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Abstract: Objective: In this study, chronic compression of cervical spinal cord was introduced into twy/twy mice and
the role of MK2 signaling pathway was investigated in this disease. Methods: twy/twy mice aged 6-24 weeks were
used and the inflammatory response in the cervical spinal cord was observed. The Institute of Cancer Research
(ICR) mice were used as controls. MK2 inhibitor (PF-3644022, 30 mg/kg) was administered intragastrically to twy/
twy mice. The motor behavior was firstly observed in these three groups by Catwalk gait analysis. And the cervical
spinal cord between C2 and C3 of vertebral segments was analyzed by MRI and Western blot assay. Results: The
stride length of paws and interlimb coordination reduced in twy/twy mice. However, at 4 weeks after PF-3644022
treatment, a marked improvement was observed in the motor function. The expressions of inflammation related fac-
tors (such as IL-1B3, NF-kB, TNF-a, MK2 and p-MK2) and apoptosis related proteins (such as cleaved caspase-8 and
bax/bcl-2) in the spinal cord of twy/twy mice significantly increased as compared to controls, but 4-week treatment
with PF-3644022 markedly reduced the expressions of these factors and apoptotic proteins in the cervical spinal
cord. Conclusion: MK2 signaling pathway is involved in the chronic compression induced inflammation of the cervi-
cal spinal cord. Thus, to inhibit the MK2 pathway may used to improve the outcome and prevent the deterioration
of neurological dysfunction.
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Introduction expansion of the spinal canal) have been
applied to treat this disease, but the outcome is

Chronic compression of the cervical spinal cord still poor in some patients due to the severe

is a common spinal cord disease. The compres-
sion induced injury can be caused by spinal
tuberculosis, extramedullary tumor and other
conditions. In fact, the most common causes of
chronic cervical spinal cord compression are
the herniated cervical discs and the ossifica-
tion of the posterior longitudinal ligament
(OPLL). Either herniated cervical discs or OPLL
may cause compression of the spinal cord and
induce ischemia and chronic inflammatory
response. The clinical symptoms of chronic
compression of the cervical spinal cord include
limb numbness, weakness and even paralysis
[1]. To date, surgical interventions (such as
resection of the herniated disc or OPLL and

inflammation as a result of long lasting com-
pression induced injury. Currently, most investi-
gations on the chronic compression of the cer-
vical spinal cord focus on the disc, OPLL and
others, but few studies have been conducted to
investigate the molecular mechanisms underly-
ing the chronic compression of the spinal cord
[2, 3].

The molecular mechanisms of chronic com-
pression of the cervical spinal cord are compli-
cated, in which the mechanical compression,
micro-circulation disturbance of the spinal cord,
neuroinflammation and others may be involv-
ed. Although the mechanical compression has


http://www.ajtr.org

MK2 signaling pathway in chronic compression

Figure 1. T2-weighted sagittal MR images. ICR mice aged 20 weeks (A) showed normal cervical spinal cord and
aged-matched twy/twy mice showed obvious cervical spinal cord compression due to ectopic ossification (B, arrow).

been identified as a major mechanism, it can-
not explain all the clinical symptoms. Increasing
investigations indicate an important role of
inflammatory response in the chronic compres-
sion of the cervical spinal cord [4]. The p38
mitogen-activated protein kinase signal path-
way (p38a MAPK) [5] as well as its downstream
kinase mitogen-activated protein kinase-acti-
vated protein kinase 2 (MK2) are key partici-
pants in the inflammation related signaling
pathways. However, the role of MK2 signaling
pathway in the pathogenesis of chronic com-
pression of cervical spinal cord is still poorly
understood [6, 7].

In the present study, we hypothesized that MK2
signaling pathway was involved in the patho-
genesis of chronic cervical spinal cord com-
pression, and to inhibit the inflammation via
regulating this signaling pathway was helpful
for the therapy of this disease.

