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Abstract
In�ammasome activation and the corresponding release of pro-in�ammatory cytokines are responsible
for sensory/motor de�cits following spinal cord injury (SCI). Schwann cells (SCs) and Wharton’s jelly
mesenchymal stem cells (WJ-MSCs) represent immunomodulatory activities. Here, we aimed at
comparing the e�cacy of the two cell sources on absent in melanoma 2 (AIM2) in�ammasome complex
in SCI rats. Basso, Beattie, Bresnahan (BBB) test, Nissl and Luxol fast blue (LFB) staining were performed
to assess locomotor function, neuronal survival and myelination, respectively. Gene and protein
expressions of in�ammasome components including AIM2, ASC, caspase-1, interleukin-1β (IL-1β) and IL-
18 were analyzed by real-time polymerase chain reaction (RT-PCR), western blotting and enzyme-linked
immunosorbent assay (ELISA). Expressions of the whole evaluated factors were declined in both gene
and protein levels after SC or WJ-MSC treatment, which were more conspicuous for the SCs group (P <
0.05). Similarly, SCs increased the rates of neuronal survival and myelination. Furthermore, cell
administration caused improvement in motor recovery in both treatment groups (P < 0.05). Although the
outcomes were not signi�cant, these effects were more notable in the SC-treated animals. From the
�ndings it could be concluded that SC therapy is more e�cient for targeting AIM2 in�ammasome
activation and related in�ammatory circuit in SCI experiments than that for WJ-MSCs. 

Introduction
Spinal cord injury (SCI) is a hazardous damage that occurs mostly due to traumatic accidents in
countries all over the world [1, 2]. The incidence rate of SCI is raising annually with the prevalence of
20.7–83 per million in the USA and 8.0–130.6 per million in Europe [3]. Following the injury, two phases
of critical events are developed, which further result in motor and neurological impairments [4, 5]. These
events are categorized into primary and secondary damages [6]. Primary insult is characterized by
neuronal loss in the spinal cord parenchyma due to hemorrhagic necrosis. Secondary damage also
occurs in most cases. This concept was �rst described by Allen in 1911 [7] and ranges from vascular
damages, edema, neurotransmitter reposition (excitotoxicity), free radical genesis, myelin loss and
neuroin�ammation to late cell death in neurons and other cells within the affected site, which spread to
nearby areas over time [8–10].

Neuroin�ammation plays a main role in the central nervous system (CNS) injuries [11]. After a damage to
the CNS, a series of multiprotein complexes called in�ammasomes are activated [1, 5, 12]. These
complexes are the key players of innate immune system [13]. Each in�ammasome consists of a cytosolic
sensor, an adaptor (apoptosis-associated speck-like protein [ASC]), and a zymogen caspase. Pattern
recognition receptors (PRRs) are the sensors that recognize pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) [14]. PRRs are divided into four sub-
families: Toll-like receptors (TLRs), membrane-bound, retinoic acid–inducible gene (RIG)-I-like receptors
(RLRs), C-type lectins (CTLs) and the nucleotide-binding domain leucine-rich repeats (NLRs). It has been
shown that several NLRs, as well as a non-NLR PRR, named absent in melanoma 2 (AIM2) form
in�ammasomes [15, 16]. AIM2 is a member of the hemopoietic interferon-inducible nuclear 200 (HIN200)
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family of proteins [13]. AIM2 in�ammasome consists of three components: AIM2, ASC and caspase-1.
After activation of AIM2 by pathogenic and host ectopic double-stranded DNA, procaspase-1 cleavage,
interleukin-18 (IL-18) and interleukin-1β (IL-1β) maturation, and programmed cell death (pyroptosis) occur,
which �nally result in exacerbation of immune responses and the subsequent neuronal death [5, 17].

