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Purpose: To detect the spatio-temporal expression of S100A4 in a spinal nerve ligation
(SNL) rat model. Also to figure out which other molecules directly interact with S100A4 to
explore the possible mechanisms which might be involved in neuropathic pain.

Methods: Seven-week-old male SD rats were used for the SNL model construction.
Immunofluorescence and Western blotting were used to detect the spatio-temporal expression
of S100A4 in the model. S100A4 was co-labeled with a number of related molecules and marker
molecules that can distinguish between cell types. After intrathecal injection of S100A4 neu-
tralizing antibody, the behavioral changes of SNL rats were recorded, and molecular changes
compared. The direct interaction between S100A4 and other related molecules was verified by
co-immunoprecipitation (co-IP) to explore its possible mechanism.

Results: After spinal nerve ligation, the content of S100A4 in the dorsal root ganglion
(DRG) and spinal dorsal horn increased significantly. Intrathecal injection of S100A4
neutralizing antibody could effectively relieve the mechanical pain in rats. co-IP revealed
a direct interaction between S100A4 and RAGE.

Conclusion: The content of S100A4 in the DRG and spinal dorsal horn of SNL rats
increased, compared with that of the control group. Intrathecal injection of S100A4 neutra-
lizing antibody could effectively relieve the mechanical pain in SNL rats. SI00A4 may be
involved in the production of neuropathic pain through RAGE or other ways, but the specific
mechanism needs to be further studied.

Keywords: neuropathic pain, S100 calcium binding protein A4, receptor for advanced

glycation end products, spinal nerve ligation model

Plain Language Summary

Although the mechanism of neuropathic pain is complex, the role of inflammatory mediators in it is
widely recognized. S100A4 is highly expressed in sites of neurogenesis and lesions, indicating
a role in neuronal plasticity. In this study, seven-week-old male SD rats were used to make SNL
model. Immunofluorescence and Western blotting were used to detect the spatio-temporal expres-
sion of S100A4 in the model. SI00A4 was co-labeled with a number of related molecules and
marker molecules that can distinguish between cell types. Pain was reduced by intrathecal injection
of S100A4 neutralizing antibody. The behavioral changes of rats were recorded, and molecular
changes compared. The direct interaction between S100A4 and other related molecules was
verified by co-IP in order to explore its possible mechanism. The results showed that the content
of S100A4 in the DRG and spinal dorsal horn increased, and that slow intrathecal injection of
S100A4 neutralizing antibody could effectively relieve the mechanical pain in rats, indicating that
S100A4 may be involved in the production of neuropathic pain through RAGE or other ways.

submit your manuscript

Dove n

http:

in 3

Journal of Pain Research 2021:14 665-679 665
© 2021 Jiang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Famrrm 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati g/li /by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



http://orcid.org/0000-0002-1345-6635
http://orcid.org/0000-0003-4520-443X
mailto:xiang-zhenghua@163.com
mailto:qianj001@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com

Jiang et al

Dove

Introduction

Neuropathic pain, a persistent and intractable problem
worldwide, refers to pain caused by pathological changes
or diseases of the somatosensory nervous system. The
existence of neuropathic pain increases the disease burden
of people with chronic pain, which is mainly manifested as
the decline of quality-of-life, deterioration of health status,
difficulties in employment, and heavy medical expenses.'
Neuropathic pain starts as an adverse adaptive reaction of
the nervous system to injury, structure and function
changes follow once the pathological changes of the sen-
sory nervous system happen, stimulating neuropathic pain
which is usually spontaneous. The response to harmful or
harmless stimuli is pathologically magnified, making the
pre-existing pain more severe or converting the non-
noxious stimulation to pain. Nerve injury is a necessary
condition for neuropathic pain; however, it alone is not
enough to produce neuropathic pain and is affected by
other factors.> The peripheral receptors transmit nocicep-
tive stimuli into the dorsal horn of the spinal cord, with the
neurons within being responsible for transmitting and
modulating pain-related signals from the nociceptor
through the spinal cord to the brain region.’ Neuropathic
pain reflects the abnormal excitation of neurons in the
dorsal horn of the spinal cord caused by peripheral sensory
input,” the formation of this abnormal excitation involves
neurons, glial cells, and immune cells. Accumulating evi-
dence shows that microglia in the spinal cord plays a key
role in the origin of chronic pain by releasing pro-
inflammatory cytokines, such as tumor necrosis factor o
(TNF-a), interleukin-1p (IL-1B), and brain-derived neuro-
trophic factor (BDNF).* In astrocytes, IL-1p treatment
activated ERK and released MMP-2.°
expression of oligodendrocyte-derived IL-33 at the spinal

The over-

cord level is related to the release of other cytokines,
including TNF-a and IL-1B.° In recent years, accumulating
evidence suggests that the peripheral immune system and
microglia are equally critical in inducing neuropathic pain.
Cytokines and neutrophils take part in the early stages of
acute pain, while T lymphocytes mainly play a central role
in chronic neuropathic pain.’

