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Abstract

Background Multiple sclerosis (MS) is the most frequent non-traumatic neurological debilitating disease among
young adults with no cure. Over recent decades, efforts to treat neurodegenerative diseases have shifted to regenera-
tive cell therapy. Adipose tissue-derived stromal vascular fraction (SVF) comprises a heterogeneous cell population,
considered an easily accessible source of MSCs with therapeutic potential in autoimmune diseases. This study aimed
to assess the regenerative capacity of low-level laser-activated SVF in an MS cat model.

Methods Fifteen adult Persian cats were used in this study: Group | (control negative group, normal cats), Group
Il (EB-treated group, induced for MS by ethidium bromide (EB) intrathecal injection), and Group Il (SVF co-treated
group, induced for MS then treated with SVF on day 14 post-induction). The SVF was obtained after digesting the
adipose tissue with collagenase type | and injecting it intrathecal through the foramen magnum.

Results The results showed that the pelvic limb’s weight-bearing locomotion activity was significantly (P < 0.05)
recovered in Group lll, and the Basso, Beattie, and Bresnahan (BBB) scores of hindlimb locomotion were significantly
higher in Group Ill (14 £ 0.44) than Group Il (4 4= 0.31). The lesion’s extent and intensity were reduced in the magnetic
resonance imaging (MRI) of Group IIl. Besides, the same group showed a significant increase in the expression of neu-
rotrophic factors: BDNF, SDF and NGF (0.61 4+ 0.01,0.51 4 0.01 and 0.67 £ 0.01, respectively) compared with Group ||
(0.33+£0.01,0.36 + 0.006 and 0.2 4 0.01, respectively). Furthermore, SVF co-treated group revealed a significant (P <
0.05) increase in oligodendrocyte transcription factor (Olig2) and myelin basic protein (4 £ 0.35 and 6 &+ 045, respec-
tively) that was decreased in group Il (1.8 &£ 0.22 and 2.9 & 0.20, respectively). Moreover, group lll showed a significant
(P < 0.05) reduction in Bax and glial fibrillary acidic protein (4 & 0.53 and 3.8 + 0.52, respectively) as compared with
group 11 (10.7 £ 049 and 8.7 4 0.78, respectively). The transmission electron microscopy demonstrated regular more
compact, and markedly (P < 0.05) thicker myelin sheaths (mm) in Group IIl (0.3 £ 0.006) as compared with group Il
(0.1 4 0.004). Based on our results, the SVF co-treated group revealed remyelination and regeneration capacity with a
reduction in apoptosis and axonal degeneration.

Conclusion SVF is considered an easy, valuable, and promising therapeutic approach for treating spinal cord injuries,
particularly MS.
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Background

Spinal cord injuries in mammals cause degenerative
neurons and axons, resulting in significant sensori-
motor dysfunction, paraplegia, or tetraplegia [1, 2].
Multiple sclerosis (MS) remains an idiopathic, autoim-
mune, chronic inflammatory demyelinating disorder
that destroys the oligodendrocytes accountable for the
myelin sheath formation in the CNS [3-5]. Pathologi-
cally, MS is characterized by perivascular inflammatory
infiltrates containing T and B lymphocytes, besides
antibodies against myelin [6]. Otherwise, recent medi-
cations are limited to controlling immune responses
that may only be useful in the early stages of the dis-
ease [5, 7]. Rehabilitation that depends on the use of
regenerative stem cell medicines has generated a new
promise in supporting spinal cord function—structural
recovery [1, 8] in dogs [9, 10], monkeys [11, 12], rats
[13, 14], and rabbits [15, 16]. Mesenchymal stem cells
(MSCs) can be harvested and processed easily from
adipose tissues with minimal invasion and infection,
giving rise to oligodendrocytes and neural progenitor
cells [2, 17]. Additionally, MSCs have an anti-inflamma-
tory activity that decreases cytokine and neuronal cell
death and secretes neurotrophic factors that promote
regeneration [18, 19].

The stromal vascular fraction (SVF) is a by-product
of adipose tissue harvesting and digestion. It consists of
various non-expanded cells, including adipose mesen-
chymal stem cells (ASCs), adipocytes, T regulatory cells,
macrophages, endothelial precursor cells, and numer-
ous leukocytes [20, 21]. The proportion of ADSCs in SVF
varies between 40 and 50%, depending on the harvesting
and digestion method.

While considerable effort in treating spinal cord injury
focuses on small laboratory animals, large animal models
are needed to properly evaluate stem cell therapy’s safety
and clinical efficacy after spinal cord injury [22].

Therefore, our study is designed to evaluate the thera-
peutic potential of autogenic Low laser-activated SVF
transplantation in the functional recovery and structural
remodeling in the ethidium bromide-induced MS in cats
by magnetic resonance imaging (MRI), histopathologi-
cal and immunohistochemical examination, transmis-
sion electron microscopy, and gene expression analysis

by RT-PCR.

