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Abstract

Background
Spinal cord injury (SCI) due to lack of restoration of damaged axons is associated with sensorimotor
impairment. This study was focused on using the human Placental mesenchymal stem cells- exosome
(hPMSCs- exosomes) in an animal model of severe SCI under a new myelogram protocol to con�rm
lumbar puncture (LP) injection accuracy and evaluate intrathecal space.

Methods
Mesenchymal stem cells (MSC) were extracted from human placenta tissue and were characterized.
HPMSCs- exosomes were isolated by ultracentrifuge. After creating the severe SCI model, LP injection of
exosomes was performed in the acute phase. Myelogram was also employed. The improved functional
recovery of the animals in the treatment and control groups was followed by recording movement scores
for 6 weeks. Hematoxylin-Eosin (H&E) staining was used to evaluate to detect pathological changes and
glial scar size. The Immunohistochemistry (IHC) of GFAP and NF200 factors as well as the apoptosis
tunnel test was investigated in the tissue samples from the injury site

Results
The results demonstrated that the use of the myelogram can be a feasible, appropriate and cost-effective
method to con�rm the accuracy of therapeutic agents LP injection and examine the subarachnoid space
in the model of laboratory animals. Furthermore, intrathecal injection of hPMSCs-exosomes in the acute
phase of SCI can improve motor function by attenuating apoptosis of neurons at the site of injury,
decreased GFAP expression and increased NF200 in the treatment group, reducing glial scarring, and
increasing axonal regeneration. Improving functional recovery by not creating bedsores in the treatment
group and preventing hematuria were other effects of the exosome

Conclusions
In conclusion, the effects of hPMSCs-exosome can be considered to be not only in restoring function but
also in preventing complications and managing symptoms. Thus, the neuroregenerative and anti-
apoptotic potential of hPMSCs-exosome can be considered a therapeutic approach in SCI reconstructive
medicine.

Background
Spinal cord injury (SCI) is a complex and devastating clinical condition that results from a fracture or
dislocation of the vertebral column and causes compression or transection of the spinal cord(1). In the
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acute phase which begins immediately after SCI, damage to spinal cord tissue leads to edema, necrotic
cell death, and the penetration of immune cells and in�ammatory agents into the injury site due to
disruption of the spinal cord blood barrier. The sub-acute phase of injury begins with apoptosis,
demyelination of surviving axons, and a glial scar around the injury site(2, 3). As the injury progresses in
the chronic phase, the death of neurons and glial cells causes cystic cavities surrounded by glial scars
which are the deposition of astrocytes and molecules that prevent nerve cells from regenerating. The
formation of cystic cavities and the maturation of the glial scar cause irreversible nerve damage(4, 5).
Thus, the use of therapeutic agents in the acute phase is very important to prevent the onset of chronic
phase events and to prevent apoptosis and the formation of cystic cavities in patients with spinal cord
injury. So far, there is no clinical treatment for these patients and it requires new treatment strategies in
the �eld of reconstructive medicine(6). There are many reports about the potential of mesenchymal stem
cells (MSCs) to repair damaged spinal cord tissue(7). Recent studies have attributed MSC's ability to
repair damaged spinal cord primarily to the secretion of paracrine exosomes from these cells, not their
multi-potential differentiation(8). Exosomes are 40-160-nanometer endosomal vesicles containing lipids,
proteins, and nucleic acids that are secreted from cells into the extracellular space and are involved in
cell-cell communication, cell differentiation, tissue homeostasis and regeneration of damaged tissues
including the central nervous system(9, 10). Several animal studies have been performed using
exosomes derived from various cellular sources in the neuroprotection and regeneration of spinal cord
injury(11). The choice of exosome cell source has particular importance for various therapeutic
purposes(12, 13). Human placental tissue is a good and accessible source of MSCs that low
immunogenicity and multipotent differentiation of these cells make it a suitable choice for the exosome
source in this study(14, 15). There are challenges in delivering the effective therapeutic dose of exosomes
to the target site. Intravenous, intraperitoneal, or subcutaneous injections have been shown to reduce the
half-life of exosomes by clearing the blood circulation and accumulating in the liver, spleen, lungs, and
gastrointestinal tract(16). Injection of the exosome directly into the site of the spinal cord injury may
cause additional trauma to the tissue, increase the extent of the lesion and prevent clinical
translation(17). The Lumbar Puncture (LP) injection method, which is also used in humans, is a potential
method for injecting therapeutic agents in spinal cord injuries that has been used little in experimental
research(18). Injection of the exosome into the subarachnoid space not only eliminates the mentioned
systemic injection problems, but also reduces the Injectable exosome dose and the time of transfer of the
exosomes to the spinal cord injury site(19, 20). The myelogram is the injection of a contrast solution into
the subarachnoid space and its movement along the spinal column is recorded by CT scan(21). In this
study, intrathecal injection of exosome into the CSF and myelography to con�rm the accuracy of the
injection and the movement of the contrast agent towards the spinal cord injury site were used. In
general, the aim of the current study was to investigate the effects of human placental mesenchymal
stem cells derived exosome (hPMSCs-exosomes) on neuronal regeneration and improvement of motor
function in the laboratory rat model of acute spinal cord injury.