Materials and methods
Animals

Mutant twy/twy mice aged 6 weeks were pur-
chased from the Experimental Animal Center
(Kanagawa, Japan). The calcification of the liga-
mentum flavum between C2 and C3 deterio-
rates over age in these mice and thus they may
develop motor paresis between 4 and 7 mon-
ths. The typical symptom of homozygous hyper-
ostotic mice is the tip-toe walking beginning at
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the age of 6-8 weeks. These mice can be used
to investigate the chronic compression of the
cervical spinal cord [8, 9]. PF-3644022 [(10R)-
10-methyl-3-(6-methylpyridin-3-yl)-9, 10,11,12-
tetrahydro-8H-[1,4]diazepino [5,6,:4,5]thieno-
[3,2-f]quinolin-8-one] (Sigma Aldrich) is a po-
tent benzothiophene MK2 inhibitor and used in
chronic inflammation models [10]. The twy/twy
mice aged 20 weeks were intragastrically treat-
ed with 30 mg/kg PF-3644022 once daily for 4
weeks. The Institute of Cancer Research (ICR)
mice matched in age were used as controls and
did not receive any treatment. The whole study
protocol was approved by the Ethical Committee
for Animal Research at Capital Medical Univer-
sity.

Magnetic resonance imaging (MRI)

Signal 7 Tesla MRI magnet (Varian In-vivo MR
Imaging System) was employed in the present
study. The twy/twy and ICR mice were anesthe-
tized by a single inhalation of 2% isoflurane and
98% oxygen and then fixed at a prone position
in the MR unit. The sagittal images of the spinal
cord were obtained with the effective echo time
(TE) of 72 ms, repetition time (TR) of 3000 ms,
slice thickness of 1 mm, total number of aver-
ages (NEX) of 10, field of view (FOV) of sagittal
view of 55 x 41 mm.

Gait analysis

Catwalk gait analysis was conducted according
to previously reported [11]. Mice were allowed
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Figure 2. Inhibition of MK2 signaling pathway improves the neurological dys-
function in twy/twy mice. (A) Representative images of gait in three groups.
(B) Effect of MK2 inhibitor on the stride length of four limbs of twy/twy mice.
(C) Effect of MK2 inhibitor on the regularity index of twy/twy mice (n = 8 per
group). Data are expressed as means + SEM. *P < 0.01 vs ICR group; #P <

0.05 vs twy/twy group; #P > 0.05 vs twy/twy group.

to walk freely in the Catwalk walkway system
(Noldus Information Technology, Netherlands).
When their paws contacted the glass plate in
dark, the contact region was illuminated by a
light emitting diode and recorded by a high-
speed color video camera connected to a com-
puter. The stride length and interlimb coordina-
tion measured as regularity index (percentage
of normal step sequences) were analyzed with
the Catwalk software.

Western blot assay
In brief, mice were anesthetized and sacrificed,

and then 1-cm spinal cord was collected from
the site of compression (n=3 or 4 per group).
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LH

The spinal cord was homoge-
nized in ice-cold buffer (50
mM tris-[hydroxymethyl]-ami-
nomethane, pH7.4, 150 mM
NaCl, 0.5% Triton X-100, 1
mM edetic acid, 1 M phenyl-
methylsulfonyl fluoride, 10
pug/ml leupeptin and 60 pg/
ml aprotinin), and centrifuged
at 14,000 x g for 30 min at
4°C. Then, the supernatant
was harvested for the detec-
tion of protein concentration.
The proteins were subjected
to 10-15% sodium dodecyl
sulfate polyacrylamide gel
(SDS-PAGE) and electrically
transferred onto a nitrocellu-
lose membrane. This mem-
brane was then independent-
ly treated with primary anti-
bodies including anti-MK2
(1:500; Abcam), anti-phos-
phorylated MK2 (1:1000;
p-MK2) (Cell Signaling Tech-

nology), anti-TNF-o¢ (1:500;
Abcam), anti-NF-kB (1:1000;
Abcam), anti-IL-1B (1:200;

Santa Cruz), anti- Caspase-8
(1:2000; Abcam), anti-Bax
(1:500, Beyotime) and anti-
Bcl-2 (1:200, Santa Cruz Bio-
technology). The expression
of a specific protein was nor-
malized to that of B-actin [12].

Statistical analysis

All the data are represented as means + stan-
dard error (SEM). Analysis of variance (ANOVA)
followed by Scheffe or Turkey test was carried
out with the Statistical Package for the Social
Sciences software (SPSS 17.0 Statistical
Software). A value of P < 0.05 was considered
statistically significant.

