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ABSTRACT

Objective: Studying the behavior of mesenchymal stem cells is important for understanding some physiological
and pathological processes as well as long-term preservation of these cells in vitro. The neck area of mouse
contains a wide variety of different organs and tissues and extracellular matrices. In the present study, the
interaction of mouse bone marrow derived mesenchymal stem cells (BM-MSCs) with mouse neck scaffolds was
performed in order to have a better understanding of the behavior of mesenchymal stem cells.

Materials and methods: The neck areas of 9 two-week-old Syrian mice were cut into pieces with 4 mm
thickness. Decellularization process was carried through snap freeze-thaw cycles followed by sodium dodecyl
sulfate (SDS) treatments. After confirmation of acellularization through histological studies and DNA extraction
process, scaffolds were co-cultured with mouse (BM-MSCs) up to 21 days, in vitro.

Results: As indicated by histological studies and scanning of electron microscopy, stem cells migrate into the
cartilage scaffold on third, seventh and fourteenth days of culture. Stem cells were divided on these days. On the
fourteenth day of culture, migration to epidermal and blood vascular scaffolds was also observed. On the twenty-
first day of culture, cells were observed only in the cartilage scaffold, while showing morphological differentiation.
Conclusion: As indicated by the results of the present study, mouse neck scaffold, due to its diverse extracellular
matrices, is a suitable structure for studying some cellular behaviors such as migration, cell division and cell
differentiation. However, more molecular studies are needed to determine the extent of this differentiation.
Keywords: Natural scaffold, Cell behaviors, Cell-matrix interaction, Experimental model scaffolding, mouse neck

area

INTRODUCTION

Extracellular matrix (ECM) is Nature’s perfect biological
scaffold material [1]. It is a complicated web of proteins,
glycoproteins and proteoglycans forming a complex
meshwork inside the tissue that interacts with the resident
cells to modulate cell behaviors [2, 3]. In order to study cell-
matrix interaction in vitro, two essential pillars are involved,;
scaffold and appropriate cell source.

Scaffolds play an important role in providing a three-
dimensional structure for cell growth in vitro, as one of the
most important pillars of tissue engineering [4]. They
usually have a porous structure similar to the extracellular
matrix and are divided into natural and synthetic groups [5].
So far, various synthesized scaffolds have been developed
to examine the behavior of cells in three-dimensional
conditions but each of these scaffolds has defects such as
the lack of control over the adhesion of cells and so on.
The extracellular matrix of living organisms can also be
used for studying the behavior of cells. To do this,
decellularization techniques can be used to remove the
effect of tissue cells from the extracellular matrix, so that
ultimately, only the extracellular matrix can remain from the
tissue and can be used as a scaffold. The purpose of the
decellularization process is to remove the cellular and
nuclear material while maintaining integrity and minimizing
any damage to the composition and bioavailability of the
extracellular matrix [6]. Nowadays, scaffolds derived from
decellularization of tissues such as heart and heart valves,
blood vessels, submucosa of small intestine, lung,

pancreas, trachea, skin, nerve, cornea, liver, kidney,
bladder, muscle, tendon, adipose tissue, amniotic
membrane and etc are prepared, some of them have even
been commercialized for clinical applications [7].

Most of the cellular resources usually used in cell- matrix
interactions including fibroblastic, stem and cancerous cells
[8]. Mesenchymal stem cells have the capacity to
proliferate well in vitro and differentiate to various
mesenchymal tissues such as bone, cartilage, fat, muscle
and etc (9). However, one of the clinical limitations of these
cells is that they age rapidly and lose their stemness
potential rapidly after extraction and culture in vitro [10, 11].
The neck area of the mouse is made of a variety of organs
and tissues such as skin, white fat, brown fat, cartilage,
bone, skeletal muscle, blood vessels, larynx, trachea,
esophagus, salivary glands, lymph nodes, thyroid and
parathyroid glands, thymus, spinal cord and peripheral
nervous system which include a wide variety of
extracellular matrices (Figure 1).
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Figure 1: Schematic display of type and position of mouse neck
tissues.
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A: Longitudinal incision display of mouse neck tissues. Three
incision lines are shown. B: Transverse incision display of
mouse neck tissues based on three incision lines in part A. C:
Mouse neck tissues that are shown in different colors based
on part B

The aim of the recent study is to prepare a mouse
neck area scaffold model for studying cell-matrix
interactions to better understand the behavior of
mesenchymal stem cells.