Methods
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Isolation, culture, and characterization of hPMSCs

The human placenta was transferred to a clean laboratory under completely sterile conditions and
underwent the stem cell extraction process(22). Pieces of placental tissue were placed in dishes
containing PBS and 1% penicillin/streptomycin. Vessels and blood clots were removed from the tissue
and washed repeatedly with PBS, then mechanically divided into small pieces. Next, 3 mL of fragmented
tissue was placed in a 15 mL centrifuge tube to which 1mL collagenase IV was added and incubated at
37 °C, with agitation for 90 min, until the tissue was digested to a sticky state. The samples were shaken
for 10 min and centrifuged for 5 min at 1250 rpm, the supernatant was removed, and the samples were
transferred to the T75 �ask containing DMEM/F12 (Dulbecco’s Modi�ed Eagle's Medium F12), 10% fetal
bovine serum, and 1% penicillin-streptomycin under standard culture conditions and placed in a 5% CO2
incubator for 3–5 days. The cells were attached and every day thereafter, the cells were observed and
passaged according to their growth. In the third passage of hPMSCs, �ow cytometry was employed to
characterize the surface markers including, CD34, CD29, CD44, CD45, and CD90. The multipotency of
hPMSCs was evaluated by osteogenic and adipogenic media.

Isolation and characterization of hPMSCs-Exosome

In order to extract the exosomes(23), the third passage of hPMSCs with approximately 80% con�uence
was washed with PBS and incubated in a serum-free culture medium for 72 hours. The conditioned
medium was collected from all �asks and centrifuged at 300×g, 10 min at 4 °C to remove cell, followed
by centrifugation at 2000×g for 10 min at 4 °C in order to remove dead cells and 10000×g for 30 min cell
debris. The supernatant was passed through a 0.22-μm �lter and ultracentrifuge at 100,000 × g for 90 min
at 4 °C was also implied. The supernatant was discarded, loaded upon 5 ml PBS and then
ultracentrifuged at 100,000 × g for 90 min at 4 °C. Finally, the puri�ed exosomes were collected in 500 μl
isotonic serum and stored at -80 °C for further studies. To quantitate the exosomes, total protein
concentration was measured using a Micro BCA Protein Assay kit. Dynamic light scattering (DLS)
measurements were also performed with a Zetasizer 3000-HA (Malvern Instruments, UK) to measure the
size distribution. The shape and morphology of exosomes were evaluated by the TEM. Exosome surface
markers, including CD81 and CD9, were detected by Western blot analysis.

Transmission Electron Microscopy

Morphology and size of exosomes were determined using Transmission Electron Microscopy (TEM)(24).
Brie�y, 20 μL of isolated exosomes were placed on 300 mesh carbon-coated TEM grids for 2 min,
negatively stained with 2% aqueous uranyl acetate for 1 min. The grid was allowed to air dry and was
examined on a Zeiss EM10C TEM operating at an accelerating voltage of 100 kV.

Western blot

The typical exosome markers CD81 and CD9 were assessed by Western bloting. Exosomes were lysed
with RIPA buffer and Protease inhibitor. The total protein concentration was determined using the BCA
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assay kit. After SDS-PAGE electrophoresis, proteins were transferred to 0.45 μm PVDF membranes for 2 h
at room temperature. The PVDF membranes were then washed by TBST and incubated overnight with the
primary antibodies at 4 °C. Primary antibodies included CD81 (GTX101766), CD9 (GTX76184).  After
being washed with TBST for three times, the PVDF membranes were incubated for 2 h with the secondary
antibody at room temperature. Blots were detected using enhanced Electro chemiluminescence (ECL).