S100 protein contains at least 25 members, forming the
largest EF-hand signal proteome in human.® After binding
to Ca>", S100 can quickly change their conformation and
bind to the target protein to produce biological effects,
thus, they are considered to be trigger proteins rather
than buffer proteins, the latter maintaining a stable

conformation to regulate Ca”*" concentration.” S100A4
has many receptors related to inflammation-related signal
transduction, such as advanced glycation end products
receptor (RAGE), Toll-like receptor 4 (TLR4), and inter-
leukin-10 receptor (IL-10R).'® S100A4 is highly expressed
at sites of neurogenesis and lesions, indicating a role in
neuronal plasticity.'" Some studies have shown that the
neuroprotective effect of SI00A4 depends partially on the
increase of Akt signal transduction, which can reduce
apoptosis.'” Extracellular S100A4 up-regulated several
antioxidant enzymes and neuroprotective genes to protect
nerve cells through the IL-10R/JAK/STAT3 pathway.'>!'*
S100A4 could also indirectly activate EGFR and induce
neuroprotection through JAK/STAT, ERK, and Akt trig-
gering signals.'>'® The increased expression of S100A4 in
astrocytes after spinal cord transection indicated that the
molecule takes part in the response of injured astrocytes.'’
After the injury of dorsal root or sciatic nerve, the SI00A4
in the dorsal functional area which experienced Wallerian
degeneration was significantly up-regulated.'® Peripheral
nerve or dorsal root injury induced a significant up-
regulation of S100A4 in the satellite cells of Schwann
cells and ganglion at the injured site and distal stump."®

S100A4 is closely related to inflammatory response
and nerve injury repair, both pathophysiological processes
are the hot-spots of studies on neuropathic pain. Based on
previous studies, we thought that S100A4 could be
involved in neuropathic pain. A rat spinal nerve ligation
(SNL) model was used to observe the expression of
S100A4 in dorsal root ganglion and spinal dorsal horn,
as well as the effect of intrathecal injection of S100A4
antibody on the behavior of model rats. The expression of
S100A4-related molecules (RAGE, TLR4, and IL-10R)
were detected to explore its possible molecular mechan-
ism. Because credible results were only seen in RAGE,
only results of experiments on interactions between RAGE
and S100A4 were provided.

Materials and Methods

Experimental Animal

7-week-old male Sprague Dawley (SD) rats were pur-
chased from Shanghai Sippel-Bikai Company through the
animal center and were raised in clean (CL) animal rooms
with adequate food and water. Anesthesia and humanistic
care were carried out during operations to minimize their
suffering.
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Ethics Statement

All animal experiments were approved by the Animal
Experiment Committee of Naval Medical University and per-
formed in accordance with its Ethical and Safety Guidelines.

Animal Experiments

Measurement of Paw Withdrawal Threshold (PWT)
in Rats?®

The test environment was fixed in the same laboratory
with the same light conditions, air conditioning tempera-
ture, and wind direction. Tests were conducted by the same
person at 9 am. The rats to be tested were placed in
a brown Plexiglas box with a wire mesh at the bottom,
shaded at the top and adapted for 15 minutes. The finger
web between the second and third toes of the left hind-
limb was vertically stimulated by von Frey fiber
(Stoelting, Wood Dale, US) from the gap of the bottom
wire mesh. The strength of the fiber bending was 45°, the
time was 10 seconds, and the stimulation interval was > 30
seconds. The selected fiber grams were 0.6, 1, 1.4, 2, 4, 6,
8, 10, 15, and 26 g. Foot withdrawal or foot licking
reaction upon stimulation were recorded as positive, other-
wise negative. This specific process was conducted
according to the up-and-down method.?*?!

Building and Verification of Rat SNL Model

The SNL model was built as described.” Experimental rats
were anesthetized with 1% pentobarbital solution (40 mg/
kg). The back skin was cut along the left side of the spine
in the iliac crest plane, fascia cut layer by layer, muscles
bluntly separated, the transverse process of No.6 lumbar
removed by bone rongeur, and the lumbar 5 spinal nerve
exposed. The lumbar 5 spinal nerve of the experimental
group was ligated with 60 suture, while that of the con-
trol group (sham operation group) was only exposed for 5
minutes without ligation.

A successful model should present a PWT pain thresh-
old which gradually reduces with time. Lost motor ability of
the left hind-limb and no significant decrease in pain thresh-
old in the absence of other interventions both mean failure
of the model. Behavioral changes in the sham operation
group suggests nerve injury failure of the sham operation.

Construction and Verification of Intrathecal
Catheters in Rats?>%3

After anesthesia, rats were cut along the mid-line of the
spine at the iliac crest level, the lumbar 6 spinous process
was removed, and the lumbar 5 inter-vertebral space

exposed and cleaned. A PE-10 catheter filled with normal
saline was inserted into the space towards the head side.
Tail flick reaction meant successful placement of the
catheter. The depth of the tube was about 1.5 cm.

After the rat’s mobility was restored, 10 pL of 2%
lidocaine was injected through the catheter, movement
disturbance of the hind-limb indicating successful place-
ment of the catheter within the sheath.

Animal Grouping

First, all rats were tested for pain threshold, those whose
baseline mechanical PWT was <26 g were excluded.
Fifteen rats with a qualifying threshold underwent SNL
operation only, of which three rats were randomly chosen
for tissue collection on the 3rd, 7th, 14th, 21st, and
28th day after operation.

Another 30 rats with a qualifying threshold were ran-
domly divided into three groups (N=10 for each group):
the control group, which underwent sham operation with
intrathecal administration of normal saline; the SNL/salt
group, which underwent SNL operation with intrathecal
administration of normal saline; and the SNL/antibody
group, which underwent SNL operation with intrathecal
administration of S100A4 antibody. The intrathecal
administration was given immediately after corresponding
operation and repeated on the 1st, 3rd, 5th, and 7th days
thereafter. Then 0.2 pg of S100A4 neutralizing antibody
(mouse monoclonal IgG, Santa, USA) or the same volume
of normal saline was injected. The total volume of
intrathecal injection for each group was 15 pL. Injection
was done slowly (3.3 pL/min) to minimize the diffusion of
the solution and confine its effect to mainly on the L5
segment of the spinal cord.