Methods

Study design

The Veterinary Medicine Cairo University Institutional
Animal Care and Use Committee approved all experi-
mental animal protocols (Vet-CU-IACUC) with approval
number Vet Cul2/10/2021/392, as well as shelters
approval sheets were applicable for this study.

Experimental animals and groups

Fifteen male adult Persian cats (2—3 years) were collected
from different shelters around Giza and housed in the
Faculty of Veterinary Medicine, Anatomy Department
with a minimum acclimation period of one week before
major surgery. Food and water were available ad libitum
at ideal room temperature (20-23 °C). All cats were eval-
uated before the study to exclude any animals suffering
from nervous manifestations. The animals were grouped
into three (n=5). Group I (control negative group, nor-
mal cats), Group II (EB-treated group, induced for MS
by Ethidium bromide intrathecal injection in the thora-
columbar region), and Group III (SVF co-treated group,
induced for MS then treated with SVF on day 14 post-
induction). Sample collection was applied 28 days post-
SVE injection in all groups.

Induction of demyelination
The spinal cord demyelination was performed in groups
(Gp II and Gp III) using ethidium bromide (Suvchem
Laboratory Chemicals) [23, 24]. The cats were anaes-
thetized using xylazine 1 mg/kg (Xyla-Ject® 2% ADWIA
Co., A.R.E.) and Ketamine 5% I/M 10 mg/kg (Ketamar®
5% Sol. Amoun Co. A.R.E) [23]. They were positioned
on the sternal recumbency, and a dorsal midline incision
was applied along the T12 to L2. The subcutaneous fascia
was dissected until the lumbodorsal fascia was reached,
and the supraspinous ligament was incised around the
spinous process and on the midline. The multifidus lum-
borum muscle was bluntly removed to expose the dor-
sal laminae of L1. Two bilateral holes were drilled using
a dental drill with a rounded bur diameter of 1.2 mm
through the dorsal lamina of L1. A single injection of
6 pl 0.1% EB was injected into each hole using a 10-pl
microsyringe [25].

The wound was sutured with a simple continuous pat-
tern for muscles and subcutaneous tissues using Vic-
ryl size 3-0 and silk size 2—0 for the skin in a single
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interrupted pattern. Animals were injected with a sys-
temic course of antibiotics for 5 days: analgesics (Meloxi-
cam® EL Nasr Co, A.R.E, 0.2 mg/Kg SC for 3—4 days) and
daily dressing to the wound.

Fourteen days after induction, animals were adminis-
tered either a single dose of normal saline (Group II) or
laser-activated SVF intrathecally through the foramen
magnum (Gp III).

Adipose tissue collection

On day 14 post-induction, under general anesthesia, a
small skin incision in the inguinal region was aseptically
operated, and adipose tissue (~20 g) was collected from
S/C tissue in a 50-ml sterile falcon tube.

Tissue processing and isolation of SVF

The tissue was processed following a sterile protocol in
the laminar airflow. The collected fat was chopped into
small pieces, washed thrice with phosphate-buffered
saline, and then added an equal volume of 0.1% colla-
genase type I into it. The tissue was incubated in a rotary
incubator at 37 °C, with constant agitation for one hour.
After digestion, an equal volume of DMEM containing
10% fetal bovine serum was added to neutralize the col-
lagenase. The SVF was centrifuged at 800 g for 10 min-
utes to separate the collagenase [26]. Then, the SVF was
washed thrice with phosphate buffer saline to eliminate
residual collagenase. After the last round of centrifuga-
tion, cells were stained with trypan blue and counted
using a hemocytometer.

In vitro SVF expansion

DMEM was placed ten times the cell sedimentation vol-
ume in a centrifuge tube. The cells were then inoculated
at a density of 30%—50% into a culture flask, followed by
adding a complete medium to a final volume of 10 ml; the
flasks were placed in an incubator at 37 °C with 5% CO,,.
After 24 h, the medium was replaced to remove non-
adherent cells; half of the medium was replaced every
2 days until the cells reached a confluency of 80%—90%.
The offspring produced in this step was referred to as the
first passage (P1) cells after 7—12 days. Then, 1 x 10° cells
were inoculated for 4 days in the culture medium (second
passage) [27].

Flow cytometry

Following the second passage, stem cells were harvested.
Cells were treated with a 10% trypsin EDTA solution for
5-10 min in the incubator, followed by a wash. The cell
pellet was then incubated for one hour with 1% bovine
serum albumin containing primary antibodies against
the following cell surface markers: CD 34, CD73, CD45,
CD44, and CD105. The cells were then incubated for
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30 min with the secondary antibody before immunophe-
notyping using a fluorescence-activated cell sorting cell
analyzer [28].

Adipogenic differentiation

After the third passage, the cells were trypsinized and
placed at 10 cells per plate. Then, they were differenti-
ated into chondrogenic and adipogenic lineages to dem-
onstrate the isolated cell’s mesenchymal phenotypes.

The adipogenic medium containing 100 nM dexameth-
asone, 50 mg/ml indomethacin, and 100 ML ascorbic
acid, was added to each well and changed every 3 days
to induce adipogenesis. After 21 d, the culture medium
was removed, and the cells were fixed with 4% formalin at
room temperature for one hour before being stained with
Oil Red O solution in 10% isopropanol for 15 min. The
adipose droplets were visualized using a light microscope
[29].

