord of
MK2-null mice at 12 h after contusion injury, as TNF-�, IL-12
and CCL3/MIP-1� have previously been shown to stimulate neu-
trophil recruitment and activation (Lukacs et al., 1995; Ramos et
al., 2005; Moreno et al., 2006). These observations are of rele-
vance since several studies suggest that neutrophils may to con-
tribute to secondary damage in SCI (Taoka et al., 1997; Tonai et
al., 2001; Gris et al., 2004), although a recent study with neutro-
phil depletion showed contrary results (Stirling et al., 2009).

Our previous work has shown that a macrophage cell line
lacking MK2 fails to upregulate the expression of TNF-� and NO
in response to LPS activation (Thuraisingam et al., 2007). SCI in
MK2�/� mice results not only in reduced production of detri-
mental proinflammatory cytokines, but also of 3-NT and MMP-9
activity, with a simultaneous increase in the protective MMP-2.
These changes are accompanied by increased neuronal survival
and greater sparing of myelin and serotonergic axons in MK2-
null mice, which may contribute to the better locomotor recovery
seen in these mice. Previous studies have also shown that acti-
vated MK2�/� microglia and macrophages are less neurotoxic
when cultured with either wild-type (Culbert et al., 2006) or
MK2�/� neurons (Thomas et al., 2008). This was thought to be a
result of the reduced inflammatory response and not because of a
direct role for MK2 in mediating neuronal death (Thomas et al.,
2008). Therefore, some of the protective effects observed in our SCI
study may be due at least in part to a reduced proinflammatory
response in MK2�/� microglia/macrophages. While diminished
phagocytic activity has been observed in MK2�/� macrophages in
response to bacteria or lipoproteins (Lehner et al., 2002; Jagavelu et
al., 2007), our results point to no change in the phagocytic activity of
the macrophages that are capable of myelin phagocytosis in vitro.
Interestingly, minocycline, which has been shown to have neuropro-
tective effects after SCI (Wells et al., 2003a; Stirling et al., 2004) can
also reduce MK2 and p38 phosphorylation after SCI (Yune et al.,
2007).

Another finding is the altered expression of MMPs after SCI in
MK2�/� mice. Gelatin zymograms of spinal cord homogenates
taken 7 d after injury show a decrease in MMP-9 and a concom-
itant increase in MMP-2 activity in the injured spinal cord of in
MK2�/� mice. Spinal cord injury in mice lacking these two
MMPs has revealed contrasting roles for them in tissue repair
responses and recovery of function. MMP-9 activity, found in
macrophages, astrocytes and blood vessels after SCI, contributes
to the breakdown of the blood– brain barrier and an increased
inflammatory response (Noble et al., 2002), while MMP-2, pro-
duced by astrocytes, facilitates white matter sparing (Hsu et al.,
2006). Therefore, deficiency in MMP-9 is beneficial to histological
and locomotor outcomes, while MMP-2 deficiency is detrimental to
recovery. Inhibition of p38 MAPK has also been shown to result in
reduced levels of MMP-9 (Underwood et al., 2000). The differential
regulation of these two MMPs has been shown in vitro when
NAD(P)H is inhibited after treatment of myocardial cells with doxo-
rubicin, an anti-tumor agent (Spallarossa et al., 2006). Inhibition of
NAD(P)H redox activity leads to increased MMP-9 (via p38 MAPK
and JNK) and reduced MMP-2 (via ERK 1/2). What effect MK2
deficiency may have on other MMPs implicated in SCI (Wells et al.,
2003b; Yong et al., 2007) remains unknown.

Together, the results obtained in the present study, and other
work done on MK2�/� macrophages (Thuraisingam et al.,
2007), show that the lack of MK2 changes the phenotype of mac-
rophages to one that produces less proinflammatory cytokines

and mediators of oxidative stress, while retaining their ability to
phagocytose myelin and possibly other tissue debris. Such a
change in phenotype resulting from the lack of MK2 may con-
tribute to the reduced secondary damage and enhanced locomo-
tor recovery after SCI. Recent work by Kigerl and colleagues
points to a heterogeneous macrophage population in the spinal
cord after injury—a proinflammatory/cytotoxic M1 macrophage
response and a potentially proregenerative/noncytotoxic M2
macrophage response (Kigerl et al., 2009). Our data suggest that
MK2 plays multiple roles that are detrimental to the repair pro-
cess after SCI. Whether the macrophages present in the spinal
cord of MK2�/� mice possess a more prominent M2 phenotype
is currently under investigation. The increased sparing of tissue
and reduced proinflammatory cytokine profiles would, however,
suggest that this may be the case. As our data suggest that MK2
plays multiple roles detrimental to the repair process after SCI,
the use of selective pharmacological inhibitors of MK2 would
therefore be a useful therapeutic tool for the treatment of acute
spinal cord injury.
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