Preparation of Tissue Sections

After anesthesia, the left ventricle of rats was exposed and
perfused with at least 250 mL saline until the effluent was
clear and bloodless. Then 200 mL of 4% paraformalde-
hyde solution was injected until the torso and limbs
became stiff. The lumbar 5 dorsal root ganglia and the
spinal cord between the lumbar enlargement and sacral
segment were collected and post-fixed with 4% parafor-
maldehyde for 4 to 6 hours, and then transferred to 25%
sucrose solution for dehydration until the tissue samples
sunk to the bottom of the tube. Samples were then
embedded in O.T.C tissue freezing medium (SAKURA,
America) and quickly frozen to —20°C in a cryostat (Leica,
Germany), cross-sectioned and floated in phosphate buffer.
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Each spinal cord sample was divided into six sections,
which were placed into six-well plates in turn, and each
section contained forty 20 pm thickness slices. Each dorsal
root ganglion samples was cut into 10 pm thickness slices.
Slices were affixed to the adhesive slide and dried in an
oven at 37°C for 1 hour.

Immunofluorescence

In the SNL model, microglia in the spinal dorsal horn of
the injured segments were activated.”* Ibal, a marker of
microglial activation, was used to select the sections from
the injured segments. Three slices from each well were
picked and covered with Ibal antibody (019-19741,
1:1,000) and incubated overnight at room temperature,
anti-rabbit IgG (111-165-003,
1:400) and Dapi were added and incubated at room tem-

then Cy3-conjugated

perature for 1 hour. Slices with the strongest signal con-
trast between the left and right sides were chosen, the
wells in which they were located were the sections from
the injured segments of the spinal cord. These sections are
used for follow-up tests.

Single or double labeling method was used for
immunofluorescence.

Single-labeling: slices from target sections were incu-
bated with the S100A4 antibody (ab41532, 1:50) overnight
at room temperature, and then incubated separately with
FITC-conjugated anti-rabbit IgG (111-095-003, 1:400) or
Cy3-conjugated anti-rabbit IgG (111-165-003, 1:400) and
Dapi at room temperature for 1 hour. Slices were washed
by PBST three times (10 minutes for each) after every
incubation, observation and photo-taken were conducted
by a fluorescence microscope.

Double-labeling: The CGRP antibody (ab36001,
1:100) and the RAGE antibody (AF1145, 1:200) were
added to slices stained with S1I00A4 (green signal) over-
night. Cy3-conjugated donkey anti-goat (1:400) was then
added and incubated for 1 hour.

Since the antibodies of Ibal (019-19741) and P2X3
(APR-016) belong to the same species as the S100A4
antibody, Tyramide Signal Amplification (TSA) fluores-
cein system was used to detect the co-labeling of
S100A4 with the above molecules.’®*' Slices were incu-
bated with the S100A4 antibody (1:400) overnight at room
temperature and then incubated with biotin-conjugated
donkey anti-rabbit IgG (711-625-152, 1:500) and DAPI
at room temperature for 1 hour. Then slices were incubated
with SA-HRP (1:500) at room temperature in darkness for
30 minutes and then incubated with 0.03% H,0O, and

tyramine-conjugated fluorescein (Cy3 or FITC, 1:100
diluted with PBS) at room temperature in darkness for
10 minutes. Thereafter the secondary primary antibody
incubation was performed. Slices was incubated with Anti-
P2X3 (1:1,000), anti-Ibal (1:400), biotin-conjugated-IB4
(1:400) overnight at room temperature, respectively, then
were incubated with FITC- or Cy3-conjugated donkey an-
rabbit IgG (diluted 1:400) at room temperature in darkness
for 1 hour. Slices were washed with PBST three times (10
minutes for each) after every incubation, Slices were
observed with a fluorescence microscope (EclipseE600,
Nikon, Japan), and photos were taken by a digital camera
(DXM1200, Nikon, Japan) attached to the microscope.

Western Blot

The spinal cord and DRG were washed with PBS, weighed
and then cut into small pieces and ground. Cleavage was
added with an appropriate amount of RIPA lysate (4°C,
mixed with PMSF) and homogenate was centrifuged at
12,000 rpm for 5 minutes. Supernatant was collected and
added with 5x Loading Buffer (4:1) and then boiled in
a 95°C water bath for 5 minutes. Electrophoresis was
conducted with 12% SDS-PAGE gel and polyvinylidene
fluoride (PVDF) membrane was used. The membrane was
blocked in 10% skim milk and shaken at 25°C for 2 hours.
After washing with PBST, the S100A4 rabbit antibody
(1:1,000) or GAPDH mouse antibody (39-8,600,
1:20,000) was added to the PVDF membrane and incu-
bated overnight at 4°C. On the next day, the membrane
was washed with PBST and then incubated with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (A0208,
1:2,500) or goat anti-mouse IgG (A0216, 1:2,500) at room
temperature for 2 hours. PBS was used to wash the mem-
brane three times (10 minutes for each). Finally, exposure
was conducted with ECL developer and photographed
with BIO-RAD Molecular Imager instrument. The fluor-
escence intensity was analyzed by ImageJ2x software.