MATERIAL AND METHODS

Studying mouse neck tissues: In order to prepare a
three-dimensional natural scaffold from the neck area of
the mouse, nine two-week-old Syrian mice were first
anesthetized with chloroform. The mice were then frozen at
-4¢ to separate their neck area more easily. The neck
areas of the mice were then cut into pieces with 4 mm
thickness. One of these neck fragments was immediately
prepared for histological evaluation.

Preparation of mouse neck scaffold: For physical
decellularization, eight pieces of mouse neck areas were
maintained at -4 ¢ for a week. After thawing and washing
specimens with normal saline, chemical decellularization
was applied. To do this, specimens were treated with 2.5%
and 5% SDS (Merck, Darmstadt, Germany) in a shaker at
200 rpm and 37¢ for about 3 hours to achieve the best
elimination of cells, while preserving the extracellular matrix
components. Then, the specimens were rinsed in
phospahate-buffered saline (PBS) for 30 min. in the next
step, in order to remove SDS and minimize potential
contaminations, the decellularized scaffolds were placed in
a sterile Buchner funnel and washed with 75% ethanol,
sterile distiled water and PBS, respectively. Different
preparations were used to evaluate decellularization
including histological Evaluation, DNA extraction analysis,
semi-thin preparation and Scanning electron microscoy.
DNA extraction analysis: DENAzist animal tissue DNA
isolation kit was used for extraction of genomic DNA from
normal and decellularized mouse neck area. According to
the protocol 10-15 mg of tissue was weight and DNA
extraction process was done based on three steps: DNA
release & binding to column, washing and elution.

Bone marrow-derived mesenchymal stem cells
isolation and expansion: Mesenchymal stem cells were
derived from four-week-old Syrian mouse bone marrow and
transferred into a cell culture flask filled with 5 ml
Dulbeccos modified Eagles medium (DMEM, Gibco,
Paisley, Scotland) supplemented with 15% fetal bovin
serum, (FBS, Gibco, Scotland) and 100
penicillin/streptomycin (Biosera, Sussex, UK). Cells were
then incubated at 37¢ and 0.5% Co2 in air. After the
removal of blood and stromal cells, BM-MSCs were
subcultured and purified by trypsinization (0.25%
trypsin/EDTA  (Ethylenediamineteraacetic acid solution,
Biosera, Sussex, UK) for four times [12, 13].

Seeding and culture method: BM-MSCs at passages 4
were trypsinized, counted and the scaffolds were seeded
with 5x10° cells/scaffold in 2 ml complete medium, and
specimens were placed in 24-well plates. Seeding was
performed in a drop wise fashion on the scaffold. Seeded
scaffolds were incubated in a humidified atmosphere at

1791 PJMHS Vol. 15, NO. 6, JUN 2021



Mohamadkazem Ganjavi, Mohamadreza Baghaban Eslaminejad, Nasser Mahdavi-Shabhri et al

37°C with 5% CO2 in air. The medium was changed every
2 to 3 days. Some unseeded scaffolds were cultured as
controls. Histological evaluation, semi thin preparation and
scanning electron microscopy were performed after 3, 7, 14
and 21 days of culture.

Histological evaluation: Paraformal — Fixed and paraffin —
embedded (Sigma-Aldrich) tissue sections were cut into 5
thick parts, and were stained with Hematoxylin and Eosin,
toluidine blue, masson trichrome and DAPI.