Animals and experimental groups

Total 12 experimental rats were randomly divided into two groups: (1) control group (the rats received SCI
and were treated with normal saline, n=6), and (2) experimental group (the SCI rats that treated with
30µg/300µl exosomes, n=6).

Balloon Compression Spinal Cord Injury

Adult speci�c pathogen-free grade Wistar female rats (n = 12, aged 8 weeks and weight 270-300 g) were
used as an experimental model obtained from the Pasteur Institute of Iran. Female rats were anesthetized
by medetomidine (5mg/kg)/ketamine (0.05mg/kg). The dorsal fascia was cut bilaterally. Following the
dissection of the paraspinal muscles, a laminotomy from T13 was performed using a micromotor high-
speed drill (up to 30,000 rpm). Fogarty catheter 2F was used to cause severe damage to the spinal cord,
which was �rmly attached to a Hamilton syringe and �lled with saline. The catheter was passed through
the laminotomy site (T13) in the epidural space and placed in the T11 (Fig. 1A, B). The CT image
con�rmed the presence of the balloon catheter in the epidural space (Fig.  1C). the balloon was then
rapidly in�ated with 15 μl Distilled water for 5 min(25). After removing the catheter, the balloon �lling was
rechecked. Next, muscles and skin were closed in layers. The rats had their bladders emptied manually
after surgery until re�ex and were given the Enro�oxacin antibiotic (10 mg/kg (every 24 hours for 5 days.

Exosome lumbar puncture injection and myelogram to check the accuracy of the injection

After surgery and creating a severe model of spinal cord injury, the SCI rats were intrathecally treated with
exosomes. Insulin syringe 28 G needle was used to intrathecal space injection at L5–L6 via LP (Fig. 2A, B,
and C). The rat spinal cord begins in the lower cervical region and continues to the level of the
intervertebral disc between the third and fourth lumbar vertebrae. Therefore, intrathecal injection between
L5 and L6 does not damage the spinal cord tissue. The location of the needle tip inside the subarachnoid
space was con�rmed using CT scan images. For myelogram, 300 µl of contrast medium and serum were
injected as LP and one minute later, under CT scan, the movement of the injected solution towards the
spinal cord was observed (Fig. 2D).

Behavioral assessment

Post-injury function recovery and locomotors testing was assessed via the Basso, Beattie and Bresnahan
(BBB) motor scale method(26). The scale (complete paralysis (score 0) to normal gait (score 21)) shows
the successive recovery stages and the classi�cation of the rat joint movement, hindlimb movements,
stepping, forelimb and hindlimb coordination, trunk position and stability, paw placement and tail
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position. The BBB test was performed on days 1, 3, 7, 14, 21, 28, 35 and 42 after surgery. Locomotor
function was scored by two independent investigators.

Animal perfusion �xation

 Animal perfusion �xation was performed six weeks after surgery(27). The animals were �rstly
Intraperitoneal injected with ketamine (70 mg/kg) and xylazine (10 mg/kg) and were checked for the toe-
pinch re�ex to check for pain re�ex before any further action. Following complete anesthesia, the animal
was cut open below the diaphragm and the rib cage was cut on the lateral edges to expose the heart.
After thoracotomy, the animal was transcardially perfused with PBS for 4 minutes and was cleared of
blood and perfused with Paraformaldehyde (PFA 4%, in 0.1 M PBS, pH 7.4) for 4 minutes. The animal’s
extremities were visualized for evidence of tremors resulting from the aldehyde-crosslinking of nerves and
muscle as an indication of �xation is taking place. The spinal cord segments containing the injury
epicenter were removed and post�xed overnight in 4% PFA at 4 ◦C.

Tissue Processing and Hematoxylin–Eosin (HE) Staining

Tissues were �xed and collected, they were typically dehydrated and embedded in melted para�n wax;
the resulting block was mounted on a microtome and cut into 10 and 20 µm slices. The nucleus and
cytosol were respectively stained with hematoxylin and eosin. The sections were dried in the ethanol
gradient (70% to 100%) and cleared with xylene. Finally, the samples were observed under a light
microscope. The extent of the cavity created following spinal cord injury was tracked and quanti�ed
using Image J software(28).

Cell apoptosis assays with TUNEL staining

Apoptotic positive cells in the injury site at week 6 post-injury were identi�ed and quanti�ed by terminal
deoxynucleotidyl transferase-mediated dUTp nick end-labeling (TUNEL) assay (Roche, Mannheim,
Germany) according to the manufacturer’s protocols.