Co-Immunoprecipitation (Co-IP)

Fresh tissue samples were weighed, rapidly frozen in liquid
nitrogen, added with RIPA Lysis Buffer (4-times the tissue
weight, containing 1%PMSF) and fully ground. The mixture
was transferred into a clean EP tube and placed in the mixer to
react at 4°C for 30 minutes and then centrifuged at 12,000 g for
5 minutes. The supernatant was divided into three new EP
tubes and then added with S100A4 antibody, RAGE antibody,
and inactive rabbit IgG, respectively, with a concentration of 1
png/mL. These EP tubes were shaken in a shaker overnight at 4°
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C. On the next day, tubes were added with 20 uL of fully
suspended Protein A+G Agarose (Beyotime, P2019), shaken
slowly on the decolorizing shaker at 4°C for 3 hours, and then
centrifuged at 2,500 rpm for 5 minutes. Supernatant was care-
fully discarded, and precipitation was added with 1 mL of cold
PBS (0.05 mol/L) and centrifuged five times (each at 2,500 rpm
for 1 minutes). After the last washing, the supernatant was
discarded, and the precipitation was fully re-suspended with 20
pL of 1xSDS-PAGE sample loading buffer and centrifuged at
high-speed for a couple of seconds. Samples were boiled at
95°C for 5 minutes. After cooling, electrophoresis was per-
formed immediately, otherwise samples were stored at —20°C.

Statistics

All results of the experiments were repeated at least three
times independently. Graphpad 8 and SPSS 21 were used
for statistical analysis. In the immunofluorescence experi-
ment, the non-operative side was used as control, at least
three rats in each group were analyzed, and at least three
slices were randomly selected from each part of the tissue
of each rat for observation and statistical analysis.

First, data were tested for normal distribution and homo-
geneity of variance. If the above two conditions were met, data
from each group were compared by one-way analysis of
variance (one-way ANOVA). Behavioral data were compared
by repeated measurement analysis of variance, pairwise com-
parison was conducted by Dunnett’s T3, Holm-Sidak or Tukey
post hoc test, and results were presented as mean + standard
deviation. If the normal distribution is uneven, the independent
samples were tested by Brown-Forsythe test. If the above two
conditions were both not met, Kruskal-Wallis H-test was used
and results were presented as median value. The difference
was considered as statistically significant if £<0.05.

Results
The Expression of SI00A4 in the Dorsal
Root Ganglion and Spinal Cord of SNL

Rats

Changes of S100A4 expression in the dorsal root ganglion
after SNL operation was verified by Immunofluorescence.
There was no significant difference between the expression
level on the 3rd, 7th, and 14th days after SNL compared
with that before. Because the variance was uneven, the
numbers of positive cells were analyzed by Brown-
Forsythe test, and the difference among the samples was
statistically significant. Further pairwise comparison with
Dunnett’s T3 method showed that there was no significant

difference between the numbers of positive cells on the 3rd
and 14th days after SNL (851.5+80.1 vs 862.5+120.8,
P=0.101; 964.8+172.9 vs 862.5+120.8, P=0.078, respec-
tively) compared with that before, only the number of
S100A4 positive cells at 7th days after modeling was
significantly increased compared with that before (1,088
+136.4 vs 862.5£120.8, P=0.004) (Figure 1).

For rat spinal cord sections, the sections with obvious
changes were selected by inflammatory marker Ibal
before conducting double-labeling immunofluorescence.
Results showed that S100A4 was mainly expressed in
the substantia gelatinosa of the spinal dorsal horn in the
lumbar section of the spinal cord, and the expression in the
operative side (the dominant side of Ibal) was higher than
that in the control side (Figure 2).

Immunofluorescence and Western blotting were used to
verify the changes of S100A4 expression in spinal dorsal
horn with time after the establishment of SNL. Because of
the uneven variance, data of immunofluorescence were ana-
lyzed by Brown-Forsythe test. Results showed that the dif-
ference was statistically significant (P<0.001). Furthermore,
Holm-Sidak test analysis of integral optical density showed
that the expressions of SI00A4 in spinal dorsal horn on the
3rd, 7th, and 14th day after SNL operation were significantly
higher than those of the control group (237.8+7.19 vs 189.4
+17.8, P=0.049; 393.7+£16.8 vs 189.4+17.8, P<0.001; 497.6
+36.0 vs 189.4+17.8, P=0.004, respectively) (Figure 3A).
Because of the uneven variance, data of Western blotting
were analyzed by Brown-Forsythe test. Results showed that
the difference was statistically significant (P<0.001). Further
pairwise comparison with Dunnett’s T3 test showed that the
expression of S100A4 protein increased significantly on the
7th, 14th, 21st, and 28th day after SNL compared with that
before (0.85+0.02 vs 0.18+0.01, P<0.001; 3.314+0.05 vs 0.18
+0.01, P<0.001; 5.69+0.10 vs 0.18+0.01, P<0.001; 4.33
+0.05 vs 0.18+0.01, P<0.001, respectively) (Figure 3B).

Co-Labeling of SI00A4 and Cellular
Markers in the Dorsal Root Ganglion and
Spinal Cord of SNL Rats

In the dorsal root ganglion, double-labeling immunofluor-
escence suggested that S100A4 was partially co-labeled
with Calcitonin gene-related peptide (CGRP), Isolectin B4
(IB4), and Purine receptor P2X3 (P2X3), markers of small
cell peptidergic neurons, small cell non-peptidergic neu-
rons, and small cells associated with pain transmission and
neuropathic pain, respectively. The specific co-labeling
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Figure | Expression of SI00A4 in the DRG of SNL rats. After model building, the results of DRG immunofluorescence, the value of integral optical density, and the number
of positive cells were compared (n=3). The integral optical density was of no significant difference on the 3rd, 7th, and 14th day after SNL compared with that of the control
group. The number of positive cells in the SNL group was significantly higher than that of the control group on the 7th day after operation. **P<0.01, bar=200 pum.