Semi-thin preparation: Normal and decellularized mouse
neck fragments were fixed in 2.5 % glutaraldehyde in 0.1 M
sodium cacodylate buffer following with osmium tetroxide
fixative. After washing with sodium cacodylate buffer,
dehydration was performed with increasing degrees of
alcohol. Specimens were then impregnated with propylene
oxide and resin combinations and the final impregnation
was performed in pure resin for 24 hours. Finally resin
molding and cutting with ultramicrotum with a thickness of
1000 nm was performed and specimens were stained with
toluidine blue [14].

Scanning electron microscopy (SEM): In order to
prepare samples for electron microscopy, the specimens
were fixed with 2.5% glutaraldehyde (TAAB Laboratories
Equipment Ltd. Reading, UK) for 24 hr followed by three 15
min washes in 0.1 M sodium cacodylate buffer (pH 7.4,
TAAB Laboratories Equipment Ltd. Reading, UK). Then,
the specimens were treated with 1% Osmium tetroxide
(TAAB Laboratories, UK) for 1 hr and washed in 0.1 M
sodium cacodylate buffer. At the next step, the sections
were subjected to sequential dehydration with 30%, 50%,
70%, 90%, and absolute ethanol solutions, followed by
three washes with absolute ethanol for 15 min. Then the
specimens were fixed on metal stubs and coated with gold-
palladium by sputtering (Sputter coater, SC7620, Sussex,
UK) and examined under a scanning electron microscope
(SEM; LEO 1450VP, Oberkochen, Germany).

Statistical analysis: Image | software was used to
evaluate the percentage of cartilage scaffold occupied by
mesenchymal stem cells and also to measure the color
intensity of cartilage scaffold. For statistical analysis,
GraphPad Prism (8th version) software and Kruskal-Wallis
test and Dunn’s multiple comparisons analysis were used
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to determine the statistically significant difference between
different groups. Significant differences between groups
were displayed as p < 0.05 ".

RESULTS

The histological investigations showed the presence of
various tissues and organs, including the spine (contains
bone-cartilage), bone marrow, ribs, skin, adipose tissue,
skeletal muscle tissue, vascular tissue, esophagus,
trachea, thymus, spinal cord and peripheral nervous
system (some of them are shown in figure 1) within mouse
neck area.

DNA extraction analysis (figure 2) as well as
histological investigations (figure 3) showed proper
decellularization and relatively good preservation of
extracellular matrix compounds. However, in the cartilage
tissue (probably due to the presence of lacunae) as well as
in the esophagus (probably due to the twisted structure),
fragments of genetic material were trapped and not
completely removed (figure 3). Despite complete
decellularization, Semi-thin and scanning electron
microscopy investigations showed the presence of many
fat vacuoles within dermal scaffold (figure 4).

Confocal microscopy image of mouse BM-MSCs in
the fourth passage that were used for seeding is shown
(figure 5). Co-culture investigations showed the migration
of mouse BM-MSCs on the cartilage scaffold on days third,
seventh and fourteenth of culture (figure 6). In These days,
divided cells were also observed within the cartilage
scaffold (figure 6A, 6B & 6C). On the 14" day of culture,
the highest percentage of the cartilage scaffold area
occupied by mouse BM-MSCs was also observed (Diagram
1). Migrations to the epidermal and blood vascular
scaffolds were also observed on this day (figure 8 & 9). On
the 21t day of culture, the cells were observed only in
cartilage  scaffold, while showing  morphological
differentiation. No cell division was also observed on this
day (figure 6D). On the other hand the color intensity of
mouse neck cartilage scaffold was decreased significantly
on this day (figure 6D & Diagram 2).