Many studies are performed so far to gain an understanding of mechanisms involved in the SCI
pathogenesis, and the e�cacy of various therapeutics are exploited for attenuating lesion-related issues
[1, 2, 18, 19]. However, there are still shortcomings in this context. One of these treatments is the use of
stem- or non-stem cells [20]. Schwann cells (SCs) are the main glial cells that produce myelin sheaths in
the peripheral nervous system (PNS) [21]. Myelin producing SCs are involved in the CNS repair in a variety
of ways, such as production of growth factors and extracellular matrix (ECM) molecules [22], activation
of macrophages for the uptake of myelin debris [23], and inhibiting or delaying glial scar formation [24].
We currently found the immunomodulatory effects of these cells on suppression of NLRP1 and NLRP3
in�ammasome complexes, promotion of axonal regeneration and improvement of motor function in SCI
rats [1]. Mesenchymal stem cells (MSCs) are another cellular sources for therapy [25]. Similar to SCs,
MSCs have high immunosuppressive potential in in�ammatory diseases of the CNS [26–28]. MSCs
regulate in�ammatory events through releasing factors related to the immune modulation [29]. In another
study, we attested the e�cacy of intrathecal transplantation of Wharton’s jelly MSCs (WJ-MSCs) for
suppression of NLRP1 in�ammasome in an animal model of SCI [4]. These �ndings demonstrate that
in�ammasome complexes can be targeted by cell therapy. To the best of our knowledge, there is no report
on the role of SCs and WJ-MSCs in regulation of the AIM2 in�ammasome complex, so we designed this
study to compare the e�cacy of these two types of cells in the rat model of SCI.

Materials And Methods

Animals and surgical procedure
A total of 40 male Wistar rats (weighing 250-300 g) were obtained from Pasteur Institute, Tehran, Iran. All
animals were kept in a standard condition (12/12 light/dark cycle), having easy access to water and food
ad libitum. Experimental procedures were approved by the Ethical Committee of Semnan University of
Medical Sciences (Approval ID: IR.SEMUMS.REC.1400.253). Rats were randomly classi�ed into four
groups (n = 10 in all experimental groups): sham (laminectomy), SCI, SCI + SCs and SCI + WJ-MSCs.
Removal of the T10 lamina was carried out only for sham group. Rats in the SCI + SCs and SCI + MSCs
groups received SCs and WJ-MSCs, respectively. Compressive SCI model was introduced as the method
of spinal contusion [30]. Brie�y, rats were deeply anesthetized by intraperitoneal (IP) ketamine (80 mg/kg)
and xylazine (10 mg/kg) (Sigma, MO). The surgical area was shaved, muscles were dissected, and dorsal
laminectomy of the T10 vertebra was applied while maintaining the dura matter. Then, the cord was
exposed, and compressed by placing a 50 g weight bar with a 2.2 × 5.0 mm (11.0 mm2) contact area for
5 minutes. Manual emptying of the bladder (twice a day until recovery) and intramuscular administration
of 6 mg/kg gentamycin (Caspiantamin, Iran) were performed to avoid urine infection post-SCI.
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Isolation and culture of Schwann cells
SCs were harvested from sciatic nerves Wistar rats (2-3 day-old), as our previously published work [1].
Brie�y, sciatic nerves were dissected bilaterally and 1 mm nerve pieces were provided. Then, the nerve
pieces were digested in an enzymatic solution containing 0.03% collagenase-1 (Sigma, Germany) and
0.25% trypsin-EDTA (Sigma, Germany) in a cell culture incubator (37°C and 5% CO2). After centrifuging of
the samples (at 2000 rpm for 3 min), they were transferred into poly-L-lysine-coated culture �asks
containing feeding medium of Dulbecco’s Modi�ed Eagle’s Medium/ F12 (DMEM/F12) (Gibco, USA)
supplemented with 10 mL fetal calf serum (FCS) (Gibco, USA), 100 U/ml penicillin (Gibco, USA), 100
µg/ml streptomycin (Gibco, USA), 1% (v/v) N2 supplement (Thermo Fisher Scienti�c, USA) and 10 ng/ml
�broblast growth factor (FGF)-2 (Sigma, Germany) and placed in an incubator. Culture �asks with cellular
con�uence of 80-85% were passaged. We used SCs at the third passage for �ow cytometry analysis or
transplantation.

Isolation and culture of Wharton’s jelly mesenchymal stem
cells
WJ-MSCs were isolated according to the protocol in the study by Sabbaghziarani et al [27]. WJ-MSCs
were obtained from newborn Wharton's jelly of the umbilical cords (Shariati hospital, Tehran, Iran) under
their parents’ permission. In brief, WJ-MSCs were cultured in 25-cm2 culture �asks containing DMEM/F12
supplemented with 10% FCS, 100 U/ml penicillin and 100 µg/ml streptomycin, and placed in an incubator
(95% humidity and 5% CO2). After reaching 90% con�uence, the cells were dissociated with 0.25%
trypsin-EDTA and used for further experiments.