Chondrogenic differentiation

To induce chondrogenesis, the media that contained Dul-
becco’s modified Eagle’s medium with 1% fetal bovine
serum, 6.25 lg/ml insulin (Sigma), 10 ng/ml transform-
ing growth factor-bl (Sigma), and 6.25 lg/ml transferrin
(Sigma) was added to each flask. The media was changed
every 3 days. Chondrogenic differentiation was assessed
via Safranin-O staining. [29].

Injection of SVF
The stem cell preparation (10 x 10° nucleated cells) was
activated using a red laser diode (635 nm) for 10 minutes
at 7 cm, then injected directly into the foramen magnum
on day 14 post-induction of the MS as declared by [9].
Groups I, II, and III were observed at 1, 3, 7, 14, 21,
and 28 d post-treatment. At the end of each observation
period, the evaluation of the treatment started on live
animals, including clinical evaluation and MRI then spi-
nal cord specimens were subjected to histopathological,
immunohistochemical examination, transmission elec-
tron microscopy (TEM), and QT-PCR. The timeline of
the study was provided (Additional file 1: Fig. S1).

Clinical evaluation using gait score analysis

The cats’ gait changes were measured according to the
standard BBB score for the hindlimb and tail movements.
BBB score ranged from O points with no noticeable
hindlimb movement to 21 points with persistent harmo-
nized gait, trunk stability, toe clearance, and an elevated
tail. [30, 31].

MRI
MRI was performed using a closed unit (ECHELON
Smart is Hitachi’s 1.5 T Supercon MRI, Japan) under
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general anesthesia. The technique for spinal imaging pro-
tocol was performed in T11 to L3 (vertebral body) and
included transverse T2-weighted (TR/TE 3290/99 ms)
and T1-weighted (TR/TE 651/12 ms), sagittal STIR (TR/
TE/TI 3310/ 61/140 ms) sequences sagittal, and dorsal
T2-weighted (TR/TE 2880/111 ms) and T1-weighted
(TR/TE 623/1 ms).

Then, all animals were anaesthetized with xylazine
1 mg/Kg/IM (Xyla-Ject® 2% ADWIA Co., A.R.E.) and
ketamine 5% (Ketamar® 5% Sol. Amoun Co. A.R.E) I/M
10 mg/kg. After muscular relaxation, they were eutha-
nized humanely by injecting sodium thiopental at 2.5%
(Thiopental® EPICO, A.R.E) in the lethal doses of 67 mg/
Kg/1V, [32] and the spinal cord (T11 to L3) was retrieved
for alternative morphological assessments.

Gross morphology of spinal cord

For further morphological assessments, the fascia and
back muscles were dissected until the vertebral column’s
spinous process and the vertebral body was reached.
Then, the spinous process was carefully severed using a
bone cutter, and the spinal cord was excluded outside the
vertebrae.

Histopathology

H&E staining

The spinal cord specimens were fixed in 10% Neutral
Buffered Formalin for 24 h. The specimens were regu-
larly processed for paraffin blocks, dehydrated in a
graded sequence of ethyl alcohol, cleared in xylene, and
embedded in paraffin. Sections of 4-5 um thickness
were obtained and stained by H&E [33] for light micros-
copy. The stained slides were examined using an Olym-
pus BX43 microscope (Olympus, Tokyo, Japan), and the
images were captured using an Olympus Dp27 digital
camera (Olympus, Tokyo, Japan). Lesion score was per-
formed for the detected histopathological alterations on a
scale ranging from O to 3 concerning severity (0 =absent,
1=mild, 2=moderate and 3=severe) for each of the
following lesions: inflammation, hemorrhage, neuronal
degeneration, and demyelination. The total histopatho-
logical lesion score was obtained by summation of the
fore mentioned scores.

Immunohistochemistry

5-um tissue sections were fixed into adhesive slides, rehy-
drated to water, and subjected to heat-induced epitope
retrieval in a microwave for 15 min. After washing, tis-
sue sections were incubated with primary antibodies
(Anti-MBP sc-271524; Anti-GFAP sc-33673; Anti-Olig2
sc-293163; Anti-Bax sc-7480, Santa Cruz Biotechnology,
Inc., Heidelberg Germany) at a dilution of 1:150 for 12 h
in a refrigerator. Furthermore, sections from the SVF
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co-treated group were incubated with primary antibody
against CD44 at a dilution of 1:1000. Then additional
washing steps. Later, HRP-labeled secondary antibod-
ies (Goat anti-mouse HRP-labeled secondary antibody,
ABCam, UK) were added at a dilution of 1:1000 for two
hours at room temperature. To develop the color, DAB-
Substrate Kit was used. Control negative slides were
performed by deleting the primary antibody. Positive
immunostaining was quantified as area percentage (n=5
slides representing 5 specimens per group, 3 microscopic
fields from each slide) using cellSens dimensions (Olym-
pus software).