Results
MRI scanning

Figure 1 displayed the representative T2-wei-
ghted sagittal MR images of twy/twy mice. The
cervical ossification and spinal cord compres-
sion were identified at C2-C3.
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Figure 3. PF-3644022 (a MK2 inhibitor) down-regulated MK2 expression in
twy/twy mice. A. Western blot assay of MK2 (49 kDa). B. Quantification of
MK2 expression (n=4 for control and twy/twy groups; n=3 for MK2 inhibitor
group). Data are expressed as means + SEM. #P<0.01 vs control group;
“P<0.05 vs twy/twy mice.
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Figure 4. PF-3644022 (a MK2 inhibitor) significantly decreased p-MK2 ex-
pression in twy/twy mice. A. Western blot assay of p-MK2 expression (49
kDa) in the spinal cord of controls and twy/twy mice. B. Quantification of
p-MK2 expression (n=4 for control and twy/twy groups; n=3 for MK2 inhibi-
tor group). Data are expressed as mean + SEM. ###P<0.001 vs control group;
“"P<0.001 vs twy/twy mice.

Behavioral test

paws and the interlimb coor-
dination in twy/twy mice as
compared to ICR mice (P <
0.01) (Figure 2). However,
after PF-3644022 treatment
in twy/twy mice, the stride
length of the right-fore, right-
hind and left-fore paws and
the interlimb coordination
were significantly improved
(P<0.05). This suggests that
the inhibition of MK2 signal-
ing pathway is able to impro-
ve the outcome and prevent
the deterioration of neurolo-
gical dysfunction of twy/twy
mice.

Western blot assay for MK2
and p-MK2

To investigate the role of MK2
signaling pathway in the pa-
thogenesis of chronic com-
pression of the cervical spinal
cord, the expressions of total
MK2 and p-MK2 were detect-
ed by Western blot assay. As
shown in Figure 3, MK2 ex-
pression (49 kDa) increased
in twy/twy mice as compar-
ed to controls. MK2 inhibitor
PF-3644022 down-regulated
MK2 expression in twy/twy
mice (Figure 3). In addition,
p-MK2 expression was up-
regulated in twy/twy mice,
which was reversed by the
MK2 inhibitor (Figure 4).

Western blot assay for inflam-
matory cytokines

The IL-1B expression was sig-
nificantly up-regulated in the
spinal cord following chronic
compression in twy/twy mice
as compared to ICR mice

(P<0.01, Figure 5). However, MK2 inhibitor

The catwalk gait was analyzed in ICR mice and
twy/twy mice (Figure 2A). Results showed sig-
nificant decreases in the stride length of four

2358

reduced the IL-1B expression in twy/twy mice
(P<0.05). Similar findings were also observed in
the expressions of NF-kB and TNF-«, two impor-
tant inflammatory cytokines (Figures 6 and 7).
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Figure 5. PF-3644022 (a MK2 inhibitor) decreased the IL-13 expression in
twy/twy mice. A. Western blot assay of IL-13 expression in three groups: ICR
mice, twy/twy mice, and twy/twy mice treated with MK2 inhibitor. B. Quanti-
fication of IL-1p expression (n=3 per group). Data are expressed as mean *
SEM. ##P<0.01 vs control mice; "P<0.05 vs twy/twy mice.
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Figure 6. PF-3644022 (a MK2 inhibitor) down-regulated the NF-kB expres-
sion in twy/twy mice. A. Western blot assay of NF-kB expression in three
groups: ICR mice, twy/twy mice, and twy/twy mice treated with MK2 inhibitor.
B. Quantification of NF-kB expression (n=3 per group). Data are expressed as
mean + SEM. #P<0.01 vs ICR mice; "P<0.05 vs twy/twy mice.

Western blot assay for apop-
tosis related proteins

A remarkable increase was
observed in the cleavaged
caspase-8 (Figure 8) in twy/
twy mice as compared to ICR
mice. However, MK2 inhibi-
tor PF-3644022 reduced the
cleavaged caspase-8 expres-
sion. In addition, the quantifi-
cation of Bax and Bcl-2 ex-
pressions showed that the
Bax/Bcl-2 ratio increased by
2.1 folds in twy/twy mice as
compared to ICR mice, where-
as this increase was attenu-
ated by MK-2 inhibitor (Figure
9).