Figure 2 Expression of SI00A4 in the spinal cord of SNL rats. The cross-section of the spinal cord of SNL rats was studied by double-labeling immunofluorescence. The picture
shows the merge results of red and green channels. The red fluorescence represented Ibal (inflammatory marker), which was brighter on the operation side, and the contralateral
side is the control side. The green fluorescence represented S|00A4. The dotted line area was the substantia gelatinosa of the spinal cord dorsal horn where SI00A4 expressed, and
S100A4 was expressed more on the operation side. The other marginal green fluorescent areas were the white matter of the spinal cord. Ruler=500 pum.

proportion was: 62.5% of 1B4 positive cells, 33.3% of
CGRP positive cells, and 50% of P2X3 positive cells
were co-labeled with S100A4, respectively, whereas the
proportion of SI00A4 positive cells co-labeled with 1B4,

CGRP, and P2X3 were 19.2%, 33.3%, and 10%, respec-
tively. The results showed an obvious heterogeneity of
S100A4, suggesting that cells with positive SI00A4 may
be an independent subgroup (Figure 4).
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Figure 3 Expression of SI00A4 in the spinal dorsal horn after SNL. (A) Immunofluorescence study of the changes of SI00A4 in spinal dorsal horn after SNL. The
fluorescence intensity of SI00A4 increased significantly on the 3rd, 7th, and 14th day after SNL compared with that of the control group (*P< 0.05, **P<0.01, ***P<0.001).
Green: FITC, bar=200 um. (B) WB analyze of expression of SI00A4 in the spinal dorsal horn after SNL. GAPDH was used as internal reference. The expression level of
S100A4 increased significantly on the 7th, |4th, 2Ist, and 28th day after SNL, compared with that of the control group (**P<0.001).

In the spinal dorsal horn, results showed that S100A4
was partially co-labeled with Glial fibrillary acidic protein
(GFAP), IB4, and Ionized calcium binding adaptor molecule
1 (Ibal), markers of activating astrocytes, primary afferent
nerve fibers, and microglia, respectively (Figure 5).

Influence of PTW by Neutralization
Antibody Intervention in Rat SNL Model

Repeated measurement analysis of variance data was per-
formed and the sphericity test showed P=0.001. The
Greenhouse-Geisser test results showed that the interaction
between intervention and time was significant (P<0.001)
(Figure 6; Table 1). Compared with the control group, the
PWT of the SNL/saline group was significantly decreased on
the 1st (P<0.003), 3rd, Sth, and 7th (all P<0.001) day after SNL

operation, and the PWT of the SNL/antibody group was not
significantly decreased on the 1st day after SNL operation but
was significantly decreased on the 3rd, 5th, and 7th day after
(P<0.007, 0.008, and 0.001, respectively). At the same time,
the PWT of the SNL/antibody group was significantly higher
than that of the SNL/saline group on the 3rd, 5th, and 7th day
after operation (all P<0.001). These results indicate that
intrathecal injection of SI00A4 antibody could increase the
mechanical pain threshold on the 3rd, 5th, and 7th day after
SNL operation.

The Changes of SI00A4 Expression in

Each Group After Intervention
Western blotting was used to determine the content of
S100A4 in the dorsal root ganglion and spinal cord of SNL
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Figure 4 Co-labeling of SI00A4 and certain cell markers in DRG of SNL rats. SI00A4 co-labeled with IB4, CGRP, and P2X3 in the DRG of SNL rats. Results showed that
S100A4 was partially co-labeled with the three markers (the specific co-labeling proportion was: 62.5% of I1B4 positive cells, 33.3% of CGRP positive cells, and 50% of P2X3
positive cells were co-labeled with SI00A4, respectively, whereas the proportion of SI00A4 positive cells co-labeled with IB4, CGRP and P2X3 were 19.2%, 33.3%, and 10%,
respectively). White arrows in the pictures refer to the common label area. Bar=200 pm.

rats in each group after intrathecal intervention. Because of
the uneven variance, Brown-Forsythe test was used and
results showed that the difference was statistically significant
(P<0.001). Holm-Sidak test showed that, compared with the
control group, the amount of S100A4 protein in the DRG of
SNL/antibody group (0.5223+0.0750 vs 0.2477+0.0160,
P=0.020) and SNL/saline group (0.8769+0.0510 vs 0.2477
+0.0160, P=0.003) were significantly higher. Besides, the
amount of S100A4 protein in the DRG of SNL/antibody
group was significantly less than that of the SNL/saline
group (0.522340.0750 vs 0.8769+0.0510, P=0.008) (Figure
7A). Compared with the control group, the amount of
S100A4 protein in the spinal cord of SNL/antibody (0.5701
+0.0375 vs 0.2840+0.0358, P<0.001) and SNL/saline group
(1.1620+0.0535 vs 0.2840+0.0358, P<0.001) were also sig-
nificantly higher. Similarly, the amount of S100A4 protein in
the spinal cord of the SNL/antibody group was significantly
lower than that of the SNL/saline group (0.5701+0.0375 vs
1.1620+0.0535, P<0.001) (Figure 7B). These results

suggested that intrathecal injection of the S1I00A4 antibody
could reduce the content of S100A4 in the DRG and spinal
cord of SNL rats.