TEM

Small, 1-mm spinal cord specimens from all groups were
fixed in 3% glutaraldehyde in 0.1 M phosphate buffer for
a few hours before being post-fixed in 1% osmium tetrox-
ide for one hour. Then, 1-um semi-thin sections were
cut and stained with toluidine blue. Selective ultrathin
sections were cut and stained with uranyl acetate and
lead citrate. Finally, the obtained sections were analyzed
via TEM et al.-Azhar University’s Regional Center for
Mycology and Biotechnology (RCMP) (JEOL 1010). Fur-
thermore, the myelin sheath thickness was assessed in
at least 30 myelinated axons/samples using the Image]
program.

Gene expression

Total RNA was extracted using the easy-spin Total
RNA Extraction Kit (iNtRON Biotechnology DR, Cat.
No.17221) as directed by the manufacturer. A Nanodrop
ND-1000 spectrophotometer was used to assess the qual-
ity and quantity of RNA (Nanodrop Technologies). The
c¢DNA was created using M-MuLV Reverse Transcriptase
(NEB#MO0253) as per the provided protocol. Real-time
reverse transcription (RT)-PCR was used to exam-
ine the target gene expression, and mRNA levels were
determined using qRT-PCR with the HERAPLUS SYBR
Green qPCR kit (#: WF10308002). The primer sets are
presented in Table 1. The following were the cycle condi-
tions: 95 °C for 2 minutes, followed by 40 cycles of 95 °C
for 10 seconds and 60 °C for 30 s. Each RT-PCR was con-
ducted in triplicate [34]. The GAPDH gene was used as
an internal control. The qRT-PCR results were assessed
using CT, A CT, AA CT, and 2~ #2€T [35].

Statistical analysis

A two-way ANOVA was applied to the data from com-
pletely random samples to examine the gait scores.
The Fisher’s post hoc test was used to compare the
effects of the various treatments. The significant dif-
ferences between the groups and experiment days were
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indicated in the columns by letters. Values are presented
as mean+SEM (n=5 cats/group). Different superscript
letters indicate a significant difference at P<0.05. The
statistical software package Origin Pro, version 2016,
was used to calculate Pearson’s correlation coefficient.
The gene expression analysis, immunohistochemistry,
and transmission electron microscopy (TEM) results
were analyzed using GraphPad Prism version 8.4.3 (686)
in a one-way ANOVA, and the values are presented as
mean £ SEM (n=>5 cats/group). Different superscript let-
ters indicate a significant difference at P <0.05.

Results

Gross morphology of the spinal cord

In the control negative group, the spinal cord segments
(T11-L3) measured 6—6.5 cm. The cord appeared like a
whitish-long cylindrical tube enclosed by the dura mater
with no gross lesion. However, in the EB-treated group,
the spinal cord was defined by the existence of a noticea-
ble reddish-brown hemorrhagic sizable region (2—-3 cm).
The spinal cord of the SVF co-treated group seemed to
be a whitish tube with a small localized brown lesion
(<1 cm) (Fig. 1).

Clinical analysis post-MS induction based on the BBB score
During the study period, the functional behavior of each
group of animals was evaluated by two unbiased persons
using the BBB score. The BBB score of the groups was 21
before SCI.

All MS-induced cats manifested complete pelvic limb
paralysis with zero or one score, one day after SCI. The
gait score gradually improved and gained around three
points by the end of 2 weeks. The cats suffered from uri-
nary bladder paralysis 7 days after induction and required
daily urinary bladder evacuation.

Table 1 Primers sequences used for gRT-PCR
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Gait analysis after SVF treatment

Gait analysis using the BBB score revealed a significant
difference between the SVF co-treated and other groups.
The BBB score of the SVF co-treated group increased
significantly over time to the end of 28 days. In the con-
trol negative group, the BBB score altered insignificantly
between the days of the experiment, while in the EB-
treated group, a significant difference between days 1, 3,
and 10, but no difference beyond that, with a maximum
score of five points.

In the SVF co-treated group, functional recovery of the
hindlimb gradually improved following SVF transplan-
tation. Three days after transplantation, cats had scored
around five to six points. Ten days after transplanta-
tion, cats had BBB scores of approximately nine to ten
points, and cats could urinate normally without assis-
tance. Fourteen days after transplantation, cats had BBB
scores ranging from 10 to 11 points. Twenty days after
transplantation, cats had BBB scores ranging from 13 to
14 points. Finally, 28 days after transplantation, cats had
BBB scores ranging from 14 to 15 points. There was a
significant difference between the days of evaluation, as
shown in Fig. 2.

MRI analysis

An MRI analysis was performed to indicate the degree
and extent of the injury at the T13-L1 level. Cats in the
EB-treated group had a diffuse, hyperintense lesion on
sagittal and axial T2-weighted images and a hypoin-
tense lesion on sagittal T1-weighted images, indicating
the presence of sclerotic plaque. On T2, T1 sagittal, and
axial-weighted images, the SVF co-treated group had
relatively small faint lesions (Fig. 3).