Immunohistochemistry (IHC)

For immunohistochemistry staining, brie�y, cross-sections containing the lesion area were depara�nized
with xylene and hydrated in graded alcohol containing 100%, 95%, 70%, and 50%, each for 3 minutes. To
inactivate, the sections were immersed in 10% hydrogen peroxide for 10 minutes and then washed with
PBS (PH=7.4) buffer for 10 minutes. Antigen retrieval was performed using citrate buffer (pH 6.0) for 5
minutes at 95 ° C. The sections were incubated in the IHC jar with the primary antibody including GFAP
(MAD-000716QD) and NF200 (MAD-000384QD), for 50 minutes at room temperature. After washing in
double-distilled water for 5 minutes, incubation with secondary antibody was performed for 40 minutes at
room temperature. After washing with distilled water for 5 minutes, the sections were incubated in an IHC
jar with DAB chromogen for 10 minutes at room temperature. Hematoxylin was used to stain cell nuclei.
Finally, we used alcohol in a concentration gradient from dilute to concentrate for dehydration and were
xylene treated to see better transparency and separation. 
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Statistical Analyses

Statistical analyses were performed using SPSS Statistics 22.0. All data were presented as the means ±
SD. TO analyze the data of BBB scores repeated measures followed by the Bonferroni post-test were used
for comparing the groups. Levene's test was used to test if k samples have equal variances (homogeneity
of variance).The Kolmogorov-Smirnov test was used to decide if a sample comes from a population with
a speci�c distribution. The independent-samples- T Test was used to compare control and treatment
values and p < 0.05 was considered signi�cant.

Results
Isolation and characterization of hpMSC

The isolated cells from passage 3 exposed to osteogenic differentiation media showed morphological
changes after 10 days and calcium deposition on the cell surface, indicating mineralization, caused a red
color reaction on alizarin red staining. The cells affected by adipocyte differentiation media changed
from spindle-shaped to spherical and contained fat vacuoles, which responded positively to oil red o
staining(Fig. 3 A,B,C). The immunophenotype of mesenchymal stem cells isolated from the placenta
showed high expression of CD166, CD105, CD90, and CD44 markers. On the other hand, in the study of
hematopoietic cell markers, it was found that mesenchymal cells were negative for CD34 and CD45 (Fig.
3D).

Isolation and characterization of hpMSC derived exosomes

To analyze the size of exosomes isolated from hPMSCs, the Zetasizer Nano and DLS technique was
used. 1 mL of the prepared sample was poured into a speci�c cuvette. Assessment of the distribution of
sizes by DLS showed a peak of approximately 67 nm for the population of extracted exosomes and as a
result, their overall size distribution was between 30 and 150 nm (Fig. 4A). The presence of the exosome
markers, including CD9 and CD81 were con�rmed with Western blots for 6 samples (Fig. 4B). In addition,
transmission electron microscopy (TEM) image showed the presence of exosome nanoparticles with
round vesicle morphology (Fig. 4C).

HPMSCs-exosomes improved functional recovery after SCI

A score of zero at 24 hours after SCI in all animals (control and treatment groups) exhibited paralysis in
their hindlimbs indicating the completeness of the SCI. Over time, control animals showed isolated joint
movements with little or no hind-limbs movement and on day 42 after SCI, their motor function with an
average score of 3.8 was in the category of "early Stage (score of 0-7)". From day 7, BBB scores in the
treatment group were consistently higher than in the control group (Fig. 5A). Fifty percent of the animals
in the treatment group achieved coordinated movement of the fore- and hindlimbs (score: 16 and 18)
(Fig. 5B).

HPMSCs-exosomes reduce the glial scar and lesion volume after SCI
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The H&E staining in the control group showed that the cavity area is �lled with numerous foamy
macrophages, proliferate �broblasts, and collagen �bers. In the treatment group, a limited small cavity
�lled with proliferated �broblasts with collagen �bers (�brous connective tissue), numerous foamy
macrophages, and signi�cant axonal regrowth. The mean of cavity volume in the control group was
notably greater in the treatment group (P=0.01, p < 0.05), which is shown in Fig. 6C. Cavitation, axonal
regrowth, and Wallerian degeneration of some axons were evident in both groups. But axonal
regeneration in treated animals was distinctively more than in the control group.