Interaction Between SI00A4 and RAGE

in Rats
There are many target proteins of S100A4, especially
those related to inflammation. After reviewing the litera-
ture, several downstream molecules of S100A4 that may
be related to pain modulation were screened out, namely
RAGE, TLR4, and IL-10R. The interaction of all three
molecules with S100A4 were analyzed, with credible
results only seen in RAGE, thus only results of experi-
ments on interactions between RAGE and S100A4 were
provided.

co-IP was carried out in order to confirm the direct
interaction between S100A4 and RAGE. Results
showed that S100A4 and RAGE could bind directly
and interact with each other (Figure 8A). At the same
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Figure 5 Co-labeling of SI00A4 and certain cellular markers in spinal dorsal horn of SNL rats. SI00A4 co-labeled with Ibal, GFAP, and I1B4 in the spinal dorsal horn of SNL
rats. Results showed that SI00A4 was partially co-labeled with the three markers. White arrows in the picture refers to the common label area. Bar=200 pm.
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Figure 6 Changes of paw withdrawal threshold in each group after intrathecal intervention. The changes of PWT in each group were measured before and on the Ist, 3rd,
5th, and 7th day after SNL operation. Compared with the SNL/saline group, intrathecal injection of SI00A4 neutralizing antibody could increase the PWT on the 3rd, 5th,
and 7th day after operation. ** P<0.01, and *** P<0.001, compared with CTRL/saline; AA P<0.01 and AAA P<0.001, compared with SNL/saline. N=10.

time, an immunofluorescence study showed that
S100A4 and RAGE obviously co-labeled in the sub-
stantia gelatinosa of spinal dorsal horn (Figure &B).

These results suggested that S100A4 and RAGE inter-
acted with each other in the spinal dorsal horn of SNL
rats.
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Table | Paw Withdraw Threshold (PWT) in Each Group After
Intervention of SNL Model in Rats

0 | day 3 5 7
day days days days

Control group (CON) 26 26 26 26 26
Placebo group 26 14.15 5.96 5.12 3.97
(SNL/salt) +7.64 | 255 | 1.9 £1.16
Experimental group 26 20.43 16.72 13.95 14.75
(SNL/antibody) +7.54 | 692 | +6.57 | +5.69

Discussion

S100A4, a Ca*"-binding protein, is a member of the S100
protein family and plays an important role in promoting
cancer progression and metastasis. Besides its role in
tumors, S100A4 is also involved in a variety of pathophy-
siological processes in vivo. In the nervous system, the
study of S100A4 is mainly focused on neuroprotection and
plasticity regulation, such as induction of synaptic
proliferation,'’ increase of Akt signal transduction to
reduce apoptosis,'? up-regulation of multiple antioxidant

1314 and release of

enzymes and neuroprotective genes,
neuroprotective agents.'” Through a literature search, we
found that S100A4 is a molecule with many functions,
which is closely related to inflammation, tumor invasion,
and nerve injury repair. So far, no literature on pain mod-
ulation of S100A4 has been found, Our question is
whether there is a certain relationship between S100A4
and the generation and modulation of neuropathic pain or
not. In this study, a classical SNL pain model was used to
study the expression of S100A4.

Immunofluorescence and Western blotting proved that

spatio-temporal

the S100A4 protein increased in the substantia gelatinosa
of spinal dorsal horn of SNL rats. Mechanical pain thresh-
old measurement showed that intrathecal injection of
S100A4 neutralization antibody could relieve the mechan-
ical pain of SNL rats. A co-IP study proved that there was
a direct interaction between S100A4 and RAGE.

From the first day after the birth of rats, S100A4 was
expressed in the astrocytes of the white matter of brain and
spinal cord, the expression level of which decreases in
adult rat’s central nervous system.'® In the SNL rats,
S100A4 gathers mainly in the substantia gelatinosa of
the dorsal horn in the gray matter of the spinal cord,
specifically layer II of the dorsal horn. This area has
many intermediate neurons which mainly function in reg-
ulating the afferent pain signals from the peripheral

receptors to the central nervous system and plays an
important neurophysiological role in the gate control the-
ory of pain. This structure receives and integrates primary
afferent fibers (PAF) from DRG. Different types of PAF
transmit sensory information to substantia gelatinosa, the
most abundant of which are C fibers (transmits informa-
tion of slow pain, dull pain, heat, and itching), A-3 fibers
(severe pain and cold), and A-f fibers (coarse tactile and
mechanical sensation).””> S100A4 is abundant in the sub-
stantia gelatinosa of spinal dorsal horn, an important part
of pain modulation and transmission. All of
this knowledge supported that SI00A4 could be involved
in the generation and modulation of neuropathic pain in
a SNL model. Immunofluorescence of spinal cord sections
showed that there was no obvious overlap between
S100A4 and markers of glial cells, neurons, and other
major cells in the spinal glia, and the proportion of
S100A4 positive cells among all co-labeled cells was
low. This indicated that the S100A4 observed in the dorsal
horn of the spinal cord was not expressed by cells in situ,
but could be transported here from a distance. The sub-
stantia gelatinosa of the dorsal horn of the spinal cord is
the projection site of the primary afferent fibers of DRG. It
has been proved that S100A4 can act on other cells
through paracrine and autocrine.”® Immunofluorescence
and Western blotting confirmed that S100A4 was
expressed in the DRG, thus, the S100A4 in the substantia
gelatinosa of spinal dorsal horn may be secreted by DRG
cells and transported to the spinal dorsal horn through
PAF, where it acts in the form of exocrine protein. The
number of S100A4 positive cells showed by immunofiuor-
escence increased significantly only on the 7th day after
SNL operation. There was no significant difference in
integral density between the SNL group and the control
group, however Western blotting showed a significant dif-
ference in protein content. The reason may be that S100A4
protein expressed by DRG cells did not remain in the
cytoplasm after assembly but directly entered the axoplas-
mic transport, thus, the intracellular concentration of
which was not increased but distributed more in the
nerve fibers until being transported to the dorsal horn of
the spinal cord. In the DRG of SNL rats, S100A4 positive
cells were partially co-labeled with CGRP, IB4, and P2X3,
of which CGRP is a specific marker of small cell pepti-
dergic neurons which are thought to mainly transmit pain
sensitization caused by inflammatory response, IB4 is
a specific marker of small cell non-peptidergic neurons
which are thought to transmit pain caused by nerve
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Figure 7 Changes of SI00A4 expression in each group after intrathecal intervention. Western blotting results of SI00A4 expression changes in each group after intrathecal
intervention. GAPDH was used as internal reference. (A) The expression of SI00A4 in the DRG of the three groups. The expression level of SI00A4 in the DRG of SNL/
antibody and SNL/saline groups were significantly higher than that of the CTRL/saline (control) group. Besides, the expression level of SI00A4 in the DRG of the SNL/
antibody group was significantly lower than that of the SNL/saline group. (B) The expression of SI00A4 in the spinal cord of the three groups. The expression level of
S100A4 in the spinal cord of the SNL/antibody and SNL/saline groups were significantly higher than that of the control group. Similarly, the expression level of SI00A4 in the
spinal cord of the SNL/antibody group was significantly lower than that of the SNL/saline group. *P<0.05. **P<0.01. **P<0.001.