Characterization of ADMSCs

Morphology of cells

Cells appeared rounded with few cells possessing a spin-
dle shape under a bright-field inverted microscope at day

Gene symbol Primer sequence Accession number Annealing Amplicon
temperature °C size bp

Bdnf Forward primer: 5'-CGGTCACCGTCCTTGAAAA-3’ NM_001009828.1 60 76
Reverse primer: 5-GGATTGCACTTGGTCTCGTAGAA-3’

Gapdh Forward primer: 5’-TGGAAAGCCCATCACCATCT-3’ NM_001009307.1 60 77
Reverse primer: 5'-CAACATACTCAGCACCAGCATCA-3’

Sdf-1 Forward primer: 5’ ACAGATGTCCTTGCCGATTC-3’ XM_006937984.5 59 152
Reverse primer: 5'-CCACTTCAATTTCGGGTCAA -3/

Ngf Forward primer: XM_045033321.1 60 140

5-GCAGGGCAGACCCGCAACAT-3/
Reverse primer:
5-GCACCACCCGCCTCCAAGTC-3/
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Fig. 1 Gross morphology of the spinal cord at day 28 post-treatment a control negative group, b EB-treated group, and ¢ SVF co-treated group
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Fig. 2 Graphical illustration of the hindlimb gait score assessment using BBB score. Values are presented as mean = SEM (n =5 Cats/group).

Different superscript letters indicate a significant difference at P <0.05

3 post-culture. After 10 days of the culture, the major-
ity of cells are attached to the flask and possess a spindle
shape (Additional file 1: Fig. S2).

Flow cytometry analysis of ADMSCS

The cells of passage three and after showed high expres-
sion for CD105 and CD73 markers (not less than 60%)
and very low expression for CD34 and CD45, indicating
the criteria of ADMSCS (Additional file 1: Fig. S3).
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Axial T2

Fig. 3 MRI of treated groups at day 28 post-treatment. Control negative group provides normal radiological images of spinal cord. EB-treated
group has large hypointense lesion (circle) on sagittal T1 scan, diffuse hyperintense lesion on sagittal (circle) and axial (arrow) T2 scan, while in SVF
co-treated group has small faint hypointense lesion on sagittal T1 scan, faint hyperintense lesion on sagittal and axial T2 scan, showing decreased

intensity and extent of lesion (circle & arrow)

ADSCs differentiation

ADSC differentiation potential was investigated through
their chondrogenic and adipogenic differentiation, and
the cells exhibited positive staining with Safranin-O and
Oil Red O, respectively (Additional file 1: Fig. S4).

Histopathology

H&E staining

Light microscopic examination of the control nega-
tive group (Fig. 4a—e) revealed the normal histological
structure of both gray and white matter. Meanwhile,
the EB-treated group (Fig. 4f—j) revealed several histo-
pathological changes. Extensively diffused and severe
hemorrhages were detected in white and gray matters
associated with marked demyelination characterized by
marked vacuolation associated with the formation of
numerous digestion chambers. The gray matter suffered
from diffuse gliosis, degenerated neurons, and chroma-
tolysis. Moreover, perivascular lymphocytic cuffing was
frequently noticed in the affected individuals. There
was a marked improvement in the SVF co-treated

group (Fig. 4k-o0). The white matter showed apparently
normal nerve fibers in several examined sections with
minimal demyelination. Limited focal hemorrhagic
areas were observed in the gray matter with apparently
normal neurons (Fig. 4).

The total histologic lesion score is illustrated in Fig. 5;
the SVF Co-treated group exhibited a significantly
lower score in comparison with the EB-treated group.
Immunohistochemistry
Bax expression A strong positive expression was
detected in the EB-treated group, while a marked decrease
in Bax expression was detected in the SVF co-treated
group compared with the EB-treated group (Fig. 6a).
GFAPexpression Compared with the other experimen-
tal groups, the EB-treated group showed significantly
higher levels of GFAP expression. The SVF co-treated
group showed a significant reduction in GFAP-positive
staining compared with the EB-treated group (Fig. 6b).

Olig2 expression Olig2-positive cells significantly
increased in the SVF co-treated group compared with
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treated

EB-

SVF co-
treated

H&E) at day 28 post-treatment: a—e Control group showing normal

histological structure of gray matter (b, ¢) and white matter (d, e). f-j EB-treated group showing f severe extensive hemorrhage in gray and white
matters, g hemorrhage with perivascular lymphocytic cuffing in gray matter, h higher magnification, hemorrhage with perivascular lymphocytic
cuffing (black arrow) and chromatolysis (green arrows), i hemorrhages in white matter, j congested blood vessel with perivascular lymphocytic
infiltration in white matter (arrow). k-o SVF co-treated group showing, I, m apparently normal spinal cord with limited hemorrhages in gray matter
(arrowhead), and n, o apparently normal nerve fibers with mild demyelination in white matter (red arrow)
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Fig.5 Chart presenting total histologic lesion score in different
groups. Data are presented as means = SEM. Different superscript
letters indicate a significant difference at P <0.05

the EB-treated group which exhibited a marked reduc-
tion in Olig2-positive cells (Fig. 7a).