HPMSCs-exosomes attenuated apoptosis

DNA fragmentation occurs in the last stage of apoptosis, which is assessed by a TUNEL test. As shown
in Fig. 7A and 7B, in the zone of the lesion, the number of apoptotic cells in the control group is high and
�uorescence TUNEL assay after 6 weeks of hPMSCs-exosome treatment has signi�cantly reduced the
number of positive apoptotic cells compared to the control group (P=0.0063).

HPMSCs-exosomes promoted neuronal regeneration

Neuro�lament 200 (NF200) is an important protein involved in neuronal regeneration. IHC staining
showed that relatively low expression of NF200 was observed in the control group (SCI+ saline) rats.
Compared with the control group, the LP injection of hPMSCs-exosomes signi�cantly increased the
expression of NF200 in SCI rats at 6 weeks post-injection (p= 0.000, P 0.0001) that indicating the
hPMSCs-exosome improved axonal regeneration (Fig. 8A). Glial Fibrillary Acidic Protein (GFAP) is the
main structural and scar-forming reactive astrocytes protein. Interestingly, spinal cord GFAP staining
exhibited opposite expression patterns to those observed for NF200 staining on day 6 weeks post-
operation. HPMSCs-exosome administration decreased the immunostaining for GFAP marker compared
to the control group (p= 0.000, P 0.0001) (Fig. 8B).

Improved motor function after treatment with hPMSCs-exosomes prevented bedsores

In this study, we witnessed Pressure ulcers in 90% of the animals in the control group and one case in the
treatment group at week 1 post-operation. To prevent and minimize mortality from bedsores, different
strategies, such as daily visual and tactile skin inspections, use of sterile bed (made of milled wood chips,
completely soft and absorbent) and changing it on daily bases, and moving the animal every two hours
during the day.

The hPMSCs-exosomes treatment prevented the hematuria after severe SCI

Hematuria was observed for 3 to 5 days in 50% of the animals in the control group and in one case in the
treatment group. Bladder emptying was observed spontaneously and without assistance on days 7-10 in
the control group and on days 3-5 in the treatment group, so the ability to empty the bladder
spontaneously was achieved in a short time.
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Discussion
Severe motor-sensory de�cits and systemic changes due to SCI increase mortality in such patients(29).
The current study demonstrates a signi�cant improvement in functional recovery after a complete
paraplegic SCI in an animal model. Improved functional recovery was achieved by promoting
neurogenesis and attenuating apoptosis in hPMSCs-exosomes treated SCI rats.

There are many reports of the therapeutic potential of MSCs in repairing damaged spinal cord tissue(30).
Recent studies have attributed the repair potential of MSCs to exosomes secreted by these cells(31). So
far, several studies have been performed on the use of exosomes in the regeneration of damaged spinal
cord tissue in animal models including bone marrow(32–37), adipose(38), Wharton Jelly(38), human
umbilical cords(39, 40), neural(41), pricytes(42), Peripheral Macrophage(43), Human urine(44),
Microglia(45), and human umbilical venous endothelial cells(46). Studies have shown the unique neuro
regenerative, angiogenic, and antioxidant properties of hPMSCs, which are promising applications for the
treatment of SCI(47). We used hPMSCs-exosome to repair the damaged area of the spinal cord and
functional recovery after SCI. The study of Ciliu Zhang et al. showed the promotion of angiogenesis after
spinal cord injury followed by hPMSCs-exosome treatment(48). In a similar study, Wenshu Zhou et al.
con�rmed the effect of nerve regeneration and improved motor function in hPMSCs-exosome-treated
rats(49).

Delivering the effective dose of the exosomes to the target site is associated with challenges, and
systemic injection reduces the half-life of the exosome and requires a higher dose to be effective.
Knowing that the injection of the exosomes directly into the site of the spinal cord injury may be caused
additional trauma to the tissue, increase the extent of the lesion and prevent clinical translation(50). We
used the intrathecal injection during a lumbar puncture to use the lowest dose with the most effective in a
shorter time. We used 30 micrograms of exosomes for the treatment of SCI, which showed a lower dose
with acceptable e�cacy than other studies mentioned.

Due to the fact that the subarachnoid space in rats is very narrow, the use of the myelogram to con�rm
the accuracy of the therapeutic agent injection is very effective(51). We showed that the use of the
myelogram can be a feasible, appropriate, and cost-effective method to con�rm the accuracy of
therapeutic agents LP injection and examine the subarachnoid space in the model of laboratory animals.