damage, and P2X3 is an ionic purine receptor in response
to extracellular ATP and has been confirmed to be highly
expressed in the small and medium-sized nociceptors of
DRG, marking small cells related to pain transmission and
neuropathic pain.*’” These three kinds of DRG neurons are
all important parts in the pathways of pain generation and
transmission. The partial co-labeling of S100A4 with these
three markers indicates that S100A4 may be involved in

pain transmission and modulation. Meanwhile, it is possi-
ble that SI00A4 positive cells may be a relatively inde-
pendent group of cells, initiating different mechanisms of
pain regulation. In the spinal cord, SI00A4 was co-labeled
with GFAP, Ibal, and IB4, which are markers of activated
astrocytes, microglia, and the projection site of primary
sensory fibers in the dorsal horn, respectively. Co-labeling
with IB4 indicated that S100A4 was partially distributed in
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Figure 8 Interaction between SI00A4 and RAGE in rats. (A) Results of co-IP showed that the corresponding molecules could be detected in the immune complexes pulled
by SI00A4 or RAGE antibody, while those pulled down by ineffective IgG could not detect these two molecules. (B) Immunofluorescence of the spinal dorsal horn showed
that SI00A4 and RAGE co-labeled with each other in the substantia gelatinosa of the spinal dorsal horn. White arrow: hint of co-labeled point, no significant. Red: Cy3.

Green: FITC. Scale=200 pum.

the peptidergic nerve fibers emitted by DRG, which was
consistent with the co-labeling of neuronal subsets
observed in DRG. Previous studies have shown that
S100A4 is only expressed in the astrocytes of white matter
not gray matter. Even after injury, astrocytes of gray mat-
ter still do not express S100A4.2® Our study showed that
the distribution of SI00A4 was highly concentrated in the
substantia gelatinosa of spinal dorsal horn which was the
only site which observed the co-labeling of S100A4 with
GFAP and Ibal, however, GFAP and Ibal positive cells

were distributed in both the dorsal and ventral horns of the
reaction side. We believe that the S1I00A4 in the spinal
cord was transported from the PAF to the substantia gela-
tinosa and then acted on the astrocytes and microglia in the
gray matter of the spinal cord rather than expressed by
themselves.

co-IP and immunofluorescence studies proved that
there was a direct interaction between S100A4 and
RAGE in the dorsal horn of spinal cord. RAGE itself has
a wide range of functions and is related to the pathogenesis
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of neurovascular and neurodegenerative diseases. It is
expressed by a variety of cell types in the brain and spinal
cord, including neurons, glia (microglia and astrocytes),
and vascular cells (endothelial cells, smooth muscle cells,
and pericytes).?>*° Therefore, SI00A4 may participate in
neuropathic pain by combining with RAGE to assist in
activating astrocytes and microglia.

Neuropathic pain is triggered by lesions of the somatosen-
sory nervous system which changes its structure and function,
thus pain occurs spontaneously. Meanwhile, the response to
harmful or harmless stimuli is pathologically magnified.” At
present, the most mainstream views on the mechanism of
neuropathic pain believe that neuropathic pain is associated
with the role of NMDA receptor, inflammatory mediators,
spinal cord opioid, and antagonistic system balance, central
sensitization, central disinhibition, and spinal cord glial cell
activation. As a multifunctional molecule, S1I00A4 may exert
effects on neuropathic pain on these aspects.

S100A4 is a member of damage associated molecular
patterns (DAMPs). During normal physiological processes
in vivo, DAMPs-mediating inflammation enables the host
to remove associated cell fragments and then eliminate
inflammation and repair tissue if necessary. However,
exaggerated DAMPs signal transduction is the basis of
“aseptic inflammation”, which is an inflammatory
response driven in the absence of obvious infection.’’
S100A4 is an effective promoter of the inflammatory
process and is involved in various links of inflammatory
response through multiple pathways. Many receptors of
S100A4 are related to inflammation-related signal trans-
duction, such as RAGE receptor, TLR4, and IL-10R.'0
S100A4 is a regulator of physiological macrophage move-
ment, which mediates macrophage recruitment and che-
motaxis in vivo through the secretion of various
inflammatory factors. This is very important for the
recruitment of neutrophils and macrophages to the inflam-
matory site of the body. Loss of S100A4 can lead to
impaired recruitment of macrophages.>® In cardiomyo-
cytes, SI00A4 increases the synthesis of proinflammatory
cytokines in monocytes by autocrine and/or paracrine, and
significantly increases the expression and release of IL-1,
IL-6, and TNF-a in monocytes.”® The release of a large
number of inflammatory cytokines can significantly aggra-
vate the degree of pain. S100A4 can activate NF-kB,
a main pro-inflammatory transcription factor, by interact-
ing with RAGE and inducing the phosphorylation of Pyk-2
and MAPKs.*>* S100A4 can also activate acute phase

reactive protein serum amyloid protein A (SAA) through

the signal transduction of the TLR4/NF-kB pathway,
thereby stimulating the transcription of a variety of cyto-
kines and forming a chronic inflammatory environment.*
Therefore, S1I00A4 may be involved in the process of
neuropathic pain by regulating nerve-related inflammatory
responses. In this study, the changes of related inflamma-
tory factors before and after intervention were not ana-
lyzed, and whether S100A4 affects the process of
neuropathic pain by regulating inflammatory molecules
remains to be confirmed by further experiments.