MBP expression Normally, a higher expression of
MBP was detected in the control group compared with
other groups. Limited expression was observed in the
EB-treated group, which showed a significant decrease
compared with the other groups. Meanwhile, the SVF

co-treated group exhibited a significant increase in
MBP-positive staining (Fig. 7b).

CD44 expression
SVF co-treated group showed a strong positive immu-
noreactivity against CD44 as presented in Fig. 8.

TEM

Ultrastructural analysis displayed intact myelinated nerve
fibers with normal myelin distribution and density in the
control group (Fig. 9a). Conversely, the EB-treated group
revealed demyelinating features of spinal cord axons,
including axonal swelling, and degeneration, as well
as thinning, disintegration, and splitting of the myelin
sheaths (Fig. 9b—d). Conversely, reconstructed structures
with more regular, compact, electron dense and thicker
myelin sheaths surrounding intact axons were observed
in the SVF co-treated group (Fig. 9e, f).

As presented in Fig. 9g, assessment of TEM images
revealed a significant (P value<0.05) decrease in the
mean myelin thickness of spinal cord nerve fibers in the
EB treatment group compared with the control group.
Conversely, the SVF co-treated group revealed a substan-
tial (P value < 0.05) increase in the mean myelin thickness
compared with the EB treatment group (Fig. 9). Further-
more, there was a significant (P value<0.05) difference
in the myelin thickness between the control and SVF co-
treated groups.
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The neurotrophic factor expression was examined to
evaluate the role of SVF at a molecular level. Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The EB-treated group showed sig-
nificantly (P value <0.05) decreased levels of NGF, SDF,
and BDNF. The SVF co-treated group significantly (P
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value < 0.05) increased the transcript levels of the studied
genes. These results confirmed the protective role of SVF
against EB-induced damage (Fig. 10).

Discussion

A number of animal models have been employed in order
to better understand the pathogenesis of MS and develop
new therapeutic approaches. These models include
the immune-mediated model, viral-induced mod-
els, and toxin-induced demyelination models caused by
cuprizone, lysolecithin, and ethidium bromide; the sub-
stances are the most frequently utilized to induce focal
demyelination and destruct oligodendrocyte. The cupri-
zone effect was studied in rats [36, 37] and mice [38], the
lysolecithin effect was reported in mice by [39] and rats
[40], while the ethidium bromide effect was studied in
mice model [41], rat [24, 42], dog [43], and cat [44].

The spinal cord injury model of MS in our cats is
potentially improved by the intrathecal implantation of
the SVF with minimal side effects. This improvement
was evaluated by the BBB score, MRI, and remyelina-
tion capacity after an injury, which was not recorded in
Persian cats throughout the previous studies. The other
studies investigated the therapeutic effects of SVF in spi-
nal cord injury in the mouse model [45], in the dog model

Myelin thicknoss

en\e® ‘.“’°
aNF®

Fig. 9 Electron micrograph shows changes in the myelin sheath of the spinal cord sections in different groups without SVF. a Control group with
regular, electron dense, compact myelin sheaths (arrow) (20000X) b—d EB-treated group with demyelinating features including axonal swelling and
degeneration (star), thinning (arrowhead), discontinuation (circle), and splitting (arrow) of the myelin sheaths (b:20000X, c:10000X, d:8000X) e, f
SVF co-treated group demonstrating reconstructed structure with regular more compact, and thicker myelin sheaths (arrow) (e:12000X, f:20000x).
g Charts presenting changes in the myelin thickness of different groups. Data are presented as means = SEM. Groups having different letters are
significantly different at P value < 0.05
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[46], in the domestic ferret [47], and MS in dogs [23]
and mice [48]. However, [49] declared that SVF did not
regenerate growth plate injury in rats.

Our findings showed that injecting EB into the spinal
cords of cats resulted macroscopically in hindlimb dys-
function, decreased proprioceptive reflexes, and urinary
bladder paralysis. Microscopically there were focal demy-
elination areas that looked like MS attacks confirmed
by [50]. EB effects were reported in animal models like
a rat by [24, 42], in mice by [41], and dogs by [23]. This
helped us evaluate a new treatment and other reparative
techniques.

For spinal and Intra articular injections of SVF less than
one billion cells are considered a safe dose while for intra-
venous injections less than 10 billion SVF cells in 250 cc
of normal saline are considered to be safe reported by
[51]. Our results showed that injection of 10 x 10° nucle-
ated cells intrathecal directly into the CSF was a safe cell
number with no side effects which is in line with [23, 52].

In our treatment, we depended on SVF, so we first acti-
vated it using low laser irradiation, [53, 54] mentioned
that the optimal use of laser irradiation at 5 J/cm2, 5.5
mW/cm2 power density, and 635 nm wavelength which
enhanced the SVF activation, cell survival, proliferation,
vascularization potential, and expression of Pfl-integrin
with no side effects in line with [23, 55, 56].