Immunocytochemistry of Schwann cells
Identi�cation of SCs was evaluated by immunocytochemistry (ICC). First, cellular �xation in 4%
paraformaldehyde (pH 7.4, 15 min) was applied. After rinsing with 0.1 M PBS, they were permeabilized by
Triton X-100 (0.3%), normal goat serum (1%) and PBS (0.1 M) for 30 min. Then, SCs were overnight
incubated with anti-S100 primary mouse antibody (Abcam, Germany) at 4°C. Following washing with
PBS, further incubation (3 h) of the cells was done with AlexaFluor 488-conjugated secondary goat anti-
mouse antibody (Abcam, Germany) at room temperature. Additionally, 10 µg/ml propidium iodide (PI,
Sigma, Germany) was used to counterstain the nuclei [31, 32]. Finally, SCs were investigated under a
�uorescent microscope (Olympus AX 70, Japan).

Flow cytometry analysis
Surface markers were assessed by �ow cytometry for evaluation of the identity and purity of SCs and
WJ-MSCs. For this purpose, SCs were exposed for 30 min (at 4°C) to 1 µl of �uorochrome-conjugated
monoclonal antibodies against S100 and P75 NLGFr (positive), and CD45 and Thy-1 (negative) surface
cell markers (all from Invitrogen, USA). WJ-MSCs were incubated with monoclonal antibodies containing
�uorochrome-conjugated rat antibodies against CD34, CD45, CD73 and CD90 (all from Sigma, MO, USA).
CD73 and CD90 antibodies were used as positive markers for WJ-MSCs, and CD34 and CD45 antibodies
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were used for �broblast depletion assay. Finally, the cells were assessed by a FACS Calibur �ow
cytometry (BD Biosciences, USA).

CM-Dil labeling and cell transplantation
1, 1′- dioctadecyl-3, 3, 3′, 3′tetramethylindocarbocyanin perchlorate (C7000, Molecular Probes™, USA) was
used as a �uorescent cell tracker to assess homing of SCs and WJ-MSCs before transplantation. After
detachment by 0.25% Trypsin-EDTA, cell samples were rinsed in PBS and centrifuged (for 10 min at 1500
rpm). SCs or WJ-MSCs (106 cells) were exposed to CM-Dil/mL medium (4 µM). Then, the cells were
placed in an incubator (5% CO2 and 95% O2) at 37°C for 30 min. Excess dye was removed by twice
washing in PBS and further centrifugation steps [33, 34]. To ensure proper labeling of the cells before
injection, they were observed under a �uorescence microscope and kept on ice.

Cell transplantation was carried on day 7 post-SCI. The detailed description of procedure is in our
previously published work [1]. First, SCs and WJ-MSCs were detached by 0.25% Trypsin-EDTA and
centrifuged for 6 min at 4000 rpm. Then, animals were anesthetized using ketamine/xylazine and placed
on a board. The back of the rats was kept in a �exion position with hind limbs left to hang off. After skin
incision over L3-L5 vertebrae, fascia and paravertebral muscles were excised and retracted. In the next
step, 3 × 105 CM-Dil-labeled SCs or WJ-MSCs were injected using a 10 µL Hamilton syringe (26s G needle,
Hamilton, USA). Cellular homing toward lesion area was assessed by a �uorescent microscope (Olympus,
Japan) at 1 week after cell delivery. Figure 1 shows the timeline of the study procedure.

For further quantitative analysis of DiI+ SCs or WJ-MSCs+ after transplantation, ten sections for each
animal were counted with 50 µm intervals. From each group, four rats were assigned. In the next step, cell
nuclei were stained with the Hoechst dye and photographed to detect DiI-labeled transplanted cells.
Finally, DiI+ cells associated with Hoechst-stained nuclei were counted manually.

Behavioral test
Basso, Beattie and Bresnahan (BBB) test was applied for evaluation of the locomotor activity in hind
limbs [35]. Rats were placed in an open-�eld area and observed by two blinded examiners for 5 min.
Animals were scored from 0 (complete paralysis) to 21 (normal gait). The test was performed on days 1,
3 and 7 post-SCI then once a week until the end of the experiment (week 3).