Repair of nerve tissue damage does not occur spontaneously and nerve tissue damage is irreversible in
humans, but due to a naturally recovering re�ex in rats, even spinal cord injured rats are able to walk
slowly during the weeks following the injury(52, 53). The mean BBB score in the animals of the control
group (3.8) indicates an animal model with severe and complete injury, while in the same studies
mentioned above, the mean motor score of the control group was much higher. As shown in the results of
the BBB test, intrathecal injection of hPMSCs-exosomes with signi�cant improvement in range of motion
from the third day onwards and signi�cantly resulted in forelimb and hindlimb coordination in the sixth
week after treatment.
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In the subacute stage of spinal cord injury, apoptosis of damaged neurons begins at the site of injury.
With increasing apoptosis and more cell death, cystic �brosis and eventually glial scarring occurs(54).
Therefore, the use of therapeutic agents that can prevent the occurrence and progression of apoptosis
seems to be vital. In our study, intrathecal injection of hPMSCs-exosome in the acute phase reduced the
progression of apoptosis, which was associated with a reduction in the size of the glial scar. In the
present study, the antiapoptotic effect of exosomes obtained from hPMSC sources was demonstrated for
the �rst time. Similar results were found in the study by Wei Liu et al(55) and Yijia Jia et al(56) that
reducing apoptosis in bone marrow mesenchymal stem cells derived- exosome-treated rats improved
motor function.

Following primary mechanical damage to the spinal cord and in�ammatory processes in the area of the
injury, reactive astrocytes during the astrogliosis process cause glial scarring. Astrogliosis provides a
physical and chemical barrier to the regeneration of axons60. Following SCI chronicity, scar-reactive
astrocytes express high levels of GFAP in the lesion area, creating an impenetrable barrier for neurons
and axons to recover(57). Intrathecal injection of hPMSCs-exosomes in the acute phase of SCI showed
that the decrease in GFAP expression compared with the control group was consistent with the results of
reducing glial scar size in the treatment group, improving motor function, and decreasing astrogliosis.
Decreased expression of GFAP following hPMSCs-exosome treatment in SCI animal model has been
demonstrated in other studies(58, 59). Increased expression of NF200 in the treatment group compared
to the control group was evident in the results of this study. We also observed the increase of NF200
neuro�lament protein as a major component of neuronal and axonal cytoskeleton indicating repair of
damaged spinal cord tissue following exosome treatment. Consistent with the results of this study, Tao
Yu et al.'s study showed that treatment with exosomes reduced GFAP and increased NF200
expression(60).

Pressure/decubitus ulcers (bed sores) are one of the most common complications in people with spinal
cord injury(61). We observed bedsores in the �rst week after SCI in the control group, while in the
treatment group, improved motor function prevented bedsores in these animals.

Due to the inability to urinate in SCI rats, the bladder is manually emptied. In this study, it was observed
that treatment with hPMSCs-exosome can improve bladder re�ex function in a short time. Following SCI,
hematuria occurs in both humans as well as in rodents models of SCI(62). We observed hematuria in
control rats while hPMSCs-exosome treatment of rats in the acute phase of injury prevented hematuria
and improved bladder function. One study showed that hpMSC-derived exosomes reduced neurogenic
bladder dysfunction after SCI(49), which is a re�ection of the results of the present study in reducing
hematuria. Additional studies and investigating the mechanisms of the effect of hPMSCs-exosomes in
improving functional recovery in SCI are necessary to gain a deep understanding of this phenomenon
and promote its clinical use.

Conclusion
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In Conclusion, we found that low-dose intrathecal injection of hPMSCs-exosomes in the acute phase of
SCI can improve functional recovery in severe SCI in rats by reducing apoptosis of neurons at the site of
injury, inhibiting astrocytes, reducing glial scarring, and increasing axonal regeneration. Furthermore, the
use of the myelogram can be a feasible, appropriate and cost-effective method to con�rm the accuracy
of therapeutic agents LP injection and examine the subarachnoid space in the model of laboratory
animals. The observation of this study showed that the hPMSCs-exosomes treatment of animals with
severe paraplegic SCI improved motor function and did not show pressure ulcers in these animals.
Spontaneous bladder emptying also occurred shortly after treatment, which was associated with no
hematuria in these animals. Therefore, the effects of hPMSCs-exosome treatment can be considered to
be not only in restoring function but also in preventing complications and managing symptoms.
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The location of the laminotomy and the site of injury were determined using contrast-impregnated
catheter. (A) Micro-CT scanning and (B) 3D reconstruction of thoracic vertebrae showing the location of
the laminotomy and insertion site of the catheter at T13 and the presence of the balloon at T11 to cause
compression SCI. (C) CT image of the in�ated balloon with distilled water in the epidural space of the
thoracic spine that epidural space and catheter balloon are marked with a yellow arrow. 62.5% of the
column space was �lled by the balloon