The results of this study showed that a single injec-
tion of SVF improved the hindlimb locomotion, decrease
lesion severity, considerably increase the gene expres-
sion of neurotrophic factors, and improved remyelination
capability which was verified in MS by [23], osteoarthri-
tis by [52] on the other hand [54] reported that multiple
injections of SVF in treatment of diabetes mellitus more
efficient than single injection and also [57] mentioned

that twofold injection of bone marrow pancreatic pro-
genitor cells could treat diabetes mellitus.

Also, we confirmed through flow cytometry analysis
that the CD105 and CD73 markers were highly expressed
in ADMSCs, while the CD45 expression was relatively
low, in line with previous studies [28, 58].

Our best method for injecting SVF was intrathecal
through the foramen magnum approach, which increased
the cell capacity to reach the affected areas in the spinal
cord by circulating in the cerebrospinal fluid directly. It is
considered a safe and effective treatment method for MS
and coincides with [59, 60], and enhanced limb move-
ment, as asserted by [61]. Conversely, [62] reported that
the intrathecal approach for treating MS has little clini-
cal improvement and no radiological change. Also, [63]
reported that SVF had a great inflammatory response in
goats for treating intervertebral disks.

Our assignment in each group began by using BBB
scores, and the outcome in the EB-treated group was
unsatisfactory. All cats had low hindlimb function rat-
ings throughout the trial period. From the beginning
through the end of the trial, the cat’s hindlimbs were par-
alyzed and swept when they tried moving. These findings
matched those previously published by [64, 65], while
the SVF co-treated group revealed a greater improve-
ment in hindlimb locomotive function than the control
group. Improvement started 10 days after receiving treat-
ment, and cats gained the ability to urinate, and the BBB
score reached 15 points at the end of the 28th day, which
was agreed with [7, 23].

The second evaluation was the MRI, which showed in
the EB-treated group, a diffuse hyperintense sclerotic
plaque in the T2-weighted and axial scan and hypoin-
tense sclerotic plaque in the T1-weighted scan. The SVF
co-treated group had a decrease in lesion intensity on the
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T1-weighted, T2-weighted, and axial scans as mentioned
by [66] in the dog with spinal cord injury and [67]. This
is unlike the study mentioned by [62], which found no
improvement in MRI lesions after stem cell injection.

While our macroscopical assessment showed that the
spinal cord in the EB-treated group was defined by a large
clear hemorrhagic region. In contrast, the spinal cord in
the SVF co-treated group appeared to be a whitish tube
with a small localized brown lesion, these findings are in
agreement with [68], who declared that there is a consid-
erable variation in the morphology of the spinal cord in
dogs after injury, while [1] in the dog reported that the
morphology of the spinal cord did not change after the
initial insult.

Our histopathological assessment showed that the
EB-treated group was characterized by pathological
hallmarks in both white and gray matter structures,
such as significant demyelination, severe hemorrhage,
axonal degeneration, and fragmentation of Nissl sub-
stance accompanied by the proliferation of glial cells. In
contrast, the SVF co-treated group revealed a marked
improvement in the histological architecture with
minor demyelination in the white matter. These find-
ings are similar to those of previous studies [23, 69,
70]. The demyelinating damage induced by EB and
enhanced remyelination by SVF were verified using
TEM analysis and Olig2/MBP immunohistochemistry.
Ultrastructural analysis displayed axonal swelling and
degeneration, as well as disintegration, thinning, and
splitting of the myelin sheaths in the EB-treated group
compared with that of the control group. These find-
ings agreed with [23]. In contrast, the SVF co-treated
group exhibited nearly normal axons with more intact
and thicker myelin sheaths. This result is consistent
with [23] and [71]. Previous studies demonstrated the
remyelination potency, thickness of myelin sheaths,
and percentage of myelinated nerve fibers that can be
enhanced by ASCs (AMSCs) transplantation in the
neural tissue of the cuprizone model of MS [72, 73].

Olig2 and MBP were highly associated with oligo-
dendrocyte regeneration and maintained the myelin
structure, as revealed in this study, by a significant
expression in the SVF co-treated group than in the EB-
treated group, as reported by [23, 74, 75]. This might
be due to SVF cells differentiation into oligodendrocyte
progenitors. These findings are like those that demon-
strated the successful trans-differentiation of ADMSCs
into neural lineages, specifically Olig2-expressing cells
(76, 77].

In this work, the immunohistochemistry investigation
of the examined sections showed that the GFAP expres-
sion was reduced in the SVF co-treated group, resulting
in a smaller glial scar and minimal astrocyte reaction
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compared with a large glial scar and severe reactivity in
the EB-treated group. This reveals that the SVF could
inhibit astrocyte proliferation because of the EB injec-
tion, as previously mentioned by [23, 78].

Previous studies have shown that the SVF secretome
contains many growth factors that can stimulate cell pro-
liferation and prevent the expression of apoptotic factors,
such as Bax; this finding was reported by [79, 80]. Our
study recorded a significantly higher expression of Bax
in the EB-treated group than in the control and SVF co-
treated groups, which agrees with [23] in MS and [80] in
denervated muscle.