Histological staining
Rats were anesthetized and underwent transcardial perfusion with 4% paraformaldehyde in PBS (0.1 M,
pH 7.4) at day 21 post-injury. Spinal cord specimens were para�n (Merk, Germany) embedded and serial
sections of the lesion epicenter (i.e., T10) were obtained (5 µm slices with 50 µm interval). In order to
assay gene and protein expressions, animals were sacri�ced and 0.5 cm specimens of the injury site were
snap-frozen rapidly in liquid nitrogen and stored at −80°C. Hematoxylin and eosin (H&E) staining was
carried out at day three post-injury to ascertain the correct SCI model.
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Nissl and Luxol Fast Blue (LFB) staining were performed at 21 d post-SCI. Nissl staining was for
assessment of neuronal cell density and death. For this purpose, slices were depara�nized, stained with
cresyl violet, and photographs were obtained using a digital camera (Labomed, USA). Finally, an imaging
software (Soft Imaging System, Berlin, Germany) was used for counting intact neurons in the ventral horn
of spinal cord. LFB staining was performed to observe myelinated areas. After overnight incubation with
LFB solution at 60 ºC, slices were rinsed in dH2O and exposed to the carbonate lithium for 10 sec. Finally,
samples were incubated in cresyl violet for 5 min and detected using a light microscope (Olympus, Tokyo,
Japan). ImageJ Software (Soft Imaging System, Berlin, Germany) was used for measurement of
diffusion of myelin outside of the site of injury.

Quantitative real-time polymerase chain reaction
Expressions of AIM2, ASC, active caspase-1, IL-18 and IL-1β genes were assessed by real-time
polymerase chain reaction (RT-PCR) (n = 4 per group, 3-replica). Total RNA was extracted from tissue
samples (10 mm long) including lesion site based on the manufacturer’s protocols. Then, the purity of the
extracted RNA was measured using a NanoDrop 1000 instrument (PeqLap, Germany). In the next step,
complementary DNA (cDNA) was synthesized from the total RNA of each specimen (1 µg) by RevertAid
First Strand cDNA Synthesis Kit (Thermo Scienti�c, USA). Relative quanti�cation and normalization of
values was calculated by a ΔΔCt method. Finally, gene expression rates were normalized to the rates of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as housekeeping and compared to the sham
group. List of primers of RT-PCR are presented in the Table 1.
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Table 1
List of primers

Primer Sequence

AIM2  

F GATGAGTTGGGCATGGGATGGT

R TGCACTTAAAGGGTGGGGGTGG

ASC  

F GGAGGGGTATGGCTTGGA

R TGTTCTGTTCTGGCTGTGC

Casp-1  

F CGTCTTGCCCTCATTATC

R ATTCTTTTGTCATCTCCAG

IL-1b  

F TCACTCATTGTGGCTGTGG

R GGACGGGCTCTTCTTCAA

IL-18  

F ATGTCTACCCTCTCCTGT

R TTCCATTTTGTTGTGTCCTG

GAPDH  

F AAGTTCAACGGCACAGTCAAGG

R CATACTCAGCACCAGCATCACC

F, forward; R, reverse; AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein
containing a caspase activation; Casp-1, caspase-1; TNF-α, tumor necrosis factor; IL-1β, interleukin-1
beta; IL-18, interleukin-18; and GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

 

Western blotting
Protein expressions of AIM2, ASC, active caspase-1, IL-18 and IL-1β were evaluated by western blot
technique. Lysis buffer was added to the specimens in order to extract total proteins. Lysis buffer
includes 1% (v/v) Nonidet P-40 (Sigma, Igepal, CA), 50 mM Tris–HCl, pH 8.0, 0.1% sodium dodecyl sulfate
(SDS), protease inhibitor cocktail and sodium deoxycholate (Roche, Mannheim, Germany). Total Protein
Kit, Micro (Sigma, USA) was used for assessment of the protein concentrations. These proteins were
carried to the polyvinylidene di�uoride (PVDF) membranes (Sigma, USA) for electrophoresis and then
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incubated in a blocking buffer including 1 ml glycerol, 40 mL Tris-buffered saline (TBS) 1X, 20 µL Tween
20 (T) and 1 g skimmed milk for blocking unspeci�c proteins. Then, the membrane was exposed
overnight to the primary antibodies at 4°C followed by 90 min exposure to the goat anti-rabbit secondary
antibody conjugated with horseradish peroxidase (Abcam, Germany) at 37°C. The chemiluminescence
method (Pierce Scienti�c, Waltham, MA, USA) was applied to detect target bands. Densitometric
quanti�cations were carried out by ImageJ Software and normalized to the GAPDH. Table 2 shows the
list of antibodies and molecular weight of proteins used in western blot.