Discussion

Inflammation in the patho-
genesis of chronic cervical
spinal cord compression

To date, several methods
have been applied to induce
chronic compression of the
cervical spinal cord (implanta-
tion of screws, induction of
ectopic ossification and use
of aromatic polyether) [13-
15]. However, there are limita-
tions in the application of
these methods: implantation
of screws needs screwing
repeatedly, which may result
in a high rate of infection or
even high mortality; the ec-
topic ossification varies be-
tween individuals; application
of aromatic polyether is still
in its infancy. Mutant twy/twy
mice with natural OPLL are
available and suitable for the
animal model. Extremity pare-
sis in these mice is present as
early as 3 weeks after birth

All these findings indicate that the inflammato-
ry response was present in the cervical spinal
cord undergoing chronic compression in twy/
twy mice, and MK2 inhibitor is able to attenu-
ate this inflammation.
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and progresses gradually between 4 and 7
months. Currently, twy/twy mice have been
used to investigate the chronic compression of
the cervical spinal cord although they are
expensive.

Am J Transl Res 2015;7(11):2355-2363
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Figure 7. PF-3644022 (a MK2 inhibitor) down-regulated the TNF-a expres-
sion in twy/twy mice. A. Western blot assay of TNF-a expression in the spi-
nal cord. B. Quantification of TNF-a expression (n=4 for control and twy/twy
groups; n=3 for MK2 inhibitor group). Data are expressed as mean + SEM.
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Figure 8. PF-3644022 (a MK2 inhibitor) down-regulated the cleavaged Cas-
pase-8 expression in twy/twy mice. A. Western blot assay of cleavaged cas-
pase-8 expression (18 kDa). B. Quantification of cleavaged caspase-8 ex-
pression (n=3 per group). Data are expressed as mean + SEM. #P<0.01 vs
ICR mice; "P<0.05 vs twy/twy mice.

Studies on the pathology of acute spinal injury
have indicated that inflammation is involved in
its pathogenesis. However, few studies concern
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the pathology of chronic com-
pression of the cervical spinal
cord [16]. Several studies
reveal that inflammation in
the chronically oppressed spi-
nal cord is characterized by
significant increases in MMP-
9, NF-kB and u-PA in a rabbit
model. Nevertheless, the ro-
les of these inflammatory cy-
tokines in the chronic spinal
cord compression are needed
to be clarified further [1, 17,
18].

Among numerous inflamma-
tory cytokines, TNF-a and
IL-1B are regarded as key
ones that are able to induce
the inflammatory injury [19].
In apoptosis triggered by Fas,
a subset of caspases is acti-
vated. Among them, caspase
8 activation is one of up-
stream events during the cell
apoptosis induced by Fas.
Upon activation, cleavaged
caspase 8 activates down-
stream caspase 3, thereby
promoting cells to undergo
apoptosis [20-22]. Bcl-2 is a
key member of anti-apoptotic
Bcl-2 family, but Bax is a pro-
apoptotic member. The ratio
of Bax to Bcl-2 has been
found to be correlated with
apoptosis [23-25]. In the pres-
ent study, as compared to
ICR mice, the expressions of
TNF-a, IL-13 and NF-kB in
the oppressed cervical spinal
cord of twy/twy mice signifi-
cantly increased, accompa-
nied by increases in cleav-
aged caspase-8 expression
and bax/bcl-2 ratio. Catwalk
gait analysis indicated a re-
markable decrease in the
stride length of right-fore,
right-hind and left-fore paw,
and the interlimb coordina-

tion was also significantly compromised in twy/
twy mice. These findings suggest that inflam-
mation is involved in the pathology of chronic

Am J Transl Res 2015;7(11):2355-2363
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MK2 of p38a MPAK pathway
may increase the expressions
of TNF-q, IL-1B and IL-6. These
pro-inflammatory  cytokines
then activate p38a MAPK
pathway via a positive feed-
back, and amplify the infl-
ammatory cascade. In addi-
tion, there are no unwanted
adverse events after MK2
inhibition and the target of
MK2 inhibitor has been clear-
ly defined. Thus, MK2 is an
ideal target for the attenua-
tion of inflammatory response
[6, 7].