Figure 2

The myelogram is appropriate to check the accuracy of the injection. (A) CT image view of the injection
site in the lumbar spine, (B) Transverse section of lumbar vertebra image to con�rm the presence of the
needle tip in the subarachnoid space, (C) Frontal view of the injection site between the L5 and L6 lumbar
vertebrae, (D) Movement of the contrast agent from the injection site to the site of injury and to the entire
CSF �uid
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Figure 3

The capacity of cell differentiation and immunophenotypic analysis of stem cells was con�rmed. (A) The
Alizarin Red Staining in control media (B) osteogenic differentiation media (C) The oil red o staining in
the adipocyte differentiation medium, Scale bar: 100 μm, (D) hpMSC was positive for CD166, CD105,
CD90, and CD44; negative for CD45, and CD34.



Page 19/23

Figure 4

Characterization of exosomes isolated from hPMSCs. (A) The distribution of exosome size by DLS
analysis, (B) Western blot analysis of the exosomal surface markers CD9 and CD81, (C) TEM images of
exosomes, Scale bar: 100 nm.
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Figure 5

HPMSCs-exosomes improved Functional Recovery after SCI. (A) BBB scores increased in both groups, but
the increase in motor score in the treatment group was signi�cantly greater and the improvement in
motor function was quite evident on day 42 of treatment. (B) Representative pictures are showing open
�eld hindlimb movement of rats at 6 weeks after SCI treatment and the predominant paw position was
parallel at initial contact and lift off. The tail position was occasionally up. Values represent the mean ±
SD of 6 animals per group (SCI+saline, n = 6; SCI+EXO, n = 6). Repeated measures followed by the
Bonferroni post-test were used for comparing the groups. P-values < 0.05 were considered signi�cant. On
days 1 and 3, there was no signi�cant difference between the control (SCI+saline) and treatment
(SCI+EXO) groups in BBB score, but on days 7 to 42 there was a signi�cant difference, (p = 0.0035, p <
0.0001)
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Figure 6

HPMSCs-exosomes reduced the glial scar and lesion volume. (A) The spinal cord segment containing the
injury epicenter, (B) Cross-sectional image of the H&E staining spinal cord injury site, (4x and 10x
magni�cation with the light microscope), Scale bar: 100 µm (C) Quanti�ed data of the lesion cavity area
in both groups. The cavity area was higher in the control group than the treatment group and this
difference was statistically signi�cant (p=0.01), Values represent the mean ± SD of two groups; P-values
< 0.05 were considered signi�cant. P-values were calculated using independent-samples- T Test.
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Figure 7

The protective effect of hPMSCs-exosomes from damaged spinal cord tissue neurons, (A) TUNEL
positive apoptotic cells (green) of the injured spinal cord at 6 weeks post-operation, The nuclei of all cells
were stained with DAPI (blue). Scale bar: 100 µm. (B) Comparison of the apoptotic cells (%) in the control
and treatment groups, the difference between the two groups with P-value= 0.0063 was determined.
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Figure 8

HPMSCs-exosomes promoted neuronal regeneration and suppresses activation of microglia after SCI. (A)
IHC staining and quanti�ed data of NF200, The NF200 positive area in the treatment group was higher
than the control group (p= 0.000, P 0.0001) (B) IHC staining and quanti�ed data of GFAP, The GFAP
positive area in the control group was higher than the treatment group (p= 0.000, P 0.0001) Software
ImageJ Fiji was used for the IHC image analysis. The photos were opened with the software. The images
were converted to 8 bits type and were processed in the “IHC Toolbox” plugin and the H-DAB model was
selected. From the image menu "Adjust threshold" was set and �nally, using the menu “Analyze Measure"
the software automatically calculated the area positive for each image. Scale bar: 100 µm, (P-values were
calculated using independent-samples- T Test).
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