Table 2
List of antibodies used in western blot

Antibody Company Cat. Number molecular weight

(kDA)

AIM2 Proteintech Group, USA 20590-1-AP 40

ASC Proteintech Group, USA 10500-1-AP 23

active-caspase-1 Santa Cruz, USA SC-56036 45

GAPDH Sigma Aldrich G8795 37

IL-1β Proteintech Group, USA 16806-1-AP 30

IL-18 Proteintech Group, USA 10663-1-AP 22

 

Enzyme-linked immunosorbent assay
Serum levels of IL-18 and IL-1β cytokines were measured by enzyme-linked immunosorbent assay
(ELISA). Blood samples (2 mL) were obtained and centrifuged (for 20 min at 2000 rpm at 4°C) before
animal scari�cation. Next, the collected sera were analyzed using an ELISA kit (ZellBio, GmbH, Germany)
for cytokine detection (cat. no. for IL-18, ZB-10073S-R9648; and for IL-1β, ZB-10055S-R9648).

Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test using
SPSS 24 Software. Data are presented as mean ± standard deviation (SD), and the signi�cance level was
considered as P < 0.05.

Results

Morphology and identity of Schwann cells and Wharton’s
jelly mesenchymal stem cells
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After three weeks of isolation, cultured SCs showed a typical morphology of a bipolar or tripolar cell
shape (Figure 2a). The identity of SCs was con�rmed by tracing S100 via ICC staining (Figure 2b). The
purity of SCs was 96% ± 0.3. Along with ICC, �ow cytometry was used for cell identity. Results showed
that the isolated cells were positive for S100 (95.52%) and P75 NLGFr (94.04%), but negative for CD45
(3.85%) and Thy-1 (4.06%) (both �broblast markers) (Figure 2c). WJ-MSCs were investigated at week
three after culturing, and the adherent cells exhibited �broblast-like morphology (spindle shape) (Figure
2d). In addition, �ow cytometry analysis showed high expressions of CD73 (95.70%) and CD90 (96.77%),
but low expressions of CD34 (6.84%) and CD45 (5.09%), which are indicative of the MSC identity of the
cells (Figure 2e).

Con�rmation of spinal cord injury model and tracing the
homing of transplanted cells
H&E staining was carried out at day three post-SCI to con�rm the correct SCI induction. Cavity formation
as cystic areas and bleeding in the lesion area were developed after SCI induction (Figure 3a).
Administrated SCs and WJ-MSCs were detected as bright red cells under the �uorescent microscope,
which con�rmed the survival and correct homing of the cells into damaged areas. Quanti�cation of the
data showed that the number of DiI-labeled cells were more pronounced in the SCs group compared to
the WJ-MSCs group, and that SCs were more attracted toward the site of injury (vs. WJ-MSCs, P < 0.01).
This is indicative of the more homing and survival potential of SCs (Figure 3b).

Assessment of locomotor function, neuronal survival and
myelination
BBB locomotion test was used for assessment of motor function and recovery. The highest BBB score
(i.e., 21) was found in the sham group, while the lowest score was observed in the SCI group, which
con�rms the correct SCI model in animals. Cell therapy led to a signi�cant improvement in locomotor
activity for both SCs and WJ-MSCs groups with the respective mean scores of 14.91 and 13.89 at day 21,
which were signi�cant compared to that for the SCI group (P < 0.05). However, no signi�cant difference
was observed between SCs and WJ-MSCs groups (Figure 4a).

Cellular density within spinal cord tissue samples was investigated at day 21 post-SCI using Nissl
staining. Intact neurons in the spinal ventral horn of the SCI group were observable in the lowest number
(vs. animals in sham group), whereas a reversed �nding was found after cell injection. Quanti�cation of
data showed that the number of Nissl-positive stained cells for SCs and WJ-MSCs groups were 31.38 ±
4.79 (P < 0.01) and 21.37 ± 3.16 (P < 0.05), respectively, which were signi�cant compared to the number
for the SCI group (11.67 ± 1.74). Among groups receiving cell therapy, the number was more pronounced
for the SCs group (P < 0.05) (Figure 4b).

LFB staining was carried out at day 21 post-SCI for analysis of myelination. The most damage to the
myelin sheath and the lowest number of cells in the vacuolized area was observed in the SCI group.
Myelinated growing �bers were more noticeable in the cell-treated groups. Data quanti�cation showed a
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considerable decrease in the extent of damaged area after cell therapy with 65.85 ± 4.74% for the SCs (P
< 0.01 vs. SCI group) and 55.00 ± 3.31% for the WJ-MSCs group (P < 0.05 vs. SCI group). Such alterations
were more considerable for the SCs-treated group compared to the WJ-MSCs group (P < 0.05) (Figure 4c).