P In central nervous system,

ICR twy/twy

compression of the cervical spinal cord, and it
may result in apoptosis and neurological dys-
function.

Role of MK2 signaling pathway in the chronic
cervical spinal cord compression

MAPK is one of the most important signal trans-
duction systems. It is involved in the regula-
tions of cell reproduction, differentiation, apop-
tosis and other physiological and pathological
processes. Three major pathways related to
MAPK are extra-cellular signal regulated pro-
tein kinase (ERK), p38 MAPK and C-Jun amino-
terminal kinase (JNK), among which p38a
MAPK is an important pathway in the regulation
of inflammatory reaction. The inhibitors of p38a
MAPK have been applied in the treatment of
many diseases, such as stroke and Alzheimer
disease (AD). However, it may cause severe
adverse events due to their by-products.
Moreover, the target of such treatment is not
clearly defined yet [26].

Recent studies have indicated that, after
microglia activation, the downstream kinase
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Figure 9. PF-3644022 (MK2 inhibitor) reduced the Bax/Bcl-2 ratio in twy/
twy mice. The expressions of Bax (21 kDa) and Bcl-2 (26 kDa) in the spinal
cord undergoing chronic compression were detected by Western blot assay.
A. Western blot assay of Bax and Bcl-2 expressions. B. Quantification of Bax
and Bcl-2 expressions and determination of Bax/Bcl-2 ratio (n=4 for control
and twy/twy groups; n=3 for MK2 inhibitor group). Data are expressed as
mean + SEM. ##P<0.001 vs ICR mice; “"P<0.01 vs twy/twy mice.

MK2 is mainly expressed
in neurons, astrocytes and
microglia. However, as p38a,
MK2 expression in the mic-
roglia is 5-10 folds higher th-
an in the neurons and astro-
cytes [27]. There is evidence
showing that the inflamma-
tory response is significantly
improved in MK2 knockout
animals with AD, indicating the pro-inflammato-
ry effect of MK2 [7, 28-30].

In the present study, the expressions of total
MK2 and p-MK2 increased significantly in the
cervical spinal cord undergoing chronic com-
pression in twy/twy mice, which may enhance
the inflammatory cytokines, induce the cell
apoptosis in the spinal cord and cause neuro-
logical dysfunction. The enhanced inflammato-
ry cytokines were able to stimulate the p38-
MK2 signaling pathway. This positive feedback
may aggravate the inflammation in the spinal
cord. However, MK2 inhibitor reduced the MK2
and p-MK2 expressions as well as the expres-
sions of inflammatory cytokines such as TNF-q,
IL-1B and NF-kB and further decreased cell
apoptosis in the spinal cord. These attributed
to the improvement of the stride length and
interlimb coordination. These findings demon-
strate that MK2 signaling pathway is involved in
the inflammation of the chronic compression
induced spinal cord injury, and MK2 inhibitor
PF-3644022 is able to attenuate this inflam-
mation and facilitate the recovery of chronic
spinal cord compression.

Am J Transl Res 2015;7(11):2355-2363
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The p38a inhibitors, the pyridinyl imidazole
class of compounds, were firstly reported in
1994 [31]. Of note, the small molecule inhibitor
of MK2, aminocyanopyridine, has not been
approved until 2005 [32]. Although MK2 seems
to be an appropriate target in the treatment of
central nervous system diseases, the MK2
inhibitors are in the stage of development cur-
rently, and further investigations are required
to confirm our findings.

Conclusion

The present study for the first time finds that
MK2 signaling pathway is involved in the inflam-
mation of the chronic compression induced
cervical spinal cord injury. And to inhibit MK2 is
able to attenuate the inflammation and inhibit
cell apoptosis in the cervical spinal cord, lead-
ing to significant improvement of neurological
dysfunction. Our findings will be helpful to
understand the molecular mechanisms in the
pathogenesis of chronic cervical spinal cord
compression and provide a new target for its
therapy.
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