Central sensitization refers to the abnormal increase in
excitability of the spinal cord and brain under the long-
term stimulation of inflammatory response and nerve
trauma. This sensitization results from the release of exci-
tatory neurotransmitters which activate NMDA and non-
NMDA receptors.*® It is reported that the RAGE/ STAT3
signal transduction pathway in the dorsal horn was acti-
vated, and the spinal cord central sensitization and persis-
tent pain caused by bortezomib treatment aggravated, by
the accumulation of methyl Glyoxal.”” RAGE pathway is
one of the targets of S100A4. In addition, S100A4 can also
increase the phosphorylation of extracellular ERK and
MAPKSs, and activate NF-kB through RAGE-dependent
regulation which is related to cell migration and chemo-
taxis. Phosphorylated ERK has nociceptive specificity and
can be used as a marker of central sensitization. S100A4
also acts on immune cells to release IL-13%° and regulates
synaptic transmission balance in the spinal cord by enhan-
cing excitatory and weakening

inhibitory synaptic

transmission.’® Therefore, S100A4 may play a pain-
promoting role in central sensitization and central disin-
hibition. The detection of NMDA receptor activity is not
involved in this study, which awaits further research.

The activation of glial cells and the interaction among
different kinds of glia are also key mechanisms of neuro-
pathic pain. RAGE, widely distributed in astrocytes and
microglia, provides a possible bridge for S100A4 to inter-
fere with the pain process from extracellular effects to glial
cells. Activated microglia in the dorsal horn of the spinal
cord are necessary for the synaptic changes in this region
and the pain hypersensitivity after nerve injury. Glial cell
mediators have been shown to effectively regulate the exci-
tatory and inhibitory transmission, both pre-synaptic, post-
synaptic, and extra-synaptic. Therefore, pain may be the
result of “gliosis”, that is, glial dysfunction in the central
and peripheral nervous systems.”” Evidence showed that
activated astrocytes can release pro-inflammatory cytokines
(such as IL-1f) and chemokines (such as monocyte
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chemoattractant protein-1 [MCP-1]/CCL2) into the spinal
cord to enhance and prolong the persistent pain state.*®
Nerve injury and inflammation activate c-Jun N-terminal
kinase (JNK) in the astrocytes of spinal cord and increase
the expression and release of MCP-1 which can increase
pain sensitivity by directly activating NMDA receptors in
dorsal horn neurons. Previous studies have shown that
inhibition of IL-1B, JNK, MCP-1, or MMP2 signal trans-
duction through spinal cord administration could reduce
pain related to inflammation, neuralgia, or cancer.’® On
the other hand, microglial mediators (such as pro-
inflammatory and anti-inflammatory cytokines) are power-
ful neuroregulators that regulate synaptic transmission and
pain through neuron-glial interactions.*” In recent decades,
many studies have shown that neuroimmune interaction is
the basis for the generation and maintenance of neuropathic
pain. The disorder or loss of homeostasis in the central
nervous system stimulates a rapid response of microglia,
the latter then undergoes a multi-stage activation process.
Activated microglia in the spinal dorsal horn are necessary
for the synaptic changes in this region and the pain hyper-
sensitivity after nerve injury.*' Activated microglia release
a large number of inflammatory factors which may act in
ways either harmful or beneficial to the surrounding cells
and can indirectly alter nociceptive signals. Drug inhibition
of microglia proliferation induced by a pain model can
weaken neuropathic pain hypersensitivity.*> The most
important signal cascades in microglia (MAPK, NF-kB,
JAK/STAT, PI3K/Akt) are essential for the occurrence and
maintenance of neuropathic pain.*' The NF-xB transcrip-
tion pathway is the major intracellular signal transduction
pathway activated by RAGE receptor of astrocytes, which
induces the expression and release of proinflammatory cyto-
kines. S100A4 may release pro-inflammatory cytokines
from activated microglia and astrocytes through the RAGE-
NF-«xB pathway and participate in the occurrence and devel-
opment of pain. In this study, the activation degree of glial
cells before and after neutralization antibody intervention
was not compared, which remains to be confirmed by
further experiments.

To sum up, RAGE, which can bind to S100A4 in CO-IP
test, can activate NF-xB through the ERK-MARK pathway.
This pathway can release a large number of inflammatory
factors, or cause central sensitization in the dorsal horn of the
spinal cord. At the same time, this pathway can activate
a strong signal cascade in glial cells (MAPK, NF-«kB, JAK/
STAT, PI3K/Akt). These are all possible ways in which the
S100A4/RAGE pathway affects neuropathic pain.

Conclusion

The content of S100A4 in the DRG and spinal dorsal horn
increased in SNL rats. Intrathecal injection of S100A4 neu-
tralizing antibody could effectively relieve the mechanical
pain in SNL rats. S100A4 may be involved in the production
of neuropathic pain through RAGE or other ways, and the
specific mechanism needs to be further studied.
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