Effects of Schwann cells and Wharton’s jelly mesenchymal
stem cells on AIM2 in�ammasome complex
Gene expression of in�ammasome components (AIM2, ASC, and active caspase-1) was assessed by real-
time PCR at day 21 post-SCI. A considerable increase in the mRNA expression for all in�ammasome
components was seen in the SCI group with the respective 13.42 ± 0.17 (P < 0.0001), 8.98 ± 0.003 (P <
0.001), and 11.56 ± 0.004 (P < 0.001) for the AIM2, ASC and caspase-1, as compared with the sham
group. mRNA levels of the IL-1β and IL-18 were also evaluated, and there was also a signi�cant rise in the
SCI group with the respective 7.81 ± 0.08 (P < 0.001) and 5.85 ± 0.03 (P < 0. 01), as compared to the
sham. Such effects were abrogated after cell therapy. The respective rates of the AIM2, ASC, caspase-1,
IL-1β and IL-18 for the SCs group were 5.99 ± 0.01, 3.70 ± 0.03, 5.17 ± 0.004, 4.33 ± 0.11 and 2.99 ± 0.06,
and for the WJ-MSCs group were 7.13 ± 0.11, 4.50 ± 0.03, 6.77 ± 0.001, 5.08 ± 0.02 and 4.34 ± 0.07 (for
AIM2, ASC and caspase-1 P < 0.01 vs. SCI, and for IL-1β and IL-18 P < 0.05 vs. SCI). The downregulatory
effects on AIM2 in�ammasome complex were more signi�cant for the SCs group compared with the WJ-
MSCs group (P < 0.05) (Figure 5a).

Expressions of the AIM2 in�ammasome complex and pro-in�ammatory cytokines were also evaluated at
protein level by western blotting. Similar to the corresponding genes, protein expressions of AIM2, ASC,
caspase-1, IL-1β and IL-18 showed a rise in the SCI with the respective 2.25 ± 0.03, 2.36 ± 0.05, 2.67 ±
0.003, 1.75 ± 0.01 and 1.49 ± 0.001 (P < 0.001 vs. sham), which were counteracted after cell therapy. The
respective rates for the SCs group were 1.99 ± 0.001, 1.89 ± 0.12, 2.24 ± 0.06, 1.14 ± 0.001 and 1.20 ±
0.08 (for in�ammasome components P < 0.001 vs. SCI and for pro-in�ammatory cytokines P < 0.01 vs.
SCI), and for the WJ-MSCs group were 2.12 ± 0.04, 1.98 ± 0.06, 2.05 ± 0.16, 1.45 ± 0.07 and 1.20 ± 0.06
(for both P < 0.05 vs. SCI). Again, such alterations were more pronounced in the SCs group compared to
the WJ-MSCs group (P < 0.05) (Figure 5b).

Findings of enzyme-linked immunosorbent assay
Supplementary to western blot, ELISA assay was applied for analysis of the serum levels of IL-1β and IL-
18. The trend for ELISA was similar to the results from western blot in which the whole protein rates were
increased in the SCI group, while the alterations were signi�cantly abrogated after cell therapy. The rates
for IL-1β and IL-18 in the SCs group were 60.107 ± 0.395 ng/ml (P < 0.05 vs. SCI) and 41.235 ± 0.591
ng/ml (P < 0.01 vs. SCI), and in the WJ-MSCs group were 70.224 ± 0.679 ng/ml and 56.775 ± 0.112
ng/ml (for both P < 0.05 vs. SCI). This rise was more noticeable in the SCs group compared to the WJ-
MSCs group (for both cytokines P < 0.05) (Figure 6).

Discussion
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Results of the present study showed the bene�cial effects of cell therapy against the destructive changes
in animal model of SCI. Here, the e�cacy of SCs and WJ-MSCs on myelination, motor activity and AIM2
in�ammasome complex were compared. To the best of our knowledge, this is the �rst study assessing
and comparing the effects of SCs and WJ-MSCs on the AIM2 in�ammasome complex in SCI rats.
Outcomes of this study showed superior roles for SCs compared to the WJ-MSCs for promoting recovery
from SCI, as discussed further. Three possible reasons for preferring SCs over MSCs in cell therapy are (a)
lower survival of MSCs within lesioned areas compared to the SCs, as our data showed lower number of
DiI+ MSCs in the site of injury, (b) MSCs are less likely to differentiate into neurons and glial cells, as
reported only 2% of MSCs were differentiated into astrocytes [36], and (c) different cellular sources in
which SCs are a part of PNS, so they have more in common with nervous system than that for WJ-MSCs.