Figure 2: DNA extraction analysis display of normal and decellularized mouse neck area
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Figure 3: Histological images of some normal and decellularized mouse neck tissues. Some decellularized tissues, such as
cartilage and esophagus, contained small amounts of DNA that were trapped within the scaffolds. Arrows indicate the position of
DNA molecule
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Figure 4: Display of residual fat vacuoles in the mouse neck skin scaffold. Arrow
(toluidine blue staining). B: scanning electron microscopy
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Figure 6: Migration of BM-MSCs to mouse neck cartilage scaffold on third (A), seventh (B), fourteenth (C) and twenty first (D) days
of culture. Arrows indicate cell division. H&E staining
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Figure 7: Migration of BM-MSCs to mouse neck cartilage scaffold on fourteenth day of culture
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Diagram 1: Percentage of cartilage scaffold area occupied by BMSCc on third, seventh, fourteenth and twenty first days of culture.
The statistically significant p values between different days were obtained for Day-14 vs. Day-3 and Day-7 (p< 0.05)
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Diagram 2: The color intensity of mouse neck cartilage scaffold on third, seventh, fourteenth and twenty first days of culture. The
statistically significant p values between different days were obtained for Day-21 vs. Day-3 (p< 0.05) and Day-7 (p= 0.0001)
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Figure 8: Migration of BM-MSCs to mouse neck epidermal scaffold on fourteenth day of culture. Arrows indicate BM-MSCs.
Toluidine blue staining
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Figure 9: Migration of BM-MSCs to mouse neck vascular blood scaffold on fourteenth day of culture. Scanning electron

microscopy

DISCUSSION

In recent decades, many investigations have been done on
the development of scaffolds derived from natural materials
in order to improve clinical applications in tissue
engineering. Decellularization is a tissue treatment process
which eliminates cells. This process is often used to create
bio-artificial organs [15]. So far, various decellularization
methods have been proposed to develop extracellular
matrix-derived scaffolds [16, 17]. For therapeutic
applications, it is important to remove antigenic epitopes
from the intra and extracellular matrix to prevent immune
responses [18]. Studies have demonstrated that removal of
DNA is more difficult than other intracellular compounds,
because it tends to adhere to extracellular matrix proteins
[19]. DNA remaining after decellularization might be a
reason for inflammatory reactions following implantations
[20]. In addition to DNA, the presence of other cellular
compounds such as lipids and cellular proteoglycans can
also trigger immune responses [21]. Some investigations
have even shown that extracellular matrix of decellularized
tissues can elicit an immune response [22], and in order to
eliminate inflammatory responses completely it is better to
remove fibronectin from the extracellular matrix [23].
However, Gilbert et al [24] showed that some commercially
used extracellular scaffolds, despite significant amounts of
DNA and positive staining for some nuclear materials, have
not produced specific inflammatory responses during
clinical applications.

Investigations have reported that snap freeze-thaw cycles
followed by treatment with detergents would lead to
removal of cellular components from tissues [25, 26].
Although freeze-thaw cycles destroy cells and cellular
proteins, some cellular compounds such as nucleus are not
removed by this process, and treatment with various
detergents is required to remove cellular compounds
completely [26]. Elder et al [27, 28] found that using a
detergent in conjunction with the freeze-thaw cycles
resulted in better decellularization. Their study on bovine
articular cartilage showed that among the various
decellularizing materials including; SDS, Triton X100,
hypertonic and hypotonic solutions, SDS is the best one.

On the other hand, their findings showed that nucleases
have little effect on removing DNA molecule of this tissue.
Investigations have even shown that SDS retains
extracellular matrix molecules and does not reduce the
stiffness of decellularized tissues [29]. So far, various
tissues such as human and bovine articular cartilage, adult
pig kidney, bovine pericardial tissue, ovine esophageal
tissue and etc have been well decellularized by SDS
treatment [28, 30, 31, 32].

Our study showed that using 2.5% SDS for 3 hours didn’t
have a suitable effect on decellularization of mouse neck
tissues while using 5% SDS for the same time, removed all
mouse neck tissue cells. However, despite the complete
removal of cells and cellular compounds from many
tissues, fragments of the DNA molecule were trapped
within the lacunae of cartilage as well as the elastic tissue
of the esophagus. More detailed studies using scanning
electron microscopy and semi-thin investigations showed
that despite the complete removal of DNA from skin tissue,
some fat vacuoles remained within this scaffold. Using
higher doses of SDS to remove DNA from cartilage and
esophageal scaffolds and fat vacuoles from dermal scaffold
completely could lead to further degradation of extracellular
matrix compounds, and it was not necessary.