The effects of SVF administration during the course
of the disease were also evaluated by assessing the tran-
script levels of BDNF, NGF, and SDF-1. BDNF is widely
disseminated in the central nervous system. It promotes
neural growth and development during growth and
plays an important role in regulating synaptic transmis-
sion and plasticity [81]. BDNF is involved in activity-
dependent plasticity processes [82], such as long-term
potentiation, learning, and memory. Our results showed
BDNF upregulation in the SVF-treated rats. As the dis-
ease progresses, BDNF levels in the brains of AD and MS
patients decrease [83]. Moreover, the increased BDNF
level in serum correlates with improved cognitive func-
tion [84]. BDNF promotes platelet activation, aggrega-
tion, and secretion by activating shortened forms of the
TrkB receptor. [85].

Treatment with SVF temporarily increases the sever-
ity of the disease. However, the mice treated with SVF
cells showed improvement and mild disease sever-
ity [86]. These effects may be mediated by increased
neurotrophic factors, such as NGF and BDNF. The
MS patients injected with the SVF showed stability or
improvement [87].

Besides their immunomodulatory capacity, SVF can
produce agents that potentially stimulate cell prolifera-
tion, promote angiogenesis, and inhibit apoptosis. They
include stromal cell-derived factor (SDF-1«) [88]. Fur-
thermore, the SVF can also promote NGF production,
and these factors are essential for regulating wound
healing and tissue repair [89].

NGF is vital for the neurons during the differen-
tiation of the nervous system. Significant increases
in NGF synthesis in inflammatory tissues in patients
with an inflammatory disease have been reported [90].
Changes in NGF synthesis have significant effects on
neurophysiology, and they can also affect immune cell
activity. NGF is an important molecule in the complex
network of bidirectional signals between the nervous
and immune systems. Initially, elevated NGF levels
were seen in patients with MS cerebrospinal fluid, and
increased NGF levels closely follow disease progression.
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In contrast to our results, the synovial fluid in patients
with rheumatoid arthritis is also characterized by ele-
vated NGF levels. Its upregulation in the inflamed syn-
ovial fluid has been reported [91].

Based on our results, SVF can improve the MS cat
model through different mechanisms. Firstly, the abil-
ity of MSCs to increase migration of oligodendrocyte
progenitors and differentiation into oligodendrocytes
that were evidenced by a strong positive immunoreac-
tivity against CD44 antibodies in the SVF co-treated
sections. CD44 is a cell surface receptor that plays a
key role in mediating cell migration and consider one
of MSCs important markers. [92] recorded that MSCs
increase the migration of oligodendrocyte progeni-
tors from surrounding niches by various trophic sig-
nals from the grafted MSCs. [93] provide evidence on
the direct differentiation of MSCs into oligodendro-
cytes by transplantation of GFP-labeled BMSCs into
EAE mice model. Secondly, MSCs can increase dif-
ferentiated oligodendrocyte progenitors into mature
oligodendrocyte and myelin production as observed
by increased immune expression of Olig2 and MPB.
This result comes in accordance with [94]. Thirdly, the
potent immunomodulatory, anti-apoptotic, and anti-
inflammatory effect of SVF in addition to the secretion
of neurotrophic factors that stimulate cell proliferation,
promote angiogenesis, inhibit apoptosis, and regulate
tissue repair.

Conclusion

Our study demonstrated that the transplantation of
SVF intrathecally could alleviate the adverse effects
of ethidium bromide-induced demyelination in a cat
model of MS. The therapeutic effects of SVF improve
the motor function of the hindlimb, ameliorate the
lesion severity, alleviate the induced histopathological
alterations, enhance the remyelination capacity, sig-
nificantly increase the gene expression of neurotrophic
factors and the immunoreactivity of olig2 and MBP, and
reduce Bax, and GFPA immunoreactivity. To date, this
is the first investigation elucidating the global effects of
SVEF treatment in the cat MS model.

Recommendations
The fast and excellent response, besides easily applica-
tion of SVF injections in acute cases, gave attention to
becoming a routine application in spinal cord injuries
like accidents, MS, etc.

Further studies are required to evaluate the long-
term and multiple dose effects of SVF in the treatment
of spinal cord injuries.
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MS Multiple sclerosis

SVF Stromal vascular fraction

EB Ethidium bromide

BBB Basso, Beattie, and Bresnahan

NGF Nerve growth factor

MBA Myelin basic protein

GFAP Glial fibrillary acidic protein

Olig 2 Oligodendrocyte transcription factor

AD Alzheimer’s disease

BDNF Brain-derived neurotrophic factor
(FACS) Fluorescence-activated cell sorting
BSA Bovine serum albumin

DMEM Gibco Dulbecco's Modified Eagle Medium
EDTA Ethylenediaminetetraacetic acid

DAB Diaminobenzidine

S/C Subcutaneous

HRP Horseradish peroxidase

TrkB Tropomyosin receptor kinase B
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