BBB locomotion rating scale is extensively used for measurement of motor recovery in rodents post-SCI
[1]. So, we examined locomotor function of the rat hind limbs at day 21 post-SCI, and results indicated
that SCI animals experienced higher motor problems. This was ameliorated after administration of either
SCs or MSCs, but no remarkable differences were observed between the two treatment groups. This
outcome is inconsistent with the fact that the relation between behavioral improvement in the hind limbs
and white matter retention is complicated. Instead, it is attributed to the involvement of upper and lower
neuronal networks, such as segmental, intersegmental and supraspinal circuitries [37]. We also
performed H&E, Nissl and LFB staining to con�rm SCI model, and to detect neuronal survival and
myelination, respectively. H&E staining showed fewer number of cavities �lled with cell accumulations in
the SCs group compared to the WJ-MSCs group, and Nissl staining displayed higher number of Nissl-
positive cells in the SCs group. Moreover, LFB staining showed higher number of newly myelinated axons
in the treated groups with more pronounced outcomes for the SCs. There are some reports showing that
SCs have the potential to augment the number of myelinated axonal �bers, to reduce the size of cavity
cavities, and to increase the extent of spinal white matter [21, 38]. These �ndings a�rm that cell therapy
is effective for counteracting mechanical changes caused by SCI in ventral motor horn of spinal cord, and
that the effects were sharper after administration of SCs compared to the WJ-MSCs.

AIM2 in�ammasome is contributed to a number of neurological diseases including traumatic brain injury
(TBI), ischemic brain injury and especially SCI [13, 39, 40]. In the intact spinal cord, AIM2 is expressed by
neurons, astrocytes, microglia and oligodendrocytes. In�ltrations of leukocytes, activated astrocytes and
microglia/macrophages are responsible for increased expression of this in�ammasome after SCI [19]. In
the present work, we found that the expressions of AIM2 in�ammasome components and downstream
pro-in�ammatory L-1β and IL-18 were enhanced at both mRNA and protein levels after SCI induction,
which was antagonized after cell therapy with sharper decline found for SCs compared to the WJ-MSCs.
SCs and MSCs show immunomodulatory effects through their ability to secrete immunosuppressive
factors, to modulate immune cells and to suppress pro-in�ammatory cytokines, in particular [29, 41].
MSCs are able to suppress in�ammasome activation through release of anti-apoptotic factors and
regulation of the mediator of oxidative stress in the injured area [42]. SC therapy causes a reparative shift
in the polarity of immune cells including macrophages to repress in�ammation [43]. In addition, a
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positive relationship was found between SCs with regulation of cytokine expression. It was found a
suppressor role of SCs on pro-in�ammatory cytokines in SCI rats after co-administration with olfactory
ensheathing cells, which indicates that such therapy provides a modi�ed environment for tissue repair
[44]. Taken together, it could be asserted that cell therapy with exogenous SCs or WJ-MSCs is an effective
approach for recovering mechanical and chemical changes occurring within the spinal cord milieu, and
the superior roles taken by SCs are indicative of more accommodation of such cells with cells of spinal
cord and their higher potency for modulation of in�ammasomes in favor of therapy. Our suggestion for
future works is to survey the e�cacy of growth factors or hormones related to expansion of the life span
of exogenous cells within the site of SCI, as what reported for melatonin preconditioning (melatonin is a
hormone of pineal gland that shows potent anti-oxidative activity [45]) in other diseases [46, 47].

Conclusion
From the results of this study, we conclude that administration WJ-MSCs or SCs, in particular, may have
potentials for ameliorating tissue devastating effects of SCI in experimental models through suppressing
the activity of in�ammasome complexes including AIM2 and regulation of the release of pro-
in�ammatory cytokines, thereby recovering neuronal damage and motor de�cit in injured animals.
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Figures

Figure 1

Timeline of experimental procedures. On day 0, spinal cord injury (SCI) was induced, and locomotor
activity was assessed by Basso, Beattie and Bresnahan (BBB) test on days 1, 3, 7, 14, and 21 post-SCI.
After assessment of the �nal BBB, animals were sacri�ced. Histological staining, quantitative real-time
polymerase chain reaction (PCR), western blot (WB) and enzyme-linked immunosorbent assay (ELISA)
were done at this time.
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Figure 2