Investigations have shown that physical properties such as
rigidity, porosity and topography are able to influence
various biological functions, like cell division, tissue polarity
and cell migration [33]. Tavassoli et al [30] studied the
interaction of rat bone marrow-derived stem cells and
acellularized bovine articular cartilage. Although, in their
study, mesenchymal stem cells migrated to cartilage
scaffold on third, seventh and fourteenth days of culture,
unlike our study, no cell division was reported in these
days. Comparison of mouse neck cartilage with bovine
articular cartilage scaffold [30] showed that mouse neck
cartilage scaffold has more porosity and regularity than
bovine scaffold. Porosity and pore size of the scaffold
provide growth factors and nutrients and regulate cell
growth as well as infiltration for damaged tissue during
clinical applications [5, 34]. For this reason, scaffolds that
are used in tissue engineering for repairing tissues such as
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bone and cartilage should have appropriate pore size and
internal pore connections [35]. Bobbert et al [36] showed
that among various materials used in tissue engineering,
scaffolds with small pores (200-300 micrometers) provide a
better environment for cell growth, but scaffolds with
rectangular and large spherical pores are not suitable in
bone tissue engineering. Other investigations emphasize
that scaffolds with regular pores have more effect on cell
growth and exchange of food and excrement, as well as on
preservation of extracellular matrices, than scaffolds with
random pores [37, 38].

In recent decades, the importance of substrate stiffness as
a mechanism for determining cellular behavior has also
extensively been studied. For example cellular behaviors
such as cell proliferation, differentiation and even apoptosis
is influenced by substrate stiffness [39]. The stiffness of
human body tissues usually runs from very stiff, such as
Achilles’ tendon (ca. 310 MPa), to very soft, such as
mammary glands (ca. 160 Pa) [40]. Investigations
emphasize that cell division occurs more frequently in more
rigid than in softer environments in vitro [41, 42]. However
MSCs long-term culturing on rigid substrata leads to
decreased growth rates and eventual senescence, with
concomitant decreases in the differentiation propensity and
telomere length [43, 44]. Importantly, there is mounting
evidence that mechanical factors may play critical roles in
controlling stem cell fate and lineage determination [45].

On the other hand, it seems that because of their strong
inductive effects, highly negatively charged proteoglycan-
rich compounds like hyaluronic acid in cartilage, skin and
vascular blood scaffolds as well as elastin molecule in skin
and blood vessel scaffolds (table 1) may be among other
factors contributing to the occurrence of cellular behaviors
shown in our study [46, 47,48].

Table 1: Some of the most popular extracellular matrix compounds
in cartilage, skin and blood vascular tissues [49, 50]

Tissue Extracellular matrix compounds
Cartilage Type Il Collagen, aggrecan
(containing keratin sulfate &

chondroitin sulfate), hyaluronic acid,
chondronectin

Skin Hyaluronic acid, dermatan sulfate,
elastin, type Il & Ill collagen

Blood vascular Elastin, type 1 & |ll

hyaluronic acid

collagen,

Like Tavassoli al's [51] study, the color intensity of our
scaffold was reduced on 21st day of culture (figure 6D &
Diagram 2), probably due to the extensive migration of
stem cells and destructive effect of their degrading
enzymes.

CONCLUSION

As indicated by the results of the present study, among the
various extracellular matrices in the mouse neck scaffold;
cartilage, epidermal and vascular blood scaffolds have the
greatest impact on mouse BM-MSCs behavior. Proper
porosity and the presences of highly negatively charged
proteoglycans (in cartilage, epidermal and vascular blood
scaffolds) as well as the suitable stiffness (in cartilage

scaffold) may probably be among the factors that caused
mouse BM-MSCs to migrate and divide in our study.
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