Morphology and identity of Schwann cells (SCs) and Wharton’s jelly mesenchymal stem cells (WJ-MSCs).
(a) Morphology of SCs. SCs showed bi- or tripolar elongated morphology. (b) Immunocytochemistry (ICC)
of SCs. ICC was done in rat SCs by assessing anti-S100 antibody (green) and nuclei stained with
propidium iodide (yellow). (c) Flow cytometry analysis for SC identity. SCs expressed high levels of P75
NLGFr and S100, but low levels of CD45 and CD90. (d) Morphology of WJ-MSCs. WJ-MSCs displayed
spindle-like shape after 3 weeks of culturing. (e) Flow cytometry analysis for WJ-MSC identity. WJ-MSCs
were positive for CD73 and CD90, but negative for CD34 and CD45.
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Figure 3

Con�rmation of spinal cord injury model (SCI) and homing of Schwann cells (SCs) and Wharton’s jelly
mesenchymal stem cells (WJ-MSCs) into the injured area. (a) Hematoxylin and eosin (H&E). H&E showed
cavities as cystic areas and bleeding in the lesion area (arrow). (b) Homing of grafted SCs and WJ-MSCs
at one week after cell delivery. Cells were labeled with DiI and observed as bright red points in the injury
site (arrows). Quanti�cation of DiI-labeled cells showed higher number of SCs-labeled cells than WJ-
MSCs-labeled cells. Data are represented as mean ± SD. **p < 0.01 vs. SCs.



Page 19/21

Figure 4

Evaluation of motor activity, and neuronal survival and myelination for investigating the effects of
Schwann cells (SCs) and Wharton’s jelly mesenchymal stem cells (WJ-MSCs) in spinal cord injury (SCI)
rat model. (a) Basso, Beattie and Bresnahan (BBB) assessment for motor activity (n = 8 per group). No
considerable difference in motor activity was found between SCs and WJ-MSCs groups. *p < 0.05 SCs
and WJ-MSCs vs. SCI. (b) Nissl staining for evaluation of neuronal survival (n = 5 per animal). Spinal
cord ventral horn cells were evaluated for survival assay. The number of Nissl-positive stained cells was
more pronounced for the SCs group, which was signi�cant after quanti�cation. #p < 0.05 vs. SCs; *p <
0.05 vs. SCI; **p < 0.01 vs. SCI; and ***p < 0.001 vs. laminectomy. (c) Luxol Fast Blue (LFB) staining for
evaluation of myelination (n = 7 per group). Reduced axonal degeneration and demyelination were
observed in the treatment groups. Quanti�cation of data showed that the extent of myelinated areas was
signi�cantly higher in SCs vs. WJ-MSCs. #p < 0.05 vs. SCs; *p < 0.05 vs. SCI; **p < 0.01 vs. SCI; and ***p <
0.001 vs. laminectomy. For all tests, data are represented as mean ± SD.
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Figure 5

Evaluation of the AIM2 in�ammasome complex at gene and protein levels for evaluation of the impact of
Schwann cells (SCs) and Wharton’s jelly mesenchymal stem cells (WJ-MSCs) in spinal cord injury (SCI)
rat model. (a) Quantitative real-time PCR (qRT-PCR) for assessment of gene expressions related to the
absent in melanoma 2 (AIM2) in�ammasome complex (n = 5). GAPDH was used as a housekeeping
gene. (b) Western blot for assessment of gene expressions related to the AIM2 in�ammasome complex (n
= 4). AIM2, ASC, and active caspase-1, interleukin (IL)-1β and IL-18 were highly expressed at gene and
protein levels in SCI, but such expression was counteracted after cell therapy with sharper decrease was
found for the SCs group. “Lam” is the abbreviation for “Laminectomy”.  Data are expressed as mean ±
SD. ^p < 0.05 vs. SCs and MSCs; *p < 0.05 vs. SCs; **p < 0.01 vs. laminectomy; ^^p < 0.01 vs. SCs and
MSCs; and ***p < 0.001 vs. laminectomy; and ****p < 0.0001 vs. laminectomy
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Figure 6

Enzyme-linked immunosorbent assay (ELISA) for evaluation of the protein expressions of interleukin
(IL)-1β and IL-18 in the spinal cord injury (SCI) rats for investigating the impact of Schwann cells (SCs)
and Wharton’s jelly mesenchymal stem cells (WJ-MSCs). #p < 0.05 vs. SCs; *p < 0.01 vs. SCI; **p < 0.01 vs.
SCI; and ***p < 0.001 vs. SCI.


